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Abstract

Author
Ivan Marchesini & Arnaldo Pierleoni (Editors)
________________________
Title
Proceedings of the 4th Open Source Geospatial Research & Education Symposium 
OGRS2016
________________________
Publisher
CNR IRPI

Abstract
The 4th Open Source Geospatial Research and Education Symposium (OGRS 2016) was organized by the 
Research Institute for Geo-hydrological Protection (IRPI) of the Italian National Research Council (CNR) in  
collaboration with the University of Perugia, in Perugia (Central Italy) on 12 to14 October 2016.

The  2016  symposium  brought  together  students,  technicians,  researchers,  and  developers  working  in 
different disciplines but with the common interest in the use and developement of Open Source Geospatial  
software and Open Data (when managed using Geospatial Open Source software).

These proceedings include 51 short  papers  presented at  the  symposium covering different  research and 
education fields. Only the manuscripts effectively presented at the symposium are included in the present  
book. The preprints of all the submitted manuscripts can be found at the  "OGRS2016 Collection" of the 
PeerJ  PrePrint  publication  system:  https://peerj.com/collections/35-open-source-geospatial-research-and-
education-symposium-2016/.

The submitted short papers were reviewed by at least two independent referees and then modified by the 
authors. Finally the authors were asked to format, according to some predefined but not restrictive rules, the  
final version of their manuscripts, which were then collected and organized, by the editors, in the form of the 
present book.
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PREFACE

The IV Open Source Geospatial Research and Education Symposium (OGRS 2016) was organized by the  
Research Institute for Geo-hydrological Protection (IRPI) of the Italian National Research Council (CNR), in  
Perugia (Central Italy) in the period 12-14 October 2016. During those days a seismic sequence hit this part  
of the country with two major earthquakes (August 24 and October 30) and the IRPI institute intensively  
engaged in field survey activities. Therefore we are even more grateful to the people who decided to attend 
the symposium in Perugia under these conditions.
OGRS is an interdisciplinary conference dedicated to sharing knowledge, new solutions, methods, practices,  
ideas and trends in the field of geospatial information through the development and the use of free and open  
source software in both research and education. 
The conference is built around the spirit of open science and promotes all the processes based on cooperative 
work and new ways to diffuse scientific knowledge by using open data, open standards, open source and 
open publications. OGRS is not only a vision of the future but also an opportunity for geoscientists and  
geoteachers to build together new methods and tools to meet the new challenges of humanity that require a  
systemic and collaborative response. 
The OGRS2016 conference offered two days of scientific presentations and one day of Workshops. Grouped 
by thematic sessions, presentations (including posters as well) described original and recent research results,  
educational practices and innovation experiences. Workshop sessions on specific topics and software have 
reinforced the educational dimension of the Symposium.
Fifty-five contributions (short papers) were submitted to the symposium. The short papers were rapidly made 
available  online  in  an  "OGRS2016  Collection",  using  the  PeerJ  PrePrint  publication  system  and  were 
independently reviewed by at least two referees chosen among the eminent colleagues who accepted to be  
part of the Scientific Committee. The review process was carried out through an open procedure consisting  
of  referees  comments  and  authors  replies  which  are  still  accessible  online  at  the  following  link:  
https://peerj.com/collections/35-open-source-geospatial-research-and-education-symposium-2016/ (short 
version: https://goo.gl/5RBC27).
Fifty one of the originally submitted manuscripts were included in the OGRS2016 program and are included  
in the present book of the symposium proceedings.
The symposium was enriched by 3 keynote talks: Maurizio Napolitano (Fondazione Bruno Kessler, Italy),  
Riccardo Rigon (University of Trento, Italy), Maria Brovelli (Politecnico di Milano, Italy).
As mentioned before, OGRS2016 also included workshops. They focused on specific topics and software  
and have reinforced the education side of the Symposium. We want to sincerely thank all the colleagues and 
friends who organized the workshops, shared and disseminated their knowledge among the participants.
The event could not have been organized without the support of the Research Institute for Geo-Hydrological 
Protection of the National Research Council of Italy, through its Director Fausto Guzzetti and of all the other  
friends and colleagues who are working for this institution.
The symposium was also supported by other institutions and persons in particular by Pierluigi de Rosa, from 
the Department of Physics & Geology of the University of Perugia, who has provided a substantial and 
fundamental aid in the organization of the event.
We also thank the members of the OGRS steering Board, and in particular Olivier Ertz from the University 
of  Applied  Sciences  and  Arts  of  Western  Switzerland  (HEIG-VD),  Stéphane  Joost  from  the 
ÉcolePolytechnique Fédérale de Lausanne (EPFL), Erwan Bocher and Gwendal Petit from the CNRS LAB-
STICC laboratory (Laboratoire des Sciences et Techniques de l’Information, de la Communication et de 
laConnaissance) in France. They supported the scientific organization of the event.
We want  to  stress  also  the  important  patronages  of  the  main  administrative  authorities  of  Perugia:  the 
Legislative Assembly of the Umbria Region, the Province of Perugia and the Municipality of Perugia.
Finally we also want to mention the support provided to the symposium by the Italian Geological Society, 
the Hazard and Risk Commission of the International Geographical Union, the Italian OSGeo Local Chapter 
and the Society of Professional Engineers of the province of Perugia.

Ivan Marchesini, Arnaldo Pierleoni
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ABSTRACT

Scientific projects are increasingly using volunteered geographic information
(VGI) in order to collect and validate geographic data. This concept relies on
the three challenges  that  A)  users  can be found and B)  be  convinced to
collaborate and contribute and that scientists finally C) are able to gather
high quality data for their projects. In this paper these three challenges are
discussed using the experience with three different research projects.

Keywords: VGI,  citizen  science,  user  engagement,  crowdsourcing,  data
quality

INTRODUCTION

Volunteered Geographic Information (VGI) is a recent trend in GIScience that
represents an efficient and less expensive way of collecting data. To measure
the  success  of  a  project  both  quality  (e.g.  in  terms  of  precision,
completeness, etc.) and quantity of data are important metrics. One key to
success are the users (Preece & Shneiderman, 2009) (Haklay, 2013): users
need  to  install  an  application  or  visit  a  web-page  and  thereafter  see  an
interest  in  contributing  to  a  project.  Another  important  issue  is  quality
(Huisman & De By, 2001). Even if users are willing to contribute to a project,
it  must be assumed that they are neither  experts  in the matter they are
sharing  nor  experts  in  geographic  information.  In  this  paper  we  present
findings  that  we  have  collected  in  several  VGI  projects.  The  paper  is
structured as follows: First we briefly present our case studies and research
methods,  thereafter  we  will  discuss  our  findings  regarding  the  research
questions « how to find users »,  « how to motivate and keep users » and
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« how to get high quality data ». Finally we will present our conclusions and
ideas for further research.

VGI CASE STUDIES AND RESEARCH METHODS

The findings presented in this paper are based on three projects. Our first
case study, called  Urbangene is a web-based system for the digitization of
urban ponds in the greater Geneva area (Figure 2). Citizens were asked to
share a pond and to specify which species (e.g. toads) were observed in the
pond. The second case study is a project called  Signalez-nous. The goal of
the  system  is  to  offer  a  web-based  tool  for  the  digitization  of  broken
streetlights and damaged playgrounds in the city of Yverdon-les-Bains (Figure
1). The third case study is an ongoing project which aims at developing a
mobile application called BioSentiers. Its main goal is to motivate citizens to
share observations and to take actions for biodiversity conservation in the
city of Yverdon-les-Bains.

In order to analyze if a system was more successful and why, we used the
system’s log files and databases (in the case of  Urbangene and  Signalez-
nous). These two data-sources were able to tell us important measures such
as the time and date a user digitized an object, the zoom level at which an
object was digitized, the username, the rough position of the user at zip-code
level (through IP-to location databases), the users’ equipment (e.g. mobile
device,  type of  browser,  etc.)  and the  URL  a  user  visited before  using  a
system.

Figure 1. The Signalez-nous web application

IV OPEN SOURCE GEOSPATIAL
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HOW TO FIND USERS

In both projects Urbangene and Signalez-nous media campaigns were used to
get  users.  Concerning  the  Urbangene  project  news  was  spread  using
newspapers, radio transmissions and social networks, whereas the Signalez-
nous project  was  on  the  state-owned  TV,  radio  transmissions  and
newspapers.  As  web-logs  showed,  each media  appearance created  usage
peaks.  Interestingly about a third of  the users (identified using the user’s
distinct ip-addresses) found the Urbangene website through social networks
which are a less expensive way of finding users.

HOW TO MOTIVATE AND KEEP USERS

In order to make a VGI application successful, users need to continue using
an application after discovering it. User motivation can be divided into two
main categories (Berthiaume & Rege Colet, 2013): extrinsic motivation is the
most  common  category  and  depends  on  reward  and  punishment.  For
instance in the case of the Signalez-nous project a person contributes to the
website because she/he receives a gift at the end of the year (e.g. a solar
flashlight). On the other hand intrinsic motivation depends on the user itself
and the will to contribute because he/she appreciates using an application or
sees  a  personal  interest  in  using  it.  Another  important  point  is  the
contributions’  effect.  Regarding  the  Urbangene  project  which  is  about
biodiversity, the effect is less direct and visible as compared to the Signalez-
nous project. Citizens are more concerned about a damaged streetlight than
a pond, because they can feel insecure if streetlights are turned off. On the
other hand urban biodiversity has an important, yet less visible and direct
effect on a citizen.

An important manner of addressing motivation is recognition. Recognition
can be generated through other users (e.g. through comments on a shared
objects)  or  through an automated ranking.  In  the case of  the BioSentiers
project, a user is offered tools to communicate with other users that allow
him to comment on another person’s actions. Thereby each person is able to
rate other users’ contributions. 

Another key to keeping users is the optimization of the interface and the
minimization of cognitive load (MacEachren et al., 1998). In the case of the
Urbangene project, the application was kept as simple as possible and uses
an  adaptive  questionnaire  that  minimizes  redundant  questions.  By
decreasing cognitive load (MacEachren et al., 1998), users can concentrate
on sharing a pond and specifying which species were observed in the pond.
Another way to decreasing cognitive load when displaying spatial content is
to use augmented reality. In the case of the  BioSentiers project, instead of
reading and interpreting a map, users see overlaid observations through the
camera of  a mobile device.  Furthermore design should be adapted to the
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user’s needs and skills in terms of technical skills and domain knowledge.

HOW TO GET HIGH QUALITY DATA

There are different ways to check the quality of already digitized data. In the
case of  BioSentiers data is checked not only by specialists through a web
application,  but also by the community itself.  Indeed each user is able to
comment,  like,  confirm  or  negate  each  observation.  For  instance  if  an
observation  is  negated  by  many  users,  it  can  be  considered  as  false.
Moreover data can be cross-verified using reference data; e.g. an observation
of a land plant in the middle of a lake will be considered as false. 

Furthermore it is essential to help the users to increase data quality; e.g.
through tutorials or visible help messages. In the Urbangene project, a pop-
up is displayed in order to ask the user to zoom in further before digitizing a
pond location. In the case of the Signalez-nous project a streetlights dataset
is  displayed  as  soon  as  the  users  zoom  in,  in  order  to  make  the  user
understand at what level an accurate digitization should be made. 

We have found evidence that suggests that authentication increases data
quality:  in  the  Signalez-nous platform  users  are  required  to  create  an
account;  in  Urbangene a  user  can  simply  add  a  username to  a  digitized
object  without  creating  an  account.  The  overall  data  quality  in  terms  of
geometrical precision was significantly better in the Signalez-nous platform.
Furthermore the administrators of the Signalez-nous platform send an email
to users who digitizes too much incorrect data.

Figure 2. A message indicating
to zoom further in order to

digitize a more precise
location.
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CONCLUSIONS AND PERSPECTIVES

The  experience  of  the  three  cited  project  shows  that  VGI  indeed  is  an
interesting possibility for scientific projects to gather high quality data. When
designing a mobile application or a website for sharing information, scientists
need to imagine who the intended users will be (e.g. using which medium)
and at what occasions their attention might be directed to a system. Second
it  needs  to  be  addressed  how  the  users  can  be  kept  motivated  to
contributing;  e.g.  through offering a  recognition  for  their  work  or  through
manners to communicate with other users. Third the quality of data can be
increased if users are offered help in their task to share data (e.g. through
tutorials or visible messages). Other manners include specialists validating
data,  the implementation  of  automated checks using confirmed reference
data or offering tools to all users to validate data. 

Further investigations will  show what measures are more effective than
others and what methods are best used in which context.
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ABSTRACT
The present paper proposes an ideal Spatial Data Infrastructure (SDI) dedicated to noise monitoring
based on volunteers measurements. Called OnoM@P, it takes advantage of the geospatial standards
and open source tools to build an integrated platform to manage the whole knowledge about a
territory and to observe its dynamics. It intends also to diffuse good practices to organize, collect,
represent and process geospatial data in field of acoustic researches.
OnoM@p falls within the framework of the Environmental Noise Directive (END) 2002/49/CE.
The system relies on the NoiseCapture Android application developed for allowing each citizen
to estimate its own noise exposure with its smartphone and to contribute to the production of
community noisemaps.

Keywords: Noise, GIS, SDI, OGC, spatial analysis, crowdsourcing, VGI, smartphones

INTRODUCTION
In 2015, more than 7 billion people (i.e. 96,4% of the world’s population1) owns a mobile phone
subscription2. While in that year only 31% of sold phones were smartphones, the smartphone sales
position in the phone market is widening with 446 million units sold only during the second quarter
of 20153. This growth affects all countries. For example, Deloitte company considers that ”The
smartphone market will grow by over 40% in 2015 with 70 million copies will be sold in Africa”.
These communication devices benefit from the technology advances in consumer electronics, and
integrate an increasing number of sensors, including for the latest versions position sensors (GPS),
motion sensors (accelerometer, gyroscope) and environmental sensors (microphone, camera, temper-
ature sensor, photometer, barometer). In addition, the significantly growing computational power of
smartphones and their Internet connectivity increase their attractiveness at once for the public, the

1https://esa.un.org/unpd/wpp/Download/Standard/Population/ (accessed in july 2016)
2https://www.itu.int/en/ITU-D/Statistics/Pages/stat/default.aspx (accessed in july 2016)
3http://www.smartphonemarketresearch.com (accessed in july 2016)
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public authorities and business.

In this context, the idea to rely on smartphones for initiating a new relation between the citizens
and the environmental stakes is naturally emerging, for which the citizen would play a dual role of
consumer and producer of environmental information. The participatory sensing concept rests on
user-centric monitoring and environmental sensing by means of smartphones (Burke et al., 2006).
This notion recently arisen as a low-cost alternative to large-scale and costly infrastructures sensing
based on sensor networks (Cuff et al., 2008). Thus, numerous approaches were developed based
on citizen-centric surveys (Andrew T. Campbell and Peterson, 2006), (Adeel et al., 2014) and
opportunities to volunteer to take part into scientific research projects in environmental monitoring
(Conrad and Hilchey, 2011). The OpenStreetMap project (OSM4) is the leading example of the
effectiveness of citizen participatory with more than 2.8 million registered members by july 20165.
With the emerging demands of open geodata, OSM made one of the most used non-proprietary
online maps and an input for numerous third-parties (Neis and Zipf, 2012). The citizen can thus
become a main actor by monitoring his environment and sharing his measurements or observations
concerning his territory of life.

Several applications were recently developed for the purpose of noise levels measurements
(Leao and Zhou., 2014), as for example NoiseTube (Maisonneuve et al., 2010), (D’Hondt et al.,
2013), (Drosatos et al., 2014), WideNoise (Becker et al., 2013), NoiseSpy (Kanjo et al., 2009),
(Kanjo, 2010), NoizCrowd (Wisniewski et al., 2013), Noise-Watch (Nugent and Stanners, 2014),
SoundOfTheCity (Ruge et al., 2013), etc. However, (Guillaume et al., 2016) point out some scientific
and technological bottlenecks :

• mobile phones agents would mainly measure their daily sound exposure while the Directive
2002/49/EC fixed at least two indicators that are much less covered,

• lack of proper validation both for sound measures and GPS location,

• components of these applications does not rely sufficiently on standards, particularly those of
the GIS community.

In this context, a Spatial Data Infrastructure (SDI) integrating a Geographic Information System
(GIS) enables the use of spatial and environmental data in an efficient and flexible way and remains
an ideal framework to fulfill this last point (Mohammadi et al., 2008). Indeed, since 2000s, the GIS
community made progress and efforts to define open standards to enhance geospatial data exchange
and sharing. These standards, mainly defined by the Open Geospatial Consortium are the main fuel
to set up integrated platform, to facilitate the interconnection of systems and the carrying out of
systemic approaches (Steiniger and Hunter, 2012). They offers protocols, conceptual models and
format to:

• store and query data : Simple feature access - Part 1 and 2, GeoSPARQL...

4https://www.openstreetmap.org/ (accessed in july 2016)
5http://www.openstreetmap.org/stats/data stats.html (accessed in july 2016)
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• style data : Symbology Encoding (SE)6

• deliver data : Web Mapping Service (WMS)7, Web Feature Service (WFS)8...

• search data : Catalogue Service (CSW)9, Gazetteer Service (WFS-G)...

• deliver and manage processing : Web Processing Service (WPS10) and Web Coverage Pro-
cessing Service (WCPS).

The present paper proposes an ideal Spatial Data Infrastructure (SDI) dedicated to noise moni-
toring based on volunteers measurements. Called OnoM@P, it takes advantage of the geospatial
standards and open source tools to build an integrated platform to manage the whole knowledge
about a territory and to observe its dynamics. It intends also to diffuse good practices to organize,
collect, represent and process geospatial data in field of acoustic researches. Indeed, through this
platform and its technical issues, several scientific locks are addressed :

• How to store and describe multiscale and temporal data collected from smartphones?

• What kind of language to query the data that makes sense for geographer, acousticians,
developers... ?

• How to enable the integration between noise measures and GIS layers as OSM?

• How to aggregate data to produce human understandable and scientific results?

• How to map raw data or results that are scale and time dependant?

THE ONOM@P SDI
OnoM@p is an open source Spatial Data Infrastructure dedicated to noise monitoring based on
volunteers measurement. OnoM@p is developed within the framework of the ENERGIC-OD11

project that aims at deploying a set of Virtual Hubs (VH) based on a broker approach to offer to
both end-users (through geoportals) and machines (web services, applications), unique and mutually
consistent access points to heterogeneous data sources, including INSPIRE-compliant systems and
Copernicus12/GMES13 services.

System components and standards
The OnoM@p system is divided in two components (Figure 1) : The “NoiseCapture” application
and the server side services (Virtual hub).

6http://www.opengeospatial.org/standards/se (accessed in july 2016)
7http://www.opengeospatial.org/standards/wms (accessed in july 2016)
8http://www.opengeospatial.org/standards/wfs (accessed in july 2016)
9http://www.opengeospatial.org/standards/cat (accessed in july 2016)

10http://www.opengeospatial.org/standards/wps (accessed in july 2016)
11http://www.energic-od.eu/ (accessed in july 2016)
12http://www.copernicus.eu/ (accessed in july 2016)
13http://www.esa.int/About Us/Ministerial Council 2012/Global... (accessed in july 2016)
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Figure 1. The OnoM@p system components.

The NoiseCapture application
NoiseCapture is an Android application to collect noise measure at given locations. Noise indicators
are computed on the smartphone device during a period of time specified by the user. The main
functionalities are the following (Figure 2) :

• Measurement (Figure 2(a)): Once the sound level calibration is done, the user start the
measurement in order to record each second the LAeq (a weighted equivalent sound level),
an average of the sound energy over a period of 1s. The noise spectrum repartition is also
analysed using the Fourrier transform. The device locations are recorded while measuring the
sound level. The user has also the ability to provide his own feedback about the feeling of the
noise environment.

• Extended report: Advanced statistics are computed locally on the phone and shown to the user
(Figure 2(b)). For each user’s measurement the locations of the noise levels are displayed in a
map (Figure 2(c)).

• Share results with the community: Anonymized results are transferred to Virtual Hubs (web
server) and post-processed in order to build a noise map that merge all community results.

The server side services
The server side services are hosted on the French part of the Energic-OD Virtual Hub. They are
organized around a Geoservices component, a relational database management system and an
experimental processing module.

The Geoservices
The Geoservices component uses the GeoServer application and a plugin to support Web Processing
Services (WPS). This WPS plugin is used to push from the smartphone to a relational database a
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Figure 2. Screenshots of the NoiseCapture application: (a) measurement screen, (b) results screen
and (c) noise level visualization on a map.

zipped file.
The zipped file contains 3 files:

• a geojson file, that stores all track coordinates and the noise indicators computed along the
track,

• a metadata file that concatenates some metadata concerning the smartphone and the measure-
ment such as the calibration method,

• a readme file that contains some details, definitions about the noise indicators.

Once the data uploaded, a 4 sub-steps process is run, thanks to the Groovy language:

• Extract: First of all, the zipped file is analysed to avoid security problems, then the file is
unzipped and 3 files are stored in a temporary folder,

• Transform: The geojson and the metadata files are parsed and transformed into SQL scripts,

• Export: The SQL scripts are uploaded on a Noise database,

• Archive: The input zipped file is archived into a specific folder.
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The rendering module of the Geoserver application is connected with the Noise database to
offer on demand a set of maps using the WMS standard and the raw data using the WFS / GeoJson
standard.

The relational database management system
Two spatial databases are built to store the data collected and needed by the OnoM@p system. These
databases use the RDMS PostgreSQL14 with the Postgis15 extension.

The first database stores all data collected from the NoiseCapture application and some ex-
perimental indicators (i.e. noise population exposure). The second one is shared by the French
Energic-OD hub and delivers common data set required by the applications. For example, the French
statistical geographic zones (IRIS) or the French census statistics (INSEE16).

The experimental processing module
This module is implemented on top of the H2GIS database (Bocher et al., 2015) and the OrbisGIS
WPS server (Bocher and Petit, 2013). It contains an experimental chain of spatial and statistical
analysis methods to compute new indicators from research work. This module is compliant with the
last version of the WPS standard (WPS 2.0).

Operating mode
The OnoM@p system is an integrated platform which covers all workflow and lifecycle stages to
collect, compute, share and display noise data and at the end inform the user about its noise exposure.
In the OnoM@p ecosystem, we consider four levels of stakeholders who will play a role (Figure 3).

VGI (Volunteered geographic information)
The volunteer collects noise data from its smartphone and publishes it on the OnoM@p database.
The volunteer must respect some guidelines to obtain a good measure. This guidelines are not
constrained by the application. It’s up to the volunteer to follow best practices such as:

• the smartphone has to be outside the clothe’s pockets,

• the smartphone has to be in the hand (e.g. not on a table),

• the microphone has to be free (no mask),

• the volunteer should walk (instead of running or biking),

• the measure must be done outside a building,

• the measure must be done when the GPS signal is correct (e.g. not in a tunnel, ...).

Nevertheless, the WPS operation in charge of indicators computation integrates a post-process
analysis to control the quality of the measure. The uncertainty of the microphones and the precision
of the GPS locations are estimated, taking account of the time period of each records. Finally bad
located measures are excluded from the chain of indicators and noise maps.

14https://www.postgresql.org/ (accessed in july 2016)
15http://postgis.net/ (accessed in july 2016)
16http://www.insee.fr/en/default.asp (accessed in july 2016)
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Figure 3. The four levels of stakeholders.

The Decision Maker

The Decision Maker is a stakeholder who can be in a public authority or in a company. He is using
the visualization services (web map viewer) to see and understand the noise map exposure on its
territory. He can also use this kind of information to take or support a decision.

The Public

The Public is made of citizens or of civil society organisations. They mainly use the visualization
services to be aware of noise issues.

The Expert

The expert is someone (geographer, acoustician . . . ) who is able to understand and manage the raw
data, extracted from the database, and to use it in its domain of application to produce added value
data (e.g. identify places where the noise exposure is too high, or analyse the evolution of the noise
exposure on several years...).
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Mapping sound indicators
Both acoustical and statistical indicators are computed for the whole duration of the measurement.
E.g. LA10 that represents the peak noise, LA50 the mean value of the noise levels and LA90 the mean
value of the background noise (Figure 2(b)).
A first native map is rendered to represent a classification of five sound levels as follows (Figure 4):

[<45 dB(A)], [45-55 dB(A)], [55-65 dB(A)], [65-75 dB(A)], [>75 dB(A)]

Figure 4. Aggregated WMS layers : OSM and Noise measurements in the italian city of Lecco.

The statistical indicators can also be evaluated by connecting the noise data with geographical
and population data. For example, population exposure can be reckoned by confronting noise data
with land-use rates data. Thus, an estimation of the inhabitants exposed to ranged noise levels (i.e.
the distribution of noise exposure in the population) is allowed by combining the sound levels (e.g.
the Lden values) comprised within a range of values over the studied territory and its demographic
distribution (Figure 5).
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Figure 5. Aggregated WMS layers: OSM and noise population exposure, at IRIS (aggregated units
for statistical information) scale in the french city of Nantes.

Compute indicators from collected smartphone data is one of the big challenge of the OnoM@p
platform and need new methods and techniques:

• to express evolution and changes,

• to build consistent analysis of spatial and temporal variation,

• to find the best geographic unit to maximize cross-temporal comparability.

CONCLUSION
The OnoM@p Spatial Data Infrastructure is a very promising tool for the environmental noise
monitoring. It offers solutions both for the experts and the community, in order to evaluate the noise
annoyance, as well as the noise exposure. Comparing with classical noise evaluation methods, based
on numerical simulations (with a limited number of sound sources, in a simplified urban area, with
approximated noise propagation models), the proposed methodology enabled to present the ’real’
state of the noise exposure, based on real measurements. In addition, since measurements can be
carried out everywhere, it allows to produce a noise evaluation that is not restricted to urban areas.

In an acoustics point of view, one challenge (i.e. one criticism too) is still the quality of the
noise measurement, since smartphone capabilities can not be compared to professional sonometers.
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Although recent technical developments seems to show that, in a few years, this will no longer be a
problem, one can proposed original solutions to post-process measurements, using for example a
cross-calibration procedure of all mobile measurements, using an in-situ sensors network (Can et al.,
2016). Beyond the acoustic measurement, the last challenge could be to offer to the community and to
the experts, simple and relevant representations of sound environment, which are not limited to noise
indicators (i.e. physical measurement), but to the perceived environment. The choice of appropriate
and simple spatial representations, associated with the ability to cross acoustic indicators with other
geo-referenced data, clearly shows that geomatics has become today an essential component in the
assessment, thus the reduction, of noise in the environment.

FUNDING STATEMENT
The ENERGIC-OD Project (European Network for Redistributing Geospatial Information to user
Communities - Open Data) is partially funded under the ICT Policy Support Programme (ICT PSP)
as part of the Competitiveness and Innovation Framework Programme by the European Community.
The present work is also supported by the French geographic portal GÉOPAL of the Pays de la Loire
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ABSTRACT
Severe weather impact identification and monitoring through social media data is a good chal-

lenge for data science. In last years we assisted to an increase of weather related disasters, also due
to climatic changes. Many works showed that during such events people tend to share messages
by means of social media platforms, especially Twitter. Not only they contribute to ”situational”
awareness, improving the dissemination of information during emergency, but can be used to assess
social impact of crisis events. We present in this work preliminary findings concerning how temporal
distribution of weather related messages may help the identification of severe events that impacted a
community. Severe weather events are recognizable by observing the synchronization of Twitter
activity volumes across keywords and hashtags, including geo-names. Impacting events present a
recognizable visual pattern recalling a ”Half Onion Shape”, where Twitter activity across keywords
is synchronized. In reason of these interesting indications, it’s becoming fundamental to have a
suite of reliable tools to monitor social media data. For Twitter data a comprehensive suite of
tools is presented: the DISIT-Twitter Vigilance Platform for Twitter data retrieve, management and
visualization.

Keywords: weather event identification, social media data, Twitter

INTRODUCTION
Any weather event, severe or not, is bounded in time and space. When these events affect citizens
and urban environments they engender great public attention especially through social media
conversations, messages and users interaction. Furthermore in recent years climate change increased
public concerning on this topic and weather and climate have been experienced more often as threats.
During severe weather events social media data represents a novel source to quantify the impact of
the phenomena and their temporal evolution. Many researches investigated already how the public
increasingly rely on social media during disasters and natural hazards (Palen et al., 2010; Vieweg
et al., 2010; Giglietto et al., 2013; Hughes et al., 2014; Mendoza et al., 2010; Kongthon et al., 2012;
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Bruns and Burgess, 2014; Sutton et al., 2014; BonnanWhite et al., 2014; Starbird and Palen, 2010).
Social media have become a primary source of information during emergencies where emergency
managers, authorities and citizens may interact with each others, providing and receiving useful
information as the event unfold. As research (Vieweg et al., 2010) shows, the information shared on
social media, particularly on Twitter may improve situational awareness and help people to collect
useful information for decision making . Because users cannot look at millions of messages at a
time during a given event, they usually rely on hashtags to coordinate conversations about events
or topics. Hashtag is a word prefixed with a hash symbol (#) used to categorize the Tweets. They
first emerged on Twitter during the 2007 California wildfires as a way to track relevant information
about the natural disaster by labeling content so that it could be filtered and shared. Hashtagging
practices are thus becoming very important for public and private organizations that wish to deliver
important information to the public during a crisis. In order to increase messages retrieval and
coordinate conversations public bodies and organization are proposing codified hashtags to be
used during crisis events; some government, like the Philippine, published a ”grammar” to help
citizens to create proper ones in case of emergency. Also in Italy a proposal for codified hashtags for
weather warning has been proposed (http://capitanachab.tumblr.com/post/74053317969/20-hashtag-
per-una-protezione-civile-partecipata) and used since 2014. Even if not all users use hashtags it
surely exists a crisis lexicon (Olteanu et al., 2014) as confirmed by some systematic review and
collection of the more used terms (Temnikova et al., 2015). Considering the amount of Twitter users
(at beginning of 2016 there were around 6,4 millions of monthly active users in Italy as reported
by http://vincos.it/2016/04/01/social-media-in-italia-analisi-dei-flussi-di-utilizzo-del-2015/ ), the
analysis of Twitter posts, where different class of users find and share information, give a good
chance for a fast social recognition of weather impacts. Furthermore there is a link between
spatial population density and the use of social media (Botta et al., 2015) and during an eventual
environmental disaster this is recognizable Toepke and Starsman (2015). Population density is
considered one of the key-factor for vulnerability assessment (Beccari, 2016). Furthermore the
use of geo-hashtag (Lachlan et al., 2014) or codified hashtag containing geographical indications
represent a reliable option to share geo-localized information. The information coming from the
interconnected world of techno-social systems (Vespignani, 2009), where social media could be
considered a data interface requires novel frameworks to verify work’s hypotheses and mostly
reliable tools to facilitate extraction and analysis. The amount of data potentially retrievable from
social media as Twitter is very huge and tools must be addressed for an effective data refinement
and filtering especially if social media analysis is aimed at event’s identification. Some experience
on weather, but also on more general topic, already exists. About Twitter streams, considered not
only a mere media amplifier (Petrovic et al., 2013), generally the methodologies proposed are based
on evaluating the time and geography dimension of the streams by finding shifts in the inverse
document frequency, in order to capture trending terms (Boettcher and Lee, 2012; Weiler et al.,
2013). The theoretical basis of these methodologies started from the seminal works belonging to
information science (Sparck Jones, 1972). Generally, for social media event detection, the time
comparison between abundance of term-related streams and the evaluation of shifts in document
term frequency are methods widely used. The critical step is a good choice of terms themselves
and their relative semantic differences for each kind of events investigated, that in our case are
represented by the ones linked to severe weather and its impacts. The availability of tools that allow
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multiple and connected term queries on social media data is a point of strength, because it helps an
effective Twitter monitoring.

TWITTER VIGILANCE PLATFORM
DISIT Twitter Vigilance (TV) platform, available at website http://www.disit.org/tv/ is a multipur-
pose comprehensive dashboard that provides different tasks suitable for Twitter streams monitoring.
The architecture of the platform is described in Figure 1. In particular, main tasks performed by the
platform are: (i) a continuous data extraction by using Twitter Search API; (ii) feeding a desktop
dashboard where it is possible to easily configure queries on Twitter API search. Twitter queries
proposed by the Twitter Vigilance may be a single users (user), a simple word or an #hashtag, or
a combination of any of the above. Every single query term is stored by the platform; users may
perform flexible data extraction through appropriate queries. Semantically oriented combination
of queries is defined as ”channel”. DISIT TV harvests Twitter messages; data are then easily
visualized and plotted against time through a graphical interface. The channel and/or search metrics
continuously displayed by dashboard are: the number of Tweets, the number of Re-Tweets and
the number of users. More information on DISIT Twitter Vigilance Platform is available at this
web-link http://www.disit.org/6793. Single channel reports and time series visualization could be
done by using the platform services and inserting the name of channel in this way as final argument:
http://www.disit.org/tv/index.php?p=chart singlechannel&canale=NAME OF CHANNEL. Not all
channels on Twitter Vigilance are public, some of the channel’s owner prefer to keep them private.
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METHODS
TV platform was used to analyze Twitter streams related to severe weather events. Several channels
were created to query Twitter for messages containing hashtags and simple words semantically
related to severe weather or containing names of places recently hit by natural hazards in Italy.
Channels were created to respond to different purposes: monitoring use of Italian codified hashtags
for weather warning over time, track activity of several Twitter account of weather forecasting
services, analysis of specific severe weather events, like flash-floods. Tweets monitoring made
it possible to evaluate the efficacy of different hashtags to retrieve information during natural
hazards. Through the TV platform was possible to monitor the evolution of Twitter activity across
codified or simple hashtags, semantically or geographically related to severe weather events (like for
instance #allertameteoTOS; #maltempo; #temporale; #nubifragio; #alluvione; #Firenze; #Toscana;
#Sardegna; #Olbia; #Rossano; #Calabria). Temporal evolution of Twitter activity referred to keyword
and places proved to be a valuable tool to rapidly assess whether or no severe weather impacted a
community.

RESULTS AND DISCUSSION
The following table shows some of the channels actually active in the platform.

Table 1. Weather Channel active on DISIT TV platform

Channel Total Tweets(%) Re-tweets (%) Period
Allertameteo TOSCANA 1051131 59.64% 40.36% 2009-12-04
MeteoUSER 58385 39.69% 60.31% 2012-08-07
rossano 117213 50.64% 49.36% 2013-04-06
protezione civile toscana 33501 19.95% 80.05% 2014-06-21
Codified Hashtags Allerta 29431 32.2% 67.8% 2014-11-07
LaMMA 10860 31.46% 68.54% 2012-12-14
CALDO 2815412 55.98% 44.02% 2009-10-23

From these and in particular from the ”Codified Hashtags Allerta” channel, three severe weather
events occurred in 2015 were identified and highlighted: (i) Olbia flooding event (Date: 01-10-2015)
in north-eastern Sardinia 3; (ii) the flash-flood event of Rossano Calabro situated in Calabria 4
(Date:12-08-2015) ; (iii) severe weather episode of Florence located in northern Tuscany 5 (Date:01-
08-2015). These events were characterized by short time bounding in time and space: daily horizon
and more localized event. Meteorological observation networks not ever are able to detect the
magnitude of these particular class of events. Social media monitoring working as ”social radar”
can be very useful. The event identification is more clear in the all presented figures. Twitter activity
across different keywords, hashtags and geographic names showed that although over time they
show differences in volumes and trends, during impacting event they all synchronize reaching their
relative peaks. A visual pattern of simultaneous peaks in tweets activity resembling to a ”half onion
shape” is recognizable, where higher volumes of tweets are reached by local geo-names and generic
hashtags and smaller one by codified hashtags. These may give interesting insights on how to

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

35



improve Twitter communication and monitoring by emergency managers and institutions during
severe weather events.
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Figure 1. DISIT Twitter Vigilance Platform architecture

Figure 2. DISIT Twitter Vigilance interface: Codified Hashtags channel
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Figure 3. Olbia flood, October 1st, 2015
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Figure 4. Rossano Calabro flood, August 12th 2015
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Figure 5. Florence downburst event, August 01st, 2015
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ABSTRACT 

The responsibilities deployed from the central authorities to local levels acting as first actors of 

civil protection are a changing pattern in natural hazard management. Prevention and preparedness 

are long-term goals, rooted in the competence of volunteers, and on the awareness of the citizens 

as local inhabitants. MAppERS (Mobile Application for Emergency Response and Support) relies 

on people as “crowd-sourced mappers” through mobiles application. The feedback received from 

testing and training courses aims to raise participation in a networked disaster response. The goal 

was to design a mobile application with a real-time dashboard for public citizens and volunteers of 

civil protection. Two pilot study cases were selected that included trainings on modules, 

verification of the usability and the quality of the product. The synchronized platform shows the 

activity of the cloud data collection with a central data dashboard. A first section of the application 

focuses on floods processes by gathering data from local population, and contributes to awareness 

and long-term preparedness. The second section of the application tests pre-emergency actions on 

field with rescue teams, collecting the condition of the hazards. 

Keywords: natural processes, crowdsourcing, mobile, citizens and volunteers 

INTRODUCTION 

The collective effort of users as “crowd” for problem solving is an innovative approach developed 

in recent years (Nguyen et al., 2016), especially for rescue services and government authorities 

(Pedersen et al., 2013, Sievers, 2015). The crowdsourcing method creates a network of citizens-

scientist to update a specific content, and governance gradually spreads the responsibilities from 

central to local authorities, reducing costs for data acquisition (Fienen & Lowry, 2012). MAppERS 

project deals with human sensors towards mobile application (MA) as crisis support for natural 

hazards and prevention of exposed people. The MA splits into module MAppERS-V (MP-V) for 

volunteers and module MAppERS-C (MP-C) for citizens, as first actors within the strategies of 

surveillance (Frigerio, 2015). Training and piloting fulfil a long-term objective of participation and 

crowdsourcing, according to the priorities set by the Hyogo Framework. The empowerment of the 

population reduces the complexity of emergency management and the training curricula promotes 
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awareness with the right terminology through a MA. The Graphical User Interface (GUI) 

implemented within MA offers a communication scheme. The usability of MA integrates 

efficiency, effectiveness, accuracy, easiness and error tolerance (Quesenbery, 2003). The review of 

other existing solutions suggests layout, navigation, accessibility, icons setup and text guidelines 

(Graham et al., 2011, Wong, 2011). 

MAPPERS APPROACH 

The modules MP-V and MP-C empower “crowd-sourced mappers” with geo-located information 

and field survey tests. Citizens and volunteers promote self-awareness and contribute with hazard-

relevant information through the mobile.  

Frederikssund-Halsnæs Fire & Rescue Service manages 372 km² in Denmark; subject to 

powerful storms it requires a distributed vigilance implemented through the support of the local 

population. MP-C offers a Citizens Kit available for citizens that are voluntarily registered, 

maintaining proper training for safety measures, and providing geo-located data required by rescue 

service. Consequently, MP-C improves the people’s awareness as long-term aim and offers the 

possibility to provide real-time information within crisis.  

Helsinki City Rescue Department coordinates a complex multi-risk reality for the entire capitol 

city of Finland. The primarily target of the organization is the safety of life. MP-V aims to simplify 

the management of resources and roles of the volunteers, by growing the quality of on-field reports 

and set quickly a local-based prioritization of personnel. MP-V is a Volunteers Kit for rescue crews, 

to organize real-time and standard information for damages during crisis. Crowdsourcing offers 

decentralization of skills and rapid data gathering without being invasive for emergency procedure. 

ARCHITECTURE AND SERVICES 

MAppERS includes data transfer services, set of modules and a dashboard. During piloting, the 

participants feedback was essential for both modules, while the test provided criteria of content 

aggregate, bug-fixing and optimization in an Android environment. With the mobile phone, any 

measurement is in real time and in an easy-to-use kit. The service links an ID number and a photo, 

with control on image size. In Figure 1 for example, the water level gage indicates in continuous 

the height (centimetres). The “Send” button updates the tables in MySQL DB and within dashboard 

by PHP Webserver. Within the water level chart, an image URL shows the photos and a slide bar 

controls visibility by date range.  

Several dropdown menus allow users to select by long lists of text and updates personal profiles, 

that can be observed through the dashboard. Within the “protection measures” as example, users 

can enlarge menu and check text in own profile as a sort of personal guidelines. The kit offers 

capacity to update the profile that is automatically saved after editing.  

A geo-located upload by the users combines a real time mapping with spatial data, as example 

of public involvement (See et al., 2016). In Figure 2, a family team can upload the details required 

by rescues service for safety in case of crisis. The “jQuery autocomplete service” wraps the geo-

located database by the public registry office. The data appears visible in the dashboard and linked 

to external QGIS project. The multi-users access by GPS with classified dots is active 

simultaneously. 
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Figure 1. Screen for water level chart. Tool and dashboard graph.  
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Figure 2. Upload details required with geo-location. 

Clusters of visualization are customized into the kits. As example in Figure 3, volunteers allow 

geo-positioning recognition and survey the threat of live as required. The presence of not on-going 

life threat as green dot or on-going life threat as red dot is represented by easy-to-use buttons. The 

location and tracking of each mobile are visible and classified by life threat status for volunteers 

on field. ID codes of all volunteers on field are visible within priority map of rescue squads, while 

details of the contacts are visible only in the dashboard.  

A free text upload appears as an active tool in dropdown lists and a pop-up display emerges for 

update. The service is able for single users, while the author and the text appear in the dashboard. 

In a list “Type of Event” for example, a new text enriches a menu if it is confirmed by other users. 

The update of the list is not automatic, as the rescue managers evaluates content and practicability.  

A geo-located service for emergency message fixes a text, that is previously prepared and 

request for safety. The text can be modified and saved within the profiles, while geographical 

coordinates depends on the user location. Retrieving phonebook contacts loads a list by mobiles 

and not by profile. Multiple contacts, previously added and customizable, are available for direct 

send by mobile.  

The dashboard allows data management in real time toward PHP Web Server and MySQL DB 

(Figure 4), this is essential for bug-fixing during piloting and data control for evaluation. Users 
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have access to proper module (MP-C or MP-V) or both (Administrator). Dataset has the same 

graphic criteria and order as the MA, and the tables cope with full dataset in real-time. The field 

“Damage” as example, or “Search for” are criteria for order and filtering data, allowing 

visualization and furthermore analysis. 

 

Figure 3. Level of threat of life located by GPS, classified on screen (Map data©2016 Google). 
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Figure 4. Dashboard architecture with services and dropdown menu. 

CONCLUSIONS AND PERSPECTIVES 

MAppERS works with mobile technologies and a dashboard to support rescue services. Data 

transfer is available and bi-directional between users and rescue teams, while contents and 

guidelines are enriched with active updates during piloting. The MA includes a large research for 

those parameters crossed on existing examples at world level, identifying best solutions as 

guideline. Users accede both modules (MP-C and MP-V) with a common screen for registering 

and sign-in. The MA assumes local languages after installation (Danish for piloting experience). 

MP-C includes a crowdsourcing tool for personnel preparedness and real-time reporting. Each 

citizen participates after a training, including personal information of family, and geo-located 

vulnerable data (inhabitants, age range, people with limited mobility and elderly people with need 

of assistance). The kit includes a real-time tool to report infrastructural damages inside or outside 

buildings, involving supplies, basements and people present. Citizens can also mark water level, 

writing water height in cm. Both crowd contributions validate surveys by a compulsory photo 

within a slide bar. In addition, the MP-C includes a tool of long-term preparedness for a familiar 

group. Citizens access to a user-friendly kit of flood protection measures, organized by contents 
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(e.g. flood boards, sand bags, flood controls, drain sealers), combined with preparedness measures 

to check and tick the proper materials available. The update of dataset appears constantly in the 

personal profiles and it is visible in the dashboard (e.g. documents, energy supply, medicine 

measures, food and water).  

The MP-V embraces a fast data crowd during crisis, for trained squads of rescue services. Users 

acquire real time information on visible state of danger that is associated to the capacity to localize 

a source. The MP-V gathers details on the event (e.g. type of accident, material state, spilling on 

course, oil level) followed by facilities exposed (e.g. numbers and type of buildings, kind of 

surroundings, services damaged). Volunteers can reveal the threats of life or “peace time” during 

the surveys. MP-V integrates in real-time the geo-location of field surveys, tracking the users who 

appears classified by life threat. In addition, the volunteers map shares position of users, offering 

automatically a geo-tracking of rescue teams.  

The idea of crowdsourcing was tested directly in two study areas, for involvement and self-

preparedness. The piloting supported bug-fixing during the experience and the collection of a first 

dataset for testing (Table 1).  

 

Table 1. Slide text and data collected within piloting. 

Within simulations the MP-C assembles the reports with predominance of water levels and 

damages, as cause-effect of a floods event, often redundant for single-family team. The kit for the 

personal flood plan emerges homogeneous within all users datasets, because it offers a long-term 

kit and therefore completed once and updated if required. Data records of MP-V are abundant and 

homogeneous, due to a synchronized “quick danger” survey. The data crowd is suitable within 

crisis, and thus the MA is user-friendly and quick data gathering tool (Bianchizza & Frigerio, 2015). 
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Most of dropdown menus have a final choice: “Other”, originally introduced to update lists with 

benefits of users. The idea was a feedback during piloting to enlarge data catalogues, but then kept 

permanent to allow customization after periodic check on dashboard by rescue service (Figure 5).  

 

Figure 5. Custom dropdown menu with « other » function by crowd. 

The button “add photo” creates real-time photos in various slides, set with image size reduction in 

case of limited bandwidth. The action is compulsory in MP-C to check contributions by citizens 

about damages and water levels, but not present in MP-V due to their priority of quick field surveys.  

Every slide contains a “guideline”, completed with useful opinions and suggestions by 

crowdsourcing. Users compile proper instructions and guides after piloting, finally combined 

within official MA. Future work should involve the customization of the platform for adapted task 

involved to natural hazards, especially linked to new technology of sensors, as low cost solutions 

for data collection by crowd taking the advantage of the contest of human sensors. 
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Abstract 
We present two GIS model applications for simulating the propagation of rapid geophysical mass 
flows: r.avaflow employs an advanced physically-based two phase flow model intended for in-
detail case studies, r.randomwalk a conceptual model suitable for studies at various scales. Both 
tools are implemented in open source software environments serving for the needs of both rese-
arch and practice. They offer a range of visualization, validation, parameter sensitivity analysis and 
parameter optimization functions. Some of the key functionalities of both tools are demonstrated 
for the Acheron rock avalanche in New Zealand. 

Introduction 
Rapid geophysical mass flows such as snow avalanches, rock avalanches or debris flows are poten-
tially dangerous phenomena in mountain areas worldwide. Anticipation of such events at different 
stages of the risk management cycle, and at various spatial scales, assists in reducing the associated 
risks. All up-to-date efforts in this direction rely on physical-mathematical and computer models. 
The present work focuses on open source GIS model applications simulating the propagation of 
rapid mass flows. Thereby we present two tools, r.avaflow and r.randomwalk, and selected results 
obtained with these tools. 

The computational tools r.avaflow & r.randomwalk 
r.avaflow employs an advanced two-phase flow model (Pudasaini, 2012) and targets at the detailed 
analysis of observed or expected mass flow events. This tool is suitable for the simulation of more 
or less complex process chains (e.g., the impact of a flow-like landslide into a lake and the resul-
ting flood wave) and includes functionalities to compute entrainment and deposition. Starting 
from one or more aggregations of release pixels, or one or more release hydrographs, the motion of 
the flow is described by mass and momentum conservation laws and numerically solved on a 
high-resolution NOC central differencing scheme. Propagation ends as soon as all material has met 
a certain stopping criterion or moved out of the investigation area. The spatio-temporal distributi-
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ons of flow height, change of basal topography, flow velocities, pressure and kinetic energy for the 
solid and fluid phases are the key output. Output hydrographs can be provided for user-defined 
profiles. 

r.randomwalk (Mergili et al., 2015) uses simple conceptual models, targeting at susceptibility map-
ping at broader scales, but also at quick first-order analyses of the impact areas of foreseen events. 
Starting from one or more user-defined release points or zones, a series of constrained random 
walks – governed by a set of parameters determining lateral spreading – is routed through the ter-
rain until a defined break criterion is reached. Break criteria may (i) consist in empirical-statistical 
rules for the angle of reach or related parameters; (ii) build on the two-parameter friction model of 
Perla et al. (1980). The output consists in a binary impact/no impact map, but various rules can be 
combined in order to derive an impact indicator score. Alternatively, an impact probability may 
be assigned to each pixel, based on the probability density function of the angles of reach back-
calculated from the analysis of observed events. 

The core functionalities of r.avaflow and r.randomwalk are implemented as C codes. Both tools are 
available in two versions, differing in the way how the C code is embedded. The structure how 
each of the versions is designed is identical for both tools: 

(i) Version intended for research, targeting at scientists performing parameter studies or other 
types of complex computational experiments. This version is available for UNIX systems. r.avaflow  
and r.randomwalk are implemented as raster modules of the GRASS GIS software. Python scripts 
for pre- and post-processing are wrappped around the C codes. R scripts are employed for built-in, 
automatized validation and visualization functions. Further, the model runs may be repeated with 
varying combinations of uncertain input parameter. This results in an impact indicator index (III) 
map in the range 0–1, corresponding to the fraction of parameter combinations resulting in an 
impact on a given pixel. III therefore builds on parameter ranges or spaces instead of definite valu-
es, reflecting uncertainty. The same feature allows to perform parameter optimization and sensiti-
vity analyses in a convenient way (Krenn et al., 2016). The tools are most efficiently operated in a 
non-interactive way on the shell script level. For this purpose, the codes are parallelized at the 
python level in order to speed up computation, a useful feature when exploiting high-performance 
computational environments. 

(ii) Stand-alone version intended for use by practitioners. The C code is implemented in a multi-
platform GUI system building on C++ and python. Parameters are entered in an interactive way, 
and also the resulting maps may be displayed and queried interactively. The validation and para-
meter testing functionalities are not available as built-in functions, but the results may be vali-
dated by an additional R script. 

Simulation experiments 

We focus on the case of the 6.4 million cubic m Acheron rock avalanche in Canterbury, New Ze-
aland, for demonstrating the functionalities of the two simulation tools. Due to its mobility (travel 
distance of 3.5 km and angle of reach of 11.6 degree) and a sharp bend in the flow path, this exa-

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

52



mple is particularly challenging in terms of modelling. Applying an ad-hoc parameter optimizati-
on to r.avaflow already leads to a reasonable correspondence between the observed deposition 
areas of the rock avalanche and the flow depth distribution at a final stage (after 80 seconds; 
Fig. 1A). We use the GRASS version of r.randomwalk to demonstrate a more systematic optimiza-
tion strategy, employing the two-parameter friction model for this purpose. Instead of definite 
parameter values (Fischer et al., 2015), we prefer to optimize value ranges (parameter spaces). 
Thereby, the III values yielded with various parameter sub-spaces are validated against the obser-
ved impact area in terms of the area under the ROC curve (AUROC) and the ratio between the 
average III and the fraction of observed impact pixels, compared to all pixels in the study area 
(conservativeness measure CIII). Values of AUROC and CIII close to 1 indicate a good simulation 
performance. We arrive at optimzed ranges of 0.1–0.4 for the bed friction coefficient and of 2150–
4650 for the mass-to-drag ratio, yielding values of AUROC = 0.93 and CIII = 1.01 (Fig. 1B). An 
analogous procedure is supported by the GRASS version of r.avaflow. 

 

Fig. 1. Results yielded for the Acheron rock avalanche, New Zealand. A: Flow depth after 
80 seconds derived with r.avaflow. B: Impact indicator index (III) yielded with r.randomwalk, 
applying the optimized parameter sub-space. 

Conclusions and outlook 

We note that the back-calculation of a larger number of documented events of different process 
types and magnitudes may result in guiding values – or ranges of guiding values – of parameters 
that can be used for the forward calculation of possible future events. In this way we intend to 
implement open source guiding parameter databases for both r.avaflow and r.randomwalk directly 
in the stand-alone tools in order to facilitate forward modelling for risk management practitioners. 

From October 2016 onwards, the latest source codes and installation scripts (GRASS version) and 
the binaries for various platforms (stand-alone version) along with the corresponding manuals and 
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selected test data sets are available through the software web sites http://www.avaflow.org and 
http://www.randomwalk.org. 
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2Institut Universitaire Européen de la Mer, Centre national de la recherche scientifique, UMR 6554,
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ABSTRACT
This short paper presents an example of integration between open source Geographical Information System (GIS) and
Agent Based Model (ABM) in order to better simulate fishing activities on Iroise Sea (Brittany, France). This work is
linked with the SIMARIS project: a simulation prototype that integrates multi-source and multi-scale spatio-temporal
constraints as forcing variable in order to assess the intensity and the variability of marine activities. A pre-processing
step, executed in batch in GRASS GIS, aims to calculate data for initialization and simulation step, then the Agent
Based simulation is launched (in batch) on GAMA platform. All these operations are scheduled in a Python script to
perform pre-processing and simulation. The work presents an example of integration from a geographical point of view.
The technical improvements are detailed and the potentials of such integrated solution are discussed.

Keywords: marine simulation, GIS, ABM, Python

INTRODUCTION
Running a simulation requires to describe the behavior of elements involved in the model. ABM are born with the aim
to interpret and execute a list of command able to model at best this behavior (Ferber, 1999). At technical level, if
the model requires to interact with geographical objects and handling maps, few of available Agent Based platforms
can perform the simulation. While some tools exist, integrating GIS data for ABM is still a difficult process (Crooks
and Castle, 2012). In fact, handling geographical data is a matter of Geographical Information Systems and even if
recent development in Agent Based modeling have begun to implement some GIS functionalities some spatial analysis
operations remain purely geographical and, in our opinion, should be better performed by a Geographical Information
System without involving the Agent Based platform. To take full advantage of GIS and ABM we believe that close
coupling is a good way to perform the integration of multi-scale geographical data in ABM.

In the past, the integration between GIS and ABM represented an opportunity for GIS to integrate temporal
variables into a plain geographical analysis (Batty and Jiang, 1999; Gonçalves et al., 2004). But since spatio-temporal
representation is no more a limitation in spatial analysis (Gebbert and Pebesma, 2014), the improvements coming
from GIS and ABM coupling is mainly tied to the execution of actions involving agents (intelligent entities) and a
spatio-temporal process at the same time. If different levels of interaction between GIS and ABM are possible, ideally,
the best situation is to have a library which allows to call single functionalities of GIS into a simulation and/or vice versa.
In this paper an example of “indirect cooperative coupling”, as defined by Karadimas et al. (2006), is presented, where
both GIS functionalities and simulation are called by another (external) programming environment, written in Python.
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MATERIALS AND METHODS

The SIMARIS model
The simulation model we are going to integrate with GIS is SIMARIS model (Tissot and Le Tixerant, 2008).

SIMARIS is a framework designed to model interactions between human activities and their environment. The
methodology is based on a cross-cutting approach focused on combining multi-agents model with multi-scale spatio-
temporal databases with the aim to simulate simultaneously several activities. Each element is implemented as an agent
that interact with its environment and other agents according to internal and external constraints and factors (weather
conditions, regulation, market price, etc.). These variables can be very heterogeneous and their combination can generate
completely different output. In order to take into account this heterogeneity the model is multiscale and multilevel.
It automatically sets the spatio-temporal granularity, the analysis and the outputs from a specific spatio-temporal
scale defined at initialization step. This requires preliminary geographical operations to provide a relevant simulation
environment. Until now, only fishing activities are considered, but the final aim is to integrate different activities in order
to assess pressure and possible conflict zones on a marine protected area.

GAMA platform and GRASS GIS
The SIMARIS model is implemented on GAMA: GIS Agent-Based modeling Architecture (Grignard et al., 2013)
which is a “modeling and simulation development environment for building spatially explicit agent-based simulations”
(https://github.com/gama-platform/gama/wiki). GAMA is particularly interesting for our case study because different
operations can be performed at different spatio-temporal scales. For example, the simulation king-scallop fishing activity
on a specific fishing zone over a period of a week will be consider as one computing process level. If the issue is to
assess the fishing balance for all type of fishing activities over an entire fishing period, the spatio-temporal resolution
would change as well. GAMA platform provide an infrastructure based on “agents” and “superagents” which allows the
heritage of basic characteristics from a generic species (fishing boat) to a more specific one (king-scallop fishing boat)
but also allows independence on specific agent’s actions. Moreover it allows the aggregation of output data between
different analysis levels and it is able to manage georeferenced data.

In this work, the chosen GIS environment is GRASS (Neteler and Mitasova, 2013). GRASS is the leading open
source software for geographical information analysis and research. Since it is open source, a lot of different tools
operating in different topics are implemented and made available for all users.

Figure 1. The Python procedure, which involves preliminary geographical operations (executed in GRASS GIS), the
GAMA simulation and the restitution of outputs.
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For SIMARIS the main advantage is the ability to call each single GRASS command/tool by bash. This means that
an entire geoprocessing operation can be done without initializing the GIS graphical environment. Moreover the process
can be easily automatized and coupled with the ABM by using a third code, written in Python.

Procedure description and sample run
The entire procedure is briefly summarized by the flowchart in Figure 1.

Firstly, since the system is multi-scale, we have to define a zone where to perform the simulation. By defining the
extent of this zone, a spatial and temporal granularity is automatically defined. So, entering into the graphical interface
the coordinates belonging to the bounding box (N, S, E, W) the appropriate GRASS commands are launched in order to
reshape and calculate the resolution of the bathymetry according to the spatial granularity, reshape potential fishing
zones, reshape a possible fishing probability map and select the starting and unloading point for each type of fishing
boat. For example, in a simulation at small scale, we want to evaluate the resource consumption and regeneration, and
calculate potential fishing zones’ clustering.

As input data we have the raster file of bathymetry (at 5x5m resolution) and the vector file of fishing zones. Once
established the bounding box limits, delineating a 40 kmsq area, the software automatically resamples raster bathymetry
values in 10x10m resolution cells and cuts the fishing zones on the bounding box. A departure and unloading port fall
into the zone, so the simulation can be launched by using gama-headless module. During the simulation, boats are
moving on the map, following fishing calendars according to regulation associated with each type of fishing activity.
This type of simulation can provide assessments (on a daily, monthly or annual basis) on the number of vessels that
operated in a specific zone over a given period, and thereby contribute to estimating an activity’s impact on a resource.
It can apply to several activities with distinct developments in space and time, and highlight positive (complementary
activities) or negative (generating potential space use conflicts) interactions. Boats movements generate traffic on the
map which is recorded into a spatial grid as frequentation value.

Figure 2. The detailed flowchart of the simulation running in gama-headless. Each block (solid black, dashed black and
dotted grey) specifies one of the generic actions reported in the blue box of Figure 1. From Minelli et alii, 2016
(submitted).
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The code also implements a colony ant algorithm which allows the boats leaving a pheromone track on the map
according to the quantity of the catchment. In the meanwhile each specie grows, following established growing rules.
Since the focus of this paper is not to present the simulation itself but the integration between an ABM and GIS, we will
not deepen into the simulation specifics in this phase, but a detailed flowchart of the code is reported in the following
Figure 2.

RESULTS
The simulation script in this specific case provides the following outputs Figure 3:

• images which shows the variation of the frequentation in time;
• charts, providing an assessment of resource consumption and cell frequentation;
• shapefiles of the fishing zones with traffic and resource data;
• an .xml file, where all this data are stored at a fixed time step.

If the simulation has been launched in a wider area and for a longer period (lower spatial resolution and higher
temporal granularity), aggregated results would have been produced. More details about agents actions and interactions,
aggregation processes and multi-scale organization of SIMARIS model are given in Minelli et al. (2016).

Figure 3. An example of the results: (a) the vector map of the frequentation of a little zone in the Brest Bay -
frequentation increase from white to red; (b) numbers of individuals (King Scallop Fish) remaining on the selected zone
after each fishing act in time (cycles); (c) an extract of the xml table in output.

CONCLUSIONS
The above mentioned results belong to the simulation, and can be achieved even with a simple (non headless) simulation.
Conversely, the real interesting result of this experiment is that the integration experiment seems to successfully evidence
the geographical analysis capabilities of GRASS GIS and the simulation capabilities of GAMA platform.

In fact, using both the software by batch, it is possible to:

• obtain better performances on duration of the analysis and in RAM consumption;
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• recall only the functionalities we need without initializing the graphic environments;
• easiness to automatize a future WPS (Web Process Service).

Regarding the last point, the host model written in Python, manages the simulation to be launched remotely on a
server, called from an external client. This is convenient because it allows the final user not to have all the software
installed on his machine. Moreover, it will be easier to perform more runs of the same simulation in order to statistically
assess the reliability of a future scenario. Results presented in this paper are interesting for an efficient cooperation
between GIS and ABM environment. However, regarding more theoretical aspects of the integration process, the best
solution would be a specific library which allows the coupling of the two software (the implementation of this library is
not considered for the moment).

Finally, despite some geographical computations have been already implemented in GAMA, advanced geographical
operations are still limited (e.g. map algebra, topology maintenance, etc.) in ABM. In our opinion, it would be right to
let GIS doing geographical analysis and multi-agent platform perform agent based simulation.
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ABSTRACT
We retrace the construction of AgriGIS framework between multiple disciplines around a common objective of
facilitating research on model simulations for sustainable food security. The geospatial media enabling multidisciplinary
research in crop modelling but also supporting new types of hypothesis and analysis, is described with interoperability
principles and seamless access and sharing for data, metadata and processing models. Designing the platform achieving
this main objective generated a transdisciplinary vision of modelling and forecasting for sustainable agriculture.

Keywords: agriculture models, crop modelling, scientific workflow, geospatial information, genetic-trait, interoper-
ability, GIS, OGC, web services

INTRODUCTION
Rapid developments in positioning, broad-band mobile communications, sensor platforms, sensor-web enablement,
spatial search and pervasive computing fundamentally change the access to and use of location-based data for agriculture
(Jackson et al., 2011). However, the necessary multi-disciplinary approach needed to transform raw data and information
into useful intelligence and knowledge for scientists is still constrained by disciplinary and organisational silo’s and
legacy concepts. Geospatial interoperability and open source standards-based GIS and open data will help deliver
holistic solutions in geospatial technologies in AgriGIS by enabling the ready integration of separate location relevant
technologies and lowering costs. The expanding range of open source GIS tools and open data will greatly enhance the
use of geospatial technologies in agriculture and facilitates the sharing of information across various stakeholders and
collaborative work (Al-Azri et al., 2015; Nativi et al., 2013).

In agricultural modelling, when focusing on sustainable development and food security, the concepts of geographical
space and time are fundamental components of the agronomical processes of interest (AgriGIS). To this respect what is
required from the agronomical processes usually depends from their different spatial and time scales and resolution, e.g.
micro scale (plot or fields and days or weeks), meso scale (landforms or landscapes and seasons or years) and macro
scale (countries, regions or ecoregions and decades or periods). Their complementary focus are respectively to these
scales on 1) production and the factors that might affect its yields; 2) sustainability and land use and 3) interactions with
climate change (Loireau et al., 2005; Gaber et al., 2008).

We have been witnessing an expansion of georeferenced data available in the agriculture context this is still currently
happening due to the growing use of mobile sensors, technologies and software applications as well as increasing easy
access to public datasets of satellite remote sensing data. However, despite those agricultural models contexts of inherent
spatial-dimension and increasing availability of georeferenced data, there is still a lack of transdisciplinary research
to enable full potential of re-using those information within a shared environment allowing the knowledge to cross
disciplines barriers beyond legacy concepts (Mirschel et al., 2014; Liu et al., 2013)

To meet these requirements and challenges for agricultural modelling taking in account the recent advances of
georeferenced data in agriculture, we developed a framework integrating the domains of Environmental Science, Crop
Science and Geospatial Information Science. This framework aims to provide concepts and tools to access available data,
available geoprocessing models and allow to combine them using internal and external processing models to generate
results based on 1) genetic and phenotypic and trait information; 2) agricultural and environmental information and 3)
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geospatial architecture and data and models management. This first phase of this project has been recently finalised and
we present here the design of the framework and first results. This initiative is an effort of team composed members
from the University of Nottingham (Nottingham Geospatial Institute and Crop Science Department in United Kingdom
and Malaysia), the Crops for the Future (Malaysia) and other partners in the United Kingdom and Australia.

THE EGRASP PLATFORM
The principle of this framework is the use and reuse of information and tools available, particularly the open data and
open source tools.

Within the spatial infrastructure of the framework (see Figure 3), a PostGIS database called GeogermplasmDB, is
responsible for archiving genetic information, mainly genotypic variation, associated with geolocation of the genotypes
and utilises an extended version of the CropStoreDB based on OpenGIS (Castronova et al., 2013). The data is served
using an OGC WFS.

Central to the eGRASP is the geoprocessing workflow composition which utilises the Business Process Model and
Notation (BPMN2.0) to represent the combination of data sources and processing components (see Figure 2). This
approach encourages the conceptual design of workflows representing large models (see Figure 1) which can be broken
down in sub-workflows modelling and vice versa allowing to discover moels and sub-models to be combined. Designing
components in such way permits the use and reuse of them for different locations or series of simulations of the workflow.
For example, for a disease modelling, one re-use an external tool such as the Agricultural Production Systems sIMulator
(APSIM) as a component (Holzworth et al., 2014).

The integration of Geospatial Information Science concepts in this framework allows for example the measure of
spatial quality and spatial error propagation on the results and generates meta-data information for decision makers. The
spatial error propagation is currently implemented using two approaches, 1) classical error propagation with multiple
runs and 2) meta-propagation of uncertainty using WPS (Leibovici et al., 2009, 2013).

DISCUSSION
So far a prototype with the few components describe above have been tested but most of the component of the architecture
designed in figure 3 are not yet operational. If the proof of concept has been successful, the eGRASP platform for
AgriGIS is at its enfancy but other type of data sources such as sensor network and remote sensing imaging would fit
seamlessly in this architecture.

The greatest body of knowledge often lies with the farmers who have grown the crops themselves. Crowdsourcing is
a potential method to collect such knowledge (data) which can then be stored using semantics and ontologies (Huynh
Chi et al., 2014). This type of data comes to enrich existing more authoritative data sources or replace them when none
exist. The data can then be integrated within the workflow as shown on figure 1 in terms of enriching the geo-germplasm
database. The ultimate goal for the eGRASP is to host open data and open geoprocessing facilities for the community of
agriculture modellers in crop modelling and food security.
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Figure 1. Generic workflow of the framework with the use and reuse of available information.
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Figure 2. Functional view of the eGRASP framework.
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Figure 3. The eGRASP framework platform.
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ABSTRACT
The widespread availability of high resolution digital elevation models (DEM) opens the possibility
of applying physically based models of landslide initiation to large areas. With increasing size
of the study area and resolution of the DEM, the required computing time for each run of such
models increases proportionally to the number of grid cells in the study area. The aim of this work
is to present a new parallel implementation of TRIGRS (Alvioli and Baum (2016)), an open-source
FORTRAN program designed for modeling the timing and distribution of shallow, rainfall-induced
landslides, and to discuss its parallel performance. We investigated the parallel performance by
evaluating running time, speedup and efficiency of the code on a commonly available multi-core
machine, on a high-end multi-node machine and on a cloud computing environment, showing
the advantages and limitations of each case and discussing the possible weak points of using a
general-purpose cloud environment.

Keywords: TRIGRS, Shallow landslides, MPI, Slope stability

INTRODUCTION
The TRIGRS model allows modeling of the spatial distribution of landslides, obtained by comput-
ing transient pore-pressure changes, and attendant changes in the factor of safety due to rainfall
infiltration, using a simple infinite-slope description on a cell-by-cell basis. Time dependence is
implemented in the model by time-dependent rainfall infiltration, resulting from storms that have
durations ranging from hours to a few days. The computing time of each run may vary widely, and
it is mostly related to the size of the study area, the number and frequency of the input rainfall time
series, and the number of required output maps, which is user-defined.

The motivation for having a parallel, and substantially faster, code is generally found in the need
to perform multiple simulations, for example to calibrate parameters, or to increase the spatial extent
of simulations, or both (Alvioli et al. (2014); Raia et al. (2014); Mergili et al. (2014)). In the specific
case of TRIGRS, we have shown that the simulation of a large test area is possible with great detail
in many respects: the high resolution DEM, the dense rainfall pattern in time, the number of output
maps. Using the new version of the code, we were able to reduce run time from about one day to
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about an hour for a 1340-km2 test area Baum et al. (2016). This allowed us to obtain a detailed time
series of model outputs and match them with the field observations, providing a robust understanding
of landslide phenomena in the area (Alvioli and Baum (2016)).

METHODS
The previous version of the code (Baum et al. (2008)) was improved with new features (Iverson
(2000); Baum et al. (2010)) and parallelized within the Message Passing Interface (MPI) framework
(MPI Forum (2012)). In this work we illustrate the performance gain obtained with the parallel
version of the code, with respect to the serial version. We stress that the improvements made to the
serial version of the code were mostly aimed at making the parallel implementation practical, and
do not contribute appreciably to the performance gain of the new version of the code. Thus, users
may assume that the latest version of the serial program has the same performance of the previous
version, as far as running time is concerned.

In this work, we show the performance gain with respect to the serial code on commercial hard-
ware (CNR IRPI, Perugia), on a high-performance multi-node machine (Galileo cluster, CINECA,
Bologna) and on the OpenStack cloud environment (CERN, Geneva). The performance of the
parallel code was assessed both measuring overall running time TTot and using standard quantities
such as speedup

S(Np) =
TTot(Np = 1)

TTot(Np)
. (1)

the ratio of serial (TTot(N = 1)) to parallel (TTot(N)) running times as a function of the number of
processes Np, and efficiency

E(Np) =
S(Np)

Np
=

TTot(Np = 1)
Np TTot(Np)

. (2)

For a better assessment of the parallel performance, we have split the overall running time into
three terms: the time required for data reading and scattering to all the computing processes, TR, the
time required for core computing and gathering of the partial results from each computing process,
TC, and time required from writing the results on disk, TW ; this is summarized in Fig. 1. The

Figure 1. The overall running time TTot decomposed into three intervals, as described in the text.

other quantities we have considered, speedup S and efficiency E, have been calculated according
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Figure 2. Results for the parallel performance of TRIGRS v2.1, as a function of the number of
processes in the MPI pool, Np. A: total (TTot), read + data scattering + compute + data gathering
(TTot−TW ), write (TW ) and read + data scattering (TR) running times. B: parallel speedup with
respect to TTot and TTot−TW running times. C: parallel efficiency with respect to the same partial
running times as in B. The left column refers to execution on a single-node machine equipped with
64 computing cores, while the right column shows results of execution on the Galileo cluster at
CINECA; we considered Np ≤ 256; the results of the left column are also shown for comparison.
The 34 time-steps referred to in the Figures are the number of time intervals of the storm considered
in the simulation.

Eqs. (1) and (2), respectively, considering separately the overall running time TTot and replacing
TTot with the partial running time T = TTot −TW . The corresponding results are shown in Fig. 2.
When run on a single-mode, high-end multi-core machine, the code offers performance gain up
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to about Np = 50, for our case study. The major limitation for a further performance gain are the
operations summarized with TR and TW , the data read and scatter operations presenting the most
severe drawback when Np increases over 50. When run on a multi-node, high-performance machine,
the limitations due to read-write and data scatter-gather operations are largely removed and we do
not see performance degradation within the 0 < Np ≤ 256 range. We conclude that the parallel
performance is very satisfactory, since the code provides sufficient performance improvement on a
single node machine with a number of computing cores which is well beyond the typical number
of cores available on common desktop machines. A further performance increase can be obtained
running the code on a large machine equipped with high-performance input-output devices and
high-speed interconnection network such as the Galileo cluster.

Figure 3. Dependence of the total running time on the size of the study area. “1” refers to the
problem size considered in Fig. 2 (with a total of 13,410,000 valid cells), “2” refers to a problem
with double size in terms of valide cells, “1/2” to one-half the size, and so on.

We have investigated the dependence of the parallel performance upon the problem size, which,
in turn, is practically linearly proportional to the number of grid cells. We show in Fig. 3 the total
computing time required for running the code with the study area used in Fig. 2, and also with
study areas of twice, one-half, one-fourth, one-eighth and one-sixteenth of the original size. We find,
as expected, that performance degradation when running on our single-node machine occurs for
smaller Np in the larger problem with respect to the original one, and we do not reach the point at
which performance starts getting poorer for the smaller-size cases.

Subsequently, we have investigated the parallel performance of the code on a typical cloud
environment setup. In particular, we have used virtual machines with sixteen computing cores each,
using the OpenStack cloud environment installed at CERN. Results for the total and read-scatter
running times are shown in Fig. 4, compared to the ones obtained on the single-node and the
multi-node machines considered earlier. We find that the performance gain is comparable to the
single-node case when the code is run within one node. We find severe limitations mostly due to
the read-scatter fraction when the code is run across multiple nodes in OpenStack: the performance
appears to be degraded and depending on the network status in each particular run, as expected.
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Figure 4. Total (A, TTot) and read-scatter (B, TR) running times obtained on OpenStack cloud
environment compared to the ones obtained on the single-node and multi-node machines considered
in Fig. 2.

CONCLUSIONS
Users of the code can run the new parallel version using any kind of multi-core machine equipped
with a modern FORTRAN compiler and MPI libraries. We have optimized both the serial and
parallel part of the code in a way that aims at improving performance without requiring extra
expertise from the users while keeping a simple, easy-to-maintain code. In particular, we did not
make use of native MPI I/O (Prabhat and Koziol (2014)), which will require major code design
revision, extra system requirements and user expertise; we leave the MPI I/O implementation for a
future release of the code. For the same reasons, we did not consider GPU programming.

Performance results show a nice balance between the point at which file input and output dom-
inates parallel speedup and the great performance improvement when using a high-performance
machine. We show that the performance on a general-purpose cloud environment might be limited
by network communications between the computing nodes, which should be tuned for this specific
purpose. Most users would find the possibility of running the code on demand on MPI-optimized
cloud resources more appealing than on massively multi-core machines. Our performance assess-
ment, though, shows that a straightforward use of a cloud environment might not be rewarding, and
extra tuning of the cloud software for out MPI-enabled code mighj be necessary, which is probably
true for many MPI applications.

In conclusion, availability of a parallel version of TRIGRS enables simulation of landslide
initiation from storm events affecting large heterogeneous regions. This greatly aids analysis of the
effects of rainfall patterns and terrain complexity on landslide initiation.

SOFTWARE AVAILABILITY
The software is available for download at http://geomorphology.irpi.cnr.it/tools/
trigrs and https://github.com/usgs/landslides-trigrs. The datasets used in
this work and in Alvioli and Baum (2016) are available in Ref. Baum et al. (2016).

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

69



ACKNOWLEDGEMENTS
M. Alvioli acknowledges the CINECA award under the ISCRA initiative, for the availability of
high performance computing resources and support. M. Alvioli thanks CNR for a “Short Mobility
Grant”, 2014, during which part of this work was completed.

REFERENCES
Alvioli, M. and Baum, R. (2016). Parallelization of the {TRIGRS} model for rainfall-induced

landslides using the message passing interface. Environmental Modelling & Software, 81:122 –
135.

Alvioli, M., Guzzetti, F., and Rossi, M. (2014). Scaling properties of rainfall-induced landslides
predicted by a physically based model. Geomorphology, 213:38–47.

Baum, R. L., Godt, J. W., and Savage, W. Z. (2010). Estimating the timing and location of
shallow rainfall-induced landslides using a model for transient, unsaturated infiltration. Journal
of Geophysical Research: Earth Surface, 115(F3). F03013.

Baum, R. L., Jones, E. S., Alvioli, M., Kean, J. W., and Godt, J. W. (2016). Map and model input
and output data covering n 40.0o – 40.375o and w 105.25o – 105.625o in the northern Colorado
Front Range for analysis of debris flow initiation resulting from the storm of September 9 – 13,
2013. http://www.mpi-forum.org/ (Sep. 2015).

Baum, R. L., Savage, W. Z., and Godt, J. W. (2008). TRIGRS- A Fortran Program for Transient
Rainfall Infiltration and Grid-Based Regional Slope-Stability Analysis, Version 2. 0. Number
2008-1159, 75 p. in Open-File Report.

Iverson, R. M. (2000). Landslide triggering by rain infiltration. Water Resources Research,
36(7):1897–1910.

Mergili, M., Marchesini, I., Alvioli, M., Metz, M., Schneider-Muntau, B., Rossi, M., and Guzzetti,
F. (2014). A strategy for GIS-based 3-D slope stability modelling over large areas. Geoscientific
Model Development, 7:2969–2982.

MPI Forum (2012). Message Passing Interface (MPI) Forum Home Page.
http://www.mpi-forum.org/ (Sep. 2015).

Prabhat and Koziol, Q. (2014). High Performance parallel I/O. Chapman and Hall/CRC, Boca
Raton, USA.

Raia, S., Alvioli, M., Rossi, M., Baum, R. L., Godt, J. W., and Guzzetti, F. (2014). Improving
predictive power of physically based rainfall-induced shallow landslide models: a probabilistic
approach. Geoscientific Model Development, 7(2):495–514.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

70



Exploiting Observations & Measurement data standard
for distributed LTER-Italy freshwater sites. 
Water quality issues 

 
Lanucara Simone

1
, Carrara Paola 

1
, Oggioni Alessandro

1
, Rogora Michela

2
, Kamburska Lyudmila

2
 and 

Rossetti Giampaolo
3
 

1
Istituto per lo Studio Elettromagnetico dell’Ambiente, Consiglio Nazionale delle Ricerche (CNR-IREA). 

Via Bassini, 15 - 20133 Milano (MI) 
2
Istituto per lo Studio degli Ecosistemi, Consiglio Nazionale delle Ricerche (CNR-ISE). Largo Tonolli 50 -

28922 - Verbania Pallanza (VB) 
3
Università di Parma. Parco Area delle Scienze, 11/a - 43124 Parma (PR) 

Corresponding author: 

Lanucara Simone
1
 

Email address: lanucara.s@irea.cnr.it 

ABSTRACT 

Water quality is a multi-source, multi-purpose problem that needs exploiting observations, often 

taken by a number of heterogeneous bodies. This problem has been tackled within the Italian 

Long Term Ecological research network (LTER-Italy) in an experiment aimed at testing how 

ecological observations of mountain lakes water can be shared by OGC (Open Geospatial 

Consortium) standard services of the Sensor Web Enablement (SWE) initiative. A friendly and 

easy implementation of these services is fostered by the usage of the open source software 

Geoinformation Enabling Toolkit StarterKit ® (GET-IT
1
). It has been used in the experiment to 

create SOS services, upload observations and create SensorML metadata of the involved sensors. 

This contribution describes the experiment and presents its results. 

Keywords: Free and Open Source Software for Geospatial, Spatial Data Infrastructure, Sensor 

Web Enablement, Ecological research. 

INTRODUCTION 

Water monitoring needs frequent in situ measurements of different parameters that can vary 

depending on many factors, including its purpose. Many institutions generally perform in situ 

measurement activities; measures are stored and deployed following heterogeneous practices. 

This usually prevents sharing that calls for homogeneous practices. Since the emergence of 

                                                 
1
 http://get-it.it 
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Spatial Data Infrastructures (SDI), distribution and heterogeneity of geodata sources is no more 

an issue, provided actors agree in adopting recommendations and techniques enabling 

interoperability. Many good practices show how a change of perspective can be made (Finney, 

2007; Budhathoki & Nedovic-Budic, 2008; Box & Rajabifard, 2009; Shamsi et al., 2011). 

OGC dictates regulations fundamental in this respect and SWE is its proposal for interoperability 

of observations from fixed and mobile sensors. Creating SWE basic components, i.e. metadata of 

sensors and data, plus services for deploying, is not at all, in this moment, an easy task for 

limnologists, expert in lake research. This contribution presents the methodology adopted to this 

purpose in the LTER-Italy community for researches on mountain lakes. The methodology is 

based on open and free software and proved successful in creating SWE components and 

enabling interoperability, without requiring skilled IT profiles. The next section describes the 

approach and its tools; then results are shortly presented and discussed. 

METHOD 

In the context of the NextData “Data–LTER-Mountain” project
2
 we tested a methodology and 

workflow to share sensors, observations, datasets and metadata of Italian LTER sites, developing 

a distributed SDI. The architecture of SDI includes two interoperable and independent nodes 

enabled to OGC standard web services. The first node, installed at CNR ISE in Verbania 

Pallanza
3
, is related to repository and web services on the mountain lake LTER sites Lakes 

Paione Inferiore and Superiore, located in the Alps (Marchetto et al., 2004) and Lake Scuro and 

Santo Parmense, in the Appennines. A second node is installed at CNR IREA Milan
4
, for 

repository and web services on terrestrial mountain LTER sites. 

For developing an SDI there are several free and open source software solutions (Steiniger et al. 

2013): PostgreSQL-PostGIS for geospatial database, Geoserver or MapServer for sharing 

geospatial data, GeoNetwork Opensource or pyCSW for sharing geospatial data and services 

catalogues, 52° North SOS or istSOS for sharing sensors and observations. Anyway, these single 

software components have to be installed, configured and integrated to implement a SDI, which 

is not an easy task for limnologists, expert in lake research. 

A software solution, Geonode (Benthall et al., 2010; Winslow, 2010), integrates several software 

before mentioned (PostgreSQL-PostGIS, Geoserver, GeoNetwork Opensource); however, while 

enabling a straightforward implementation of SDI, it misses semantic enablement and SWE. 

To address these issues the free and open source software suite GET-IT was developed, exploited 

in this experiment for the implementation of SDI nodes, that allows a friendly and easy 

implementation of a semantic and SWE enabled SDI. 

Developed by a joint research group of CNR IREA – CNR ISMAR, under the flagship project 

RITMARE
5
; it facilitates the creation of nodes of a federated SDI for an observational network. 

The suite allows users to straightforward share on the web (by OGC standards) their observations 

                                                 
2
 http://www.nextdataproject.it/sites/default/files/docs/PP1-LTER-Mountain.pdf 

3
 http//sk.ise.cnr.it 

4
 http//nextdata.get-it.it 

5
 http://www.ritmare.it 
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and metadata on them and on sensors used. It consists of a virtual machine, based on the Ubuntu 

operating system; the basic software used is GeoNode
6
, a widely known geographic content 

management system (Benthall et al., 2010; Winslow, 2010). GeoNode has been edited and have 

been added new facilities, both client and server side, for the creation, semantically enabled, and 

the management of observations and metadata of sensors (Fugazza et al., 2014). 

The distribution on the web of sensor metadata and observations collected by sensors is 

performed in GET-IT by means of standard OGC Sensor Observation Services (SOS), i.e. a 

component of Sensor Web Enablement (SWE). This initiative, thanks to its high level of 

abstraction and associated use of schemes such as SensorML (Sensor Metadata Language; Boots 

et al., 2007) and O&M (Observations & Measurements; Cox, 2013) allows to create, store and 

share sensor metadata and observations gathered by the sensors. 

Information on the sensors, registering mountain lakes ecological observations (i.e. DX-500 Ion 

Chromatograph, ICS-3000 Ion Chromatograph, ION450 Ion Analyser, Titrator TIM 900, double-

beam UV-Visible spectrophotometer, etc.), originally on spreadsheets or printed on paper, have 

been modeled according to the scheme SensorML and in eXtensible Markup Language (XML). 

This modeling phase was carried out by the definition, for each instrument, of: identification 

code, sensor type, manufacturer, operator, classification, inputs, outputs, parameters, and 

characteristics. Metadata creation has been performed by GET-IT metadata editor, called EDI  

(Tagliolato et al., 2016)
7
, which allows ease and friendly instrument registration (SensorML 

editing) through graphical user interfaces (GUI) and auto completion facilities linked to 

vocabularies. In particular, parameters definition have been borrowed from the terms present in 

the EnvThes
8
 environmental vocabulary, in order to harmonize and semantically enrich the 

metadata with respect to the LTER community. 

SOS service interfaces provided by GET-IT enable the interoperable sharing of sensor metadata; 

SOS operation InsertSensor registers the instruments in the repository, and simultaneously shares 

sensor information in the form of interoperable SOS services, so that it is possible to retrieve it in 

XML format through the SOS operation DescribeSensor. 

The following figure (1) shows an example of SOS request in hypertext transfer protocol 

(HTTP), i.e. SOS DescribeSensor request for metadata of a DX-500 Ion Chromatograph, and the 

relative response in XML. 

But GET-IT lets users search and view information on the instrument also in the form of a human 

readable html page. The following figure (2) shows the same description of DX-500 Ion 

Chromatograph of figure 1 in the user friendly way provided by GET-IT: information is the same 

but the presentation is deeply changed. 

                                                 
6
 http://geonode.org 

7
 http://edidemo.get-it.it 

8
 http://www.enveurope.eu/news/envthes-environmental-thesaurus 
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Figure 1: SOS DescribeSensor request in HTTP for metadata of a DX-500 Ion Chromatograph 

and relative response in XML.  

 

Figure 2: HTML page, provided by GET-IT, for metadata of a DX-500 Ion Chromatograph. 
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After sensor metadata registration and sharing, the next step is the inclusion of related collected 

data, originally on spreadsheets or paper. First, we modeled data according to O&M, after which 

each measure can be composed by the following elements: feature of interest, phenomenon time, 

result time, procedure, observed property, result. In this work, parameters measured (i.e. observed 

properties in O&M) have been borrowed from the terms present in the EnvThes vocabulary, in 

order to harmonize and semantically enrich the metadata. 

Once modeled data following O&M, SOS services interfaces made available by GET-IT GUI 

enable their upload and interoperable distribution; SOS InsertObservation registers data to 

distribute them in the form of interoperable SOS services, GetObservation retrieves them in XML 

format. GET-IT also provides friend GUI for InsertObservation (fig. 3) and for GetObservation in 

an interactive web map (fig. 4). 

 

Figure 3: GET-IT form for InsertObservation. 
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Figure 4: GET-IT web map and graphical dialogue window to show results of GetObservation. 

RESULTS AND CONCLUSIONS 

GET-IT is a free and open source software suite, based on a collaborative development process, 

available on github (https://github.com/SP7-Ritmare/starterkit). It facilitates the creation of nodes 

of a federated SDI for an observational network and allows users to straightforward share on the 

web their observations, sensors and metadata, semantically enabled. 

Using GET-IT and its SOS services, in the framework of the project NextData “Data-LTER-

Mountain”, LTER-Italy researchers making observations on mountain lakes shared seventy new 

observations and relative metadata, available at the CNR ISE SDI node. Observations of the sites 

Lake Paione Inferiore and Lake Paione Superiore cover a time range of about thirty years with a 

biyearly resolution; observations of the Lakes Scuro and Santo Parmense cover a time range 

variable between fifty and thirty years with a time resolution between monthly and quarterly. The 

result is considerable bearing in mind that, compared to the amount of observations and metadata 

at the start of the project, there was an increase of 488% in the number of observations and 

relative metadata distributed for a total number of records in the repository of approximately 

60,000. 

By this test we proved that, exploiting the existing GET-IT nodes, researchers can easily create, 

manage, edit and share sensors metadata and ecological observations of mountain lakes water and 

terrestrial mountain based on OGC SWE initiative; LTER-Italy researchers can distribute their 

own dataset in other projects, external to the network, in an interoperable way, avoiding 

unnecessary and harmful duplication, by means of web portals compatible with OGC standards. 

They also can use controlled vocabulary resources of EnvThes in SensorML and O&M, with 

semantic harmonization of output parameters for sensors and measured parameters for 

observations. In particular users can edit metadata of the sensor (SensorML), within GET-IT and 

througt EDI editor, where the sensor type, parameters and, unit of measure are derived from 

controlled vocabulary terms (more details in Tagliolato et al., 2016). EDI metadata editor allows 

the users to create XML documents, semantically enriched, througt simply graphical user 

interface. 

In addition, LTER-Italy researchers can easily enable other nodes of GET-IT, consulting on-line 
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software documentation
9
, for manage, upload and share ecological observations of all network 

research sites. 

The experiment carried out has helped LTER-Italy researchers to realize the benefit of 

metadating, which is often considered a useless and time-consuming transaction, though IT 

developers must still do more to facilitate the semi-automatic and simplified insertion of metadata 

as much as possible. 

The future work focuses on improving the capabilities of GET-IT implementing semantic aware 

graphical user interfaces that enable to add, discover and display not only two-dimensional time-

series but also other types of observations which are included in O&M schema, i.e. observations 

in three-dimensional water columns, wind directions and plots. In addition, GET-IT, in the 

context of eLTER H2020 project
10

, will help advancing the development of European LTER 

infrastructures, by developing the SDI nodes of a distributed research infrastructure for 162 sites 

in 22 European countries that will provide data on long-term trends in environmental change. 
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ABSTRACT 

Background. Artificial enrichment of lakes has posed serious management problems for water 

supply. In results many European lakes had already undergone significant eutrophication. It 

seems that a good tool to determine the influence of catchment use on the trophic changes in 

lakes is Geographic Information System (GIS) and its databases. 

Methods. The study covered 31 stratified lakes located in northwestern Poland. These lakes 

were chosen on account of their considerable recreation value and economic importance. The 

parameters chosen as dependent variables were Secchi depth and electrical conductivity. Local 

catchments and network catchment of studied lakes as independent variables were prepared 

using QGIS Wien (2.8.7). The land use variables were prepared with Corine Land Cover, 2006 

(CLC2006). 

Results. According to Carlson index the studied lakes ranged from mesotrophic to eutrophic.  

Both dependent variables Secchi depth and conductivity values were significantly correlated 

with independent land use variables (P < 0.05). 

Discussion. Our survey revealed that percentage use of the catchment (developed in the 

Geographic Information System) can be a useful tool in the assessment of the lakes risks. With 

the GIS tools we also confirmed a significant impact of land use on changes transparency and 

conductivity values in North West lakes in Poland. 

 

Keywords: Catchment area, Land use, QGIS, Corine Land Cover, Secchi depth, Conductivity, 

Eutrophication  
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INTRODUCTION 

Artificial enrichment of lakes has posed serious management problems for water supply. Most 

researchers agree on the general effects of various land use on water quality. Agriculture and 

urban land use has been associated with nutrient enrichment (Soranno et al., 2015). In results 

many European lakes had already undergone significant eutrophication (Carpenter et al., 1999). 

Measurement depth of Secchi disc (SD) is common method of determining the transparency of 

water (Carlson, 1977). Water transparency is the sum total of all the final effects of trophic-state 

determining factors – understood as the lake productivity. In summer it is the transparency of the 

water that most fully satisfies the conditions required of an index that is expected to make 

possible comparative analysis of the trophic state (Karabin, 1985). Generally, with an increase of 

lake trophic status the changes of electrical conductivity values are also observed (Nürnberg 

1996).  Electrical conductivity is included to simulate the chemical properties of the habitat, 

which may have a direct or indirect effect on ecosystems. Lakes often have a conductivity 

gradient from the top to the bottom of drainage system (Alexander et al., 2008) therefore, the 

assumption that catchment area and land use affects concentration of dissolved ions in water 

bodies. Just in Poland there is approximately 7 000 lakes then is a need to develop simple models 

to assess the degree of exposure of individual water basins. It seems that a good tool to determine 

the influence of catchment use on the trophic changes in lakes is open source Geographic 

Information System (GIS) and its databases (Bocher & Steiniger, 2009).  Extensive regional lake 

surveys becoming more accessible since GIS methods developed. In the last years many relevant 

open databases expanded which is useful in the water management and environmental studies. 

CORINE land cover 2006 (CLC2006) contributes to the knowledge of the land cover in 24 

European countries. The basic aim of these studies is to determine land use impact on 

transparency and conductivity of waters. 

MATERIALS & METHODS 

The study covered 31 stratified lakes located in northwestern Poland (Figure 1). These lakes 

were chosen on account of their considerable recreation value and economic importance. Lakes 

surface area range from 25ha to1871ha. The values of lakes depth range from 12m to 83m.  

Measurement of the lakes water was performed in the summer period (from 15 July to 15 

August) 2011-2014 once for each lake. In case a lake has separate basins each basin was 

investigated. The parameters chosen as dependent variables were Secchi depth (m) and electrical 

conductivity (µS cm
-2

). Carlson (1977) trophic state index was based on Secchi disc depth 

(SD(m)). Local catchments and network catchment of studied lakes as independent variables 

were prepared using QGIS Wien (2.8.7). The land use variables were prepared with Corine Land 

Cover, 2006 (CLC2006) (Büttner & Kosztra, 2007). Land use of studied drainage basins is 

largely dominated by forested land, which covers 52% of the watershed. Agricultural areas cover 

37% of the basin. Water bodies cover 10% of the total area. Artificial surface (1%) is relatively 

low. Wetlands cover less than 1%. The correlations between the percentage of land use vs. 

Secchi depth and electrical conductivity were analyzed with Pearson coefficient correlation (P < 

0.05) (Statistica 10). 
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Figure 1. Map of studied catchment basins in Poland. 

RESULTS 

According to Carlson index the studied lakes ranged from mesotrophic to eutrophic.  Both 

dependent variables Secchi depth and conductivity values were significantly correlated with 

independent land use variables (P < 0.05) (Figure 2). Significant correlation for Secchi depth 

values covers only network catchment area (P < 0.05). Secchi depth values was significantly 

positively correlated with percentage of forest and water in catchment and significantly 

negatively with agricultural areas (P < 0.05). Value of conductivity was significantly positively 

correlated with percentage of forest in local and network catchment, wetlands in network 

catchment (P < 0.05). Values of conductivity were significantly negatively correlated with 

percentage of forest in local and total catchment (P < 0.05). 
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Figure 2. Significant correlations (P<0.05) between percentage of catchment land use vs. values 

of Secchi depth (m) and conductivity (µS cm
-2

). 
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DISCUSSION 

Our survey revealed that percentage use of the catchment (developed in the GIS) can be a useful 

tool in the assessment of the lakes risks. With the GIS tools we also confirmed a significant 

impact of land use on changes transparency and conductivity values in North West lakes in 

Poland.  For the value of Secchi depth for the examined lakes, the greatest impact was the 

percentage of water basins in the network catchment. A large catchment area and high total 

surface of lakes in this catchment could cause the spatial retention of nutrients in the catchment. 

The retention of nutrient has been reported to increase with catchment size, resulting in a spatial 

“scale effect” of observed nutrient losses per unit area (Ekholm et al., 2000). However, in the 

case of our research there was no significant correlation between the surface of catchment vs. the 

values of Secchi depth and conductivity. Lakes characterized by larger catchment forests showed 

a statistically significant higher visibility and lower values of conductivity. In lakes where the 

catchment was characterized by a high percentage of agricultural area and artificial surface we 

found significantly lower values of Secchi depth and the higher conductivity values. The specific 

nutrient load from agricultural land is approximately 10 times the load from forested land in 

southern Finland (Rekolainen et al., 1995). Agricultural nutrient losses have been demonstrated 

to accelerate eutrophication of aquatic systems in many countries. 
 

CONCLUSIONS  

The results demonstrate that land use in catchment area of lakes affects transparency and 

conductivity that are variables determining trophic changes.  Hence land use also can certainly 

affect the other factors that directly influencing the rates of primary production. So, this work 

showed that further research should be conducted to address issues such as the impact of land use 

on water bodies. Results of the present study can be important in water management and 

environmental studies of lakes and their catchment area.  The study also point to the usefulness 

of GIS tools and its databases for evaluation of land use influence on increase of lakes trophic 

status.   
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Abstract:

The MODFLOW Lake Package is integrated into the FREEWAT GIS environment  in order to 
simulate surface water - groundwater interaction using state of the art techniques for numerical 
simulations, thus allowing the improved consideration of surface water bodies for water resources 
management. Surface water bodies, both stationary and flowing, can strongly affect groundwater 
elevations and flow patterns which in turn may affect the qualitative and quantitative state of 
groundwater resources.  With the advancement of numerical simulation techniques and increased 
model complexity, FREEWAT  facilitates the usage of the lake package through existing QGIS tools 
to edit model layer geometry as well as an intuitive and simple user interface for the specification of 
constant and time variable lake properties as defined through MODFLOW. 

Introduction:

FREEWAT is a H2020 project which seeks to promote the application of water management and 
planning in accordance with the Water Framework Directive 2000/60 / EC (WFD) and other relevant 
guidelines (Rossetto et al. 2015). The WFD recognizes modeling as an activity for a variety of 
applications, of which FREEWAT will work to facilitate: test hypothesis on conceptual models, 
validate management scenarios, water resource assessment and forecasting, assessment of the impact 
of major engineering works, and evaluation of the effectiveness of the proposed remedial measures. 
FREEWAT is a open source and public domain GIS integrated modelling environment with an 
embedded water management and planning module for the simulation of water quantity and quality in
surface water and groundwater . In order to simulate surface water - groundwater interaction using 
state of the art techniques, FREEWAT supports the Lak7 package (Merrit & Konikow, 2000), among 
others. The FREEWAT modelling environment is implemented as a plugin of the open source 
software QGIS as a desktop interface, it takes advantage of Spatialite as a geodatabase management 
system and FloPy (Bakker et. al., 2016) as reference python library to connect with hydrological 
codes, particularly MODFLOW-2005 (Harbaugh, 2005). 

Background:

The presence of surface water bodies, both stationary and flowing, can strongly affect groundwater 
elevations and flow patterns. Conversely, groundwater seepage can be one of or the major sources of 
surface water bodies. The lake package allows for the simulation of hydraulic interaction between a 
lake and groundwater in the surrounding aquifer so that the effects of the changes in the conditions of 
one of the two water bodies is calculated on the other. In this effect the lake package differs from 
previous methods used to simulate surface water bodies. Previously, these were the constant head 
package, river package (Harbaugh, 2005), the reservoir package (Fenske, Leake & Prudic, 1996) or 
the “High K” method outlined by Merrit & Konikow (2000). The lake package treats lake cells as a 
single stage and respond to change in groundwater or surface water flux to or from the lake. In this 
way it bears similarity to the streamflow routing package SFR (Niswonger & Prudic, 2010), which 
can also be a source or sink to the lake cells. The lake package may find application in simulations 
where the temporal variability of groundwater and lake fluxes is a key aim of investigation, or in 
systems where groundwater and surface water exchanges are highly dependant on varying lake stages 
and area. The lake package calculates a separate water budget for those cells identified as lake 
removing them from the solution of the groundwater equation and setting them as inactive. Active 
groundwater cells adjacent to the lakes exchange water at a rate determined by (i) the relative 
calculated head in the aquifer and stage in the lake, (ii) hydraulic conductivities of the aquifer and 
lakebed materials and (iii) the area of the lakes, recalculated every time step. 
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Method:
MODFLOW, which is the core of FREEWAT, is a finite-element model. Thus its elements in QGIS 
are defined by a discretization grid in three dimensions simulated by consecutive raster grids with 
depth information. The Lake package is not an exception and the lake volume is calculated through 
the 3D cells identified as lake. As a consequence of the finite-difference approach in FREEWAT, the 
lake stage is related to lake volume directly through the volume of the model grid cells marked as lake
cells, and their water level. Specifying lake stage-volume-area relations through an external file, as 
supported by the lak7 package, will be implemented in FREEWAT. Lake stage is crucial for 
determining the groundwater flow from and to the lake. As the lake cells are inactive for the 
groundwater flow equation, the bottom of the lake is identical to the bottom elevation of the grid cell. 
Adjusting the height of a cell is approximate to adjusting lake bathymetry (Figure 1). Additionally, the
lake can dry completely and re-wet during transient simulations if the lake stage drops below this cell 
bottom.

Figure 1 A simplified representation of two methods for specifying lake bathymetry.

In FREEWAT, the implementation of the Lake package can be generally separated into two steps. 
During the first step, the model geometry and active cells can be modified before the lake package 
itself is activated in the second. All model layer cells that contain lakes need to be specified as 
inactive. To conform with lake bathymetry, the vertical size of the lake cells, i.e. the thickness of the 
aquifer layers, can also be changed. The selection and editing of appropriate cells is performed with 
existing QGIS tools, by querying and modifying the attribute tables of relevant model layers. 
Additionally, any layers which contain lakes must be unconfined or convertible and wet-able, and 
specified as such in the layer property flow (LPF)  table, used to define the basic properties of the 
MODFLOW model.
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Figure 2 The FREEWAT interface to create lake layers with a synthetic model

The second step requires the activation of FREEWAT’s “Create lake layer” interface (Figure 3) to set 
lake solver properties, lake source and sink terms for each time step, as well as starting stages, 
minimum and maximum stages, as well as lake leakance terms. The lake budget equation can be 
solved explicitly, semi- implicitly or implicitly by specifying the time-weighting factor (0, 0.5 or 1 
respectively) for transient stress periods. Additionally, the number of iterations for solving the 
equilibrium lake stages using Newton’s method can be specified, as well as the convergence criterion. 
Small topological variations in the lake bottom can be added to give a smooth transition for the lake 
equilibrium stage solution as the stage reaches the bottom of a cell; just before it dries up, or when it 
re-wets. The lake stage must be specified only for the initial conditions while  following transient and 
steady state stress periods, the lake stage is determined by the lake solver. For any steady state stress 
periods, a minimum and maximum stage must be specified. If the lake solver determines a stage 
higher or lower than these limits, the simulation returns an error. 
As shown in Figure 2, the lower table stores time constant lake information (starting stage, min and 
max stages, leakance and lake-bottom undulations) while the upper table stores all time-variant 
information for each time step and for each lake. These supplementary time-variant values are inputs 
and outputs of the lake water budget that can take the form of: atmospheric recharge [LT-1], 
evaporation [LT-1], overland runoff following precipitation events [L3T-1] and direct withdrawal [L3T-

1]. The lake package supports several external packages, such as surface water routing with the SFR 
package, or as surplus from the unsaturated zone flow package (Niswonger,Prudic & Regan, 2006), 
although the connections of lakes to these packages is always implemented within those packages 
rather than within the lake package, which acts as a passive reservoir. This furthermore allows for the 
inclusion of lakes in more complicated water management and planning modules, such as the 
modflow FARM process (Hanson, 2014).
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Through this “Create lake layer” interface, the lake layers are created as a layer object with a grid 
equal to that of the model layers. The created layers contain a lake ID feature, which allows the cells 
to be assigned to one specific lake in each layer.  Once lakes have been created, they can also be 
deleted through this interface, although the manipulation of the datasets is restricted to the created 
model tables to ease usability. The lake properties can also be changed through the QGIS interface 
after creation by editing the lake layer attribute tables.
After a successful termination of the MODFLOW simulation, the Lake package delivers the 
hydrologic budget summaries for the lakes for each time step specified in the MODFLOW output 
control. This budget for each lake includes stage, volume, volume change, precipitation, evaporation, 
runoff, inflow and outflow from groundwater and surface water, water use, influx from connected 
lakes, surface area, stage-change and percentage error, for each time step, printed into the listing file. 

Conclusion

The inclusion of the Lake package into the FREEWAT GIS environment allows for the inclusion of  
surface water bodies with temporal variability of fluxes and stages into numerical models and so 
comply with the state of the art. This will allow the improved consideration of surface water in 
management scenarios, water resource assessment and forecasting, or assessment of the impact of 
major engineering works. Groundwater systems that are highly affected by and dependant on 
stationary surface water bodies can be included as the subjects of investigations directly within 
modflow, rather than functioning a model constraint. By creating a simple process and user interface 
for applying the lake package to a groundwater model, FREEWAT supports the consideration of these 
complex processes. 
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ABSTRACT

A physically-based Integrated Hydrological-Geotechnical model (IHG) able to assess the rainfall-
induced landslide susceptibility was developed, refined and applied in GIS environment along the
past  years  (Passalacqua,  2002;  Federici  et  al.,  2014;  Bovolenta  et  al.,  2016),  showing  its
reliability. It is a useful instrument to landslide susceptibility evaluations and land-use planning
over wide areas.  The present paper focuses on the modeling of water table oscillation due to
rainfall, comparing different hydrological models.

Keywords: water table, groundwater, landslide, GIS 

INTRODUCTION

To analyze and predict rainfall-induced landslides many models have been proposed in literature.
The soil is usually assumed isotropic and homogeneous or, at least, horizontal heterogeneity is
accounted for (e.g. Iverson, 2000; Baum et al., 2002; Montrasio & Valentino, 2008). The water
table  is  often  modeled  into  a  steady  state  or  physically  based  models  are  adopted  (e.g.
Montgomery & Dietrich, 1994; Wu & Sidle, 1995; Iverson, 2000; Baum et al., 2002; Qiu et al.,
2007; Lu & Godt, 2008; Baum et al., 2010);  because the computational effort is considerable,
those models are poorly suited to analyze wide areas. Moreover, the two-dimensional landslide
simulation approach by the limit equilibrium method is often unsuited to full basin analyses and,
furthermore, to kinematic phenomena with pronounced three-dimensional character.

The Authors have developed a physically-based Integrated Hydrological-Geotechnical model
(IHG), allowing the determination of the phreatic table’s oscillation and then the slope stability
analysis by the Skempton & Delory’s method applied to any pixel of the model (Passalacqua,
2002; Federici et al., 2014; Bovolenta et al., 2016). The results are rendered into raster maps.

The present paper focuses on the modeling of water table due to rainfall, comparing the IHG
model with the groundwater flow model implemented in GRASS (r.gwflow). 
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MODELS AND DATA

The IHG model and the r.gwflow have been recently applied to the benchmark site of Mendatica,
in Western Liguria. 

Mendatica is a village lying on the accumulation zone of a large relict landslide of about 250
hectares. The whole deposit is made up of several small bodies in active or quiescent landslide
conditions, mainly reactivated because of intense rainfall events. Since 2006, investigations to
support a more proper definition of the site’s hydro-geological model have been conducted; they
revealed an extremely heterogeneous composition of the soil deposit. The presence of areas with
different permeability is responsible of a very complex underground hydrogeology, characterized
by levels of groundwater at different depths, either interconnected or isolated.

The Digital Terrain Model and other cartographic data are available. The digital models of the
bedrock and the average groundwater level were obtained, by Triangulated Irregular Network
(TIN) interpolation, from scattered survey points and additional points set along the riverbeds
(Figure 1). 

The r.gwflow model, available in GRASS GIS, consists in a numerical calculation program for
transient,  confined and unconfined groundwater flow. It  is  based on Darcy's  law and a finite
volume  discretization  allowing  to  consider  homogeneous  and  anisotropic  soils.  The  model
calculates  the  piezometric  head  and  the  filter  velocity  field,  starting  from  the  raster  maps
illustrated in Figure 2, e.g. the hydraulic conductivity which is porosity dependent. 

Figure 1. Digital model of the bedrock (left) and of the average groundwater table (right). 
The red dots represent the boreholes or emerging rock locations, the black ones show

piezometers or wet riverbeds locations.
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The IHG model runs, for each unit cell, a hydrological balance based on the modified Curve
Number (CN) method (SCS, 1972-1975), in order to compute the evolution of groundwater level
for any sequence of consecutive days of rain. It takes into account different soil moisture levels
due to rainfall, using the equations provided by the SCS in function of the rainfall history of the
previous days. It evaluates the CN for each cell and then the run-off, obtaining the infiltration
quantity as difference. Then the IHG model treats each cell as an underground reservoir, with a
maximum storage capacity equal to the potential maximum soil moisture retention (SCS, 1972-
1975). The reservoir is fed by the portion of rain infiltrated into the ground, and emptied by both
the subsurface flow and the evapotranspiration.

The subsurface flow is described by an exponential discharge function of the reservoir, ruled
by the  hydraulic  conductivity,  the  slope  gradient  and  the  drainage  length  of  each  cell.  The
evapotranspiration  (ET)  assessment  is  very  expensive,  hence,  the  approximate  method  of
Hargreaves  &  Samani  (1982)  was  implemented.  It  allows  calculating  the  potential
evapotranspiration (ETP) at standard conditions, as a function of air temperature only.  At the
moment the model doesn’t  considers the water lateral  intakes; to  overcome this,  the Authors
introduced  also  a  "fictitious  effective  porosity",  taking  into  account  the  interconnected  void
spaces that contributes to fluid flow and implicitly taking into account, for each pixel, the lateral
intakes due to the groundwater flow. The values of the "fictitious effective porosity", calibrated
starting from the oscillations measured by piezometers, depend on the soil, the rain intensity and
on the thickness of the saturable layer between the ground level and the average groundwater
level.

The workflow of IHG model is illustrated in Figure 3.

Figure 2. Workflow of r.gwflow (from: https://grass.osgeo.org/grass73/manuals/r.gwflow.html).
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Figure 3. Workflow of IHG model.

COMPARISONS 

The Authors applied the IHG and r.gwflow models to Mendatica site in relation either to an
intense and to a moderate rain. 

The models, although based on different theories, start from the same initial data (such as the
raster maps of bedrock, average groundwater level and rainfall) except for the porosity differently
defined. The introduction into the IHG model of the fictitious effective porosity, spatially variable
in function of the deposit’s thickness (Figure 4), leads to outputs of IHG model more coherent to
the site data, especially during intense rainfall events. In fact the fluctuations of groundwater
level  observed  in  the  piezometers  vary widely  in  time  but  also  between  neighboring  points
(Figure 5). 

Figure 6 shows the phreatic table variations with respect to the average groundwater level at
the end of an intense rainfall event (from the 4th to the 15th of January 2008). Note that the IHG
model produces greater values of the groundwater level  variation than r.gwflow model  does,
coherently with the piezometrical data measured in site. 
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Figure 4. Fictitious effective porosity map for intense rainfall events. 

Figure 5. Example of phreatic table variations in time observed in two neighboring piezometers;
the red and blues lines indicates the heights (in m) of water table and of ground surface with

respect to bedrock respectively.

Figure 6. Groundwater level variations (in m) with respect to the average groundwater level at
the end of an intense rainfall event (from the 4th to the 15th of January 2008), evaluated by

r.gwflow (left) and IHG model (right). 
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CONCLUSIONS

The present paper has focused the attention on the modeling of water table oscillation, comparing
the IHG model, proposed by the authors, with the r.gwflow model implemented in GRASS GIS.
Their application to the complex underground hydrogeology of Mendatica site leads to outputs
more coherent to the site data for the IHG model, especially during intense rainfall events, thanks
to the fictitious effective porosity. A deeper comparison between the two models and with other
ones will be performed in the near future.
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ABSTRACT
The geology and mineralogy of the Apollo 12 landing site has been the subject of recent studies
that this research attempts to complement from a remote sensing point of view using the Moon
Mineralogy Mapper (M3) sensor data, onboard the Chandrayaan-1 lunar orbiter. It is a higher
spatial-spectral resolution sensor than the Clementine UVVis sensor and gives the opportunity to
study the lunar surface with a comparatively more detailed spectral resolution. We used ISIS and
GRASS GIS to study the M3 data.

The M3 signatures are showing a monotonic featureless increment, with very low reflectance,
suggesting a mature regolith. The regolith maturity is splitting the landing site in a younger
Northwest and older Southeast. The mineral identification using the lunar sample spectra from
within the Relab database found some similarity to a basaltic rock/glass mix. The spectrum features
of clinopyroxene have been found in the Copernican rays and at the landing site. Lateral mixing
increases FeO content away from the central part of the ray. The presence of clinopyroxene in the
pigeonite basalt in the stratigraphy of the landing site brings forth some complexity in differentiating
the Copernican ray’s clinopyroxene from the local source, as the spectra are twins but for their
vertical shift in reflectance, reducing away from the central part of the ray.

Spatial variations in mineralogy were not found mostly because of the pixel size compared
to the landing site area. The contribution to stratigraphy is limited to the topmost layer which is
a clinopyroxene-dominated basalt belonging to the most remote tip of a Copernican ray and its
resulting local regolith mix.

Keywords: Apollo12, Moon, Chandrayaan-1, Hyperspectral, remote sensing, clino-pyroxene,
Copernicus, ejecta, GRASS GIS, ISIS

BACKGROUND
This research’s focus is the landing site of Apollo 12, with standard geographical coordinates of
03o 12’S, 23o 23’W. In planetary coordinates, these coordinates translate into 03o 12’S, 336o 37E
(3.2S,336.62E). The region surrounding the landing site is best described by its four oversized
landmarks, Mare Cognitum in the South, Fra Mauro formation (including the Apollo 14 landing
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site) in the East, Oceanus Procellarum in the West-Northwest, and finally the superlative Copernicus
crater in the North.

The Lunar Geologic GIS Renovation 2013 (astrogeology.usgs.gov) completed the digital renova-
tion of the 1:5,000,000 lunar geological maps series, enhanced with Lunar Orbiter Laser Altimeter -
Lunar Reconnaissance Orbiter (LOLA-LRO) information in March 2013 (Fortezzo and Hare, 2013).
In this classification, Apollo 12 landing site sits in an Erastothenian system with an age ranging
from 1.1 to 3.2 Ga.

Figure 1. Apollo 12 Landing site cross-section (Harland, 2008)

Looking further into the Apollo 12 landing site, Harland (2008) summarised the earlier work
of both Rhodes (1977) and Wilhelms (1984) in Figure 1. Korotev et al. (2011) reviewed the lunar
research done until recently, with a special interest in the Apollo 12 landing site and its vicinity
(Figure 2).

Among the information newly deducted, are a geological context of Apollo 12 landing site
interpretive cross-section (Snape et al., 2014) also provide an interpretive cross-section of the landing
site in Figure 3.

Clearly, Snape et al. (2014) are listing three potential basalt types: olivine, pigeonite and ilmenite,
from older to younger, in close proximity to the Lunar Module. They also imply in Figure 3 that
the Middle Crescent crater’s bottom is reaching the olivine basalt, the Surveyor crater’s bottom is
reaching the pigeonite basalt and that the Head crater’s bottom is made of ilmenite basalt. These
three types of locations corresponding to three types of basalt are going to be extracted from
Chandrayaan-1 Moon Mineralogy Mapper (M3) and spectral analysis will try to contribute to their
work. Additional information about the Copernicus ray material layer appearing in Figure 2 will
also be investigated by the same imagery.
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Figure 2. Geological cross-section at Apollo 12 Landing Site (Korotev et al., 2011)

Figure 3. Apollo 12 Landing site mineralogical cross-section (Snape et al., 2014)

CHANDRAYAAN-1 M3 IMPORT IN GRASS GIS

Chandrayaan M3 tile M3G20090111T013904 V01 RFL.IMG was downloaded from PDS [pds-
imaging.jpl.nasa.gov] and imported in GRASS GIS, resulting in 85 bands. The M3 data strip
M3G20090111T013904 V01 RFL from the PDS archive was inputted to ISIS-GRASS (Frigeri et al.,
2011) and converted into a multi-band binary file following the ENVI format. The M3 bands number
1 and 2 where empty, thus generating a problem in the analysis by introducing a bias, they were
removed prior to use, resulting in an hyperspectral cube with 83 bands.

The official lunar nomenclature has given a total of 9 named locations pertaining to the Apollo
12 human exploration. This study has removed one (Snowman) as it is within the same M3 pixel
(150x150m) as another crater: Surveyor. The spectral signal found a consistent difference across the
M3 channels for two groups, the first one consisting of Head,Surveyor, Bench & Halo, with a small
difference of reflectance on the lower side (Figure 4).
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ANALYSIS AND RESULTS
By performing a standard object-oriented classification (Momsen and Metz, 2012) of the M3 image
cube (Figure 5) one can find natural boundaries in the form of a map. Two main geographical areas
are found, green and yellow. Three minor areas are also found, blue, red and grey (below the wind
rose). The red area might be related to an old crater now barely visible.

Figure 4. Crater location map (M3 band 19, reflectance @ 950nm)

Though the spectra are similar in shape, they show a subtle difference. This small change
delineates two spectra groups. In turn, this generates a division of the A12 site with a boundary from
NNE to SSW. The change in the reflectance is not much, and if it could be attributed to “maturation”
of the regolith by the combined effects of “space weather & gardening”, then this would depict two
age groups of the regolith. The northwest zone (green colour) would then have a comparatively
higher reflectance and could then be given a “younger” age compared to the southeast area (yellow
colour). This is is most probably related to the Copernicus ray, known to cross the landing site.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

101



After closely and individually looking at all the Apollo 12 signatures from the Relab database,
only very few exhibit a close shape from the signatures from M3. This set of signatures comes from a
rock/glass mix belonging to LRS 12063 [Warner, 1971], specific sub-sample codes are: “12063,79IS”
“12063,79MV” “12063,79NT”. The most similarity in shape is found in “12063,79NT” where the
proportion of glass is higher than the proportion of rock (47% rock, 53% glass). If we extrapolate
this observation while keeping in mind the reduction of reflectance with glass percentage increase,
we could think of a glass percentage of about 60-65%.

Figure 5. M3 image segmentation in close proximity of the landing site

However the absorption feature at 1000nm and the reflection feature at 750nm are still there,
maybe adding ilmenite will lower the reflectance. An additional question would be if the space
weathering actually reduces the features and linearise spectra. In that case we could postulate that
the study area is covered by an old glass/basalt mix, given the constraint of the viewing resolution
of M3 (about 22,500 m2 ). In the perspective to compare Relab class 309 (47% Rock, 57% Glass)
with one of the M3 pixels (in this case IntrepidSurveyor), a detrending procedure should be done.
Initially, a linear regression is done for both spectra. Eventually, the distance to the trendline is
computed as shown in Figure 6. It can be observed that there is a common “peak” at 770nm, a
common absorption at 1000nm and a common “mixed positive” zone in the 1100-1700nm range.

Regarding the absorption area in the range of 1800 to about 2300+ nm, it is hard to say if any
commonality is found. The M3 broad absorption feature centered in 2200nm seem to be similar to
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Figure 6. M3 detrended comparison to Relab class 309 (Lunar Sample 12063,79NT)

the clinopyroxene.
A last attempt was made by spectral angle mapping (Kruse et al., 1993) and unmixing (Neteler,

1999), which is highly dependent on exhaustive signatures, a weakness in this case for the A12
spectra as expanded earlier in the difference in observed matured regolith from the M3 signal
compared with the Relab class 309. Even using all the A12 spectra from the lunar samples, the
mapping was uncertain. Unmixing attempts brought another level of difficulty, where Relab signals
were nearly all correlated to many others linearly, thus requiring to do a set of pre-selection of the
most representative end-members in the A12 Relab database, which was not done. Adding to this,
the fact that unmixing requires an optimisation system to converge spectra to M3 ones. This was
found not to converge due to confusion in spectra possibilities due to co-linearity in between many
of them.

CONCLUSIONS
Analysis found the presence of clinopyroxene in the spectral information at the A12 landing site, sug-
gesting a clinopyroxene-dominated basalt, e.g. pigeonite-rich basalt. There is an increasing wt%Feo
from the central Copernican ray towards the Southeastern direction, suggesting a lateral mixing rate
away from the Copernican ray. The observations enhance previous information about local layers of
Ilmenite and and pigeonite-rich basalts. It is probable that the presence of clinopyroxene-dominated
basalt, not only is found all across the Copernican ejecta blanket, but also in the Apollo 12 site
pigeonite layer. Within the Copernican ray, less wt%FeO brings about clinopyroxene that maybe
in pigeonite/augite with trends towards (En)Diopside composition. Going away from the Coper-
nican ray, the clinopyroxene content maybe in pigeonite/augite with trends towards Hedenbergite
composition. Alongside the increase of wt%Feo there is a reduction in the mean reflectance of the
spectra, yet their curves are parallel (identical signal) suggesting a gradual lateral mixing across
the Mid-Crescent, Head and Surveyor craters, not showing any mineralogical layers difference as
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expected in earlier work. At the most it shows a potential difference of maturity/age of the regolith
across the site.
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ABSTRACT

Three-dimensional modeling of geological bodies is a useful tool for multiple
applications.  Such  tasks  are  usually  accomplished  starting  from  field-
collected  data,  which  typically  suffer  from  intrinsic  limitations  such  as
accessibility constraints and punctuality of data collected. In this work, we
explore  the  reliability  of  photo-geological  mapping  from  interpretation  of
aerial photographs in providing data useful to build up 3D geological models.
The test was conducted in a 15 km2 in Umbria, central Italy. The three-steps
open source GIS procedure that outputs 3D models  from photo-geological
data was developed using python in GRASS GIS environment and GNU-Linux
OS. We maintain that this procedure can have potential broad applications in
Earth  Sciences,  including  geological  and  structural  analyses,  up  to  the
preliminary evaluation of potential reservoirs.

Keywords: Photo-geology,  Aerial  photographs,  Bedding,  GRASS  GIS,  3D
geological model, Quaternary deposits.

INTRODUCTION

Three-dimensional  geological  characterization  is  a  useful  tool  for  multiple
purposes,  from  mining  exploration  (Perrin  et  al.,  2005)  to  slope  stability
analyses (Günter et al., 2002), from tectonic (Wu et al., 2015) to sedimentary
studies (Do Couto et al., 2014). Such studies usually rely on field-collected
data, even on large areas (Do Couto et al., 2014). The application of remote
sensing  data  and  techniques  to  geological  data  collection  (i.e.  photo-
geological  mapping)  has  recently  proven a  valuable  tool  to  support  high-
detail  geological  field  mapping,  overcoming  its  main  limitations:  (i)  local
accessibility  constraints,  (ii)  poor  outcrop  availability,  and  (iii)  punctual
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measurements vs spatially distributed observations (Santangelo et al., 2014,
Bucci et al., 2016). 
The intersection between the sedimentary and the topographic surfaces is a
“bedding  trace”,  BT  (Santangelo  et  al.,  2014).  Aerial  photo-interpretation
(API) criteria to both detect and map bedding traces (BTs) are mainly based
on  the  morpho-selection  principle.  The  morphological  and  photographic
signature  of  sequences  of  rock  layers  reflects  their  lithological  and
mechanical characteristics. In particular, bedding traces can be identified by
typical texture features, such as: (i) sub-parallel bands of different tone/color
in unvegetated areas, (ii) sub-parallel vegetation bands, (iii) stepped profile
slopes, and (iv) considerations on reliefs asymmetry. 
Marchesini  et  al.  (2013),  and  Santangelo  et  al.,  (2014)  have  shown  that
photo-geological  mapping  can  successfully  highlight  geological  structures
even in areas characterized by poor outcrops and high anthropic pressure. In
this  paper,  we show an open source  processing chain  that,  starting from
aerial  photo-interpreted  data  and  a  proper  resolution  DEM,  (i)  obtains  a
vector  map  of  bedding  attitudes,  (ii)  produces  an  interpolated  bedding
attitude raster map, and (iii) generates a 3D geological model given a set of
input bedding traces. The modelled geological layers are then compared to a
geological section produced by an independent geologist starting from the
same dataset integrated by field data and sub-surface (well) data. This work
represent an attempt of conjugating unprecedented quality data extracted
through  rigorous  interpretation  of  stereoscopic  aerial  images  to  existing
rigorous  modeling  techniques.  The  open  source  approach  represents  an
alternative to proprietary 3D modeling software tailored to photo-geological
data.

STUDY AREA

The study area extends for about 20 km² in central Umbria, Italy, within the
fault-bounded,  intramontane  Montefalco  Basin  (Figure  1A-B).  In  the  area,
Quaternary continental sediments unconformably overlay marine sediments
pertaining to the Umbria-Marche stratigraphic sequence (Cresta et al., 1989),
and to the Marnoso Arenacea Formation (Ricci Lucchi and Pialli, 1973). The
continental sediments of the Montefalco Basin consist of, from bottom (older)
to top (younger), fine-grained (clay, silt, find sand) lake and fluvial sediments,
overlaid by coarse-grained (gravel, sand) fluvial and alluvial fan sediments.
#In our study area, lignite layers are interbedded within sand, silt and clay
layers.  These lignite layers were explored and mined up to the 1990s for
thermo-electric power production (Ge.Mi.Na. 1962)#. In the study area, the
identification of the BTs was facilitated by the colour contrast between the
dark (black) lignite layers and the light (light grey, light brown, ochre) sand,
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silt and clay layers (Figure 2A-B).

 Figure 1. (A)Location map. (B) Photo-geological
map.
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METHODS

We implemented a GIS tool (geobed.py, Marchesini et al., 2013) using python
in GRASS GIS environment (GRASS development Team 2015) and GNU-Linux
OS.  The geobed.py tool  requires a bedding traces map and a DEM to be
executed.  The  script  iterates  five  steps  for  each  BT,  and  returns  a  point
vector map containing information on dip angle, dip direction, and associated
uncertainty. In the first step, the bedding trace is transformed into a 3D linear
feature using the DEM. Secondly, the BT is closed into a 3D polygon. Thirdly,
a sequence of regularly spaced points is generated on the polygon boundary.
A 3D Delaunay triangulation (Davis 1973) is then performed which outputs a
nearly flat surface corresponding to the bedding surface - BS. The slope and
aspect raster maps of the bedding surface are then computed (step four).
Lastly, the mean values of slope (dip angle) and aspect (dip direction) of the
BS  are  estimated.  The  uncertainties  of  dip  angle  and  dip  direction  are
computed as (i) the standard deviation of the BS slope map and (ii) as the
circular variance (Davis 1973) and angular standard deviation (Butler 1992)
of the BS aspect map. 

 Figure 2. Examples of lignite rich layers in a
(A) cultivated field; (B) sub-vertical slope.
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A second GIS tool (r.surf.ba.py, Santangelo et al., 2014) was developed using
python  in  GRASS  GIS  environment  (GRASS  development  Team 2015)  and
GNU-Linux  OS  to  interpolate  the  bedding  attitude  (BA)  data  output  by
geobed.py. Care was taken since the dip direction is an angular value ranging
between 0° and 360°,  being the extremes the same value (N). Therefore,
problems arise when (i) opposite beddings are interpolated and/or (ii) polarity
of bedding is considered. To overcome these limitations, the dip direction and
the  dip  angle  were  interpolated  simultaneously,  considering  the  single
bedding measurements as unit vectors and combining them using analytic
geometry. In particular, our approach builds on directional cosines, i.e. the
cosines of the angles between the unit vector n perpendicular to the bedding
plane and the three coordinate axes (de Kemp 1998; Günther 2003) pointing
to the E (x), to the N (y) and upward (z). The three components of the unit
vector perpendicular to the bedding plane are then interpolated using the
regularized spline with tension and smoothing (RST) method (Mitášová et al.
2005; Neteler and Mitášová 2008). Marchesini et al., (2015) have shown that
the tension parameter can influence the final results. According to their work,
we chose a tension value of 40. The interpolation outputs three raster GIS
layers of the components of the unit vector computed for each grid cell in the
modelling domain. The interpolated BA is then obtained re-combining these
three raster maps.
Finally,  a  code  was  developed  to  build  up  the  3D geologic  model  of  the
bedding attitude. The code is developed in the GRASS GIS software (GRASS
Development  Team,  2015)  and  exploits  the  pygrass  API  (Zambelli  et  al.,
2013). The tool generates a DEM of a given bedding layer (BL) starting from a
bedding traces layer and a map of the interpolated bedding attitude. The
procedure computes the elevation of all the pixels that share at least one
side with the bedding trace pixels, and is performed only for the underground
side of the input bedding trace (i.e., where the BL “enters” the terrain). The
first run of the code grows the bedding layer of a one-cell “buffer” according
to the derived elevation of  the grid cells,  given the bedding attitude. The
output of each run is used as input of the subsequent one, in place of the
bedding trace layer.  Therefore, the BL grows in a stepwise fashion of  one
pixel line per run. The number of runs is user-defined, and influences the final
BL size. 

RESULTS AND CONCLUSIONS

For  a  portion  of  the  Montefalco  basin,  we  produced  a  detailed  photo-
geological map, delineating bedding traces, the main faults and lithological
domains.  When delineating  bedding  traces,  care  was  taken to  distinguish
lignite  beds  from  other  lithologies  (Figure  1).  Data  were  transformed  in
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appropriate GIS vector layers. We produced a bedding attitude map starting
from 148 bedding traces mapped in the study area (Figure 3). The BA map
was  then  used  to  derive  a  map  of  the  interpolated  bedding  attitude,
obtaining  two  raster  maps,  one  for  the  bedding  dip  and  one  for  the  dip
direction. Our preliminary results indicate a good correspondence between
field/photo-geological data and the computed bedding attitudes. 

Comparison  of  the  3D  model  with  a  geological  section  prepared  by  a
geologist starting from the same input data integrated by field surveys and
sub-surface  data  (Figure  4),  show  a  good  agreement  between  the  two
models. In particular, the shape of a gentle South-East plonging asymmetrical

Figure 3. Bedding attitude map. Beddings
evaluated from Aerial Photo-Interpretation (API,

light blue) are compared to the beddings
modelled by the tool geobed.py.
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syncline having the south-western flank more inclined is well portrayed in the
model.  Furthermore,  a  disturb  in  the  lateral  continuity  of  the  syncline
geometry is  well  portrayed where the structure  is  dislocated by a NE-SW
trending fault system. 
The  presented  procedure  can  further  be  implemented  to  become  a
processing chain that produces 3D geological models starting from surface

Figure 4. (A) 3D geological model of a set of layers in the study area ; (B)
profile showing the same set of layers modelled in 3D ; (C) geological

section (trace I-I' in Figure 1B). MA, Marnoso-Arenacea Fm. ; UM,
Umbro-marchigiana sequence ; BU, Bevagna Unit ; G1, G2, exploration

data points.
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(photo-geological) data. We see it useful for multiple purposes: (i) preliminary
analyses of potential reservoirs, (ii) physically-based slope stability analyses,
(iii) validation of the throw of Quaternary faults, (iv) analysis of the lateral
continuity of beds in lacustrine basins, (v) hydrogeological studies.

REFERENCES

Bucci,  F.,  Mirabella,  F.,  Santangelo,  M.,  Cardinali,  M.,  Guzzetti,  F.  Photo-
geology of the Montefalco Quaternary basin, Umbria, Central Italy. Journal
of Maps, ISSN: 1744-5647, doi: 10.1080/17445647.2016.1210042.

Butler R.F., 1992. Paleomagnetism: Magnetic Domains to Geologic Terranes.
Blackwell  Scientific  Publications  –  Boston.  Oxford.
http://www.geo.arizona.edu/Paleomag/book/. 

Cresta S., Monechi S., Parisi G., 1989. Stratigrafia del Mesozoico e Cenozoico
nell’area  umbro-marchigiana.  Itinerari  geologici  sull'Appennino  umbro-
marchigiano (Italia). Memorie Descrittive della Carta Geologica d’Italia, 39,
1-182. (in Italian) 

Do  Couto,  D.,  Gumiaux,  C.,  Jolivet,  L.,  Augier,  R.,  Lebret,  N.,  Folcher,  N.,
Jouannic G., Suc J.P.,  Gorini, C., 2015. 3D modelling of the Sorbas Basin
(Spain): New constraints on the Messinian Erosional Surface morphology.
Marine and Petroleum Geology,  66,  101-116. Davis  J.C.,  1973.  Statistics
and data analysis in geology (second edition). John Wiley & sons, New York.

de Kemp E.A.,  1998. Three-dimensional  projection of  curvilinear geological
features  through  direction  cosine  interpolation  of  structural  field
observations. Comput Geosci 24(3):269–284

Ge.Mi.Na., 1962. Ligniti e torbe dell’Italia centrale. Geo Mineraria Nazionale.
(in Italian)

GRASS  Development  Team,  2015.  Geographic  Resources  Analysis  Support
System  (GRASS)  Software,  Version  7.0.  Open  Source  Geospatial
Foundation. http://grass.osgeo.org

Günther  A.,  2003.  SLOPEMAP:  programs  for  automated  mapping  of
geometrical  and kinematical  properties of  hard rock hill  slopes.  Comput
Geosci 29:865–875 

Günther  A,  Carstensen  A,  Pohl  W,  2002.  GIS  application  inslope  stability
assessment.  In:  Ryba   ́ r,  Stemberk,  Wagner(eds)  Proceedings  of  the  1st
European conference onlandslides, Prague. Balkema, Rotterdam, pp 175–
187.

Marchesini I.,  Santangelo M., Fiorucci F., Cardinali M., Rossi M., Guzzetti F.,
2013. A GIS method for obtaining geologic bedding attitude. Margottini, C.,
Canuti,  P.,  Sassa,  K.  (Eds.)  Landslide  Science  and  Practice,  Volume  1:

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

112



Landslide Inventory and Susceptibility and Hazard Zoning, ISBN 978-3-642-
31324-0.  

Marchesini  I.,  Santangelo  M.,  Guzzetti  F.,  Cardinali  M.,  Bucci  F.,  2015.
Assessing  the  influence  of  morpho-structural  setting  on  landslide
abundance. Georisk, doi:10.1080/17499518.2015.1058956

Mitášová H., Mitáš L., Harmon R.S., 2005. Simultaneous spline approximation
and topographic analysis for ALS elevation data in open source GIS. IEEE
Geosci Remote Sens 2(4):375–379

Neteler M, Mitášová H., 2008. Open source GIS: a GRASS GIS approach, 3rd
edn. Springer, New York, p 426

Perrin,  M.,  Zhu,  B.,  Rainaud,  J.  F.,  Schneider,  S.,  2005.  Knowledge-driven
applications  for  geological  modeling.  Journal  of  Petroleum  Science  and
Engineering, 47(1), 89-104.

Ricci Lucchi F., Pialli G., 1973. Apporti secondari nella Marnoso Arenacea: 1.
Torbiditi  di  conoide  e  di  pianura  sottomarina  ad est-nordest  di  Perugia.
Bollettino della Società Geologica Italiana, 92, 669-712. (in Italian)

Santangelo  M.,  Marchesini  I.,  Cardinali  M.,  Fiorucci  F.,  Rossi  M.,  Bucci  F.,
Guzzetti F., 2014. A Method for the Assessment of the Influence of Bedding
on Landslide Abundance and Types.” Landslides. doi:10.1007/s10346-014-
0485-x.

Wu, Q., Xu, H., Zou, X., & Lei, H., 2015. A 3D modeling approach to complex
faults with multi-source data. Computers & Geosciences, 77, 126-137.

Zambelli P., Gebbert S., Ciolli M., 2013. Pygrass: An object oriented python
application programming interface (API) for geographic resources analysis
support system (GRASS) geographic information system (GIS), ISPRS Int. J.
Geo-Information, 2(1), 201–219.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

113



 

 
Tiziana De Filippis, Leandro Rocchi, Patrizio Vignaroli, Maurizio Bacci, Vieri Tarchiani and Elena Rapisardi   
National Research Council -

 
Institute of Biometeorology (CNR –IBIMET), Florence, Italy

  Corresponding author:

 

Tiziana De Filippis
 

 
Email address: t.de.filippis@ibimet.cnr.it 

  
ABSTRACT  
In Sub-Saharan Africa analysis tools and models based on meteorological satellites data have 
been developed within different national and international cooperation initiatives, with the aim of 
allowing a better monitoring of the cropping season. In most cases, the software was a stand-
alone application and the upgrading, in terms of analysis functions, database and hardware 
maintenance, was difficult for the National Meteorological Services (NMSs) in charge of agro-
hydro-meteorological monitoring. The web-based solution proposed in this work intends to 
improve and ensure the sustainability of applications to support national Early Warning Systems 
(EWSs) for food security. The Crop Risk Zones (CRZ) model for Niger and Mali, integrated in a 
web-based open source framework, has been implemented using PL/pgSQL & PostGIS functions 
to process different meteorological data sets: a) the rainfall precipitation forecast images from 
Global Forecast System (GFS) b) the Climate Prediction Center (CPC) Rainfall Estimation (RFE) 
for Africa c) Multi-Sensor Precipitation Estimate (MPE) images from EUMETSAT Earth 
Observation Portal d) the MOD16 Global Terrestrial Evapotranspiration Data Set.  
Restful Web Services upload raster images into the PostgreSQL/PostGIS database. PL/pgSQL 
functions are used to run the CRZ model to identify installation and phenological phases of the 
main crops in the Region and to create crop risk zones images. This model is focused on the early 
identification of risks and the production of information for food security within the time 
prescribed for decision-making. The challenge and the objective of this work is to set up an open 
access monitoring system, based on meteorological open data providers, targeting NMSs and any 
other local decision makers for drought risk reduction and resilience improvement.  
 
Keywords: Food security; crop model; open data, web services; Sub-Saharan Africa 
 
INTRODUCTION  
Agriculture in Sub-Saharan Africa is characterized by traditional techniques and is strongly 
dependent on climatic conditions and rainfall, whose variability has a strong impact on people's 
livelihood and community socio-economic development.  
In general, low rainfall during the growing season can lead to lower crop yields and, sometimes, 
to food crises (Sultan et al., 2005). Crop yields may suffer significantly with either a late onset or 
early cessation of the rainy season, as well as with a high frequency of damaging dry spells 
(Mugalavai et al., 2008).  
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For the most important Sahelian rainfed crops, the early identification of crop risk zones is 
essential to intercept agricultural drought phenomena, detecting seeding delay and failure, and  
monitoring crops water conditions in each growth stage (Bacci et al., 2009a).  
Since the early 1990s, crop monitoring analysis tools and simulation models based on 
meteorological satellite data (Samba, 1998; CNR-IBIMET, 2006; Traore et al., 2010) have been 
developed within different international cooperation programs to allow monitoring of the 
cropping season in CILSS (Permanent Interstates Committee for Drought Control in the Sahel) 
countries. Software was usually a stand-alone application transferred to the National 
Meteorological Services (NMSs), but without continuous user support and updates. Furthermore, 
the scarcity of funds for hardware and software maintenance, besides the unavailability of timely 
meteorological data, led to the failure of regular drought monitoring activities carried out by 
National Early Warning Systems (EWSs) for food security.  
This paper presents the “4Crop” web application, an open source solution to meet the needs of a 
long-term sustainability of operational tools for drought risk identification and forecasting that 
balances the lack of sufficient and timely acquisition of ground data using meteorological satellite 
open data sets. This web application is based on the Crop Risk Zone (CRZ) model, the updated 
version of the Zone à Risque (ZAR) model (CNR-IBIMET, 2006) distributed as stand-alone 
software to the NMSs of CILSS countries within the framework of SVS (Vulnerability 
Monitoring in the Sahel, 2002-2008) Project, funded by Italian Cooperation and implemented 
with the World Meteorological Organization and the AGRHYMET Regional Center in Niger. 
The ZAR model was utilized as a valid tool to support the analysis of the Multidisciplinary 
Working Groups (MWGs) of CILSS countries which usually produce a 10-day agro-
hydrometeorological bulletin from June to September that provides summaries on the 
agrometeorological, hydrological, and agricultural situations. In the past the seeding failures 
zones map produced by the ZAR model contributed to assessing the last severe food security 
crisis that occurred in Niger in 2005-2006 (http://www.wamis.org/countries/niger.php).  
The ZAR model was validated with field data collected in 2006 and 2007 in Mali, Niger and 
Senegal within the framework of the AMMA project (Bacci et al., 2009b).  An operational test 
was also performed on the 2009 campaign in Burkina Faso, Chad, Mauritania, Mali, Niger and 
Senegal in collaboration with the NMSs (Bacci et al., 2010). 
In this context the challenge of the 4Crop web application is to give open access to CRZ model 
outputs and results. The goal is to support Sub-Saharan EWSs and any other local users in 
decision making and foster drought risk reduction and resilience for food security; moreover, the 
approach proposed here is meant to encourage the integration and sharing of interoperable and 
open source solutions and thus contribute to the setting-up of distributed climate services (Hewitt 
et al. 2012) in developing countries.  
 
METHODOLOGY  
The CRZ model for crop risk zones monitoring in Sub-Saharan Africa (Vignaroli et al., 2016)  
runs 2 different modes:  

- diagnostic mode: drought monitoring during the agropastoral season, allowing NMSs to 
identify agricultural drought risk areas and to support decision making in agricultural 
drought management at local and national level. This type of early warning information 
empowers National EWSs decision making, as it is an input to estimate food insecurity, to 
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better identify potentially vulnerable populations and assess food crises risks within the 
'Harmonized Framework" put in place by CILSS with EU, FAO and WFP (CILSS, 2014).  

 
- predictive mode for "advisory-support" activities to farmers carried out by the Agricultural 

Extension Services, who are in charge of implementing the most appropriate strategies to 
minimize drought risk for crops (i.e. identification of the optimal sowing period, choice of 
varieties based on the expected growing season length, adoption of suitable cropping 
practices for soil water management) and to build farmers resilience.  

 
The model is composed of different modules (Figure 1): crop installation monitoring (at 5- or 10-
day periods), crop growth following the installation phase (at 5- or 10-days periods), sowing 
conditions forecast (at 5 days) and forecast of crop conditions in the risk areas (at 5 days).  
The most important model data input are:  
• Cumulated Rainfall Estimate Images (5 – 10 dd), with a 0.1° and 0.03° resolution for RFE 

and MPE data respectively.  
• Cumulated Precipitation Forecast (240 h) at 0.25° resolution 
• 10-days PET (Potential Evapo-Transpiration) at 0.01° resolution 
• Average start of growing season (last 10 years or more) at 0.03° resolution 
• Average end of growing season (last 10 years or more) at 0.03° resolution 
• Soil Water Capacity at 0.1° resolution. 
• Phenological phases’ length and crop coefficient - Kc for each simulated crop (Allen et al., 

1998).   
 
The model allows users to customize some parameters: crops and varieties, sowing conditions  
(rain threshold and period) and geographical extent of analysis area. At present the model has 
been tested on the following four crops with different growing cycle length (days): pearl millet 
(85 days and 130 days), cowpea (75 days), groundnut (100 days and 140 days), sorghum (110 
days).  
 
Meteorological satellite data set and download chains 
Due to the lack of a dense weather station network in Africa and of the availability and 
consistency of long-term rainfall data for the Sahel Region, satellite-derived open data sets have 
been used as input data for the model. NCEP/NOAA Global Forecast System (GFS) is the 
reference data source for forecast images, the Climate Prediction Center (CPC) Rainfall 
Estimator for daily Rainfall Estimates (RFE) over the African continent and/or the historical 
series of  satellite rainfall estimates data, derived from MSG images provided by EUMETSAT 
Earth Observation Portal. In addition, monthly average Potential Evapotranspiration gridded data 
required by the CRZ model have been downloaded from MOD16 Global Terrestrial 
Evapotranspiration Data Set.   
Data download chains from different providers have been implemented for each data set to store 
row data in GeoTiff and NetCDF-CF Open Geospatial Consortium (OGC) standard, to establish 
automatic procedures that provide the input data for the monitoring of the cropping season for the 
CRZ model. At the end of the download procedures, the JAX-WS Restful Service is called to 
upload the raster images in PostgreSQL & Post GIS database to feed the CRZ model.  
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Although at present the low resolution of Precipitation Forecasts images available for the Sahel 
region can represent a limit to the accuracy of results at local scale, the national experts of 
Meteorological Services can evaluate the reliability of results on site. Waiting to be able to access 
images with a higher level of resolution, a statistical downscaling of GFS images from 0.25 ° to 
0.1 ° spatial resolution could be performed in order to improve the rainfall forecast skill through a 
better representation of the deep convection phenomena (Guarnieri et al., 2006). 
 
Open Source geoprocessing tools for CRZ model implementation  
The CRZ model was developed using PL/pgSQL - SQL Procedural Language for PostgreSQL 
database system and PostGIS library built-in PostgreSQL. Each CRZ module is composed of a 
main PL/pgSQL function, performing initialization processes, and an iteration of functions for 
crop simulation processes. The CRZ modules work on input vector and raster data stored 
previously in the GeoDataBase.  
For example in the “Installation module” (Figure 2) the initialization processes set the parameters 
defined by the user (e.g. crop type, season length, country name) and extract the input data from 
GeoDB (e.g. daily RFE, daily PET images, season end and average sowing date images). All 
raster input images are clipped with the country’s boundaries so time and resource consuming are 
optimized for the following processing phases. Within the installation module the iteration of 
functions generates module outputs (e.g. crop installation, sowing failures, etc.). The 
ST_MapAlgebra, as callback function, performs pixel-by-pixel operations over raster images 
defined by the CRZ model algorithm.  
At the end of the iteration cycles of each module, the main PL/PgSQL function stores the results 
in the GeoDB with all metadata information related to the model run.  
Finally a JAX-WS, using the PostGIS predefined functions, publishes classified output images on 
4Crop web Interface (Figure 3).  
 
User Centered Approach for 4Crop web application  
For implementation of the 4Crop web application, user requirements were defined through a User 
Consultation Process (UCP) involving the technical staff of Niger and Mali National 
Meteorological Services. In the first phase of 4Crop web development, the operators/users were 
interviewed in order to understand their specific needs in terms of usage, information products 
(maps and reports), and also to assess the usability needs in view of their previous experience 
with the ZAR model stand-alone software. The interviews allowed to better focus on user 
requirements, particularly for User Interface (UI) development. In the second phase the UI was 
shared with the users, through a design project management and collaboration platform  
(InVision), to obtain their feedback and further suggestions.  
  
RESULTS AND DISCUSSION  
4Crop web application (Figure 4), targeting Niger and Mali National Meteorological Services, is 
implemented on a coherent Open Source web-based Spatial Data Infrastructure to treat all input 
and output data in an interoperable, platform-independent and uniform way. It utilizes the CRZ 
model to evaluate impacts due to drought stress during the whole crop growing cycle over large 
areas, providing MWGs, Agricultural Extension Services and farmers with information to 
implement appropriate and timely response strategies to minimize risk exposure.  
During the cropping season, from the first 10 days in May to the last 10 days in September, the  
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CRZ model produces the following outputs:  
1. Installation module (Figure 5):  

- crop installation (areas where sowing and crop installation conditions occurred)  
- sowing failures (areas where sowing conditions occurred but not installation conditions)  
- re-sowing (zones where, after a sowing failure, sowing conditions again occurred)  
- comparison between the actual and average crop installation  
- comparison between the actual and last year’s crop installation  

2. Monitoring module:  
- phenological phases (for areas where crop installation occurred: the actual crop phase)  
- crop water needs satisfaction (for areas where crop installation occurred: the water stress 

level)  
- soil available water (for areas where crop installation occurred: the water actually available 

in the soil)  
3. Forecast module:  

- sowing condition forecast (for areas where forecasted rainfall will satisfy sowing conditions)  
- installation forecast (for areas where last dekadal rainfall estimation satisfies the sowing 

conditions and the forecast rainfall will satisfy installation conditions)  
- crop water needs satisfaction forecast (for areas where crop installation occurred, the forecast 

water stress level).  
 
In order to avoid any language barrier, which could prevent a wider use of the web application, 
4Crop is available in French, the official language of the target countries. 
The choice of adopting a web-based approach was thoroughly discussed with end users: the cost-
benefit balance finally indicated that overcoming the problems due to software updating and 
input satellite data download through a web-based approach would be of greater benefit than the 
limited advantages ensured by a stand alone software. NMSs are nowadays reaching good quality 
internet connections in the capital cities of most Sahelian countries. 
Moreover the great advantage in using PostGIS and PL/pgSQL is having a unique environment 
for managing raster data instead of the use of external GIS raster software for preprocessing 
satellite images for the model runs. 
 
CONCLUSIONS 
The 4Crop overall approach, including the UCP, could represent an enabling factor to allow a 
switch from generic advice to precise information, to improve planning, the decision-making 
process and response measures of various stakeholders. Indeed, the web application increases the 
accessibility of accurate drought risk information for different stakeholders; it provides specific 
advice for end users at different decision-making levels, bridging the gap between available 
technology and local users’ needs. Lastly, especially in developing countries, open source 
solutions can play an important contribution to capacity building in local Institutions, which are 
the main actors in planning and implementation of prevention and response policies to potential 
food crises.  
Moreover 4Crop can contribute to the setting-up of distributed climate services, allowing 
stakeholders at different levels to access and share information products through web services 
and standard protocols.  
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Figure 1 - Crop Risk Zone Model Flow Chart 
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Figure 2 - Crop simulation processes of 4Crop Installation Module  
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Figure 3 - JAX-WS Rest Services 
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Figure 4 - 4Crop Web Application Interface 
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Figure 5 – CRZ Installation Module: output for Niger 
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ABSTRACT 

Remote sensing techniques provide a new way to obtain hydrological variables (i.e. rainfall and 
soil moisture), mainly in poorly instrumented areas that are fundamental for natural hazard 
assessment and mitigation. The even increasing availability of satellite derived products 
characterized by high temporal and spatial coverage requires the development of techniques 
and instruments for big data volume managing. Moreover, the use of open source systems is 
highly encouraged in order to increase their use by the scientific community. In this study, the 
application of the SM2RAIN algorithm to the CCI soil moisture product is proposed as case 
study.  A number of Python® classes and methods have been developed for this purpose, with 
the aim of creating an open-source web validation tool for SM dataset, within the Earth 
Observation Data Centre for Water Resources Monitoring (EODC). 

Keywords: Python®, satellite data, big data management, open source, EODC 

INTRODUCTION 
Accurate estimates of rainfall and soil moisture are of paramount importance for geo-
hydrological (floods and landslides) risk assessment. These variables are usually obtained 
through a monitoring network or by running land surface models. The first method is impacted 
by spatial representativeness issues (Kidd and Levizzani, 2011) and requires a big effort in the 
set up and maintenance phases. The second method instead suffers from some issues like the 
spatial resolution and seasonal dependent performance (Ebert et al., 2007, Dee et al., 2011).  

To overcome these issues, satellite-derived precipitation and soil moisture products may be 
a valuable alternative. The retrieval of rainfall from satellite is obtained through the inversion 
of the atmospheric signals reflected or radiated by atmospheric hydrometeors (Kucera et al., 
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2013). However, if microwave sensors do not pass when it rains, these algorithms are unable to 
capture the rainfall events thus providing a significant bias in the estimates. Indeed, these 
methods provide underestimation of the frequency of light rainfall (Huffman et al., 2000, 
Tapiador et al., 2012) and the overestimation of the frequency of heaviest precipitations which 
determine a large bias especially for near-real-time products (that do not use gauge observations 
for bias adjustment).  

The even increasing availability of satellite estimates, their increasing spatial and temporal 
resolution and the development of long-term products, however, involve the use of big data 
volume analysis and managing platforms and software. As way of example, the European Space 
Agency Climate Change Initiative (ESA-CCI) developed and provided three different satellite 
soil moisture (SM) products, by merging several satellite estimates (Liu et al., 2012). These 
three datasets, namely, “Active”, “Passive” and “Combined” (obtained by combining the SM 
information retrieved from active, passive and active plus passive sensors), provide daily SM 
estimates on a global scale, with 0.25° of spatial resolution from 1978 to 2014. The big data 
volume poses a serious problem and can limit the use of such products for climatological and 
natural hazards related studies. A way to overcome this issue could be the use of cloud 
computing environments that allow to manage and analyse huge volumes of data. With this aim, 
the Earth Observation Data Centre for Water Resources Monitoring (EODC) was recently 
established in Vienna. The EODC provides a powerful open-source cloud computing 
environment for Earth Observation (EO) data analysis and is now used for Sentinel 1 data pre-
processing and provision. On this basis, the main purpose of this study is to present a new set 
of open-source tools for analyse long-term (>30 years) SM datasets within the EODC platform. 
However, a long term validation of the products is challenging since ground soil moisture 
observations are scarce and, except some cases, lack of long term recording.  

To overcome this issue, Brocca et al. (2013, 2014) have developed a method – SM2RAIN – 
that allows to estimating rainfall using only satellite SM observations. The method has shown 
to be particularly suitable for estimating accumulated rainfall amount. Indeed, at each satellite 
overpasses SM2RAIN records the SM value and relates it to the amount of water fallen into the 
soil via the inversion of the soil water balance equation. After been developed and applied 
worldwide (Brocca et al., 2013, 2014) the method has been successfully tested in flood 
prediction applications (Massari et al., 2014 and Ciabatta et al., 2016) and for rainfall correction 
(Ciabatta et al., 2015). These studies have shown that the accuracy of the retrieved rainfall is 
strictly dependent on the quality of the soil moisture dataset used as input into SM2RAIN. 
Given that, since different long-term rainfall products are available worldwide, the retrieved 
rainfall obtained through soil moisture via SM2RAIN offers a unique opportunity to evaluate 
the quality of the soil moisture observations. In this respect, SM2RAIN is a valuable tool for 
testing the accuracy of the ESA-CCI SM products, due to the well-known relationship between 
rainfall and soil moisture conditions. The main idea is that the perfect SM product can record 
all the variation in SM condition due to rainfall. By inverting the relationship, one can obtain a 
rainfall estimate and then assess the quality of the SM product by comparing the estimated 
rainfall with a benchmark. Indeed, by providing SM for three main different products, 
SM2RAIN has the chance to evaluate their relative performance in an alternative way. In 
addition, this is a chance for testing the capability of SM2RAIN to producing rainfall by using 
a continuous, homogenous, long-term SM time series. 
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DATA AND METHODS 
In this study, SM2RAIN is applied to the ESA-CCI SM datasets. These satellite products are 
characterized by daily temporal resolution and 0.25° of spatial resolution. The Passive and 
Combined datasets span from 1st November 1978 to 31st December 2014, while the Active 
dataset from 5th August 1991 to 31st December 2014. The SM2RAIN algorithm is based on 
the inversion of the soil water balance equation and uses three parameters which are calibrated 
by using rainfall from the Global Precipitation Climatology Centre (GPCC) full data daily 
product at 1° of resolution (Schamm et al., 2015) during the period 2008-2010. SM2RAIN has 
been calibrated on a pixel-by-pixel basis by selecting the closest land GPCC pixel selected with 
the Nearest Neighbour Algorithm. The algorithm parameters have been estimated by 
minimizing the Root Mean Square Error (RMSE) between the estimated and the observed 
rainfall for 5 days of accumulated rainfall. For a detailed description of the SM2RAIN 
algorithm the reader is referred to Brocca et al. (2013, 2014).  

The performances are assessed in terms of correlation coefficient (R) and RMSE, for five 
days of accumulated rainfall during the calibration period. The estimated rainfall datasets are 
then assessed by considering their native resolution (0.25°) and by regridding them at 1° of 
resolution, in order to perform the evaluation on the same grid of the considered benchmark. 
The regridding procedure has been carried out by averaging the 25 closest pixels to each 1° grid 
centroid. Python® language has been used to create classes and methods for the geographical, 
statistical and cal/val analysis steps and has been chosen for the availability of packages for 
geographical analysis and big data handling and for the strong support provided by the vast 
Python scientific community. The developed routines take advantages of the analysis libraries 
developed by the TUWIEN Remote Sensing Research Group, like the Python Toolbox for the 
Evaluation of Soil Moisture Observations (pytesmo, https://pypi.python.org/pypi/pytesmo, 
Paulik et al., 2014). All the developed routines will be implemented into the EODC platform in 
order to create a valuable satellite SM data validation tool. Figure 1 draws the analysis 
framework highlighting the used Python® packages.  
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Figure 1 – Analysis framework and Python packages used for each steps. The * indicates Python 
packages developed by the TUWIEN Remote Sensing Research Group.  

RESULTS AND CONCLUSIONS 
The SM-derived rainfall datasets are in good agreement with the observed benchmark. As it can 
be seen in Figure 2, the performances are depending on the SM input data quality, i.e. the 
correlation is lower over deserts, over vegetated areas, over mountainous regions and over areas 
characterized by frozen soil. The rainfall obtained from the passive dataset shows the lowest 
correlation, due to the quality of the input data, while the “active” and the “combined” rainfall 
show similar patterns and R median values. The passive dataset seems to perform better over 
the desert areas and over Australia than the other two rainfall estimates. The combined product 
shows the highest R values, taking advantages of the two different parent datasets. In terms of 
RMSE the three rainfall datasets provide a different scenario, with the “active” rainfall showing 
the best score and the “combined” showing the highest RMSE error. The analysis of the 1° 
datasets (not shown for the sake of brevity) provides the same trend, with better performance 
values, probably due to an averaging effect during the regridding procedure. Table 1 
summarizes the results obtained for the considered datasets in terms of median R and RMSE 
by considering the two different analysis grids. It is worth to underline that the median 
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performances do not reach extraordinary values due to the presence of areas where the satellite 
retrieval is highly impacted, as discussed above. In this framework, the obtained results can be 
considered very satisfactory. 

 

Product R RMSE 
0.25° 1° 0.25° 1° 

Active dataset 0.42 0.56 9.48 8.77 
Passive dataset 0.32 0.44 9.72 9.24 

Combined dataset 0.46 0.57 12.02 10.74 
Table 1 – Median correlation coefficient (R) and Root Mean Square Error obtained for the 
Active, Passive and Combined ECV-SM derived rainfall during the calibration period, at 0.25° 
and 1° of spatial resolution and for 5 days of accumulated rainfall.  
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Figure 2 – Correlation maps for 5 days of accumulated rainfall obtained for the active (up), 
passive (middle) and combined (down) ECV-SM dataset.  

Base on the results obtained in this analysis the following conclusion can be drawn: 

• Cloud computing facilities can be very beneficial for analyzing huge amount of data 
and they are becoming a fundamental environment for these kind of analysis, due to the 
increasing volume of EO data; 

• A Python® validation and big data analysis tool is presented. The validation tool will 
be exported in other open source languages in order to test their capabilities and to 
find out the best software structure; 

• SM2RAIN algorithm can be used for estimating rainfall and for assess the quality of 
SM dataset, due to the relationship between rainfall and soil wetness conditions. An 
assessment carried on via SM2RAIN does not need long observed SM records, which 
can be hardly obtained on a global scale for more than 30 years; 

• During the analysis period, the “combined” rainfall outperforms the “active” and the 
“passive” estimates; 
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ABSTRACT

In  this  article,  firstly  the  open  source  framework  NASA  World  Wind  is
introduced.  NASA  World  Wind  comes  mainly  with  two  versions.  The  Java
version is well established in the market and has many customers. On the
other hand the new version, which is the Web version, Web World Wind, is
still at the dawn of development cycle, with many features implemented and
already used in several applications, with a great future ahead. Following the
introduction of NASA World Wind, the features available in the Web World
Wind  are  listed  and  a  short  comparison  with  Cesium library  is  provided.
Additionally, an application developed in the smart cities context with Web
World Wind is described.

Keywords: NASA World Wind, Web, free and open source software,  virtual
globes, smart city, sustainability, data collection

INTRODUCTION

Considering the growth rate of world population and the shift of people from
rural to urban areas, sustainability of cities must be addressed. In response to
these challenges the concept of “smart city”, where a collective approach to
identify the needs of a city through the involvement of citizens has emerged.
A suite of transformational IT tools, called “OpenCitySmart” is aimed to be
used to increase the sustainability of urban life by supporting smart cities. In
the  network  of  “OpenCitySmart”,  technologies  such  as  NASA  World  Wind
Java, NASA World Wind Android, NASA Web World Wind, QGIS, GRASS GIS,
PoliCrowd 2.0, iLocate and GeoMoose exist. The application presented here
aims  to  select  the  technology  that  is  most  usable  for  citizens.  The
responsiveness and the ability to use the application with various devices is a
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key point to expand the usability. With this idea in mind, NASA Web World
Wind, developed for JavaScript and HTML5 has been chosen.

VIRTUAL GLOBES

Virtual globes started expanding around 2004 with the open source version of
NASA  World  Wind  and  later  in  2005  with  Google  Earth.  Being  three-
dimensional  they  offered  a  more  realistic  way  to  represent  the  world
compared to two-dimensional maps. Virtual globes provided many ways to
visualize and interact with geographic data and other kinds of data. However,
as Declan Butler said, "Google Earth and other virtual globes are set to go
beyond representing the world, and start changing it." (D. Butler, 2006). This
escalation is  supported by applications in  numerous areas,  such as smart
cities, disaster response, crowdsourcing, and more.

The virtual globes can be categorized into two groups: the first, running on
desktop devices and the second, running on web browsers, evolved in the
last few years, thus the modern ones. Regarding the modern virtual globes,
the two most outstanding examples in open source domain are NASA Web
World Wind and Cesium. These two leverage the latest technologies for Web:
JavaScript, WebGL and HTML5. They can be used by non-experts thanks to
their API (Application Programming Interface) and customized conveniently to
meet  the  needs  of  case  studies.  This  means  that  almost  any  computer
programmer  without  advanced  programming  skills  can  create  their  own
virtual globe application and share it with everyone via Web. Moreover, they
can run on any device (desktop or  mobile)  and major  operating systems,
without having to install additional software, such as plugins or extensions.
As  a  result,  modern  and  open  source  virtual  globe  APIs  increase  the
opportunity to create three-dimensional maps and to let users interact with
them.

NASA WORLD WIND

NASA World Wind was created in 2003 and released under the NASA Open
Source Agreement  license in  2004.  Right  from the creation it  became an
important  point  of  reference for  the GIS  (Geographic  Information System)
community  and thanks to the features of  the globe it  spread fast among
different fields. By the release of NASA World Wind, the approach to virtual
globes changed as it expanded the user community who could interact with
them. This mainly stemmed from the fact that differently from other virtual
globes, NASA World Wind provided an SDK (Software Development Kit) based
on  Java  programming  language  to  customize  the  globe  and  create
applications. Moreover, the virtual globe created using Java SDK can run on
any operating system on desktop devices as long as the JVM (Java Virtual
Machine) is installed. 
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Following World Wind Java, Web World Wind has been released, based on Web
technologies  such  as  JavaScript,  WebGL  and  HTML5.  It  can  run  on  web
browsers on any device and major operating systems, provided that WebGL is
supported and enabled. It provides many features that any programmer can
start  using  quickly  following  the  examples  on  the  reference  website
(https://webworldwind.org/).  Among  the  features,  there  are  graphical
capabilities such as the display of placemarks, text, polygons, shapefiles, and
imagery (JPEG, PNG and GeoTIFF) on the virtual globe. Besides the graphical
capabilities some OGC standards are implemented such as WMS, WMTS, KML
and Collada.  Since it  is  an open source  project,  it  is  available  on GitHub
(https://github.com/NASAWorldWind/WebWorldWind/) and many programmers
are  involved  in  implementing  new  functionalities  in  the  framework.  Web
World Wind can be customized without too much effort and extended easily
by programmers. Thanks to this, many organizations are using it in several
applications  in  the  context  of  smart  cities,  urban  planning,  terrain
visualizations and more.

MODERN VIRTUAL GLOBES

As stated before,  two notable examples of  modern virtual  globes in  open
source  domain  are  NASA  Web  World  Wind  and  Cesium.  Their  APIs  offer
feasible  ways  to  display  and  interact  with  a  wide  range  of  data.  The
differences between these two virtual globes are listed below:
1. Both frameworks are designed to display data via Web standards, but Web
World Wind is focusing more on supporting formats used by the United States
Department of Defense. 
2. Web World Wind uses a geographic interface for configuring the objects in
the virtual globe, while Cesium’s primary interface is 3D-centric. Apart from
the primary interface, a secondary interface using geographic coordinates is
available.
3. Web World  Wind supports  different  elevation  data,  such as  WCS (Web
Coverage  Service)  data  and  DTED (Digital  Terrain  Elevation  Data).  In  the
client, at run time, these are combined. Instead, Cesium supports proprietary
elevation data, namely ESRI ArcGIS elevation data.
4. Web World Wind is designed to enable users to extend its functionalities by
adding new components written in JavaScript and WebGL. On the other hand,
Cesium is made of two interfaces, a high level one to interact with JavaScript
and  another  one  to  interact  with  WebGL.
5. Cesium offers some functionalities, which are available only in the “Cesium
Pro”  version,  which  is  a  proprietary  commercial  version.  Web World  Wind
offers all functionalities free of charge and does not have a “Pro” version.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

134



WEB WORLD WIND SAMPLE APPLICATION

The application developed with NASA Web World Wind aims to visualize data
collected by citizens on a virtual globe. The architecture of the application
can be seen in Figure 1. The data that is visualized on the virtual globe is
collected  using  either  ODK  (OpenDataKit)  platform  or  a  cross-platform
application  called  Via  Regina,  which  are  explained  below.  Both  of  the
applications  are  developed  within  the  framework  of  Via  Regina  project
(http://www.viaregina.eu/),  which  is  an  INTERREG  project  (Cross-border
Cooperation Operational Programme Italy - Switzerland, 2007 - 2013) realized
thanks  to  the  cooperation  between universities,  local  administrations  and
cultural  associations.  The  project  aims  at  promoting,  rediscovering  and
enhancing the naturalistic, artistic and cultural heritage along Via Regina, a
cross-border area between Italy and Switzerland, on the West coast of Lake
Como in the northernmost part of Italy (Antonovic et al., 2015). 

ODK platform allows to collect  POIs (Points  of  Interest)  through Android
mobile  devices  and  it  is  composed  of  three  modules:  ODK  Build,  ODK
Aggregate and ODK Collect. ODK Build is used to design the survey form to
set the questions to be asked. ODK Aggregate is used to provide blank forms
to ODK Collect, store the content of the submitted forms and administer the
users. ODK Collect is used to fill the blank forms and submit the filled forms
to ODK Aggregate. 

Via Regina is a cross-platform application developed using Cordova mobile
application  development  framework.  It  is  available  as  an  application  for
Android  and  iOS  operating  systems  and  also  on  web  browsers
(http://viaregina3.como.polimi.it/app/). The map is built using mobile-friendly
Leaflet library. Users are required to register and after registration they can
insert a POI by answering some questions. The inserted POI is immediately
available on the map as a marker and upon clicking the marker the answers
given are shown inside a popup. In both applications the questions asked are
stored in their database as the attributes of the POI and these attributes are
decided in a way to fit the requirements of the Via Regina project.
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The application developed using the NASA Web World Wind API displays the
POIs collected through the above mentioned two applications. For each POI, a
marker is placed on the globe and upon clicking the marker the related data
is shown inside a small window as visible in Figure 2.

Figure 1. System architecture of the application
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The application can be used to let people report their ideas or issues related
to the cities  all  around the world,  and in  this  way involve citizens in  the
decision-making  processes  by  informing  authorities.  The  context  of  the
application can be changed easily to fit different purposes modifying the two
applications used to collect POIs. 

CONCLUSIONS

The capacity of a powerful framework, NASA Web World Wind, that can be
used  in  many  fields  is  demonstrated.  It  gives  the  programmers  an
opportunity  to create numerous applications without  too much effort.  The
framework,  as  previously  mentioned,  is  still  evolving,  and  the  amount  of
applications using it in the last few years has grown rapidly, which notes that
it has a great potential and it might become a point of reference in different
fields, including smart cities.

Moreover, how computer technology can be used to empower citizens and
foster  the  development  of  smart  cities  has  been  shown,  through  an
application developed in the scope of OpenCitySmart. The application allows
citizens to interact with the city and communicate information to responsible
authorities as well to other citizens. The open source tool NASA Web World
Wind has been chosen to develop the application as it is capable of running
on  desktop  and  mobile  devices,  on  all  major  operating  systems,  without

Figure 2. An example of queried data
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additional software installation.

REFERENCES

Antonovic M., Brovelli M. A., Cannata M., Cardoso M., Kilsedar C. E., Minghini
M.,  Zamboni  G.  2015.  Promoting  slow  tourism  through  FOSS4G  Web
Mapping:  an  Italian-Swiss  case  study.  Geomatics  Workbooks n°  12  -
Proceedings of FOSS4G Europe Como 2015, pp. 99-104.

Brovelli M. A., Zamboni G. 2012. Virtual globes for 4D environmental analysis.
Applied  Geomatics,  4,  pp.  163-172,  ISSN:  1866-9298,  DOI:
10.1007/s12518-012-0091-3.

Brovelli  M.  A.,  Minghini  M.,  Zamboni  G.  2013.  Participatory  GIS:
Experimentations for a 3D Social Virtual Globe.  International Archives of
the Photogrammetry,  Remote Sensing and Spatial  Information Sciences,
Volume XL-2/W2, pp. 13-18, DOI: 10.5194/isprsarchives-XL-2W2-13-2013.

Brovelli M. A., Hogan P., Minghini M., Zamboni G. 2013. The power of Virtual
Globes for valorising cultural heritage and enabling sustainable tourism:
NASA  World  Wind  Applications.  International  Archives  of  the
Photogrammetry,  Remote  Sensing  and  Spatial  Information  Sciences,
Volume  XL-4/W2,  pp.  115-120,  DOI:  10.5194/isprsarchives-XL-4W2-115-
2013.

Brovelli  M. A.,  Minghini M., Zamboni G. 2014. Web-based Participatory GIS
with data collection on the field: a prototype architecture.  FOSS4G 2013
Academic Proceedings, Nottingham (UK), September 17-21, 2013, OSGeo
Journal 13, pp. 29-33, ISSN 1994-1897.

Brovelli M. A., Minghini M., Zamboni G. 2014. Three Dimensional Volunteered
Geographic Information: A Prototype of a Social Virtual Globe. International
Journal  of  3-D  Information  Modeling  3  (2),  pp.  19-34,  DOI:
10.4018/ij3dim.2014040102.

Brovelli M. A., Minghini M., Zamboni G. 2016. Participation in GIS via mobile
applications.  ISPRS Journal of Photogrammetry and Remote Sensing 114,
pp. 306-315, DOI: 10.1016/j.isprsjprs.2015.04.002.

Brovelli  M.  A.,  Kilsedar  C.  E.,  Zamboni  G.  2016.  Visualization  of  VGI  data
through the new NASA Web World  Wind virtual  globe,  ISPRS Journal  of
Photogrammetry and Remote Sensing, Volume XLI-B4, pp. 205-209, DOI:
10.5194/isprs-archives-XLI-B4-205-2016, 2016.

Butler D. 2006. Virtual globes: The web-wide world. Nature 439, pp. 776–778.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

138



Carolina Arias Muñoz, Simone Corti, Monia Elisa Molinari, Daniele Oxoli, Gabriele 
Prestifilippo 
Department of Civil and Environmental Engineering, Politecnico di Milano Como Campus, 
Como, Lombardy, Italy 
 
Corresponding Author:  
Carolina Arias Muñoz 
Via Vallegio 11, Como, Lombardy, 22100, Italy 
Email address: carolina.arias@polimi.it 
 
Abstract 
 
City Focus is a webbased interactive 2D and 3D GIS application to find the best place in a city                                     
to live as well as to pass shorter staying. The user can select among different criteria and decide                                   
their importance by assigning weights to each of them. The application provides thematic maps                           
displaying insights on the places which better fit the user’s preferences. The resulting map is                             
computed through map algebra by means of Web Coverage Processing Service WCPS provided                         
by RASDAMAN Database Management System. Data visualization is mainly based on NASA                       
Web WorldWind opensource virtual globe. The app exploits exclusively open data as well as                           
Free and Open Source Software (FOSS) for its implementation by enabling continuous                       
improvements while minimizing development costs.  
 
Keywords: Open data Free and Open Source Software NASA Web WorldWind RASDAMAN,                       
MyGEOSS 
 

1. Introduction 
 
City Focus is a workinprogress application, winner of the MYGEOSS third call for innovative                           
Apps, launched by the European Commission           
(http://digitalearthlab.jrc.ec.europa.eu/mygeoss/results3.cfm). The call focused on developing           
applications of European relevance able to provide users with quantitative or qualitative                       
information on the changing environment, taking into account broad environmental or social                       
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themes across geographic scales, stressing the use of openly available or crowdgenerated data in                           
different domains addressing citizens’ needs (Raglia & Craglia, 2015). 

City Focus is a webbased interactive 2D and 3D GIS application to find the best place in a city                                     
to live, or to pass shorter staying. The user can select among different criteria and decide their                                 
importance by assigning weights to each of them. The application provides thematic maps                         
displaying insights on the places which better fit the user’s preferences. The resulting map is                             
computed through map algebra upon a cascade of prebuilt raster maps. Users are guided in the                               
requests through a predefined list of criteria including: air quality, precipitation, terrain                       
morphology (e.g. slope, solar exposure, etc.), temperature, proximity to urban facilities (e.g.                       
schools, transportations, sports fields, cultural attractions, healthcare centers, parking lots, shops,                     
etc.), presence of public spaces, land use characteristics (e.g. commercial areas, residential areas,                         
etc.), population density, traffic or internet connection. 
 
 

2. City Focus application data 
 
As required by the MyGEOSS call, we focus on fully open data available for the city of Milan,                                   
which was selected as initial case study for the first app implementation. Suitable data sources                             
were: Open Data Lombardia (https://www.dati.lombardia.it), Dati Comune Milano               
(http://dati.comune.milano.it), OpenStreetMap (https://www.openstreetmap.org). These include         
vector layers regarding urban facilities (e.g. public transports, public green areas, etc.), primary                         
services (e.g. schools, hospitals, commercial centers, etc.) as well as recreational services.                       
Environmental and meteorological data instead were retrieved from different sources. Examples                     
are maps of temperatures from EuroLST dataset (http://www.geodati.fmach.it/eurolst) as well as                     
DTM and land cover maps from SINAnet geoportal (http://www.sinanet.isprambiente.it).  
 
Due to the different formats, spatial extension and resolution of the data, a preliminary                           
processing was required to feed the application database with homogeneous information. The                       
goal was to produce raster maps containing information aboutpresence,spatial concentration or                         
proximity to any of the city features described by the data collected. Regarding point data (e.g.                               
primary services, urban facilities, etc.), data from different sources were merged in a single                           
shapefile and all the possible duplicates were filtered out by means of buffers. Concentration                           
maps were computed using v.kernel module of GRASS GIS (https://grass.osgeo.org). Polygonal                     
features (e.g. parks, water bodies, etc.) were instead first rasterized and then, multipledistance                         
buffer maps were generated by means of r.buffer GRASS GIS module, to represent both                           
presence and proximity to these features.  
Raster maps obtained in the previous steps as well as those data originally sourced in raster                               
format were resampled according to an equal grid in order to harmonized both layers extension                             
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and cell resolution. Cell values were then normalized to allow the computation aimed to the                             
generation of the output map, performed by the server side as explained in the following                             
paragraphs.  
 

3. Application  architecture and processing:  
 
The server side is based on the RASDAMAN Database Management System                     
(http://www.rasdaman.com) for data storage and processing while the client exploits the NASA                       
Web WorldWind opensource virtual globe (https://webworldwind.org) for geospatial data                 
visualization.  
 
Recently, RASDAMAN has arisen as a scalable and costeffective database solution to store and                           
retrieve multidimensional raster data (arrays). RASDAMAN conceptual model consists of                   
multidimensional arrays with ndimensions extend. Data storage relies on partitioning of the                       
arrays into subarrays called tiles, which can be stored either in a relational database, in files in                                 
the data systems or archives of files that can be accessed externally (Baumann et al., 1999). Data                                 
processing within RASDAMAN is done through the Web Coverage Processing Service WCPS,                       
which defines a protocolindependent language for the extraction, processing, and analysis of                       
arrays (Open Geospatial Consortium, 2009), that can include complex operations such as slicing                         
or trimming, induced operations (arithmetic, exponential, trigonometric among others),                 
condensers (count, avg, some, all), metadata extraction or reprojection (Aiordăchioaie, A. &                       
Baumann, P., 2010). 
 
NASA Web WorldWind is an opensource virtual globe, which allows to display several kinds                           
of geospatial data also in threedimension. It runs on all the modern browsers thanks to WebGL,                               
JavaScript, and HTML5. Web WorldWind comes along with a rich set of APIs (application                           
programming interfaces) enhancing the possibility for developers of customization as well as                       
implementation of new functionalities. It allows to display different kinds of data in a                           
threedimensional globe and it’s compliant with different OGC standards such as WMS and                         
KML. 
 
The application’s architecture is summarized in the following figure: 
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Figure 1. City Focus architecture 
 
On the server side, RASDAMAN provides many functionalities to process raster datasets. The                         
calculations are performed using WCPS requests. Data are accessed over the web by the                           
Petascope component of RASDAMAN, translating incoming WCPS requests into RASDAMAN                   
rasql queries to efficiently process the different raster maps and generate the output map. The                             
City Focus application relies on a standard installation of RASDAMAN server with a SQLite                           
database backend. 
  
For what it concerns the client side, different tools were considered to build up the interface for                                 
maps visualization. These were mainly jQuery (https://jquery.com) a light JavaScript library to                       
interact with the HTML page and NASA Web WorldWind for maps visualization, both in two                             
and three dimensions considering the terrain elevation. Combining jQuery and Web                     
WorldWind, it is possible to retrieve maps from RASDAMAN through the WPCS and show                           
them to the enduser. On the graphical side, jQuery UI (https://jqueryui.com) and Bootstrap                         
(http://getbootstrap.com) allowed creating dynamic components such as sliders, buttons, and                   
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forms. These libraries have been adopted to enable users’ selection of weights for the available                             
criteria.  
 
As shown in the application mockup included in figure 2, the users will be asked to assign a                                   
proper weight to each criterion by simply moving these sliders from the app interface. Users’                             
preferences will be automatically sent to the server employing a WPCS request. The output                           
consists of a raster “score map” computed as a weighted average of the normalized raster maps                               
representing the user’s selected criteria. The final map is then displayed with an intuitive color                             
gradient, enabling the user to identify the best places within the city which better fits his/her                               
preferences. 
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Figure 2. City Focus architecture 
 
 

4. Discussion and future developments 
 
Most of the existing apps (see http://teleport.org, http://www.findyourspot.com,               
http://where2roost.com) focus on finding a city to live and not on identifying a suitable place                             

5

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

144



 
Acknowledgements 
 
The application is being developed within the MyGEOSS project, which has received funding                         
from the European union's Horizon 2020 research and innovation programme. 
 

5. References 
 
Aiordăchioaie A., Baumann P. 2010. PetaScope: an opensource implementation of the OGC                       
WCS geo service standards suite. In: Scientific and Statistical Database Management. Springer,                       
160–168. 
 
Baumann P., Dehmel A., Furtado P., Ritsch R., Widmann N. 1999. Spatiotemporal retrieval                         
with RasDaMan. In: VLDB. 746–749. 
 
Raglia E., Craglia M. 2015. MYGEOSS Project. GeoInformatics 18:38. 
 
Open Geospatial Consortium. 2009. Web Coverage Processing Service (WCPS) Language                   
Interface Standard. 

within a city, which implies a higher level of information accuracy and a deeper analysis scale.                               
The existing apps also allow searching for places to live by specifying few parameters such as                               
apartment or house prices. In this cases, once the user has chosen a location, it might need to                                   
retrieve additional information about the place in order to make a decision. This application will                             
help to perform this task in an automatic as well as userfriendly way avoiding long and                               
handmade search on the Web. City Focus takes into account environmental conditions such as                           
air quality levels or microclimate conditions, that existing apps do not consider. The app                           
exploits exclusively open data as well as Free and Open Source Software (FOSS) for its                             
implementation by enabling continuous improvements while minimizing development costs. 
 
Possible improvements regard the possibility for users to get a glimpse of the changing                           
environment within a city through a trend maps or graphs for any specific criterion (e.g.                             
temperature changes in the last five years, etc.) This can also be helpful while selecting weights                               
for each of them. Moreover, name of best scored city blocks from the final map (i.e. the cells                                   
with the highest scores) may be displayed too, associating to these cells to neighborhoods by                             
means of geocoding. 
 
As a first case study, we considered the city of Milan. In the future, other italian as well as                                     
european cities are planned to be included. 

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

145



 

Sara Antognelli
1
, Marco Vizzari

1
 

1

 
Department of Agricultural, Food and Environmental Sciences, University of Perugia, Italy  

 

Abstract 
Ecosystem Services (ES) and Urban Services (US) influence place liveability in a comparable 

manner so that assessing landscape liveability considering both types of services can result effective 

for landscape planning and policy-making purposes. Considering that liveability is strongly 

dependent also on landscape perception by local population, stakeholder involvement results 

essential for a more coherent liveability assessment.  

In this study a Spatial Multicriteria Decision Aiding (S-MCDA) approach guided the development 

of a LIveability Spatial Assessment Model (LISAM). Using a combination of GIS techniques 

(euclidean distance, kernel density estimation, network analysis, viewshed analysis), implemented 

in open-source geo-spatial software (QGIS, PostGIS and PostgreSQL), consistent and comparable 

ES and US spatial indices were calculated in a study area located in central Italy. These indices, 

according to the Analytical Hierarchy Process (AHP), were integrated with their percentage weights 

on liveability deriving from stakeholders interviews. Then, to investigate the liveability levels of 

local population, main statistics of liveability values were calculated per census section. 

Results include overall liveability indices at a local scale, and key statistics of liveability related to 

resident population. The work highlights the effectiveness of LISAM to assess local liveability and 

to deliver important information for policy-makers. However, together with ES and US, a more 

comprehensive assessment of perceived landscape liveability will require the integration of 

ecosystem and urban disservices within the same approach to consider those factors generated by 

landscape components that reduce the overall level of place liveability. 

Background 
Liveability - the suitability of a landscape to be inhabited by people - is an anthropocentric concept 

(van Kamp et al., 2003) becoming a leading objective in landscape planning and management (de 

Haan et al., 2014). This means that new and efficient tools for its assessment are needed. Landscape 

liveability implies an anthropocentric view of landscape, where ecosystems are able to fulfil 

important societal needs by providing ecosystem services (ES) similarly to Urban systems which 

provide the more traditional Urban Services (US). Moreover, liveability is also dependent on 

subjective stakeholders’ perception. Hence, the assessment of landscape liveability integrating ES 

and US with stakeholders’ perception, can result very effective for landscape planning and policy-

making purposes.  

To explore the relationship between liveability and local population, the analysis of the spatial 

relationship between liveability level and resident population can prove very useful for suggesting 

new strategies for landscapes planning oriented towards a sustainable development and liveability 

increase, not only through the traditional urban services management, but also – and especially - 

through the ES management. In this vein, the present study aims at developing a methodology for 

liveability spatial assessment based on ES and US mapping and stakeholders involvement to 

quantify their relative relevance. 

 

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

LISAM: an open source GIS-based model for liveability
spatial assessment

The open discussion version of this paper is available at: Antognelli S, Vizzari M. (2016)
LISAM: an open source GIS-based model for liveability spatial assessment.
PeerJ Preprints 4:e2133v2 https://doi.org/10.7287/peerj.preprints.2133v2

Please cite this paper as: Sara Antognelli, Marco Vizzari (2018) LISAM: an open source GIS-based model for liveability spatial 
assessment. In Marchesini I. & Pierleoni A. (Eds.) Proceedings of the 4th Open Source Geospatial Research and Education  
Symposium (OGRS2016). Perugia, 12-14 October 2016.  
https://doi.org/10.30437/ogrs2016_paper_19 



Methodology  

In a previous study by Antognelli and Vizzari (2016) LIAM, a model for calculating a liveability 

services classification and ranking through stakeholders involvement was implemented and applied 

in the Perugia area, (Umbria, Italy; Figure 1). This study area, approximately 998 km
2
 wide, covers 

seven different municipalities: Perugia, Magione, Passignano sul Trasimeno, Corciano, Umbertide, 

Torgiano and Deruta. In this study, a hierarchical classification of liveability services, based on the 

Common International Classification of Ecosystem Services (CICES), was designed to include both 

ES and US. Then, the relative weights on liveability of each service class, division and section were 

calculated according to an Analytical Hierarchy Process (AHP) approach (Saaty, 1980).  

 

Figure 1: Localization of the study area and its land use / land cover (CORINE 2006, personal 

elaboration)  

Starting from LIAM by means of a Spatial Multicriteria Decision Aiding (S-MCDA) approach 

(Malczewski, 2006) a LIveability Spatial Assessment Model (LISAM) was developed. To this 

purpose, spatial indices of ES and US accessibility of service delivery points were calculated 

through four main different approaches (tab.1) using data collected from local authorities and open 

databases. Other specific approaches, based on land use - land cover data, were used for some 

regulating ES. QGIS scripts (an example is reported in Figure 2) were implemented using the 

graphical modeller in order to calculate intermediate and final spatial indices of liveability. Using 

weighted linear combinations, ES and US spatial indices were progressively aggregated with their 

weights on liveability calculated in LIAM, according to the hierarchical classification. Thus, 

intermediate and overall spatial indices of liveability were calculated. 

Table 1: ecosystem and urban service mapping approaches adopted in LISAM. 

Approach Main GIS steps Service type 

Euclidean 

distance 

- Proximity analysis of  delivery points services whose proximity of 

delivery point is intended as 

easiness of connection to a network 
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(e.g. water networks, sewage 

networks).  

Density analysis - Kernel Density Estimation (KDE) on 

delivery points location (bandwidth = 500 

m)  

services whose local availability 

level is dependent on the density of 

delivery points within a certain 

distance (e.g. historical sites).  

Minimum driving 

time (MDT) 

- Road network graph building of study area 

in PostgreSQL using Open Street Map data  

- Calculation of MDT to  the nearest 

delivery point with pgrouting 

pgr_drivingDistance function 

- spline interpolation of MDT linked to road 

nodes 

services for which a single delivery 

point can fulfil the local people’s 

need (e.g. pharmacies, food shops) 

 

Viewshed 

analysis  

- Areas of interest (AOIs) conversion to a 

regular sample grid (50 m)  

- For each pixel, calculation of number of 

visible sampling points falling into AOIs  

aesthetical services by high quality 

landscapes 

 

Spatial indices of 43 on 67 services included in LIAM classification were calculated in this first 

LISAM application. As a consequence, only a percentage of the total liveability was mapped. For 

this reason, we calculated the explained liveability (EL) as the sum of the weights of the mapped 

services in each point of the study area (Figure 2). EL is variable on the map, since respondents 

weights were spatialised using Inverse Distance Weighting (IDW), based on their place of living. 

 

Figure 2: QGIS model for calculation of Liveability index (L) and Explained Liveability (EL) of 

division 3.3. IND: spatial index; out: clipped and normalized spatial index; IDW: inverse distance 

weighting; W: spatialised weights; subscript indicates codes of classes in division 3.3. 

After the calculation of the final liveability index using LISAM, average liveability level in each 

census section was calculated to explore the relationships between liveability levels and resident 

population. A liveability class, defined based on mean and standard deviation of liveability (tab.2), 

was attributed to each census section. Then, total resident population and average population 

density were calculated for each liveability class.  

 

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

148



 

Table 2: Liveability classes definition. M: mean; SD: Standard Deviation 

Class value Liveability interval Area (sqKm) Area (%) 

1 Min – (M–2SD) 6.107 1% 

2 (M–2SD) – (M–1SD)  127.778 13% 

3 (M–SD) – M  472.416 47% 

4 M – (M+SD)  274.266 27% 

5 (M+SD) – (M+2SD) 66.070 7% 

6 (M+2SD) – Max 51.008 5% 

 - 997.645 100% 

 

Results and discussion 

Results include the overall liveability index map, with EL reported by isolines, and the population 

statistics for each liveability class. The final liveability map is able to explain from 73 to 87% of the 

total liveability, depending on the area considered (Figure 3). Reading together the map and the 

graph, it appears clear that the areas with the highest perceived liveability (class 6) are also the most 

densely populated, since population density is about 7,5 times higher than the average of the area. 

So, liveability values become higher where anthropogenic features related to US occurs, as emerges 

from the comparison of the final liveability map with the Land Use-Land Cover map (Figure 1).  

Results highlight that the great majority of population (85%) live in areas where liveability level is 

higher than the average (class 4, 5, and 6). These areas covers less than one half of the total study 

area (39%). Population density is directly related to the liveability level, while the cumulated 

population show a different trend, since it is manly located in liveability class 4 or 6. Results show 

also that urban areas show higher levels of liveability if compared to rural or natural ones. However, 

Ecosystem Services provisioning may be undervalued in this liveability assessment due to the 

difficulties in ES assessment. In fact, all the services not mapped in LISAM implementation, 

determining the quota of unexplained liveability described in Figure 3, are all ecosystem ones. 
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Figure 3. Overall liveability map. Key: CO: Corciano, DE: Deruta, MA: Magione, PA: Passignano 

S.T., PE: Perugia, TO: Torgiano, UM: Umbertide   

 

  

Figure 4. Liveability classes, total population and average population density. Percentage of 

resident population is reported on the left axis, population density on the right axis.  
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Conclusions 

LISAM has proved to be an innovative, open-source based tool for locally determining the relative 

value of landscape liveability, which could help to overcome the difficulties related to the 

introduction of the ES approach in local landscape planning and policy development as sacked by 

different authors (see e.g. Geneletti, 2011; Müller et al., 2010). LISAM results highlights that the 

more densely populated areas are also the more liveable ones, and that the greatest part of 

population lives in areas where liveability is higher. LISAM results open new considerations about 

landscape planning strategies oriented towards sustainable development, since they highlight that 

the increase of liveability is related to an increase in population density and so, could generate 

urbanization dynamics. The reported results clearly highlight also the urgency of define more 

affordable ES accessibility indicators as well as ecosystem and urban disservices to integrate in the 

model for a more complete liveability assessment. Indicators and weights uncertainty assessment 

methods should also be included to better validate the final outputs’ reliability. 
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ABSTRACT

More  and  more  historical  data  are  available  on  the  web.  In  France,  old  cadastral  maps  are
regularly published by the “départements”. Such material is relevant to various applications (on-
the-field search of specific objects such as old boundary stakes, historical studies of demography,
human  activities,  land  cover…).  The  GeF  laboratory  is  working  on  the  development  of  a
complete methodological toolchain to vectorise, correct and analyse cadastral parcels and their
evolution, using open source software and programming language only (QGIS, GDAL, Python).
This article details the use of a part of this toolchain - georeferencing old cadastral data - on
parcels located near the Loir river, in two villages of southern Sarthe: Vaas and Aubigné-Racan.
After a presentation of our methodological toolchain, we will discuss our first results.

Keywords: geometric transformation, old cadastral maps georeferencing, quality assessment

INTRODUCTION

An  increasing  number  of  old  geographical  documents  (maps,  aerial  photographs,  etc.)  are
digitised and published on the web. Those documents represent a goldmine of information to
humanities and/or social science researchers. Many départements of France offer to browse their
digitised collections, including old cadastral sheets, using web-based visualisers. Yet, according
to their  date  of  creation,  the information contained in  those documents  can be more or  less
detailed or accurate (Clergeot P., 2007).

The  Géomatique et Foncier (GeF) laboratory has endeavoured to study territorial evolution by
monitoring changes to the shape of the cadastral parcels over time. Part of this task involves the
development  of  an  open-source  based,  semi-automated  and  reproducible  methodological
toolchain. This toolchain first processes data (vectorisation, registration and tiling of old cadastral
maps) and then stores the result in a spatio-temporal database. This database will be used to carry
out analyses like quantification and qualification of changes, study of relations with other data,
identification of recurring patterns…
In this paper, we focus on a mainstay of the first step: how to find the best spatial transformation
to register  old cadastral  map vector data.  We will  survey both conventional global and local
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methods,  in addition to a nonparametric algorithm called “gaussian kernel regression” whose
relevance has been pointed out by (Herrault et al., 2013).

BACKGROUND

Several research projects have or are studying old map data. They reflect the recent interest for
geo-historical databases and their use in analytical or prospective applications as shown in the
following examples.
The GéoPeuple project created an historical spatial database by georeferencing and vectorising
old french topographic maps, namely Cassini and État-Major (drawn in the 18th and 19th century
respectively), at scales around 1:80,000, in order to study the densification of population (Grosso
E. et al., 2012). 

The  ALPAGE  project  has  developed  an  historical  GIS  encompassing  pre-industrial  Paris's
territory. The oldest cadastral map of Paris, called “cadastre par îlots de Vasserot” (1810-1836),
has been georeferenced and vectorised. The scale of this map, 1:200, has allowed historians to
carry out in-depth analysis of Paris's urban demography (Noizet et Grosso, 2012).
The scope of the MODE RESPYR project is, among others, to recreate the history of land cover
over the french Pyrenees region. Various geometric transformations applicable to an excerpt of
the 19th century “Carte de la France” have been studied and compared (Herrault et al., 2013).
The  best  transformation  has  been  determined  by  a  cross-validation  protocol.  This  protocol
demonstrated that the “gaussian kernel regression”, defined as a locally sensitive global method,
was more efficient than conventional methods.

Similar works include a study of the history of urban developments in Tokyo using a historical
GIS to analyze land use and visualise landscapes back from the Edo period up to the present
(Shimizu  E,  Fuse  T,  2003).  “Ritratti  di  città  in  un  interno”  project  focus  on  the  historical
cadastral cartography of three main Italian cities: Bologna, Milan and Rome (Bitelli G., Gatta G.,
2011).  In Sweden, the Scanian Economic-Demographic Database (SEDD) project's goal is  to
create micro-level databases that could be used to enrich longitudinal analysis with geographic
context, in the interdisciplinary field of historical demography (Hedefalk, F. et al., 2015).
Our own project is to create a long-term (from 1813 to 2010) geo-historical cadastral database
with  scales  ranging  from 1:2,500  to  1:500.  Such  historical  data  represent  the  most  detailed
description  of  the  entirety  of  the  French  territory  over  a  two-century  stretch.  It  allows  to
accurately reconstruct  the land cover throughout the period (Dupouey J-L. et  al.,  2007).  Our
project deals with two rural towns of southern Sarthe.

MATERIALS AND METHODS

Study area and data
The two towns under study are located in rural areas of the Loir valley in the south of the French
“département” of Sarthe. The population is both gathered in the villages and scattered throughout
the countryside, made up of middle and large agricultural lots.

The railway from Tours to Le Mans was built in 1855. Its construction induced an upheaval of the
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cadastre in Vaas and major shifts, or utter disappearance, of paths and roads in all the affected
areas. The building of the A28 highway linking Le Mans to Tours east of Vaas similarly caused a
reshuffling of most of Vaas’s lots. By and large, it should be noted that Vaas's territory has been
significantly more altered than Aubigné-Racan’s.

The cadastral data under consideration are old maps (1813, 1850 and 1972 - 1974), which have
been scanned and are available at the local archives (“archives départementales”). They have
been vectorised by ESGT’s students. We take as reference dataset the 2012 digital cadastral map
(“Plan Cadastral Informatisé”) of the French land taxation bureau.

The 1813 maps were among the first to be made after Napoleon ordered France's general survey
(known as Napoleonic cadastre);  survey quality is  thus  rather  poor.  The map shows parcels’
numbers, paths, roads, buildings, names of places and villages (toponymy).

The geometric quality of 1850 maps has been greatly improved, thanks to the use of theodolites
which allow for faster and more accurate measures. Features are drawn in a completely different
way than on the 1813’s edition. Furthermore, several types of building (“house” and “sheds”) are
identified and the use of lots is indicated (vineyard, meadows and gardens). Cellars outlines and

Illustration 1: Excerpt of cadastral map of Vaas
village (1813)

Illustration 2: Excerpt of cadastral map of Vaas
village (1850)
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party walls or hedges are also included.

1972 - 1974 black and white maps are, by and large, mere updates of the previous versions,
except  on  the  centre  of  Vaas  where  they  were  redrawn  and  have  better  geometric  quality.
Different types of buildings are still represented but there is less information than in 1850.

Table 1 summarises the features of old cadastral maps' scanned images.

Time of map serie 1813 1850 1972 - 1974

Scanner resolution 200 dpi 200 dpi 400 dpi

Map scale 1:2500 1:1250 1:2000 1:500 1:2000 1:1000

1:2500 1:1000 1:2000

1:2000

Map pixel size (in
meters)

0,3175 0,1588 0,254 0,0635 0,127 0,0635

0,3175 0,127 0,127

0,254

Number of maps in
series

3 1 6 4 6 10

7 5 10

10

Table 1: Features of old cadastral maps
(medium / light gray cells are related to Aubigné-Racan / Vaas)

Illustration 3: Excerpt of cadastral map of Vaas
village (1974)
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Methodology

Building  an  historical  database  from  scanned  maps  can  be  done  in  two  different  ways
(illustration 4). We can first vectorise, then georeference and finally tile the charts (option 1). In
this  method,  tiling  leads  to  topological  error  correction  of  vector  data.  We  can  also  first
georeference and tile  images,  and only after  vectorise  them (option 2).  Vectorisation,  in that
second method – the usual one (Baily, B., 2007) — can hardly be automated. Parcels' boundaries
can be blurred in overlapped areas and end up distorted in the resulting tiled image. As part of our
goal  is  automated  vectorisation,  we  have  chosen  the  first  option.  We  focus  here  on  the
georeferencing step.
Map  referencing  generally  uses  global  or  local  transformations  (Zitova  and  Flusser,  2003 ;
Bakkouch et al., 2015). Global methods are appropriate when map distortions are homogeneous
(only one transformation is computed and applied to the whole chart using all available ground
control points). But when local distortions have to be taken into account, a local approach is more
efficient: after partitioning the map, a single transformation model is computed for each region.
The  local  and  locally  sensitive  global  methods  are  known  to  be  more  efficient  to  register
historical maps (Herrault et al., 2013). We have compared the result of seven transformations on
every old cadastral map:

• Global:  first,  second  and  third  order  polynomial  (P-ord1,  P-ord2  and  P-ord3),  Helmert
transform (H) and Thin Plate Spline (TPS);

• Local: Delaunay triangulation combined with first order polynomial function (TD);

• Locally sensitive global: gaussian kernel regression model (RNG).

GDAL companion tool ogr2ogr perform polynomials and TPS transformations. Since we didn't
find any open source tool implementing local or locally sensitive global methods, we developed a
Python script using various modules (numpy, shapely, pyshp, scipy and matplotlib). In the case of
the RNG implementation, numpy is used among other things to determine the kernel parameters
α (amplitude coefficient) and λ (the bias) which minimise the round mean square error (RMSE).
This algorithm is detailed in (Herrault et al., 2013).
Thirty ground control points (GCP) samples have been manually selected on each map (1813,
1850  and  1972  -  1974)  by  comparison  with  the  reference  data  (2010)  using  QGIS's
georeferencing tool. We chose a random distribution because it has been proven to lead to more
accurate results than a regular distribution for a high number of GCPs (Mather, 1995 and Herrault
et al., 2013).

The best geometric transformation has been found after appraising the results with the “leave
one-out cross validation” statistical method. Let us consider n ground control points:

– n-1 GCPs are used for computing the transformation model,

– the nth GCP is used for computing a residual.

–Each  transformation  accuracy  is  appraised  computing  the  RMSE  and  associated  standard
deviation on the GCPs residuals.
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Illustration 4: Possible strategies for building cadastral spatio-
temporal database

Old cadastral maps
(raster format)

Reference cadastral map
(vector format)

Vectorisation of the 
parcel polygons 

and
insertion of 

attributes values

Selection of Ground Control 
Points

Vectorisation of the 
parcels 

and
insertion of attributes 

values

Georeferencing by using
best transformation model

orVectorised polygons 
of parcels

Old cadastral maps
(raster format)

Creation of a temporal 
cadastral database

storing filiation links 
between parcels

Calculation of indicators 
pointing out evolution of 
the cadastre throughout 

time
: Option 2

: Option 1

Tiling  of vectorised parcel
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RESULTS

Illustrations 5 to 10 show the results obtained on the map set covering both villages: for instance,
illustration 9 synthesises the value of the GCPs residuals for the nineteen 1850 maps of Vaas. As
expected,  results  on  Aubigné-Racan  are  always  better  and  the  accuracy  of  georeferencing
increases when more recent data is processed.

Previous illustrations show that the RNG always performs best:  it’s especially true for oldest
maps and when parcels' layout has been altered significantly over time (case of Vaas between
1850 and 2010). In the other cases, the gaps between local transformations, P-ord1, P-ord2 and
H, and RNG transformations are less important.

Detailed results of RNG transformation are given in table 2 and illustration 11 overlays reference
data with georeferenced 1813 data of Aubigné-Racan obtained with RNG and TD.

Illustration 5: Results on
Aubigné-Racan 1813 data

Illustration 6: Results on
Aubigné-Racan 1850 data

Illustration 7: Results on
Aubigné-Racan 1972 data

Illustration 8: Results on Vaas
1813 data

Illustration 9: Results on Vaas
1850 data

Illustration 10: Results on Vaas
1974 data
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Village RMSE in meters Standard deviation

1813 Aubigné-Racan 3,51 0,28

Vaas 4,71 1,01

1850 Aubigné-Racan 1,04 0,96

Vaas 3,32 0,90

1972 - 1974 Aubigné-Racan 0,50 0,08

Vaas 2,52 1,36

Table 2: Results on RNG transformation models

Illustration 11: Comparison of maps georeferenced with different transformations

Reference cadastral map (2010)

Map georeferenced  with TD (1813)

Map georeferenced  with RNG (1813)
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CONCLUSION

This paper presented an open source based automated tool providing guidance for the choice of
the  best  transformation  to  use  on  old  cadastral  maps.  It  will  be  included  in  a  global
methodological  toolchain  whose  key  elements  have  been  described.  Further  tests  should  be
conducted on cadastral maps representing different landscapes (hilly areas, for example). Given
the wealth of information contained in old cadastral maps, the resulting database should be a
powerful tool for historical analyses of territories and landscapes.
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Abstract: 

Oil spill in marine ecosystems have serious short term and long term effects on 

aquatics lifecycle and on social and economic activities. A Decision Support System 

(DSS) can assist environmental managers to visualize the distribution of oil pollution, 

identify sensitive areas that are likely to be exposed to oil pollutions, and assess 

vulnerable resources. This paper describes the design of an open source software 

framework and a prototype desktop software application of a DSS for oil spill 

management. This system can be connected to an open source oil spill simulation 

model. We also present a user interface for selecting the properties, time and location 

of a potential oil spill and for visualizing the oil spill affected area and its impact on 

coastal zone. 

 

Background 

Oil spill in marine ecosystems causes serious problems in environment including short 

term and long term effects on aquatics lifecycle and ecological, social and economic 

activities. Reducing the impacts of oil spill pollution requires planning and efficient 

decision making by the coastal zone management (Douvere, 2008; Nadim et al., 2008; 

Pak and Farajzadeh, 2007)  

A decision support system (DSS) may be defined as an integrated, interactive and 

flexible computer system that supports all phases of decision-making with a user-

friendly interface, data and expert knowledge (Fabbri, 1998). A key element of a DSS 

is a well-structured graphical user interface (GUI) supporting realistic development 

scenarios through a multitude of interactive thematic maps (Li et al., 2001) enabling 

the decision-maker to travel through the decisional process (Martin et al., 2004). An 

oil spill management DSS should establish a link between environmentally sensitive 
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coastal locations and the oil spill trajectory, resulting in a vulnerability map to define 

protection priorities in coastal area (Pourvakshouri and Mansor 2003). The software 

system architecture of a web based real-time oil spill monitoring and management 

system consists of a database, central repository, disaster models, an alert system, 

command and control, and communication schemes with long-term, medium-term and 

short-term early warning outputs (Assilzadeh and Gao, 2010). One prototype example 

of a spatial oil spill DSS has been presented by Jolma et al. (2014). 

While the previous studies present a general framework for an oil spill DSS, there are 

only limited open source DSS solutions available. For example the DSS designed by 

Jolma et al. (2014) relies on the output of a special simulation model that has only 

been developed for the Gulf of Finland. There is a need to develop an open source 

DSS framework that can be adapted for coastal zones in different parts of the world. 

The goal of this study is to design and develop an open source prototype DSS 

software and user interface for coastal and marine area to assist managers and expert 

in planning, prevention and emergency response in the case of oil spill.We present the 

design methodology focusing on the link between the DSS GUI, data base, and a 

third-party oil spill simulation model. The use of the designed system is demonstrated 

in the north part of the Persian Gulf. We also show how this DSS can be modified for 

other coastal and marine areas. 

The conceptual design of the DSS presented here consists of four sub systems: 

simulation subsystem, data base, decision making subsystem, visualization, and 

graphical user interface (Figure 1). The simulation subsystem relies on hydrodynamic 

and oil spill simulation software such as the Mike 3 / Mike Ecolab or the open source 

GNOME model (NOAA 2016).  

The database subsystem contains inputs of the models such as data about 

characteristic wind, wave, and tidal conditions in the study area (Figure 2) in multi-
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dimensional raster or mesh format and the environmental sensitivity (ESI, coastline, 

protected areas) are in a GIS raster or shapefile format. 

The visualization subsystem is used for showing simulation progress, mapping, and 

reporting. The mapping and spatial visualization component is enabled by the 

interactive map and legend controls from the DotSpatial (dotspatial.org) framework. 

In the map, the simulation model outputs with the spatial distribution of the oil 

volume for each time step of an oil spill event can be shown.  

The GUI is used for navigating between different components of the DSS, and for 

entering input from the user such as the location and time of an oil spill event, change 

map layers and map scale, or display oil spill movie. We built the GUI using the 

Microsoft Visual Studio .NET framework Windows Forms components. 

 
Figure 1 Conceptual Design of the DSS.  
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Figure 2 Input and output data and maps of the DSS 

 

The simulation subsystem can be used in two ways: (1) Real-time simulation, and (2) 

Long-term simulation. The real-time simulation requires that the hydrodynamic, tidal, 

wave, wind and oil spill model software (Mike /ecolab or GNOME) are present on the 

user’s system. Once the simulation is complete, a series of oil slick patch maps is 

generated for each time step of the forecast. These maps are stored as shapefiles in the 

database subsystem, and they can be visualized in the form of an animation (movie) to 

show the movement of oil spill and to indicate likely affected areas in the sea and in 

the coastal zone. For each time step, the oil patch maps can also be overlaid together 

with a map of sensitive areas. The sensitive areas are identified using the ESI 

methodology (Jensen et al., 1990), with 10 categories. Each category is associated 
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with a list of recommended combat methods, aiding the decision maker in emergency 

response. 

The long term simulation does not require an installation of oil spill simulation 

software on the user’s system. Instead, it uses pre-calculated model outputs created by 

repeated scenario simulation runs, each run using a different time, location and oil 

amount. The time and oil amount in each scenario is picked by simple random 

sampling. The location is picked by weighted sampling based on an oil spill 

probability map (Mokhtari et al. 2015). An overlay of all oil spill trajectory scenarios 

indicates oil-affected areas. 

 

Results  
 

The initial prototype of the DSS is available as a standalone desktop application for 

Microsoft Windows. It is designed as localizable (it can be run in multiple languages). 

The GUI design consists of several window forms. When the user launches the DSS, 

an initial window with general information about the software and help is shown. The 

second form is used for choosing an oil spill location, time, and other oil spill 

parameters such as the month, day, hour, oil type, and oil volume. The user can select 

the oil spill source location point by clicking in the map, or by entering the 

coordinates as latitude / longitude degrees or as UTM. The oil type can be chosen 

from pre-defined oil types (Figure 3). The user can change the zoom level of the map, 

and set the background map to a satellite view to provide more background about the 

oil spill location (Figure 4). 
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Figure 3 Selecting oil spill location, time, and oil properties using map or manual 

entry of coordinates 

 

Figure 4 Detailed view of oil spill location using satellite background map 
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The most important part of the user interface is the third, main window with an 

interactive map showing coastline sensitivity together with the oil spill affected areas. 

Selecting a coastline segment displays a warning window with detailed information 

about the ESI value, ESI description, and recommended oil spill combat strategies 

(Figure 5).  

 

Figure 5 Sensitivity and ESI map with the warning box 

 

Discussion 

In our design we have followed guidelines of Fabbri (1998), Pourvakshouri and 

Mansor (2009), Assilzadeh and Gao (2010) and Jolma et al (2014). Several challenges 

were encountered in the design and development process. The first challenge was 

developing a high quality data base with information about ecological sensitivity, 

bathymetry, wind, wave and tidal conditions. Some of these datasets had to be newly 

created, for example the wind characteristics by aggregating ECMWF meteorological 

model wind hindcasts.  
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The second challenge was developing the simulation model. Many of the model 

output data files were not in a standard format and their use in the DSS required a 

customized file conversion procedure. Similar to Jolma et al (2014), our DSS depends 

on a third-party oil spill simulation model. The advantage or our DSS design is the 

connection with an open source oil spill model (GNOME) which allows the whole 

system to be re-distributed under an open source license. 

 

Conclusion 

We have designed a prototype decision support system for oil spill management in the 

Persian Gulf. We expect this system to be primarily used by experts for contingency 

planning, placement of emergency response facilities, and protection of the coastal 

zone. More usability testing will be necessary to make the system fully operational, 

user-friendly, and suitable for the needs of coastal zone managers. For future work, 

we recommend developing a web-based system and a mobile version of the dss for 

easier use in real time in the area. 
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ABSTRACT
This paper describes an open source suite of libraries and tools to support research activities on
marine and coastal environment. The suite was initially implemented for the ADRIPLAN portal,
an integrated web platform aimed at supporting Maritime Spatial Planning (MSP) activities and
other activities concerning the managing of marine environment for the Adriatic-Ionian region.
The main elements of the implemented solutions are: i) a GeoNode implementation for sharing
geospatial datasets and maps; ii) a new python library (RectifiedGrid) that facilitates the work
with geographical grid data; iii) a new python library (Tools4MSP) to perform spatial analysis and
assessment of human uses, pressures and the potential impact of maritime and coastal activities on
the environment; iv) a new GeoNode plugin (called GeoNode-Tools4MSP) that provides interactive
widgets to set up the analyses and to visualize and explore the results.

The Tools4MSP and the developed software have been released as FOSS under the GPL3 license
and are currently under further development.

Keywords: maritime spatial planning, open source, spatial analysis, geographic information
systems, python, SDI, geoportals

INTRODUCTION
Management and planning of coastal and marine areas are complex processes that are more and
more required to effectively support a coordinated development of socio-economic activities while
preserving the environment using ecosystem-based approaches (European Union, 2014; Center for
Ocean Solutions, 2011; Douvere, 2008). Practical tools to support the implementation of the various
steps of Maritime Spatial Planning (MSP) have been developed in various contexts and also analysed
to evaluate their usability for different purposes (Stelzenmüller et al., 2013).

A series of tools to support Ecosystem Based Management have been recollected and classified
by the ”EBM tools network” (https://ebmtoolsdatabase.org/), with respect to type,
costs, skills, data and technological requirements. Considering as a central point of MSP the
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management of conflicts between marine uses, the project COEXIST (Stelzenmüller et al., 2013)
developed a tool to analyse the level of coexistence among uses, depicting areas where different
sectors more likely overlap in space and time.

Various authors proposed methodologies to create cumulative impact maps to reconnect the
effects of human uses of the sea on environmental components, starting from the methodology
firstly introduced by Halpern et al. (2008) at global scale, then implemented in several Marine
Regions (Mediterranean by Micheli et al. (2013), Baltic Sea by (Korpinen et al., 2013), and North
Sea (Andersen et al., 2013)). In particular, Stock (2016) developed an open source software for
mapping human impacts on marine ecosystems.

The MSP process tends to involve several kind of users, from the data producers (e.g. domain-
experts like ecologists and modellers) to the planners, who combine data and information to
create a more comprehensive picture of a marine area and a reallocation of the human activities.
Therefore, the availability of high quality geospatial data and informations from numerous fields
(e.g. environmental sciences, tourism, human activities ad infrastructures) is a key issue of the
MSP process. In this regard, the continuous development of Spatial Data Infrastructures (SDI)
provides a favourable context for environmental management and planning(Georis-Creuseveau
et al. (2016)) while the importance of the integration of Geoportals in the context of SDIs has been
highlighted by various authors (Maguire and Longley (2005)) and the role of a user-driven and
community-based development is considered as fundamental for an effective and efficient use of the
resource (De Longueville (2010) Georis-Creuseveau et al. (2016)).

This paper presents a set of web and open source tools developed to support the implementation
of Maritime Spatial Planning in the Adriatic and Ionian Region, with a specific focus on the
analysis of conflicts between marine uses and the analysis of cumulative impacts (CI) of human
activities on marine environments. The whole system has been implemented with the ADRIPLAN
Portal (http://data.adriplan.eu), the reference tool used to manage the data during the
ADRIPLAN project (Barbanti et al., 2015)

The suite of tools composes a community-based integrated system where data are managed
in a Spatial Data Infrastructure over the entire workflow, from the collaborative upload in a web
portal, the creation of metadata, portrayal styles, aggregated maps, the set up of uses cases and the
elaboration through specific modules producing final maps and descriptive reports.

ARCHITECTURE AND IMPLEMENTATION
In the view of integration of available software and development of new tools, the architecture
described in Figure 1 has been developed. The schema highlights also the final users specifying their
interaction with the system.

The core of the system is based on the GeoNode (http://geonode.org/) software (Fig. 1
- block 1): a django-based web platform for developing community-based spatial data infrastructures
(SDI). GeoNode makes it easy to upload and manage geospatial data, to discover the resources and
make content available via standard OGC protocols and to assemble web mapping applications.

The Tools4MSP (Fig. 1 - block 2) are the main methodological tools developed and used in
the ADRIPLAN project. The tools have been developed with the intent to carry out collaborative
analyses and to improve the transparency of the whole analysis workflow. More in details, the
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Figure 1. Simplified architecture of the ADRIPLAN portal for data management and analysis.

GeoNode-Tools4MSP plugin allows users to run experiments, simulations and analyses interacting
directly with the data stored inside the Data Portal. The user can build several scenarios (called Case
Studies) by choosing the analysis area, the data layers, the analysis grid cell and can produce and
share the analysis results in terms of reports, tables, graphs and layers.

The core functionalities and analysis capabilities are implemented by the Tools4MSP library, a
python stand-alone library able to operate independently from the GeoNode software. Currently,
Tools4MSP implements the COEXIST analysis and the Cumulative Impact analysis but it’s designed
to be extensible and to allow the integration of other modules related with the MSP process like
scenario planning and analysis, sectoral aspects (traffic, fishery, aquaculture, energy, etc.), socio-
economic aspects, participation processes.

RectifiedGrid is a lower level library which, combining into a single class several python
packages (e.g. Numpy, SciPy, shapely, rasterio, fiona, geopandas, owslib, matplotlib-basemaps),
simplifies geospatial grid-based analyses. Numpy is a notable package for scientific computing with
Python with a support for large, multi-dimensional arrays and matrices: RectifiedGrid extends the
numpy MaskedArray class by adding geospatial functionalities (i.e. projection awareness, bounding
boxes). RectifiedGrid employs rasterio and fiona under the hood for raster and vector I/O and owslib
to access data through OGC interoperable services.
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Figure 2. Example of low-level interactive analyses using Jupyter: case study for the whole
Adriatic-Ionian region.

A low-level interactive analysis toolbox has been also implemented (Fig. 1 - block 3) through
Jupyter Notebook (https://jupyter.org/): a web-based interactive computational environ-
ment which allows a more flexible data exploration and analysis (see Fig. 2). Among other things,
this toolbox fosters the rapid prototyping of new tools for MSP.

The block 4 of Fig. 1 (Third-party data repositories) highlights the ability of the system to
integrate and make available data from other data portals and SDIs. The creation and maintenance
of this network of collaborations allows the capitalization of existing multiple efforts and improves
the availability of spatial datasets for users interested in MSP-related information. All these portals
use interoperable OGC compliant web services to exchange spatial information.

The data publication and styling workflow are made simpler and more powerful through the use
of specific GIS desktop applications (i.e. QGIS - QGIS Geoserver plugin - Fig. 1 block 5).

Source code
The software is available at the following repositories:

RectifiedGrid
Source code https://github.com/CNR-ISMAR/rectifiedgrid

License GPL3

Tools4MSP
Source code https://github.com/CNR-ISMAR/tools4msp
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License GPL3

GeoNode-Tools4MSP
Source code https://github.com/CNR-ISMAR/geonode-tools4msp

License GPL3

CONCLUSIONS
We developed a set of open source tools to support the implementation of Coastal Zone Management
and Maritime Spatial Planning in the Adriatic and Ionian Region. Three new python modules
and libraries have been integrated to manage data over the entire workflow, from the collaborative
upload in a web portal, to the creation of metadata, portrayal styles, aggregated maps, the set up
of uses cases and the elaboration through specific modules producing final maps and descriptive
reports. The integration of such a suite of open source tools allows a transparent, reproducible,
highly interactive application of solid methodologies already applied with a specific focus on the
analysis of conflicts between marine uses and cumulative impacts of human activities on marine
environments. The integration of new modules will further improve the decision-support capabilities
of the ADRIPLAN Portal. The products (maps, graphs, reports) are being used to support the
development of maritime spatial plans within the implementation process of the MSP Directive
(2014/89/CE) in various case study areas and marine waters in the Mediterranean sea. Furthermore,
the release of the python tools under a GPL licence is a guarantee of possible future extensions and
adaptation to other environmental domains and applications.
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ABSTRACT
Bird migration is a wide studied phenomenon but still many factors that influence migratory flows
remain unknown or poorly understood. Food availability en route is particularly important for many
species and can affect their migration success, pattern and timing but this relationship have not been
addressed at wide scale due to the lack of spatial models of food availability on the terrain.The aim
of this work is to fill this gap with a GIS-database approach that links together spatial and non-spatial
information in order to map and measure food availability in the different periods of the year in
the SE Alps, an important node of European migratory routes. We created a unique database that
contains information on the presence and periods of fructification of 52 wild plants carrying berries
and a series of original cartographic themes. With this approach we were able to identify various
flyways and compare them with known stopover sites, ringing stations and food availability using a
mix of techniques of statistical geostatistical and interpretation of ecological data.

Keywords: food availability, forest types, wild berries, 3d visibility, bird migration, kernel,
GRASS GIS, QGIS, R-statistics, Open source

BACKGROUND
Bird migration is one of the most extraordinary natural phenomena that has always fascinated
humans and stimulated researchers curiosity. Even if migration is increasingly studied, many factors
that influence migratory flows and routes still remain unknown or poorly understood (Bairlein,
2003, 2008). Different works studied migration paths and birds features taking into account various
parameters (Chevallier et al., 2010; Vilkov, 2013; Bauer et al., 2010). The relation between migration
paths and trophic availability en route is particularly difficult to study, since it is not so easy to model
food availability on the terrain (Drent et al., 2006; Ma et al., 2005; Moore and Woodrey, 1999;
Gyimóthy et al., 2011). Finding food during the migration route is extremely important for many
migratory species and can affect their migration success, pattern and timing (Drent et al., 2006;
Newton, 2006; Vilkov, 2013).

In recent years some trials have been performed to study this complicated issue. Wade and
Hickey (2008) used a combination of satellite imagery processing that were statistically compared
with data collected in the field, mapped according to locations of birds’preferred food in an aquatic
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environment, with the aim to prioritize research and conservation efforts in these areas. Mudrzynski
and Norment (2013) studied the influence of habitat structure and fruit availability on use of a
northeastern stopover site by fall songbirds, with the aim to understand if the successional stages of
forest affect birds food’s availability.

In Europe, birds migrate in autumn from central or northern Europe towards southern African
wintering areas (post-nuptial migration) while in spring, the species come back towards reproduction
and nesting areas (pre-nuptial migration) (Berthold, 2001). During this periodic mass movements
between Europe and Africa many species of birds must face a long journey encountering threats
and obstacles represented by geographic barriers like the Alps, the Mediterranean Sea and Sahara
Desert. During spring migration many individuals, driven by reproductive instinct, pass through
the Alps following a shorter route than circumventing the same mountain chain. However, this
choice requests more energy since the birds must fly at higher elevations to overtake the mountains.
For many birds spring and autumn migration routes can be different and during the travel toward
wintering areas they can actually circumvent the Alpine chain. Nevertheless, many birds pass
through the Alps also during autumn migration and researchers are trying to understand the reasons
(Bruderer and Jenni, 1988). Trophic availability in the Alpine area seems to play a fundamental
role in this migratory route (Bruderer and Jenni, 1990). Alpine valleys are relatively more natural
than the surrounding European plains, that are interested by extensive agriculture and urbanization.
The seasonal availability of fruits and berries is one of the main resources for those passerines that
become mainly frugivorous during migration, but the information about this food source is not
available at large scale.

AIM OF THE WORK
The aim of this work is to fill this gap with a GIS-database approach that links together spatial
and non-spatial information in order to map and measure food availability in the different periods
of the year in the SE Alps, an important node of European migratory routes. We propose a new
method to link non-spatial data about plant phenology with spatial open maps of vegetation and 3D
visibility analysis as a starting point to deepen the knowledge of the bonds between migration and
environment. The literature examination shows that the topic is extremely hot but very few studies
have explored a complex approach like the one we followed in this work (Berthold, 2001; Bauer
et al., 2010; Bairlein, 2008; Chevallier et al., 2010). We used open source tools for all the research
process, from data analysis to editing (GRASS GIS (GRASS Development Team, 2008), QGIS
(Quantum GIS Development Team, 2011), R (R Development Core Team, 2005), LATEX, LibreOffice
) and open data available from open geo-portals ([1], [2], [3] Jarvis et al. (2008)).

The main goals of this study are:

• Assessment of the suitability of habitat for stopover and transit migration based on the
availability of trophic edible fruits in the late summer and autumn obtained creating coverage
and richness maps for species that produce berries;

• Analysis of the most suitable habitat that support migration and in particular:

Identification of potential routes through three-dimensional GIS analysis: evaluation of
the visibility of the routes in the topography;
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Evaluation of the shortest path and with less variation in altitude along the main migration
routes identified by previous studies;

• Spatial analysis of food rich area with known stopover sites and the above identified routes.

MATERIALS AND METHODS
The study area, south-eastern Alps, is interested by different migration routes of many bird species,
since 1997 several ringing stations have been recording the bird passage in the frame of “Progetto
Alpi” carried out by ”ISPRA Istituto Superiore per la Protezione e la Ricerca Ambientale and MUSE
Museo delle Scienze di Trento” (Pedrini et al., 2008).

A list of 52 vegetation species that are commonly eaten by migratory birds was produced with the
aid of vegetation specialists and compared with the the standard dominance classification proposed
by Blanquet of these species in forest type catalogue (Odasso, 2002). Braun Blanquet scale is a
recognized international standard for floristic and vegetation inventories Van Der Maarel (1975).
A list of the periods of fruiting and permanence of the berries on the plants was obtained from the
literature and expert advises. We linked this information with the Forest type maps and checked it
against a vector map of the plant species in Trentino (kindly provided by Filippo Prosser Museo
Civico di Rovereto) with more than 52000 geo-referenced points collected in the field from 1993 to
2008.

RESULTS AND DISCUSSION
For 41 species of plants cover percent was available in each of the forest types of Trentino, for
the remaining species was tested and validated a geo-statistical method to model cover using point
data from field sampling based on Gaussian KernelXie and Yan (2008). This method was used
to calculate the cover of the 11 species that were not present in the forest type catalog, because
the results for the 41 test species had a Kappa of 80 % when compared to Forest types catalog
(considered the ground truth). We aggregated the results in the following raster maps: monthly
percent cover of fruiting plants, monthly specific richness and total specific richness.

Besides the nutritional needs, migration is affected by other factors such as weather conditions,
the place of origin and destination as well as the visibility, especially in the alpine environment.
With the aid of GRASS GIS modules we tested whether there are routes along which birds can see
at greater distances, and if there are visible stopover places. The hypothesis is that the migratory
birds tend to choose those paths implying a lower energy expenditure, thus preferably moving along
the direction in which they see fewer obstacles, specifically very high mountains, and maintaining a
relatively low flight altitude.

With this approach we were able to identify various flyways and compare them with known
stopover sites, ringing stations and food availability.

The results obtained on the assessment of the temporal and spatial trophic availability are useful
not only for the migrants but also for other species, as well as a starting point for further studies
and to support decision-making processes in environmental planning. An innovative aspect of the
presented results is the synthesis of all knowledge available in the area through mixed techniques of
statistical geostatistical and interpretation of ecological data. This has created a unique database
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that contains information on the presence and periods of fruitification of 52 species and a series of
original cartographic themes.

CONCLUSIONS
The methodology allows the repeatability of the method for other species, and in particular shows a
good correspondence between the percentages of coverage expected and those obtained from the
processing of the floristic point sampling which has allowed us to harmonize various type of data.

Maps downloaded from:

1. Regione Veneto

https://www.regione.veneto.it/
web/agricoltura-e-foreste/banche-dati-cartografiche

2. Provincia di Brescia
http://sit.provincia.brescia.it/tipi_forestali

3. Provincia di Trento
http://www.territorio.provincia.tn.it/portal/
portale_geocartografico_trentino/254
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ABSTRACT
This research is spearheading the integration of Free and Open Source Software (FOSS) and Open
Source Hardware (OSHW) in the field of agri-meteorology applications to disaster risk reduction, flood
and droughts. A Do-It-Yourself weather station based on OSHW standards has been developed from
local sources in Sri Lanka, reporting by SMS to tank/reservoir managers when rainfall is higher than
10mm/h. These weather stations are soon going to be reprogrammed to report to istSOS, a FOSS
web-based Sensor-Observation-Service compliant system, which will collate live reporting of rainfall every
hour and before if intensities are dimmed worrying for flood risks. This is both a scientific, technological,
and practical challenge toward a very low cost real time disaster risk notification system in places where
climate, economy and maintenance supports are themselves other challenges.

Keywords: FOSS, OSHW, istSOS, DIY, weather station, flood, disaster, risk, reduction

INTRODUCTION
Thanks to the new technologies enabling the production of massive amounts of information, it is possible
today to operate toward disaster risk reduction with a more effectively and conscious approach then ever
before. The idea of a digital globe, where the Earth and its status is continuously monitored to support
the understanding of the phenomena and thus to enable effective management have been mostly realized.
Network of sensors, constellation of satellites and procedures for data processing are already in place
and collaborating to produce knowledge. Nevertheless, in some specific cases, where information of a
specific location is needed in a precise instant or where scarcity of economic resources leads to the failure
of regular monitoring system a new approach is required. For this reason, this paper presents two projects
that investigate fully open technologies monitoring systems as a potential solution to fill this gap. It worth
to be noted that these systems, which are low-cost and not characterized by high precision sensors, has
not to be intended as a replacement of authoritative and conventional data. Nevertheless, they could play
a key role in complementing existing information or filling the gap of not monitored areas toward a better
understanding of risks and disaster mitigation. Ultimately the use of open technology like open hardware
for the construction of the stations and open software for the management of the data, may offer long
term sustainable solutions which promote local business and services.

METHOD
In order to explore the capabilities of open technologies toward the design and deployment and application
of open technologies to fill the gap of monitoring system failure or to densify locally the monitoring two
projects and their preliminary results are here presented.

The Challenge Fund - GFDRR in Sri Lanka
The Challenge Fund initiated by the World Bank - Global Facility for Disaster Risk Reduction has selected
several innovations in 2015, including the proposition from IWMI in Sri Lanka.
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The awarded project is focused on Open Source mobile weather stations as a means for reducing
flood damages and increasing preparedness of communities. The case study is the Nachchaduwa reservoir
which is an important source of water for irrigation in the district of Anuradhapura, Sri Lanka. Here
reservoir managers generally try to maintain full supply level, to accommodate demands for irrigation
water but in the monsoon season their policy change: they try to balance the maintaining of full supply
level with the creation of enough storage volume to accommodate runoff from the upper catchment.
During the monsoon, the daily reporting of rainfall is too sparse to make timely decisions regarding what
volume of water should be released prior to the runoff entering the reservoir. Consequently, often the
reservoir spills, and floods the agricultural and residential land in the lower catchment.

According to reservoir managers, with access to timely data on rainfall intensity, they would have more
time to prepare the reservoir to accommodate runoff from the upstream catchment during the northeast
monsoon and therefore they could reduce damages. To this aims, five open-source mobile weather stations
have been installed in the upper catchment of the Nachchaduwa reservoir, and have been programmed to
send SMS text alerts when rainfall intensity exceeds 10mm/hr. Since the estimated time of concentration
of the watershed (the time needed for water to flow from the most remote point in a watershed to the
watershed outlet) of the reservoir is about of 8 hours monitoring at a sampling time of one hour would
certainly improve the capacity of better manage floods and reduce risks.

These weather stations use open source hardware and software (Chemin and Bandara, 2014; Chemin
et al., 2014, 2015; Bandara et al., 2015). Each station consists of an Arduino microcontroller, a weather
shield, a GSM board, weather sensors, and a micro-SD card. Access to the manuals for assembling,
maintaining and programming the stations can be found online (IWMI, 2016). Using local parts and
labor, the stations cost less than USD 500 per installed unit. A cost-effectiveness study (Hardy, 2015)
demonstrates that even if extreme rainfall occurred once every five years, and even if small reductions
in area and duration of inundation are achieved through better reservoir management, the post-disaster
rehabilitation expenditures of the government would be substantially reduced. The cost of installing these
five units would be recovered in 2.5 years.

4ONSE
4ONSE ( www.4onse.org) is the acronym for “four times open non-conventional system for sensing
the environment” but, at the same time, ONSE is an Afrikaans words meaning “ours” so 4ONSE could
also be interpreted as “for us”: the overarching goal of the project is, in fact, advance in research of
open sensing technologies that will belongs to everyone and that can be used to improve the human life.
The project is envisioned from September 2016 to September 2019; it has been funded within the Swiss
Programme for Research on Global Issues for Development (r4d programme) that is a joint funding
initiative by the Swiss Agency for Development and Cooperation (SDC) and the Swiss National Science
Foundation (SNSF). The project is coordinated by the Institute of Earth Sciences at the SUPSI (University
of Applied Sciences and Arts of Southern Switzerland) in partnership with the University of Moratuwa in
Sri Lanka, the University of Gadjah Mada in Indonesia, and the Institute of Space Technology in Pakistan.

The specific objective of the project is to progress beyond the state of the art, providing detailed
information on open challenges found in literature for these kind of open and non-conventional systems,
specifically: data quality, metadata accessibility and standardization. This will be achieved by integrating
and further developing the available technologies to implement a fully open (data, standard, hardware
and software) solution and to deploy an experimental monitoring system composed of about 30 stations
which will be analysed in term of: (i) data quality; (ii) system durability; (iii) management costs;
(iv) performances; (v) sustainability. Moreover the suitability of this type of system will be evaluated
in existing climatic-dependent management practices to understand its applicability, advantages and
limitations. Tests will be conducted in Pakistan, Indonesia, Sri Lanka and at additional testing partner’s
locations on voluntary basis.

Enabling key technologies that will be used in the project are:

• SOS (Bröring et al., 2012): Sensor Observation Service standard from the Open Geospatial
Consortium (OGC) as interoperability enabler;

• istSOS (Cannata and Antonovic, 2015; Cannata et al., 2015): open source data management and
sharing system, compliant with SOS, as standard data service;
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• Arduino (Doukas, 2012): Open Hardware pre-programmed microcontroller as sensors data
input/output management enabler;

• ckan (Doukas, 2012): open source data portal platform as Open Data access point to processed
statistical analysis of data;

Figure 1. istSOS’s data viewer interface. The availability of an easy to use Web based interface to
manage and access the data is one of the software key feature.

The general desired impact of this project is to strengthen the capacity of data production, usage and
management in developing countries. Filling the gaps that often lead to monitoring network failure in
these countries will empower them with the ability to set-up and maintain their own climatic monitoring
network. This brings, among other benefits, to: shorter reaction time in case of impending hazards, better
understanding of phenomena, wiser definition of management strategies and policies and capacity to
evaluate policy implementation effects. In sight of the above mentioned strategic objective, this project
intend to contribute to advance in this direction by impacting the capability of developing countries in
perform researches in the field of earth observation by means of better understanding of concepts on
open technologies and data capabilities. It is also important that a common sense of joint responsibility
of governments, international and regional organizations, private sector and civil society is grown in
order to boost this process and that the opportunity of using data from dense monitoring system and open
standards is well acknowledged as a support tool for the development of new policies and activities.

DISCUSSION
Fully open monitoring systems is certainly an interesting area of research and development in line
with the global trends of the Internet of Things and of global monitoring systems. This is evidenced
by the attention of international bodies and by the number of projects on this topic that are currently
ongoing or have been recently conducted. The presented Open Source mobile weather station in Sri
Lanka (Challenge Fund - GFDRR) and the 4ONSE (Swiss Research for Development program) are only
two of them. For example, during the Understanding Risk forum ( https://understandrisk.
org/event/ur2016/) an entire focus day was dedicated to open source hardware and software
and a number of activities supported by the World bank and the red Cross around the Word has
been presented. A project in Tanzania to develop flood inundation scenarios based on open data
( http://ramanihuria.org/); a project in Togo that implements an innovative approach of
pre-funded set of early actions to mitigate flood risks coping with missing historical climate data
(Coughlan de Perez et al., 2015); a project in Haiti to develop Open Source applications to collect
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and analyse climatic data respecting as much as possible the SOS standard ( https://www.gfdrr.
org/reducing-disaster-risk-through-hydromet-technology-haiti).

Expectations on fully open monitoring solutions is motivated also by Rogers and Tsirkunov (2013)
that in a World Bank report highlighted the need of solutions that integrate investments, are long-term
sustainable and provide end-users focused services. In this direction, fully open solutions may meet
these demands by providing interoperability with open standards, local management and maintenance
capabilities with open hardware and services focused on local need with open source software.

Nevertheless, despite the appeal of this solution, it certainly need research and validation in productive
system before of being securely adopted in sensitive issues like disaster management or climate change
adaptation. Toward this goal and following the Open Source Software principles a dedicated scientific
community named “Open-technologies Monitoring-systems Geospatial group” (OMGeo) has been created
within the OSGeo’s Open Geoscience Committee ( https://wiki.osgeo.org/wiki/Open_
Geoscience_Committee) to facilitate networking and integrate successes, failures, research results,
best practices and ideas toward a better, safer and more equitable world.
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Bröring, A., Stasch, C., and Echterhoff, J. (2012). Ogc R© sensor observation service interface standard.

ogc 12-006. http://www.opengis.net/doc/IS/SOS/2.0. Accessed: 2015-14-06.
Cannata, M. and Antonovic, M. (2015). Sensor observations service for environmentally optimizing

irrigation: istsos within the enorasis example. International Journal of Geoinformatics, 11(3).
Cannata, M., Antonovic, M., Molinari, M., and Pozzoni, M. (2015). istsos, a new sensor observation

management system: software architecture and a real-case application for flood protection. Geomatics,
Natural Hazards and Risk, 6(8):635–650.

Chemin, Y. and Bandara, N. (2014). Oshw and foss4g for an online water valet. In Proceedings of the 1st
FOSS4G-Asia, Bangkok, Thailand, 2-5 December.

Chemin, Y., Bandara, N., and Eriyagama, N. (2015). A national upgrade of the climate monitoring grid in
sri lanka. the place of open design, oshw and foss. In EGU General Assembly Conference Abstracts,
volume 17, page 93.

Chemin, Y., Sanjaya, N., and Liyanage, P. (2014). An open source hardware & software online raingauge
for real-time monitoring of rainwater harvesting in sri lanka. page 13.

Coughlan de Perez, E., van den Hurk, B., van Aalst, M., Jongman, B., Klose, T., and Suarez, P. (2015).
Forecast-based financing: An approach for catalyzing humanitarian action based on extreme weather
and climate forecasts. Natural Hazards and Earth System Science, 15(4):895–904.

Doukas, C. (2012). Building Internet of Things with the ARDUINO. CreateSpace Independent Publishing
Platform.

Hardy, R. (2015). Information in flood risk Using Information to Improve Management and Reduce
Flood Risk A Case Study. PhD thesis, University of Queensland, Australia.

IWMI (2016). International water management institute: Oshw weather station online web resource page.
http://www.iwmi.cgiar.org/resources/mobile-weather-stations/. Accessed: 2015-14-06.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

186



	  

Carlo	  Cipolloni1,	  Matija	  Krivic2,	  Matevž	  Novak2,	  Marco	  Pantaloni1,	  	  
1	  ISPRA	  –	  Geological	  Survey	  of	  Italy,	  Rome,	  Italy	  
2	  GeoZS	  –	  Geological	  Survey	  of	  Slovenia,	  Ljubliana,	  Slovenia	  
	  
Corresponding	  Author:	  	  
Carlo	  Cipolloni1	  
Via	  Vitaliano	  Brancati	  48,	  Roma	  (Rm),	  00144	  Italy	  
Email	  address:	  carlo.cipolloni@isprambiente.it	  
	   	  

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

The open geohazard widget to perform risk 
environmental analysis

The open discussion version of this paper is available at: Cipolloni C, Krivic M, Novak M, Pantaloni M. (2016)
The open geohazard widget to perform environmental risk analysis.
PeerJ Preprints 4:e2246v1 https://doi.org/10.7287/peerj.preprints.2246v1

Please cite this paper as: Carlo Cipolloni, Matija Krivic, Matevž Novak, Marco Pantaloni (2018) The open geohazard widget to perform 
environmental risk analysis. In Marchesini I. & Pierleoni A. (Eds.) Proceedings of the 4th Open Source Geospatial Research and  
Education Symposium (OGRS2016). Perugia, 12-14 October 2016.  
https://doi.org/10.30437/ogrs2016_paper_25 



The	  open	  geohazard	  widget	  to	  perform	  environmental	  risk	  analysis	  	  
Cipolloni,	  C.1,	  Krivic,	  M.2,	  Novak,	  M.2,	  Pantaloni,	  M.1	  
1ISPRA	  -‐	  Geological	  Survey	  of	  Italy,	  Roma	  (Italy),	  carlo.cipolloni@isprambiente.it.	  
2GeoZS	  –Geological	  Survey	  of	  Slovenia,	  Ljubljana	  (Slovenia).	  
	  
Abstract	  
In the framework of European project eENVplus (hhtp://www.eenvplus.eu) 
the Geological Survey of Italy and Geological Survey of Slovenia in 
collaboration with some technical partners developed a pilot to perform 
several geohazard analyses in the cross-border area. Several web processing 
services to perform hazard probability map have been developed using open-
source software and a javaScript client widget based on Cesium1.11 to 
manage the pilot has been designed as well. The final data have been 
prepared in INSPIRE compliance format to be in line with European 
legislation and directive and data are provided with an open licence. 
 
Introduction	  
Landslides are one of the most frequent and damaging natural events in 
Italy, Slovenia as well as in many other European countries. Landslide risk 
management is an important task in supporting Civil Protection during 
landslide events. 
The aim of this processing service is to provide a landslide susceptibility map 
at 1:100k scale (starting from the approach of Komac & Ribičič, 2006). In 
areas, more prone to mass movement processes, such as landslides, rock-
falls, and debris-flows, the map will be up-scaled to 1:25k scale. 
The methodology, which has been implemented for the first processing 
service, is mainly based on the classification of mass-movements into two 
main categories based on the velocity of the movements. Rapid landslides, 
rock-falls, and debris-flows, due to their high velocity may affect population 
causing fatalities and structural and/or infrastructural damages. Slow 
velocity mass-movements principally concern losses of goods and 
infrastructures, because they involve re-activation of past landslide areas. 
Landslide susceptibility map  
has been obtained by overlapping landslide areas with the harmonized 
geological map. 
At the same time also flood risk assessment can be implemented on the 
basis of a thorough knowledge of the recent processes evolution mainly 
studying geologic and geomorphologic features. To identify the relationship 
between the flooding phenomena and/or fluvial areas where specific 
meteorological events occur, it is fundamental to consider both, past and 
recent responses of the catchment area mainly related to environmental 
changes as erosion and slope instability, basin evolution, human 
intervention. 
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This processing service compares data for the themes geology, 
geomorphology, morphometry, longitudinal and transverse profiles, floods 
and hydrology. 
The comparison of these dataset allow the identification and characterization 
of critical sites in the vicinity of which areas of the alluvial plain have an 
increased risk of flooding. 
The web services based on Open Source software, such as Geoserver, is 
expected to be used iteratively by an expert user through an open 
JavaSscript client. The user specifies the appropriate values for each 
parameter according to his/her experience or literature and evaluates the 
output of the automatic statistic process success rate. If the output map is 
not satisfactory, the expert user re-runs the process adjusting the parameter 
values according to the a-posteriori knowledge given by the previous 
outcome. 
 
Flood and Landslide calculation procedure 
This processing service related to flood prone area identification is composed 
by two steps: 

• compare data for the themes geology, slope and geomorphology 
terraces (if they are available) to construct a general potential flood 
map; 

• identification of major areas prone for flood occurrence based on the 
river basin sub-area classified using some morphometric parameters 
obtained by river network using geoprocessing: stream order average , 
stream bifurcation ratio and drainage density. 

System calculates landslide susceptibility map (detailed geoprocessing model 
consisting of series of different geoprocessing modules, such as vector to 
raster, slope, reclassification, float, math based on Komac, 2006). Results 
and input data can be integrated into a Desktop GIS through WMS and/or 
WFS; 
User is offered to accept the result or change the parameter values and start 
again the procedure. In figure 1 the processing diagram is shown; the 
external user can interact with tables for reclassification of geological and 
land-cover units according to landslide/rock-fall susceptibility: 

a) System offers the user a reclassification table, 
b) If some values are missing user can fill in or change values, 
c) Or the values are calculated from cross tabulation of landslide data and 

geology (statistics) 
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Figure 1 landslide susceptibility map processing procedure. 
 
Web processing production: 
To perform the two different analyses, a set of web processing services are 
developed, for each a workflow procedure has been written in python code 
and transformed in several Geoserver WPS based on existing Gdal library or 
new piece of code. All the codes developed during the eENVplus project are 
also available in a github repository (https://github.com/eENVplus) for any 
future extension or re-use. Beside that, most of the following web processing 
services are also available and discoverable using the showcase web page of 
the project (http://showcase.eenvplus.eu/client/). 
To execute the flood prone area identification 3 WPSs are built to calculate 
first the flood prone area based on the geology input layer and then the 
topographic index based on DEM parametrers: 
(eep:ComputeFloodProneBaseMap; eep:ComputeTopographicIndexMap; 
eep:ComputeFinalFloodProbabilityMap).  
Otherwise to create the susceptibility map and transform it in an INSPIRE 
conformant layer 6 different WPSs have been created to support the 
procedure; the first process is used to classify the input layers, the second 
and the third are needed to calculate the susceptibility model and validate it 
with own dataset. The last three WPSs are built to store the final map and to 
transform it in INSPIRE GML file. The complete list is shown below:  

• eep:CreateReclassificationTable;  
• eep:ComputeLandslideSusceptibilityMap;  
• eep:LandslideValidation;  
• eep:StoreSusceptibilityMap;  
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• eep:RasterToVectorGdal; 	  
• eep:GmlInspireConverter. 	  

Web client and data usability: 	  
To orchestrate all the WPSs elaborated in the Italy-Slovenia cross-border 	  
pilot, a specific 3d Client based on the open source JavaScript library 	  
(Cesium 1.11) has been developed and customised. The flexible geohazard 	  
widget based on open source code to perform the two different scenarios has 	  
been developed and deployed (http://sgi.isprambiente.it/cesium/eenvplus/). 	  
The widget developed, in fact, is able to manage different geohazard 	  
aspects: one for landslide analysis where the user can manage and 	  
manipulate the susceptibility classes of the input data (geology and land-	  
cover) based on own experiences or analyse the geological parameters (i.e. 	  
consolidation degree or foliation classes) to better refine the map calculation.  	  
The second procedure, which the user can perform in the widget, is the flood 	  
prone area identification; in this case the system is able in the first level to 	  
calculate automatically the flood prone map by a selection of geologic 	  
feature in the unified harmonised geologic layer. The second step is the 	  
procedure that calculates the water accumulation area (based on the 	  
topographic index from Tarboton, 1997) and where the users can manipulate 	  
the threshold of the model to determine better quality of layer to integrate 	  
with the previous one and produce the final flood probability map.  	  
In the case of landslide moreover, when the user finds the final geohazard 	  
map optimal, the widget is able to store that map in INSPIRE NRZ standard 	  
format (JRC, 2013) applying the HazardArea Application schema to the WFS 	  
service and mapping the not structured Gml encoding of final maps in a 	  
standard way.  	  
The major result of the web application is the flexibility of model applied, 	  
namely in the system we can modify the probability model used, building a 	  
new WPS and including this in the widget; the web application remains able 	  
to perform again the flood and landslide probability maps. 	  
The INSPIRE WFS (OGC, 2010) and WMS (OGC, 2006) layer that are 	  
available in the client at the moment with CC-BY license represents another 	  
final result and it respects the main Open-Data requirements to provide 	  
public data useable. 	  
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ABSTRACT 

Two complementary GIS-based functions are designed and implemented to assess the expected 
degree of loss due to the occurrence of flood events. Each function processes institutional 
thematic layers and allows decision makers first to quantify the physical and the economic 
exposure of the elements at risk in a given study region and then to assess the expected degree of 
economic loss in relation to the flood water depth chosen for the analysis.  

The functions are implemented using QGIS with GRASS Python API extension and the 
workflow is exposed as a QGIS plug-in. The GUI is built over QT multi-platform framework 
and, therefore, the results are consistently integrated into the QGIS system. 

Keywords: economic loss, QGIS plug-in, flood damage 

INTRODUCTION 

Floods are among the most common natural hazards in Europe whose effects can be local, 
impacting a neighborhood or community, or regional, affecting entire river basins and multiple 
states (FEMA, 2004). Understanding flood statistics gives opportunities to manage, prevent and 
find solutions to reduce the impact of flood risk: in Europe, between 2000 and 2015 (source: The 
International Disaster Database - emdat.be), 356 flood events occurred causing 1.688 death and 
7.667 injured on a total of 6.478.117 affected people. The total damage amounts about 90 billion 
dollars.  

In EU, the Directive 2007/60/EC on the assessment and management of flood risks entered 
into force on 26 November 2007. The Directive requires "Member States to assess if all water 
courses and coast lines are at risk from flooding, to map the flood extent and assets and humans 
at risk in these areas and to take adequate and coordinated measures to reduce this flood risk". Its 
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aim is to reduce and manage the risks that floods pose to human health, the environment, cultural 
heritage and economic activity. Italy acknowledged the Directive by implementing two different 
approaches for flood risk assessment: expert driven-qualitative approaches and quantitative 
model-based techniques. Although the former are widely applied by Italian river authorities, 
quantitative approaches provide spatial planners and disaster managers with more in-depth 
knowledge in their decision making processes with respect to qualitative approaches (Molinari et 
al., 2016). 

RESEARCH MATERIALS AND DATA 

Our research intends to propose two complementary GIS-based functions aimed at processing 
institutional thematic layers, available at regional/national WebGIS and Spatial Information sites:  
expert-driven or model-based flood hazard maps, digital elevation models (DEM), census tracts, 
real estate market values and (re)construction costs.  The final aim is to support local/regional 
decision makers in preparedness and response to flood-related risks and, in so doing, mitigate the 
expected impacts and potential damage. By processing the institutional flood hazard maps (with 
different return periods: < 20years; between 20 and 200 years; and > 200 years), census tracts and 
real estate market values maps, the two functions calculate, for each unique-condition units 
(UCU), first the physical and the economic exposure of the elements at risk and then the expected 
degree of loss in relation to different classes of flood water depth. Exposure and expected degree 
of loss are expressed in monetary terms (€) with regards to real estate market values and 
(re)construction costs (Figure 1).  

 
 
In both projects Urbangene and Signalez-nous media campaigns were used to get  

Figure 1 - Conceptual scheme concerning inputs, outputs and geo-processing functions used 
in the analysis. 
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The GIS-based functions retrieve data for calculation from a database whose structure allows 
institutional information to be stored:  

1. Flood hazard and risk maps. Flood hazard and risk maps have been implemented by the 
Italian River Basin Authorities and are now available for most of the major rivers at basin 
scale. These maps partially match the Flood Directive and assess the level of risk by using 
a matrix "… (that) measures risk levels on the basis of impact and hazard likelihood" (EU 
Commission, 2014). The matrix combines information on hazard frequency (referred to as 
P1, P2 and P3) and potential damage: the final map displays four risk levels (very high-
red; high-orange; medium-light yellow; low-green). Only the hazard component is used in-
to our analysis.  

2. High detail Digital Terrain Models (1.0 m). To acknowledge the Flood Directive and im-
plement 1D-2D hydraulic models, Lidar-based surveys have been achieved to generate 
high quality topographic data. The final aim is to obtain high resolution (1 meter) Digital 
Terrain Models (DTM) for alluvial plain of the major Italian rivers.    

3. Census tracts. The Italian National Institute of Statistics makes available a warehouse of 
statistics constantly upgraded. The data warehouse of the 15th General Census of Popula-
tion and Housing is used that contains information broken up to sub-municipal level, on 
the demographic and social structure of the population usually resident in Italy and the 
Italian housing stock. The reference date of the information is 9 October 2011 and its ac-
cess is free. Data are presented in multidimensional tables which offer the possibility to 
compose tables and graphs by adjusting the variables and the reference periods. A broad 
array of metadata facilitates the retrieval and understanding of statistics by users. Data 
concerning population (demographic characteristics) and housing and buildings (type of 
buildings and their use) are downloaded and used. 

4. Real estate market values. The Italian Revenue Agency manages the "Observatory of the 
real estate market" and technical and estimative services (GEOPOI®). It also establishes 
and updates the registry of real estate in operation on the national territory. GEOPOI® 
polygons are used to obtain precise delimitation of urban areas with different market val-
ues of the buildings. The reference date of the information is the second half of the year 
2015 and its access is free. Market values may be subject to wide changes during time, 
mostly due to speculative reasons. As a consequence, all risk and loss estimations have to 
be considered “static” in the sense that they are relevant only for the date of preparation of 
the maps or for the time of analysis. However, by using market values, areas of higher and 
medium economic importance can be distinguished from economically marginal areas.

5. (Re)construction costs. (Re)construction costs, issued by the Society of Engineers and Ar-
chitects of Milano (DEI 2014), are used to assess prospective damage estimation. 
(Re)construction costs are not subject to speculative changes during time in case of natural 
disaster and they are also usually applied for insurance purposes. (Re)construction costs 
are uniformly distributed over the area and particular disparities between economically dif-
ferent zones cannot be distinguished.  

GIS-BASED FUNCTIONS 

Two complementary GIS-based functions are designed, implemented and applied: the Spatial 
Overlay & Intersection and the Flood Water Depth functions (Figure 2). The former spatially 
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overlays and intersects institutional flood hazard maps, census tracts and real estate market values 
maps to derive a new polygon thematic layer composed of unique-condition units (UCU). Each 
UCU allows decision makers first to quantify the physical and the economic exposure of the 
elements at risk in a given study region and then to assess the expected degree of economic loss 
for three different flood water depths (< 0.5 m; 0.5-1.0 m; > 1.0 m in this study). In more detail, 
database tables are provided in which different percentages of damage are made explicit against 
the water levels for different types of buildings. These values are derived from the Price List 
issued by the Society of the Engineers and Architects of Milan (DEI, 2014) and refer to the 
expected degree of loss concerning the different functional and structural components of different 
building types that may be potentially affected and damaged by a flood event for distinct classes 
of water depth. The original values provided may be changed by the end-users at their own 
convenience. 

The Flood Water Depth function allows the end-user to retrieve a flood water depth value from 
available institutional flood hazard maps. If this value is not available from the maps, it can be 
derived by interpolating the 1 m resolution Digital Terrain Model (Figure 1) within the borders of 
each hazard class (for different time periods). The result allows decision makers to identify the 
most probable flood water depth value or class and, then, the most probable expected level of 
damage. 

The two functions are developed by using the Python programming language. Beside the 
Standard Python Library, the code extensively leverages on QGIS API 2.15 and GRASS API 
functions (through GRASS-QGIS extension); therefore, the project adopts the GNU GPL 
licensing, development and distribution process. 

 

Figure 2 – Functional 
Representation of inputs 
and outputs 
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In consequence of the existence of different types of input items and data formats, a QGIS 
integrated approach is preferred over file loading and parsing from disk. Consequently, the loaded 
layers and/or QGIS loading procedures for maps and attribute tables can be used as input data for 
the presented algorithms. The program exposes the described functions with its own API that is 
distributed as a bundled module of the QGIS plug-in itself, together with the integrated graphical 
user interface. The two complementary GIS-based functions are represented in Figure 2. As the 
functions are serially connected each other, some mid-process data is generated (while processing 
the final output), such raw data are saved into temporary memory locations and available to the 
user using the QGIS Python interface. 

CONCLUSION 

Summing up, institutional data and methods are complemented by the proposed Open GIS-based 
tool to increase their original level of information; this allows spatial planners and risk managers 
to access and share relevant distributed authoritative, multi-source spatial data able to support 
decision making process aimed at reducing flood risks and building communities' resilience. 
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ABSTRACT

H.E.L.P is an early warning dashboard system built for the prevention, mitigation and assessment
of disasters, be they earthquakes, fires, or meteorological systems.It was built to be easily manageable,
customizable and accessible to all users, to facilitate humanitarian and governmental response. In its
essence it is an emergency preparedness web tool, which can be used for decision making for a better
level of mitigation and response on any level. Risks or disasters are not events in our control, rather,
they are situations to which we can better manage with a framework based on preparedness. The
earlier and more precise the monitoring of hazards allow for faster response to manage and mitigate a
disaster’s impact on a society, economy and environment. This is exactly what HELP offers, it plays
a main role in the cycle of early warning and risk (Preparedness, Risk, Mitigation, and Resilience).
It provides information in real time on events and hazards, allowing for the possibility to analyze
the situation and find a solution whose outcome protects the most lives and has the least economic
impact. As a tool it also provides the opportunity to respond to a hazard with resilience in mind, this
means that not only does HELP prepare for and mitigate events, it can also be used to implement
better organizational methods for future events, thus, minimizing overall risk. Providing people
with the means to better be able to take care of themselves, lessening the effects of future hazards
each and every time. HELP is a tool in a framework which was created to support governments in
their efforts to protect their people, building their response efficiency and resilience. HELP (with the
name of E.W.A.R.E. Early Warning and Awareness of Risks and Emergencies) was born as WFP
(The World Food Program) and IMAA-CNR (Institute of Methodologies for Environmental Analysis
of the National Research Council of Italy) entered into a Cooperation Agreement concerning the
development of a Geo-Spatial Data Infrastructure System for the Palestinian Civil Defense with
the aim of building an enhanced preparedness capacity in Palestine. HELP has a simple and
flexible but very effective logic to perform the early warning: i. Watch to open data sources on
risk themes (NASA satellite data, Weather Forecast, world wide seismic networks, etc); ii. Apply
(programmable) “intelligence” to detect critical situations, exceeding of thresholds, population
potentially involved by events, etc; iii. Highlight critical elements on the map; iv. Send alerts to
emergency managers.
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INTRODUCTION
The Early Warning System is an Information Management Tool developed using geoSDI components
to provide quick and intuitive visual evaluation of critical scenarios for alerts on Floods, Snow,
Earthquakes and Drought. Risks or disasters are not events in our control, rather, they are situations
to which we can better manage with a framework based on preparedness. The earlier and more
precise the monitoring of hazards allow for faster response to manage and mitigate a disaster’s
impact on a society, economy and environment. This is exactly what HELP offers, it plays a main
role in the cycle of early warning and risk (Preparedness, Risk, Mitigation, and Resilience). It
provides information in real time on events and hazards, allowing for the possibility to analyze the
situation and find a solution whose outcome protects the most lives and has the least economic
impact. There are many open source geographic data and monitoring systems services. Combining
these information and applying elaboration algorithms trigger Web Processing Services, is the key
used by this system for effective early warning actions.

THE GENERAL APPROACH: FLEXIBILITY
The Early Warning System is an Information Management Tool to be developed using geoSDI
components to provide quick and intuitive visual evaluation of critical scenarios for alerts on Floods,
Snow, Earthquakes and Drought. In other words, the EW System is supposed to give decision
makers a very quick and early view on a potential emergency that will be managed. So as to activate,
all the Actions of the Emergency Response, once the effectiveness of the warning is evaluated.
To be effective in reaching this purpose, the system applies a very simple and flexible approach:
connecting to available open data streams, processing the source, and generating the alert. Finally, a
web dashboard is used for the visual representation of the critical situations, for historical analysis
and forecast evaluations. Every single element of this chain is treated in the following sections.

Information Crawling
A specific module to provide the services required to implement the early warning system was built.
Real time event on earthquake, fires, droughts and rainfall are examples of real time events. To
complete the scenario, Some RSS news channel are used to get the actual situation in the area of
interest. The server part of the system is designed to be as flexible as possible: it allows you to
connect to third party monitoring services in order to include various types of events. On the other
hand, the module exposes APIs that allows customers to subscribe to a list of early warning, linked
to a particular type of event (Early Warning Channel). This server Component is responsible to:

• Scan the configured sources/services (Early Warning Source) Check if a risk event occurred

• Store the event details into an Internal Database (ElasticSearch based)

• Expose a REST API to get the event details

• Do some processing to determine combined effects, like for example:
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Figure 1. A view of the HELP Early Warning Dashboard.

– estimation of population involved with reference to Population Data and Risk / Exposi-
tion / Vulnerability Data

• Send an Email Alert to a configured list of users, including Basic information about the
event and a link to the Early Warning Web Dashboard (on the event). (Details on EW Web
Dashboard later in the doc)

• Prepare and serve the package of all the information related to an Early Warning Event. This
package of information is displayed by the Early Warning Web Dashboard.

In more details, the modules in Figure 2 do the following jobs:

• Service Scanner Module. Has the logic to connect a EW Source, get the event in the available
format and store it into ElasticSearch Store. For each EW Source, the logic has to be defined.
When an event triggers a warning situation, it passes parameters to the EW Processor module
to compute the alerting information.

• ElasticSearch Store and API Module . Collects the events object in its text-oriented storage;
Exposes REST API to get events and details; This module allows you to normalize access
to information, regardless of the format returned from the EW-Source. It also stores the side
information of an EW object calculated by the processor module when an event triggers a
warning scenario. Elasticsearch automatically distributes shards of an index over all nodes in
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Figure 2. The Server Componets of the HELP EW System.

a cluster and controls that are loaded equally. Since it is expected that this type of systems
handle growing big-data with variable patterns, Elasticsearch is a better choice than using
relational database, as it scaled horizontally.

• EW Processor Module. Has the logic to evaluate the event information in relation to Popula-
tion Data and Risk Data and to decide if an EW message has to be fired. Once the process has
been executed, it stores information calculated in the Elasticsearch module.

• Mail Alert Module. Has the logic for packaging the alert and for sending the Mail Alert,
containing the link to the Web Dashboard with specific parameters of the event that generated
the warning.

• EW Information Packager Module. This module (physically implemented through Elastic-
search APIs) is the server bridge between the Web Dashboard and the collected information.
The web interface calls this module to get the event information and side information, without
executing the processes any time.

In the last Section of the document, you can find a list of the major Early Warning Sources configured.

Logical Processing
When should it generate a warning? Is it sufficient for a natural event to occur to trigger a warning?
When an event occurs, an early warning should be reported when the event can cause damage to
persons and / or infrastructure. Only the position and “size” of the event is not sufficient to tell
whether a warning should be generated or not. This is why additional data source on Population, on
Infrastructures and on points historically affected by similar events are crucial and included.
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The processing approach
It was considered important to think of a flexible and transparent approach:

• A condition acts as a trigger

• The event detail are crossed with Population Data, Infrastructures and points historically
affected by similar events

• The process extracts the potentially affected population and potentially affected points (build-
ings, infrastructures, etc)

The process approach (whatever the risk type) is independent from the resolution. The accuracy of
the extracted data is not. But just because the process is independent, population data and risk can
be updated and improved over time, resulting in more accurate information extracted.

An example of processing performed: When the rainfall forecast in the area of interest is in a
specific configured range of rainrate, intersect the layer of risk zones and highlight the geometry of
the intersected ones; intersect the historical risk point and highlight the interested ones; intersect
the population density layer and compute the potentially involved number of people; store all this
information assigning an alert ID; send an email to the configured mailing list with the link of the
Dashboard, having the alert ID as parameter to center the map and to load the related scenario.

Alerts Dispatching
Configuration Interface was built for allowing to define different parameter for the different Risk
Theme. For example you can determine the minimum magnitude of an earthquake that will fire an
alert, or rainfall ranges of precipitations, wind thresholds and so on. Also the list of email addresses
to be alerted and the area of interest (Bounding Box) can be configured. A user list can receive a
message when it happens a sequence of events. In fact, if a critical situation (corresponding to the
configuration criteria) is detected (ex. an earthquake happens and has a magnitude greater than a
certain parameter, or rainfall related risk and so on) then a list of users will receive an email. The
email template contains the alert general information (type, location, “size”) and a link to the HELP
Dashboard that allows the receivers to instantly see the scenario of the selected event. The email
module acts not only when a critical event happens, but also with a period: for example a list of
events can be sent periodically at set times, so the managers can get a picture (eg every day, week,
etc ..) of the events and related situation that occurred.

The Dashboard
The system is based on the simultaneous management of multiple data streams. A top left panel
loads the recent alerts. A menu allows you to filter selecting a specific theme (Earthquake, Weather,
Fires, Droughts). Selecting an item from the list, the dashboard loads on the map the related
information, like the position of the alert, the weather conditions in that location, the potentially
involved population inside three buffers, Rss News related to the interested area.

Each stream interacts with other flows following the rules and logic that are defined in the
processing logic. The sequence in which the connections between the flows are performed creates a
waterfall effect. Thus a cascading effect provides immediate view of what happens when an Event
occurs. Of course you can overlap other WMS layers to the map to perform your evaluations. Other
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Figure 3. A view of the Dashboard focused on the Earthquake Theme.

screens can be used to consult forecasts or historical data on the selected themes or selected Critical
Event. For each event the authenticated user can also upload documents and files, enriching the
description

OPEN DATA AND OPEN TECHNOLOGIES USED
One of the strengths of the system is to use open source. This allows you to leverage data from
specific monitoring systems and combine them together to assess meaningful situations. the
technologies used are also open, thus promoting the possibilities of growth and the construction of
new facilities. Although all the technologies used are open source, the source code of the product is
currently maintained on a private repository GitLab. In the near future there will be an optimization
of the source code and the publication of the project on GitHub, fully open source and open to
collaborations.

Data Sources
Any third party source/service for triggering an Early Warning Alert has been called Early Warning
Source (EW Source). For each EW-Source are to be defined:

• Entry point of the EW-Source

• Returned Format

• Method / Processing to fire for generating the Alert
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Figure 4. Example of details about a Seismic event.

Figure 5. Example of charts on weather forecast.
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The EW Sources used in this prototype are the following:
Earthquake Theme: U.S. Geological Survey. The USGS Earthquake Hazards Program is part

of the National Earthquake Hazards Reduction Program (NEHRP), established by Congress in 1977.
It monitors and reports earthquakes, assesses earthquake impacts and hazards, and researches the
causes and effects of earthquakes. An example of the service used is:

Weather Theme: provide accurate short -term and long-term weather predictions. The Forecast
API allows you to look up the weather anywhere on the globe, returning (where available): Current
conditions; Minute-by-minute forecasts out to 1 hour; Hour-by-hour forecasts out to 48 hours; Day-
by-day forecasts out to 7 days. An example of the service used is:

Fires and Drought Themes: NASA Global Imagery Browse Services (GIBS). GIBS provides
quick access to almost 200 satellite imagery products, covering every part of the world. Most imagery
is available with a few hours after satellite overpass and some products span over 15 years. For fires
Fire Information for Resource Management System (FIRMS) is used https://earthdata.nasa.gov/earth-
observation-data/near-real-time/firms/active-fire-data . Many NASA GIBs layers are also included
as overlap options

Involved Technologies
• Services Scan, WPS execution, Alert dispatch: Geo-Platform Framework by geoSDI - Java

based.

• Information Storage and data access API: Elasticsearch

• EW Dashboard: Google Polymer Framework

• Software repository: Private instance of GitLab

CONCLUSIONS AND PERSPECTIVES
The experience carried out with this prototype shows that Elasticsearch is an easily scalable, full-text
search engine that is capable of handling large amounts of online and schema-less data. This
really is an interesting possibility for scientific projects and operational applications, because of
the different types of data can be handled better and with excellent performance over traditional
relational databases. The use of Elasticsearch jointly with established technologies, such Google
Polymer and Geo-Platform Framework, opens the possibility to quickly build the monitoring and
analysis dashboards, which can easily be connected to different sources of information, both based
on observational technologies by satellite , and based on networks of sensors on the ground. Further
investigations and experiments will also be conducted to evaluate the integration of information
from socialnetworks and the correlation with observed events from sensor networks, in order to
improve the early warning systems also according to the social dynamics as well as on the basis
of the Earth Observation. An optimization of the source code and the publication of the project on
GitHub, fully open source and open to collaborations, is another important future step, that will
enable scientific and technical contributions.

https://api.forecast.io/forecast/APIKEY/LATITUDE,LONGITUDE
http://earthquake.usgs.gov/fdsnws/event/1/application.json

1*.

2*.

1*
2*
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ABSTRACT
Floods are frequent and widespread in Italy and pose a severe risk for the population. Local administrations commonly
use flow propagation models to delineate the flood prone areas. These modeling approaches require a detail geo-
environmental data knowledge, intensive calculation and long computational times. Conversely, statistical methods can
be used to asses flood hazard over large areas, or to extend the flood hazard zonation to the portion of the river networks
where hydraulic models have still not been applied or can be applied with difficulties. In this paper, we describe a
statistical approach to prepare flood hazard maps for the whole of Italy. The proposed method is based on a multivariate
machine learning algorithm calibrated using in input flood hazard maps delineated by the local authorities and terrain
elevation data. The preliminary results obtained in several major Italian catchments indicate good performances of
the statistical algorithm in matching the training data. Results are promising giving the possibility to obtain reliable
delineations of flood prone areas obtained in the rest of the Italian territory.

Keywords: Flood, DEM, Hazard, Statistical model, Zonation, Machine Learning Algorithm

INTRODUCTION
Flood Hazard Maps (FHMs) delineate flood prone areas and are fundamental for a proper land and development planning.
FMHs are commonly produced exploiting 1D or 2D flow propagation models, capable of determining potential inundated
areas corresponding to different peak discharges, for different return periods. Flow propagation models require detailed
descriptions of the topographic surface and multiple river profiles, intensive calculation and long computational times.
In Italy, FHMs were derived by River Basin Authorities (RBA) and by regional and provincial administrations, in
accordance with the ”EU Directive on the assessment and management of flood risks [2007/60/EC]”. that have used
different propagation models (i.e. different modeling schema) often adopting different boundary conditions. This limits
the comparability of the different FHMs, across the Italian territory. Moreover, the RBAs have prepared FHMs only for
parts of the major rivers under their direct administrative responsibility. As a result, parts of the major rivers and most of
the minor tributaries are not covered by FHMs. ISPRA (2015) has mosaicked all the available FHMs to produce three
national flood hazard maps showing (i) areas of high flood hazard (HHF) for expected flood return periods from 20 to 50
years, (ii) areas of medium flood hazard (MHF) for return periods from 100 to 200 years, and (iii) areas of low flood
hazard (LHF) for rare flood events. A considerable amount of literature is available on the use of statistical approaches
for mapping areas prone to natural hazards. As an example, a number of machine learning methods were used to
determine areas susceptible to landslides (Rossi et al., 2010). Few experiments were done to delineate potentially flood
prone areas using statistical approaches (Degiorgis et al., 2012; De Risi et al., 2015; Manfreda et al., 2015). In particular,
Degiorgis et al. (2012) described an approach to flood mapping that exploited a linear Support Vector Machine (SVM)
classifier, coarse-resolution terrain elevation data (hydrosheds.cr.usgs.gov/index.php), and two morphometric variables
i.e., the difference in elevation and the distance to nearest stream, measured along the drainage path. Similarly, we
adopted a supervised multivariate machine learning statistical approach, exploiting terrain elevation data, to prepare
FHMs for the whole river network of Italy and we present the preliminary results obtained for a subset of some of the
major Italian river catchments.
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1 METHOD
In our experiment, to derive the statistical classification model, we used, as independent data, the same morphometric
variables proposed by Degiorgis et al. (2012) corresponding to the difference in elevation (Hp) and the distance (Lp)
to nearest stream, measured along the drainage path. Differently from Degiorgis et al. (2012) , we used a Logistic
Regression (LR) classification model to derive the FHMs. In addition, we used two different sources of terrain
elevation data: (i) the 25 m resolution EU-DEM (http://www.eea.europa.eu/data-and-maps/data/eu-dem), provided by
the European Environmental Agency, and (ii) the 10 m resolution TINITALY/01 DEM (with 4.3 m vertical accuracy)
(Tarquini et al., 2007) compiled by the Italian Istituto Nazionale di Geofisica e Vulcanologia. Lastly, we exploited the
national FHMs mosaicked by ISPRA (2015) for the calibration of the LR models (i.e. used as grouping variable in the
supervised analysis). We used GRASS GIS (GRASS Development Team, 2016) and R (R Core Team, 2013) to perform
the necessary geographical and statistical analyses.

Figure 1 portrays the simplified logical framework (and the algorithm) adopted for the production of the LR
classification models for flood hazard zonation, and the preparation of FHMs. The framework assumes that the algorithm
is applied to the entire river network in a single RBA, using one of the two available DEMs. The inputs to the algorithm
are: (i) the selected DEM, (ii) the available FHMs for the selected RBA (in the same raster format and resolution of
the DEM). In addition, a flow accumulation threshold parameter value need to be specified for the extraction of the
river network. First, the river network is extracted from the DEM and the river network originating points are identified
using the flow accumulation threshold (Metz et al., 2011). Next, the grid cells representing the river network inside the
high flood hazard (HHF) zones shown in the FHMs are selected, and the portions of the catchments draining into these
cells are identified and used successively for calibration of the LR models (calibration areas). Maps of Lp and Hp are
also prepared. In each selected catchment, we calibrated three different LR models, using Lp and Hp as independent
variables (i.e. predictors) and the different dependent grouping variables corresponding to the FHMs provided by ISPRA
(2015). To determine the grouping variables, the first LR model exploits the HHF zones and sets to 1 the areas mapped as
potentially flooded and to 0 the other (marginal) areas. Similarly, the second and the third models exploit MHF (medium
flood hazard) and the LHF (low flood hazard) zones, respectively. We apply the three calibrated LR models to produce
three raster maps showing the probability that each grid cell in the DEM is inundated, for short (HHprob), medium
(MHprob) and long (LHprob) return periods. We used a threshold to classify the LR probability maps into binary maps
showing potentially inundated (1) and marginal (0) areas. We tested various thresholds, and compared the corresponding
maps with the original dependent variables. The optimal threshold maximizes at the same time the True Positive Rate
(TPR) and the True Negative Rate (TNR) i.e., the capability of the binary map to predict the spatial distribution of the
potentially inundated and the marginal areas. Lastly, we applied the optimal threshold to the entire catchment to obtain
the modeled, statistically based binary FHMs (HHmod, MHmod, LHmod).

2 RESULTS AND CONCLUSIONS
We determined the extent of the flood prone areas for six RBAs (Figure 2), and assessed the performance of the LR
models constructing Receiver Operating Characteristic (ROC) curves (Table 1). Inspection of Table1 reveals that the
Area Under the ROC Curve (AUC) values are large or very large, indicating from good to excellent performances of the
LR models. We note that the differences in performance of the LR models for the different hazard levels are limited.
Interestingly, with the exception of RBA 3, where a significant improvement of the AUC was obtained using EU-DEM,
the performances of the classification models is not affected significantly by the DEM.

Our results about the TPR and TNR (Table 1) indicates that the models were able to predict between 71% and 95%
true flooded and marginal areas (average 85%).

For the Serchio RBA (7), Figure 3 shows a comparison between the FHMs used for the calibration, and the maps
obtained applying the calibrated LR models using the EU-DEM. The inserts reveal the general agreement between the
maps, and the capability of the LR-derived map to extend the mapping of the flood hazard zones to the entire study area.
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Figure 1. Logical framework and algorithm adopted for the production of Logistic Regression (LR) classification
models for flood hazard zonation, and the preparation of the modeled, statistically based binary FHMs for selected areas
in Italy.
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Figure 2. Boundaries of the Italian River Basin Authorities (RBAs). Red shows catchments considered in this study.
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Figure 3. Comparison of FHMS produced by River Basin Authorities and prepared in this study using a
statistically-based zonation.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

211



AUC TPR=TNR
RBA HAZARD LEVEL TINITALY EU-DEM TINITALY EU-DEM

High (HHF) 0.906 0.918 0.83 0.84
1 Medium (MHF) 0.933 0.933 0.89 0.88

Low (LHF) 0.957 0.953 0.89 0.89
High (HHF) 0.875 0.872 0.79 0.79

2 Medium (MHF) 0.884 0.888 0.80 0.80
Low (LHF) 0.890 0.885 0.80 0.80
High (HHF) 0.789 0.851 0.71 0.77

3 Medium (MHF) 0.820 0.862 0.73 0.77
Low (LHF) 0.802 0.855 0.73 0.77
High (HHF) 0.932 0.926 0.85 0.85

4 Medium (MHF) 0.956 0.951 0.91 0.91
Low (LHF) 0.981 0.981 0.91 0.91
High (HHF) 0.948 0.954 0.88 0.88

5 Medium (MHF) 0.951 0.964 0.89 0.90
Low (LHF) 0.967 0.967 0.89 0.90
High (HHF) 0.947 0.965 0.88 0.91

7 Medium (MHF) 0.972 0.978 0.94 0.95
Low (LHF) 0.992 0.987 0.94 0.95

Table 1. AUC ROC obtained from the calibration of the logistic regression (LR) models for six river catchments using
two different DEMs, TINITALY and EU-DEM. Values of the TPR = TNR obtained from the optimization of the
probability threshold. RBA: River Basin Authorities, AUC: Area Under Curve, TPR: True Positive Rates, TNR: True
Negative Rates.
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ABSTRACT

The growing popularity of Free and Open Source (FOSS) GIS software is -without doubts- due to
the possibility to build and customize geospatial applications to meet specific requirements for
any users. From this point of view, QGIS is one of the most flexible as well as fashionable GIS
software environment which enables users to develop powerful geospatial applications using
Python. Exploiting this feature, we present here a first prototype plugin for QGIS dedicated to
Hotspot analysis, one of the techniques included in the Exploratory Spatial Data Analysis
(ESDA). These statistics aim to perform analysis of geospatial data when spatial autocorrelation
is not neglectable and they are available inside different Python libraries, but still not integrated
within the QGIS core functionalities. The main plugin features, including installation
requirements and computational procedures, are described together with an example of the
possible applications of the Hotspot analysis.

Keywords: ESDA, Hotspot Analysis, QGIS, Python, FOSS

INTRODUCTION

Exploratory Spatial Data Analysis (ESDA) identifies a collection of techniques to describe and
visualize spatial distributions, highlight atypical locations or outliers, discover patterns and
suggest different spatial regimes and other forms of spatial instability (Anselin, 1999).

In the past years ESDA brought valuable answers to different research fields such as
epidemiology, criminology, economy, archaeology, wildlife biology etc. leading to an increasing
consideration of these statistical techniques among GIS scientists. This success is mainly due to
the specific type of data for which these techniques are intended. Data involved in these analysis
has -in fact- a geospatial nature and at the same time describes social, demographic as well as
economic attributes. These attributes are intrinsically related to the location to which they refer to
and they usually show a strong spatial autocorrelation. According to Cliff & Ord (1973),
regression analysis of spatially distributed variables can lead to unreliable statistical inference
when proper corrections for spatial effects are not incorporated in the model. This is due to the
incorrect assumptions of the independence of observations (Holt, 2007). Conversely, central to
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ESDA is exactly the spatial autocorrelation in which locational similarity (i.e. observations in
spatial proximity) is matched by attribute correlation (Anselin, Sridharan & Gholston, 2007). For
these reasons, the use of ESDA is largely accepted as the best practice for the analysis of this kind
of data, which nevertheless represents a large share of geospatial information adopted in scientific
as well as in socio-economical studies.

Besides the theory, ESDA relies on various software implementations which is a strong
triggering factor for spreading the usage of these techniques. One of the most famous ESDA
package is included in the proprietary software ArcGIS (https://www.arcgis.com), other
interesting Free and Open Source Software (FOSS) applications are the Exploratory Spatio-
Temporal Analysis Toolkit (ESTAT) (http://www.geovista.psu.edu/ESTAT), the Space-Time
Analysis of Regional Systems (STARS) (http://regionalanalysislab.org/index.php/Main/STARS)
as well as the PySAL Python Library (Rey & Anselin, 2010).

In this work we present the implementation of a first prototype plugin to enable the use of
some PySAL ESDA tools -i.e. Hotspots analysis with Gi* local statistics (Getis & Ord, 1992)-
inside QGIS (www.qgis.org); one of the most famous and widely adopted FOSS GIS. The
purpose is both, to facilitate the access to this particular type of spatial analysis for users with no
advanced programming skills -by exploiting the user-friendly QGIS environment- as well as
contributing to the growth of the mapping capabilities of this FOSS GIS software.

PLUGIN DEVELOPMENT

QGIS is not only a GIS software; it is also a geospatial programming environment, which can be
used to build geospatial applications using Python. While QGIS itself is written in C++, it
includes extensive support for Python programming (Westra, 2014). QGIS Python plugins are
based on the Python bindings of Qt framework, which are called PyQt. Specific operations such
as load data sources into layers, manipulate and export maps, etc. are available directly from
PyQGIS which is the Python package included in the QGIS default installation. On the other
hand, external Python Libraries need to be imported in order to make them available into QGIS.

The presented plugin is based mainly on PySAL (http://pysal.github.io), which allows to
compute Gi* statistics. Other required libraries are SciPy (https://www.scipy.org), NumPy
(https://www.numpy.org) and Pyshp (https://pypi.python.org/pypi/pyshp). All these libraries are
not included in the default QGIS installation and therefore, they need to be installed to make the
plugin run. Both documentation about the installation procedure and the source code were made
available on GitHub (https://github.com/stanly3690/HotSpotAnalysis_Plugin). 

PLUGIN FUNCTIONALITIES

Hotspot analysis plugin requires a point shapefile as input having -at least- three correctly
assigned attributes which are X, Y projected coordinates -in two separated fields of the attribute
table- and a positive numeric attribute. X and Y projected coordinates can be computed by using
QGIS field calculator while the positive numeric attribute has to be assigned to any point
depending on the user's analysis purpose. Example of this numerical attribute are census data,
number of registered crime cases, house prices etc. This information has to be assigned to a
pointwise location representative for a parcel of the area under investigation (e.g. city blocks for
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cities, municipalities for regions, regions for countries etc.). A common choice is to aggregate
events or incidental points (i.e. pointwise information with no associated numerical attribute) by
counting the events registered at any user selected parcels. When a multi-polygon shapefile
containing this information is available, it is possible to create a point shapefile representative for
any parcel (i.e weighted points) by using the Polygon Centroids plugin, included in the Geometry
tools of QGIS. At this point, it is possible to run Hotspot analysis plugin by specifying the
required attribute fields and a distance threshold, as shown in figure 1. This latter is needed in
order to assign Z-scores of the GI* local statistic as well as p-values of the null-hypothesis (i.e.
complete spatial randomness) to any point of the dataset by looking at its neighborhoods in a
defined region around the point (see e.g. Getis & Ord 1992). 

The plugin includes a semi-automatic optimization for the distance threshold selection which
allows to estimate the best threshold to adopt based on the Moran’s I index (see e.g. Ord & Getis,
1995). Moran’s I statistics is included in the PySAL – ESDA tools. The user is asked to specify a
distance interval and a distance step with the same units of measure of the projected coordinates
system adopted for the input point shapefile. The plugin tests all the distances within the interval
by steps and looks when Z-score of Moran’s I is maximum. This indicator allows to estimate
distance at which the dataset shows higher cluster intensity. The associated distance is used to
compute Gi* statistics. The output shapefile contains the three required input attributes in
addition to the Gi* Z-score and the p-value, computed at any point location. Combining this two
values it is possible to identify if a point is a hotspot or a coldspot. Reference values for Z-score
and p-values are associated with the standard normal distribution and the thresholds adopted
depend on the specific level of confidence at which the analyst is interested. 

An example of hotspot classification is available as a Style Layer Definition (SLD) file for
QGIS -together with a test input point shapefile- inside the GitHub plugin repository
(https://github.com/stanly3690/HotSpotAnalysis_Plugin/tree/master/test_data). 

Figure 1. Hotspot analysis plugin interface.
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PLUGIN APPLICATION: SENSING ATTRACTIVE LOCATION FOR 
SLOW-MOBILITY ACTIVITIES USING USER GENERATED CONTENT

An interesting application of Hotspot analysis is the detection of atypical concentration of social
media data or user generated content within a region. In this example, the purpose was to identify
attractive locations for slow-mobility activities starting from users generated content posted on
community Web platforms. 

The community platform selected was Wikiloc (http://www.wikiloc.com) due to its type of
content which are GPX tracks related to outdoor activities (e.g. hiking, biking, running, etc.).
This test was carried out with three months of data -from September to December 2015- for the
Lombardy Region (northern Italy). GPS waypoints were extracted from the Wikiloc GPX tracks
and stored in a PostgreSQL/PostGIS (http://postgis.net) database table. Waypoint timestamp was
also stored in the database enabling distinctions between waypoints register during weekdays and
weekends. 

The main focus of the analysis was to understand if the waypoints concentration showed
specific spatial patterns inside the study area, in order to identify the most visited locations. One
of the most common tools to visualize where a higher density of pointwise data occurs in space is
the heatmap. QGIS includes a specific plugin to compute raster heatmaps
(http://tinyurl.com/zlp5chr) and therefore this analysis option was initially considered and tested.
Heatmaps were created by differentiating GPS waypoints registered during weekdays and
weekends. Resulting maps are reported in figure 2. 

Figure 2. High density clusters extracted from
heatmaps of the Wikiloc GPS waypoints registered in

weekdays (yellow) and weekend (red). Orange patches
represents overlapping clusters. Pixels in the clusters

have density values higher than the mean added to the
standard deviation from each heatmap.
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The main drawback of using heatmaps lies in the fact that both, the type of density function and
the visualization parameters -adopted to produce the output map- strongly affect the result.
Moreover, density maps such as heatmaps can identify where data clusters exist but not if these
are statistically significant. 

For these reasons, the Hotspot analysis plugin was involved in order to make less subjective
the interpretation of the results. Due to the regional scale at which the analysis aimed to, the
territorial parcels selected for data aggregation were the municipalities. The count of waypoints
falling into any municipality area was assigned as attribute to the municipalities shapefile (see
figure 3). A point shapefile was then created by computing the municipality centroids. Centroids
X and Y projected coordinates were also assigned as attributes.

Hotspot analysis was then performed, highlighting important differences between hotspot
patterns during weekdays and weekend (see figure 4), as well as identifying most attractive
locations (i.e. hotspot clusters) for slow-mobility within the Lombardy Region, according to
user’s activities (Brovelli, Oxoli & Zurbarán, 2016). 

Figure 3. Zoom on some of the GPS waypoints (yellow
triangles) scattered over the Lombardy Region

municipalities (light blue polygons). The count of
waypoints within any municipality is assigned as attribute

to the municipality centroids (red dots). 
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By comparing results from heatmaps and Hotspot analysis, it is possible to notice that while the
high density cluster patterns follows in general the hotspot patterns, some of the high density
clusters lie within not statistically significant or even coldspot locations. This evidence proved
the utility of Hotspot analysis for a more robust and precise identification of density clusters and
-in turn- of attractive locations. Moreover, the possibility to perform these two different spatial
analyses within a unique GIS software was also a valuable factor in order to speed up the analysis
process and to enhance critical results comparison, which are key topics from the user’s
perspective. 

CONCLUSION AND FURTHER IMPROVEMENTS

Potential applications of the Hotspot analysis -or more in general of the ESDA- are broad and
helpful for manifold scientific fields. The possibility to perform this kind of analysis within QGIS
represents a valuable incentive to boost the use of this FOSS GIS among a larger user
community. The inclusion of PySAL into QGIS represents a meaningful objective in order to
strengthen the capabilities of this software. 

The presented plugin, besides being currently a prototype, aims exactly to bring new, fresh and
ready-to-use geospatial functionalities to QGIS users. Therefore, further improvements will focus
on refining the work done for the Hotspot analysis plugin; first through dependencies reduction
by substituting some of the external libraries functionalities with available PyQGIS APIs and then
through the inclusion of other ESDA tools from the PySAL core library. 

Figure 4. Hotspot analysis applied to the centroids layer for the entire
region. Different colors are used to distinguish between hotspots and

coldspots according to the computed Z-score and p-value.
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ABSTRACT

Among  the  different  techniques  for  atmosphere  monitoring,  the  GNSS  (Global  Navigation
Satellite System) can provide an innovative contribution (Bevis et al., 1992; Crespi et al., 2004;
Sguerso et al., 2013, 2015). The Laboratory of Geomatics, Geodesy and GIS of the University of
Genoa has identified a GIS procedure and a simplified physical model to monitor the Precipitable
Water Vapour (PWV) content, using data measured by existing infrastructures. The starting points
are  local  estimations  of  Zenith  Total  Delay  (ZTD)  from a  GNSS Permanent  Stations  (PSs)
network,  a  Digital  Terrain  Model  (DTM)  and  local  Pressure  (P)  and  Temperature  (T)
measurements (Sguerso et al., 2014; Ferrando et al., 2016). The present paper shows the study of
the most appropriate interpolation technique for P and T data to create PWV maps in a quick,
stable and automatic way, to support the monitoring of intense meteorological events for both a
posteriori  and  near  real-time  applications.  The  resulting  P  and  T  maps  were  compared  to
meteorological re-analysis, to check the reliability of the simplified physical model. Additionally,
the Regression Kriging (RK) was employed to evaluate the data correlation with elevation and to
study the applicability of the technique.

Keywords: Environmental data interpolation, Meteorological re-analysis, Regression kriging

INTRODUCTION

To understand the role of Precipitable Water Vapour (PWV) in monitoring severe meteorological
events, 2D distribution of P and T has to be produced starting from local observations: this is
made possible by means of data interpolation and a simplified physical model, owned by the
Laboratory of Geomatics, Geodesy and GIS (Sguerso et al., 2014; Ferrando et al., 2016), already
applied in few test cases.

The  choice  of  the  most  appropriate  interpolation  technique,  according  to  the  spatial
distribution  of  data,  is  surely  a  key  issue  (Hutchinson,  1998;  Boer  et  al.,  2001).  Different
interpolation techniques were employed, in order to find the most suitable for automatic and fast
interpolation. Additionally, the interpolated P and T maps were compared with P and T fields
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coming from re-analysis,  produced by meteorological  model  analysing  past  events  using the
whole set of measured meteorological data. The case study is the severe meteorological event
occurred on 4th November 2011 in Genoa (Italy).

The adequacy of the interpolation technique to reproduce P and T fields is treated in the first
two sections. The final section is dedicated to the geostatistical interpolation of data by means of
Regression Kriging (RK).

DATA AND DETERMINISTIC INTERPOLATION TECHNIQUES

53 Pressure and 58 Temperature NOAA meteorological stations (www.noaa.gov) were used for
the interpolation. Figure  1 shows the spatial distribution of P (circles) and T (crosses) stations,
covering approximately north-west of Italy and the French-Italian border region, with a mean
spacing of 150 km. 4 stations, called “checkpoints” and displayed in Figure 1 as small triangles,
were excluded in the interpolation and used to verify the accordance between interpolated and re-
analysed fields.

The interpolation was carried out at a resolution of about 3.5 km, accordingly to the one used
for re-analysis. 

The 2D maps were obtained by Inverse Distance Weighted (IDW), Regularized Spline with
Tension (RST) and Triangulated Irregular Network (TIN) techniques using the  free and  open-
source GIS software GRASS. The obtained maps for P and T are shown in Figure 2, on top and
bottom respectively.

Figure 1. Distribution of P (circles) and T (crosses) stations. The transept crossing the
checkpoints (small triangles) is displayed in red.
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COMPARISON WITH RE-ANALYSIS

Two different comparisons were carried out for the interpolated maps obtained in the previous
section: along the transept to locally check the adherence with the re-analysis and measured data,
and 2D differences maps between the re-analysis and the interpolated fields to evaluate the global
behaviour in the study area. 

1D comparison: behaviour along the transept
The transept passes across meteorological station (the checkpoints). Figure  3 shows the values
along the transept of P and T respectively, for IDW, RST, TIN, re-analysis and NOAA observed
data.

The interpolated maps seem quite  similar  along the  transept.  The accordance between re-
analysis, observed data and interpolated fields is good, in the checkpoints too, showing that it is
possible to obtain P and T fields even from sparse data. The major differences occur in high
altitude areas,  probably due to  the generalization of the adopted model.  P seems to be more
complying to re-analysis and observed data than T. Focusing on the checkpoints, the maximum
difference between re-analysis and interpolated fields are around 40 hPa in checkpoint 2 for all
the applied techniques, and 4 K for checkpoint 4 for TIN. 

It should be noted that on checkpoint 2 there is a disagreement between re-analysis and P
observed data, this is maybe the cause of the previously mentioned high differences. Finally, high
differences can be noticed on the edge regions, due to the different behaviours of the interpolation
techniques. 

Figure 2. P (top) and T (bottom) fields obtained using IDW, RST and TIN interpolation
techniques.
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2D comparison: difference maps

The higher differences are located in high altitude areas,  both for P (top of Figure  4) and T
(bottom of  Figure  4)  and  in  the  edge  regions,  confirming  what  previously  noted  along  the
transept.

Especially in  T maps,  differences  due  to  the  patterns  of  interpolators  can  be  seen.  These
differences are in the order of few K, thus they are not considered influential in the description of
the field. Differently, as shown in the top of Figure  4, not negligible differences (max=66 hPa;
min=-85 hPa) are present in P field around Genoa. This could be caused by the generalization of
the simplified model, not capable to describe local strong variations and to the absence of P data
in the area. As already noted (Ferrando et al., 2016), the presence of these differences doesn’t
influence the interpretation of PWV and its evolution in time, thus the procedure is considered
reliable for severe meteorological events monitoring. Again, the global behaviour of the different
interpolators  seems to  be  similar,  except  for  the  already mentioned patterns,  typical  of  each
technique. 

Figure 3. P (top) and T (bottom) values along the transept.
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Considering the application of this procedure in near real-time, the interpolator should be fast
and automatically adjustable to the different network configurations that may change in time. For
this reason, TIN interpolator, available as GRASS add-on by means of r.surf.nnbathy module
(Sieczka and GRASS Development Team, 2006; GRASS Development Team, 2016), was chosen
to produce PWV maps, for its adaptability and for not needing to calibrate additional parameters.

In the next section, a geostatistical analysis for P and T data is performed. 

GEOSTATISTICAL INTERPOLATION

P and T data show a strong correlation with elevation as Figure  5 shows. For such reason, the
Regression Kriging (RK) (Hengl et al., 2007) could be the best interpolation technique as it is
able to use elevation information as base data for interpolate Pressure and Temperature values.
The ASTER GDEM digital elevation model has been used as raster layer providing the auxiliary
variable in order to interpolate the regression residuals. 

Figure 4. P (top) and T (bottom) differences with re-analysis.
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The goodness of the RK analysis could be observed in Figure 6: on the left, the bubbles of the
cross  validation  procedure  of  IDW,  using  5  k-folds;  on  the  right,  the  bubble  plot  of  RK
interpolation. It turns out how the IDW has a range of errors much wider than RK, also the
location of residuals error is not similar in both cases: IDW shows biggest errors in Alpine and in
Apennines regions, whereas RK shows the biggest residual errors only in Alpine region. 

The  RK  interpolation  has  been  implemented  into  the  free and  open-source R  statistical
software (R Core Team, 2016) using gstat and intamap packages (Pebesma, 2004; Pebesma et al.,
2010). In particular, a R code has been produced to run the procedure automatically. The code is
able to load P and T data, execute the variogram analysis of the dependent variables on auxiliary
variables (elevation from ASTER GDEM) and compute the interpolated raster for P and T and
relative map of kriging errors.

Figure 5. Correlation between P and T values versus elevation data.

Figure 6. Bubble plots comparing the IDW (left) and RK interpolation methods (right) using a 5
k-folds cross validation procedure.
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CONCLUSIONS AND FUTURE DEVELOPMENTS

A deep analysis of the different interpolation techniques was carried out, in order to find the most
appropriate  for  near  real-time  applications  too.  Despite  the  difficulties  due  to  the  sparse
distribution of P and T data and the considerable orographic effect, the simplified physical model
implemented by the Laboratory of Geomatics, Geodesy and GIS is reliable to produce 2D PWV
maps with good adherence to re-analysis. The geostatistical analysis of data helped in analysing
the correlation between data and elevation, computing the interpolated maps and evaluating the
errors. 

The comparison between P and T Kriging maps, the deterministic interpolated maps and the
re-analysis will be carried out in the future complete paper.
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ABSTRACT
Face to the urban resiliency two major environmental threats are widely recognized: the increas-

ing summer air temperatures and the soil consumption that affects a large number of city in Italy. The
work have the goal to present preliminary the actual Heat Summer Risk defined by using Crichton’s
Risk Triangle (Crichton, 1999) on the second Italian level of administration (ADM2 - Province).
For each administrative unit we have considered as hazard layer the most recent trend of summer air
temperature assessed (1980-2014); the exposure layer is individuated by the amount of population
living in each province and finally as vulnerable layer the mean degree of soil consumption expressed
in percentage was considered. Thanks to these information Crichton’s methodology are able to give
a quantitative risk value index further classified in five risk class. Data sources was provided by
several authoritative institutions : (i) ISPRA (Italian National Institute for Environmental Protection
and Research) that provide data about density of soil consumption for 2015 as reported in the Soil
Consumption Report 2016; (ii) ECAD (European Climate Assessment & Dataset) that gives detailed
historical daily climatic layers (E-OBS 1950-2015 v 13.0); (iii) ISTAT ( Italian National Institute of
Statistics) that provides the last updates on Italian population data (2016). The results was mapped
and presented. All computations was carried out in R-STAT environment by using different library
available for Spatial and Trend Analysis. Data and code are released in public repository.

Keywords: Climate changes, Soil consumption, Urban Resiliency, Italy

INTRODUCTION
Following the definition of risk ”The probability of harmful consequences or expected losses
resulting from a given hazard to a given element at danger or peril, over a specified time period”
provided by European Commission (Schneiderbauer and Ehrlich, 2004), it is hard do not taken into
account the last claims reported by the IPCC 5th Assessment Report (IPCC AR5) concerning the
heat wave phenomenon and the summer temperature increase over the Mediterranean area (IPCC,
2015; IPCC and Pachauri, 2015). Is it possible to define a specific ”Heat Summer Risk”? The
climate literature confirms that Mediterranean area are under pressure in regard to the increase of
summer temperature (Diffenbaugh et al., 2007; Bartolini et al., 2008; Kuglitsch et al., 2010; Bartolini
et al., 2012). The related phenomena of heat-wave, defined as a prolonged period of excessively
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hot weather, becomes frequent after 1998 and now are more clearly defined in terms of temperature
threshold, spatial and temporal extension (Stefanon et al., 2012; Russo et al., 2015). Heat-waves are
the climatic driver of the increase of air summer temperature and the risks associated are potentially
significant for human health. When summer temperature are higher than normal climatology many
sectors of society and environment are deeply involved. Surely health care sector and work insurance
are the first ones impacted by a modified climatic summer heat risk (Morabito et al., 2006; Kovats
and Kristie, 2006; McMichael et al., 2006; Morabito et al., 2012). Higher summer temperature
are costly and a very good parameter to evaluate its economic impact is the growth of electric
consumption that have strong relashionship with high temperature (Le Comte and Warren, 1981;
Vardoulakis et al., 2013; Fu et al., 2015). During hot periods air-cooling electrical devices add a
considerable peak demand on electrical utility grids (Liang et al., 2016). Undoubtedly the impact of
the increasing heat in summers depends in large measure by the quality of city urbanization and the
buildings characteristics and in particular their thermal performance (Kapsomenakis et al., 2013;
Petralli et al., 2014). Urban design defines spatially, at the city scale, the risk for people(Morabito
et al., 2015). Recently it is pointed that exist a significant role played by soil consumption in urban
areas as the key factor to determinate the thermal state in Italy (Morabito et al., 2016).The public
attention on soil consumption in Italy is grown thanks to the publication of Soil Consumption Report
by ISPRA (ISPRA, 2014). This important environmental topic has been largely investigated not
only Italy (Munafò et al., 2013a; Salvati, 2013; Munafò et al., 2013b; Salvati et al., 2013) but also
in Europe (Hennig et al., 2015) and represent an important factor of vulnerability. Analyzing all
claims reported in literature seems important to build a resuming indicator of the heat summer heat
risk because its impact is strongly heterogeneous in the urban environment and very complex. A
simple Heat Summer Risk Index is proposed in this work and could be suitable to evaluate a spatial
representation of this kind of risk useful for land-use decision-makers for promoting an efficient soil
sealing management in urban environments.

DATA AND METHODS
Three data source are used in the work: (i) the ISTAT (Italian National Institute of Statistics) popula-
tion data valid at 01-01-2016 and available at website http://demo.istat.it/pop2016 1; (ii) ISPRA (Ital-
ian National Institute for Environmental Protection and Research) soil consumption data relative to
2015 at provincial scale expressed as percentage on entire surface 2; (iii) the ECA&D ( European Cli-
mate Assessment and Datasets) E-OBS mean air temperature climate gridded layers (Haylock et al.,
2008) that are available at website: http://www.ecad.eu/download/ensembles/download.php.From
the ISTAT web data- portal the geographical bounds of Italian provinces are available and are freely
available at http://www.istat.it/it/archivio/124086. These ones are used to perform a data extraction
on E-OBS climate layers obtaining the mean daily air temperature for each Italian provinces covering
the period starting from 1980 to 2015. The extraction of data was performed by using R raster
package (Hijmans, 2015). The average daily summaries were aggregated seasonally ( July, August
and September) creating a set of 20 annual time series. For each temperature series a non-parametric
trend analysis was performed by using R trend packages (Pohlert, 2016). For every province it
was estimate the annual Sen’s slope of summer mean air temperature (Sen, 1968). These values
are the temperature’s linear trend relative to 1080-2015 and they are scaled to decennial variation
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(degC/10Years) 3. Having these three data layers the Crichton’s methodology has been applied to
calculate the Summer Heat Risk Index (SHRI) working only on the normalized data. The normaliza-
tion was used to obtain the layers of hazard (Summer Temperature trend), exposure (Population)
and vulnerability (percentage of soil consumption) on the same scale (0 to 1) by dividing each value
of an individual layer by the range of variability. The following step was the combination of the
normalized layers through a weighting procedure. More general expression 1 and SHRI formulation
2 are here presented.

Risk = (0.5∗Vulnerability+0.5∗Exposure)∗0.5+Hazard ∗0.5 (1)

SHRI = (0.5∗Norm Perc Soil +0.5∗Norm Population)∗0.5+Norm T trend ∗0.5 (2)

To avoid subjective manipulation, all weightings were kept equal. Population layer are linked
to Soil Consumption so the exposure and vulnerability layers were combined in a single “ex-
posed and vulnerable” layer (each weighted at 50%) that which was then combined with the
hazard layer (weighted at 50%). SHRI varies from 0 and 1 and represents a risk evaluation
face to the hazard considered. The final province-specific mapping visualization was created
by splitting the SHRI values into five equal-risk levels: very low (SHRI ≤ 0.2), low (0.2 <
SHRI ≤ 0.4), moderate (0.4 < SHRI ≤ 0.6), high (0.6 < SHRI ≤ 0.8), and very high (SHRI > 0.8).
Graphical environment for maps was done by using JavaScript Leaflet Library available trough
the R leaflet package (Cheng and Xie, 2016).The code and repository is available at website
https://github.com/alfcrisci/ogrs 2016 SHRI paper.

RESULTS AND DISCUSSION
The final map 4 describe a well-defined pattern of the Summer Heat risk existing actually in Italy.
The provinces with the greatest SHRI were those including the largest cities such as Rome, Naples
and Milan. These areas are more localized in Italian territory. Many other northern and southern
areas also exhibited a high SHRI level. Central areas, with the exception of Rome, and mountain
areas (on the Alps and Apennines) seems less vulnerable, showing a general low level of SHRI.
SHRI Italian pattern has deep implications for policy making, suggesting that each city’s climate and
soil consumption, must be considered into climate change mitigation strategies (Fu et al., 2015).The
significant trends in climate variables as temperatures due tell us that urban areas are facing a strong
adaptation imperative (Carter et al., 2015).
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Figure 1. ISTAT Italian Population data by Province. OSM baselayer ” c© OpenStreetMap
contributors”.
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Figure 2. ISPRA Percentage of soil consumption by Province. OSM baselayer ” c© OpenStreetMap
contributors”.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

234



Figure 3. Summer mean air temperature trend by Province 1980-2015. OSM baselayer ” c©
OpenStreetMap contributors”.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

235



Figure 4. Summer Heat Risk Index (SHRI) classes by Province.OSM baselayer ” c©
OpenStreetMap contributors”.
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ABSTRACT
New challenges in the efficient management of cities depend on a deep knowledge of their inner
structures. It is therefore very important to have access to reliable models of cities characteristics
and organization. This paper aims at providing and validating a stochastic modelization based on
statistical data of buildings parameters which can be useful as an entry for many other models
considered in a wide range of fields where buildings structure is a main factor of a thorough
modelization of cities. The interest of such an approach is highlighted through the detection of
errors in the data or as a tool for visual clustering.

Keywords: Building size distributions, building geometry, statistical modelization, R language

INTRODUCTION
As quoted by Michael Batty in 2008 ([2]) but still up to now “ hardly any work exists on the properties
of spatial distributions within individual cities” and particularly in what concerns buildings. A better
knowledge of analytical properties of buildings is necessary in order to manage the key problems of
to-day cities, in the sense that buildings support an important part of the general problems concerned
by sustainable development and urban planning.

The usual way to manage building information in physical models is rather analytic and indeed
not many work has been done on stochastics approach in this field.

The aim of the present talk is to provide elements of stochastic modelization of building
characteristics with a special emphasize on size (area, height,...).

The level of modelization is the individual level, i.e. the building is considered in itself. Of
course, a higher level, specially a spatial level should also be considered to cope with spatial
organization structures, but this level is highly depending on the first level analysis coped with in
this paper.

This type of modelization appears to be necessary (and relatively efficient) for :

• quality of initial data (corrections, normalizations,...),

• enrichment of data,

• classification (supervised of unsupervised) of city (districts),

the last point probably requiring a spatial modelization.
The study is concentrated on french urban areas but could be extended to other European

countries by means of suitable data thanks to the french ANR project MAPUCE :
http://www.cnrm-game-meteo.fr/spip.php?article787&lang=fr.
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DATA
Though the general framework of this study concerns french urban areas, the data studied are
restricted to some specific french cities. The initial data treatments are indeed rather heavy due to:

• the number of buildings,

• the necessity to control even roughly data quality,

• the need for an expert knowledge

• the specificity of the calculations.

Data come from french topographic data base: BD-TOPO. In this data base, each building is
represented as a geometrical object and more precisely as a polygon (figure 1).

Classical spatial operators are then applied to these raw data in order to extract spatial attributes
(or variables) from perimeter, area, up to convexity index and fractal dimension,...

Figure 1. Representation of the GIS buildings layer

The study has been focused on five mid to big french cities:
City Area km2 Inhabitants nr (2013) Buildings nr
Annecy 13.65 52 029 37 271
La Rochelle 28.43 74 344 78 896
Mulhouse 22.18 112 063 126702
Nantes 65.19 292 718 262643
Vannes 32.30 53 032 16448
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DATA ANALYSIS
The whole data analytics is supported by the R language for statistical analysis. The area is the
main variable studied. The initial data analysis reveals a high skew-symmetry of this variable when
narrow binned histograms are considered.

Such skew-symmetries suggest the use of a logarithmic transformation which better reveals the
essence of the phenomenon involved as represented in figure 2.
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Figure 2. Histograms of log-transformed data

These histograms (figure 2) let appear a relative but meaningful multi-modality which can be
important in some cities (for instance Mulhouse). The rather sharp distribution suggest that a
gaussian model, usually considered by non specialists, is unsuited. Moreover, it seems that the
slopes of left and right parts of the distributions are somewhat different. A thorough study of the
data is then necessary.

LITTERATURE MODELS
Size models have been widely used in the literature but as quoted before not for within cities studies
and particularly for buildings studies.

First attempt to modelize size variables have been proposed for particles and then extended to
other topics. The main models considered are the followings:

• Weibull or Rosin Rammler distribution is a useful distribution for representing particle size
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distributions generated by crushing operations. Its density is:

f (x,λ ,k) =
k
λ
(

x
λ
)k−1 exp−( x

λ
)k

with K, λ shape and scale parameters.

• Log Normal distribution is often used to approximate the particle size distribution. Its density
(on a logarithmic scale) is:

f (x) =
1

σ ∗
√

2π
exp(−1

2
(
x−µ

σ
)2)

• Log Hyperbolic distribution was proposed by Bagnold and Barndorff-Nielsen ([1]) to model
the particle-size distribution of naturally occurring sediments.

1

2δ
√

1+π2K1(ζ )
exp−ζ

√
1+π2

√
1+(

x−µ
δ

)2−π(
x−µ

δ
))

where K1() is the modified Bessel function of the third kind and order 1.

• Log skew Laplace model was proposed by Fieller, Gilbertson and Olbricht ([3]) as a simpler
alternative to the log-hyperbolic distribution. Its density (on a logarithmic scale) is:

f (x) =





( 1
α+β ) exp(µ−x

α ), x≤ µ

( 1
α+β ) exp(x−µ

β ), x > µ

with α and β the left and right slopes, in the symmetric case α = β

• Log double Pareto distribution appears also to be suitable as it is easier to manage than
hyperbolic. Its density (on a logarithmic scale) is:

f (x) =





= θ
2β ( x

β )
θ−1, 0 < x≤ β

θ
2β (β

x )
θ+1, x > β

Distributions functions are either power-law or exponential. The model complexity comes from
the number of parameters. Four out of these five models are based on logarithmic transformation.
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Figure 3. Comparison of fitted distributions

COMPONENT MODELIZATION
The search for a suitable model for individual components identified in the population is rather
difficult in presence of other mixed components. As seen on the histograms presented above, there
is fortunately a major component corresponding to the bigger sizes. It is therefore possible to
isolate such components in each city and to perform an analysis of the type of decreasing frequency
distribution in order to choose the best model. Among modelization tested (see figure 3), Weibull
and Log Normal appear to be poorly efficient. On the other hand, Log Hyperbolic is not suited for
modelling tails. Attention is then restricted to the two remaining distributions which, though not
optimal appear more relevant than the usual models.
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MIXTURE PARAMETER ESTIMATION

Once selected the appropriate model for any of the components, it is possible to modelize the data
by a mixture of such components. The remaining problem consists in estimating the individual
parameters of each component and the proportion (or conditional probability) of each (minus 1 due
to the normalization constraint).

This has been done by maximum likelihood estimation for the Log Laplace case which is indeed
easier to manage than Log hyperbolic case. An algorithm based on expectation-maximization has
been developed and applied to the five cities data. A set of R functions has been developed to ease
the use of these techniques. When applied to Vannes city, the optimal clustering let appear 6 classes
segmented as in figure 4.
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Figure 4. Histogram : log-transformed data of Vannes

APPLICATION

The clusters identified can then be studied individually in order to visualize their locations in the
city. In the case of one of the Vannes clusters, as shown in figure ??, a strange aggregate of point is
revealed. After thorough examination of the initial data, it appears that these points correspond to
messy data.
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Figure 5. small size cluster location

The clustering procedure can also help to identify a spatial structure of cities. Still in the case of
Vannes, a graphic of the different clusters (see figures 6 and 6) shows this type of structure and is
therefore useful for a visual clustering of cities.

Figure 6. Representation of the different class
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Figure 7. Zoom

CONCLUSION
An initial data analysis of the buildings size variables let appear to majors problems that should be
tackled when trying to create indicators for further analyis:

• a high skewness which usually disappear with logarithmic transformation,

• a high level of structuration in subpopulations which is generally revealed by multimodality.

This last point has nevertheless some advantages when dealing with clustering of cities.
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ABSTRACT

Geographical  Information  Systems  (GIS)  are  considered  to  be  applications-led  technology.
Consequently,  geographic  information  scientists  commonly  find  themselves  as  guest  in  host
disciplines in order to best exploit spatial analysis tools and methods, appropriately guided by
experts  in  the  field.  An  example  is  population  genetics  in  evolutionary  biology.  Genetic
information  being  linked  to  living  organisms  can  be  partially  characterized  by  geographic
coordinates. A research field named landscape genetics emerged at the intersection of genetics,
environmental and geographic information science.  Geocomputation and programming efforts
carried out with the help of open sources technologies and dedicated to the analysis of genetic
data gather together a key scientific community whose goal is to extract new knowledge from the
present data tsunami caused by the advent of high throughput molecular data and of new sources
of high resolution environmental data. While the level of sophistication of the population genetics
functions included in the analytical frameworks developed until now are cutting-edge, advanced
geo-competences are also required to reinforce the spatial side of this discipline. They will be
particularly useful in conservation programmes for wildlife preservation, but also in farm animal
genetic resources conservation.

INTRODUCTION

GIScience is inherently interdisciplinary, being a field that provides tools useful through their
application to solving problems within other disciplines. Indeed, it has long been applied for a
multiplicity of uses in land survey, hydrology, archeology, anthropology, transportation, etc. In
this  sense,  Geographical  Information  Systems  (GIS)  are  considered  to  be  applications-led
technology (Longley et  al.,  2015). Consequently,  geographic information scientists commonly
find themselves as guest in host disciplines in order to best exploit spatial analysis tools and
methods, appropriately guided by experts in the field. 
An example is population genetics in evolutionary biology. Indeed, people, animals, plants, are
dispersed  in  space  and  interact  in  that  space.  Genetic  information  being  linked  to  living
organisms can therefore be partially characterized by geographic coordinates. The pairing of both
genetic and spatial information is very well illustrated by the «Genographic» project, launched in
part by The National Geographic Society and the IBM Corporation with the goal of collecting
and analyzing more than 100’000 samples of DNA in order to trace the origins and to map the
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movement of humans during the last 60’000 years (https://genographic.nationalgeographic.com).
The  idea  was  also  popularized  by Luigi  Cavalli-Sforza  and colleagues  in  «The  History and
Geography  of  Human  Genes»  (Cavalli-Sforza,  Menozzi  &  Piazza,  1994)  in  which  they
systematically  relied  on  geographical  maps  to  show  how  the  frequency  of  human  genes  is
evolving  from  one  population  to  another  across  the  world.  But  exploiting  the  geographic
dimension of genetic data was not new. Indeed, Sewall Wright and other cofounders of the field
of population genetics considered geographics in their work from the 1930s (Epperson, 2003), as
they were  studying the  distribution  of  allele  frequencies  under  the  influence  of  evolutionary
forces (natural selection, genetic drift, mutation and migration). Basically, the main use of spatial
information was to calculate geographical distances for comparison to genetic distances. Since
then, there has been much advance on the notion of geographic distance towards more realistic
and sophisticated tools, as demonstrated by Kozak et al. (2008) in their paper on the integration
of GIS-based environmental data into evolutionary biology.

Here our intention is far from proposing an exhaustive review of the research that took place at
the intersection of genetics, environmental and geographic information science, and that mainly
came within the scope of a broad discipline named landscape genetics (Manel et al., 2003; and
see a review in Sork & Waits, 2010). Instead we shortly describe some applications to stress the
importance of geocomputation in spatial genetics, and in particular of the developments carried
out  with  the  help  of  open  sources  technologies.  The  latter  gather  together  a  key  scientific
community active at the intersection of computer science, evolutionary biology (to keep it broad)
and geographic information science. In 2004, Marturano & Chadwick (2004) already mentioned
that there was “no new genetics without computer science”; in 2016 this is truer than ever when
(georeferenced) whole genome sequence data are up to become the standard to analyze. 
Marturano & Chadwick also observed that open molecular data (see http://nextgen.epfl.ch/ for
example) and open-source bioinformatics software were determining factors likely to enable the
translation of  huge amounts of data into medical or social advances. In the following sections,
we selected examples  to illustrate  four main categories  of applications in which open-source
computational landscape genetic solutions can be distributed: a) the simple use of geographic
coordinates for map production, distance calculation, or barrier detection; b) the simulation of
spatially distributed datasets constrained by diverse biological criteria and gene flow modeling; c)
the determination of population structure; and d) the detection of signatures of natural selection in
the genome of investigated species.

SIMPLE USE OF GEOGRAPHIC COORDINATES

The Geographic Distance Matrix Generator (Ersts, 2016) is a simple example to illustrate what
kind of geo-service biologists may need. Analyses in phylogeography for instance may require to
detect patterns in the distribution of genetic variation across different spatial scales, taking into
account a common process named isolation by distance (IBD) and under which genetic similarity
decreases with geographic distance. The Geographic Distance Matrix Generator is a platform-
independent  Java  application  that  computes  all  pair  wise  distances  from  a  simple  list  of
geographic coordinates. With more functionalities, GenGIS (Parks et al., 2013), is a free and open
source software able to integrate biodiversity information and to display it on geographic maps. It
includes  calculation  of  alpha-diversity  like  the  Shannon  index,  and  geovisualization  of
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dissimilarity matrices. In the same category, despite it is not an open-source development strictly
speaking (free software whose sources are available upon request), it is worth mentioning Barrier
(Manni, Guerard & Heyer, 2004), a software to compute geographic barriers from matrices of
genetic distances.

SIMULATIONS AND GENE FLOW MODELING

As landscape  genetics  is  in  part  dedicated  to  the  understanding  of  how geography  and  the
environment  structure  genetic  variation,  several  software  include  functions  able  to  analyse
processes  and  patterns  of  gene  flow,  and  to  identify  genetic  discontinuities  and  correlation
between the latter and landscape features. For instance, Circuitscape (Shah & McRae, 2008) is a
free  and  open-source  software  whose  originality  is  to  use  algorithms from electronic  circuit
theory  to  model  movement  patterns  and  gene  flow  in  animal  and  plant  populations  in  the
landscape.  Although this  program can be  called through an  ArcGIS Toolbox,  Circuitscape is
above all a regular Python package available from the Python packages repository. SimAdapt
(Rebaudo et al., 2013) is a spatially explicit and individual-based landscape genetic simulation
model.  It  can  be  combined  with  cellular  automata  to  analyse  evolutionary  processes  and
population dynamics in changing landscapes. Of particular interest here is the use of the NetLogo
environment, which is a free and open-source development environment for simulating natural
and social phenomena (read the interesting paper by Thiele & Grimm, 2010, on the pairing of
Netlogo with R). CDPOP (Landguth & Cushman, 2010) is a program to simulate gene flow,
genetic drift, mutations, and also selection in complex landscapes. It is able to take into account a
wide range of biological and evolutionary scenarios. CDPOP requires the Python2.7.x interpreter
and uses the NumPy and SciPy packages. 
And  finally,  one  can  also  mention  least-cost  modelling  approaches  to  provide  functional
landscape  models,  which  have  been  a  central  component  in  the  development  of  landscape
genetics (Holderegger and Wagner, 2008). An example is  «gdistance», an R package  providing
functionalities to calculate different distance measures and routes in heterogeneous geographic
spaces represented as grids (https://cran.r-project.org/web/packages/gdistance/).

POPULATION STRUCTURE

“Population structure” means that instead of a single continuous population of a given species or
breed,  populations  are  subdivided  in  some  way  (distance,  geographic  barriers,  etc.).  When
populations are subdivided, they can evolve apart and independently, and based on their proper
genetic  characteristics,  it  is  possible  to  distinguish different  population structures.  Population
structure  is  an  important  component  of  evolutionary  genetics,  and  several  software  were
developed  to  analyse  it.  TESS  (Caye  et  al.,  2016)  is  a  program  suited  to  detect  genetic
discontinuities in populations and to estimate individual genetic admixture proportions that vary
in the geographical space. The program is based on a spatially explicit algorithm that provides an
estimation of ancestry coefficients and it returns maps of geographical cluster assignments. TESS
was developed using CMake (https://cmake.org/), an open-source and cross-platform family of
tools designed to build package software; several R scripts come along with TESS for visualizing
results.  SPAGeDi (Spatial  Pattern Analysis  of Genetic Diversity)  is  a  computer package also
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developed  with  CMake  whose  goal  is  to  characterise  the  spatial  genetic  structure  of
georeferenced individuals or populations with the help of genotype data (Hardy & Vekemans,
2002). Finally, it is important to mention adegenet (Jombart, 2008) in this section, a R package
implementing a set of tools able to explore and analyse genetic data, and well illustrating the
usefulness of investigating spatial patterns of genetic variability.

DETECTION OF SELECTION SIGNATURES

Based on the concept of spatial coincidence, several approaches were developed in order to detect
signatures  of  natural  selection  within  the  genome of  studied  species.  The  principle  of  these
correlative  approaches  is  to  use  geographical  coordinates  to  compare  the  variation  of
environmental  features  with  the  frequency  of  specific  genomic  regions.  Some  of  them like
Sambada (Stucki et al., 2014) implement simple uni- and multivariate logistic regression models
enriched with spatial statistic functionalities (Moran’s I or local indices of spatial association,
Anselin, 1995). Sambada is written in C++ using the Scythe Statistical Library (Pemstein, Quinn
&  Martin,  2011)  for  matrix  computation  and  probability  distributions.  Others  are  more
sophisticated and take into account the structure of the populations investigated (see previous
section) in addition to the variance explained by a given environmental variable. For instance, in
LFMM (Frichot et al., 2013) population structure is considered in the model through unobserved
variables obtained by means of a variant of Bayesian principal component analysis (latent factors
mixed models). Interestingly, LFMM was developed in C and C++, but is also included in the R
package  named  LEA (Frichot  &  François,  2015),  which  is  broadly  dedicated  to  landscape
genomics and ecological association tests. Bayenv (Günther & Coop, 2013), SGLMM (Guillot et
al.,  2014),  and more  recently BayeScEnv (de  Villemereuil  & Gaggiotti,  2015),  and Baypass
(Gautier, 2015) constitute variants of the same approach.

THERE IS PLENTY OF ROOM FOR GEOSCIENTISTS!
Obviously there is plenty of room for geoscientists, not at the bottom as in the title of Richard
Feynman’s famous lecture, but in spatial genetics. Indeed, until now most of the programming
efforts in (open) computational landscape genetics were carried out by biologists, geneticists or
bioinformaticians.  It  is  true  that  the  main  field  of  interest  is  evolutionary biology,  naturally
attracting biologists with programming skills. Nevertheless, migrations, gene flow, adaptation,
etc.  are  processes  that  take place at  the surface  or  the earth,  with  an undeniable geographic
dimension. While the level of sophistication of the population genetics functions included in the
analytical frameworks developed until now in landscape genetics are cutting-edge, advanced geo-
competences  are  also  required  to  reinforce  the  spatial  side  of  this  discipline.  They  will  be
particularly useful in conservation programmes for wildlife preservation, but also in farm animal
genetic  resources  conservation  where  the  integration  of  many  different  thematics  (socio-
economy,  policies,  demography,  genetics,  environment,  etc.)  are  required,  involving
heterogeneous  types  of  data  at  different  geographical  scales  (Bruford  et  al.,  2015).  New
knowledge will be extracted from the present data tsunami  ̶  mainly constituted by the advent of
high throughput molecular data and new sources of high resolution environmental data  ̶  only if
innovative, transdisciplinary and efficient computing tools are developed with the contribution of
geoscientists ready to submerge themselves in evolutionary biology
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ABSTRACT
Forest trees cover just over 30% of the earth’s surface and are studied by researchers around
the world for both their conservation and economic value. With the onset of high throughput
technologies, tremendous phenotypic and genomic data sets have been generated for hundreds of
species. These long-lived and immobile individuals serve as ideal models to assess population
structure and adaptation to environment. Despite the availability of comprehensive data, researchers
are challenged to integrate genotype, phenotype, and environment in one place. Towards this
goal, CartograTree was designed and implemented as an open repository and open-source analytic
framework for genomic, phenotypic, and environmental data for forest trees. One of its key
components, the integration of geospatial data, allows the display of environmental layers and
acquisition of environmental metrics relative to the positions of georeferenced individuals. Currently,
CartograTree uses the Google Maps API to load environmental data. Limitations inherent to this API
are driving new development with a focus on functionality to provide efficient queries of numerous
environmental metrics.

Keywords: CartograTree, open data, open-source software, landscape genomics, genotype,
phenotype, environment, association mapping, forest trees, GIS.

BACKGROUND
Forest trees have a major ecological and economic impact worldwide. They are critical for CO2
sequestration, prevention of soil erosion, maintenance of watersheds, and promotion of biodiversity.
From an economic point of view, they are necessary for timber production as well as an alternative
source of biofuels. In light of climate change, populations of forest trees are being subjected to
longer droughts, as well as increased damage from introduced and native pests and pathogens. From
a production perspective, there is a desire to improve breeding populations through the identification
of loci contributing to the growth and wood quality traits of interest.

Association genetics identifies correlations between genotypes and phenotypes in large popula-
tions, i.e., it finds the relationship between a set of genes or genome regions that contribute to a trait
or a disease. A similar association mapping, between the genotype and the environment, known as
landscape genetics (Manel et al., 2003), enables a better understanding of the factors that influence
adaptation. With the adoption of next generation sequencing technologies, which have led to in-
creasing availability of genomic and transcriptomic sequences, the bottleneck has shifted from data
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generation to data storage and analysis. Increases in phenotypic and environmental data have been
seen as a result of advancements in high throughput genotyping, remote sensing tools and geographic
information systems. The availability of these data as well as more recent concerns around the
impact of climate change, led to recent growth in landscape genomics studies (for a review, see Sork
and Waits (2010)). The associations sought in forest trees are further enabled by their large, diverse
outcrossing populations as well as their extended longevity in the same environment. This allows
the association of genotype to phenotype as well as genotype to environment. For example, Evans
et al. (2014) investigated the adaptive variation in growth, phenology and physiological traits of
black cottonwood across the species’ latitude range, and found that warmer climates are associated
with earlier bud flush and later bud set. Salicoid duplicate genes had distinctive patterns of adaptive
variation, and specific genomic regions were associated with adaptive traits. Similarly, Holliday et al.
(2010) found associations between 28 genes and phenotypic variance in two dormancy-related traits,
autumn cold hardiness and budset timing, for Stika spruce, across its range. Eckert et al. (2009)
identified associations between genes and cold-hardiness related traits for coastal Douglas fir.

The ability to perform these studies on a large-scale and in a comparative framework, requires
extensive data integration across disciplines. CartograTree (Vasquez-Gross et al., 2013) was devel-
oped from a collaboration among forest tree ecologists, geneticists, breeders, and physiologists who
identified both integration and analysis as the critical bottlenecks. CartograTree aims to use open-
source tools to integrate genomic and phenotypic data for forest trees, along with environmental data
through a map-based visualization platform. The tool does not only enable visualization and search
capabilities, but also the ability to perform association mapping analysis through the use of semantic
technologies and high performance computing resources offered by Cyverse (Goff et al., 2011).

CARTOGRATREE DATA
Currently, two primary repositories are responsible for the acquisition and curation of tree genomics
data. The TreeGenes database (http://treegenesdb.org, Wegrzyn et al. (2008, 2012))
currently hosts 13 genome assemblies, transcriptome resources for 262 species, 95 genetic maps,
over 110 million genotypes, and nearly 200,000 phenotypic evaluations. While TreeGenes hosts data
for over 1,200 species, the most substantial genotype and phenotype resources have been curated for
conifer species. The Hardwood Genomics Web (HWG, http://www.hardwoodgenomics.
org, Sanderson et al. (2013)) houses deep RNASeq data from phylogenetically diverse forest tree
species. In addition, low coverage genome sequence data, resulting genotypes, and genomic SSRs
are available for key hardwood species. Permanent mapping and reference populations (genetic
linkage maps) are in development for green ash, tulip poplar, honeylocust, black walnut and northern
red oak. Both repositories rely on open-source technologies to store and display the data. The
Chado relational database schema (Mungall et al., 2007) is used for storing data and was specifically
designed for representing biological information. Standardization around this schema enables
seamless integration across the two repositories. For visualizing the data, TreeGenes and HWG
use another open-source technology, Tripal (Sanderson et al., 2013; Ficklin et al., 2011), which
integrates Chado through specific templates designed in the Drupal content management system.

The genotype and phenotype data is delivered to the databases through the TreeGenes Data
Repository (TGDR) which takes the scientist through a vetted workflow that collects both association

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

252



raw data and experimental metadata on existing studies. The majority of the individual tree
accessions are associated with georeference coordinates that are requested during the submission.
Data is also made available through collaborative studies whose data storage is facilitated by
TreeGenes or HWG. Following submission, public studies or datasets are available for geospatial
presentation and access in CartograTree.

In addition to the phenotypes delivered through TGDR, TreeGenes collects phenotypes for
species with genotype data that also have geo-referenced individuals in TRY-DB. The TRY initiative
is a collection of both published and unpublished datasets from a wide variety of trait databases,
including: LEDA, GlopNET, BiolFlor, SID, and EcoFlora (Kattge et al., 2011).

Environmental data can be accessed via the WorldClim dataset which contains summarized
temperatures and precipitations, and biologically relevant variables for past, current, and future
conditions (Hijmans et al., 2005). In addition, the CartograTree application fully integrates the
Ameriflux project which includes a total of 156 stations spread across North and South America
(http://ameriflux.lbl.gov). This information will be coupled with metrics from user-
submissions and collaborative projects which may be tracking specific information, such as soil
samples.

A system overview of the CartograTree is shown in Figure 1.

Figure 1. Architectural view of CartograTree. Users can upload data into the Tripal databases using
the TreeGenes Data Repository module (TGDR). These databases and other external repositories
can be queried and the results visualized using the web interfaces. Users can also further analyze the
data using TASSEL.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

253



CARTOGRATREE SERVICES
CartograTree allows scientists to view georeferenced tree accessions, along with metadata via the
Google Maps API, as shown in Figure 2. The web interface allows one to select specific studies,
species, regions, specific phenotypes, and more. Researchers can select, filter, combine, and inspect
data through basic and more complex queries. Although Google Maps API is free to use and
generates maps that load and update quickly, several limitations exist:

• Character limits prohibit implementation of a RESTful system.

• All source code is controlled and modified by Google.

• Compatible ArcGIS layers cannot be directly queried through the API.

Further data exploration with CartograTree is enabled through interaction with web services in
the form of the open-source SSWAP semantic discovery pipeline. Data is semantically tagged as a
set, and formatted appropriately for analytical applications. Currently, the platform supports multiple
sequence alignment, phylogenetic analysis, and association genetics. TASSEL, the open-source
application of choice for association genetics, can operate on various combinations of genotypic,
phenotypic, and environmental files (Bradbury et al., 2007). Web service entry points are seman-
tically tagged for TASSEL and hosted at the Texas Advanced Computing Center’s (TACC) High
Performance Computing resources using the Agave API (http://agaveapi.co). Semantic
TASSEL is automatically discovered by SSWAP (Gessler et al., 2009), and the association data is
marshaled to the service. This is a drag-and-drop operation for the scientist that negates the need to
enter file names, stage, or manually copy the data. The scientist initiates the association mapping
analysis, SSWAP monitors the job, and places the final results in the data store hosted by Cyverse.

FUTURE DEVELOPMENTS
While CartograTree presents an important framework for data integration and association mapping
analysis, further development is needed to ensure its utility to the broader community. Current
work is focused on developing a more advanced geospatial framework, including performance,
metrics, and the ability to query across high resolution GIS layers. In addition, we are addressing
the need for more parameterization of the association mapping runs. This should include the
ability to generate population structure information, select a variety of statistical models, examine
phenotypic distributions, and filter for missing data. This collaborative project between TreeGenes
and Hardwood Genomics Web will enable researchers to integrate these diverse and valuable datasets
to address the numerous threats facing forests worldwide.
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Figure 2. User interface of CartograTree. Users can select the trees of interest using the GUI, filter
them through the web form, and select trees for further analyses.
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ABSTRACT
Sharing and reusing data in research is a welcome and encouraged practice since it maximises the
scientific outcomes given limited financial, material and human resources. Interdisciplinary research is
considered to benefit from this practice, uniting researchers and data from two or more disciplines to
advance fundamental understanding or tackle problems whose solution is beyond the limit of an individual
body of knowledge. Here we discuss the challenges of combining data across disciplines, focusing in
particular on associating geographic location data with genetic data in the context of a project involving
Crop Science and Geospatial Information Science disciplines. This project aims to improve understanding
of how geographical, environmental and anthropogenic factors affect the genetic variation in a neglected
and underutilised crop called Bambara groundnut.

Keywords: Data integration, GIScience, Crop Science, Landscape Genetics, Bambara groundnut

INTRODUCTION
Research challenges in the 21st century require an interdisciplinary approach, to advance fundamental
understanding or to tackle problems whose solutions are beyond the scope of a single discipline or body
of knowledge (Academies, 2004). Interdisciplinarity is encouraged, with funding organisations recently
increasing support for research that integrates multiple disciplines. Interdisciplinary science represents
the current reality for increasing numbers of scientists, through the composition of research teams and the
nature of the hypotheses being examined (Dyer, 2015). In this context, sharing and reusing datasets from
different disciplines is common practice and aims to strength the research by adding new dimensions to
the data available or verifying the results obtained from a different perspective. However, integration of
discipline-associated datasets is not a smooth process and is subject to varying concepts of quality and
abundance.

Geographic Information Science (GIScience) explores the location property of entities such as objects,
events and processes, associating them with co-ordinates, such as longitude and latitude (Goodchild, 2010;
Stevens and Pfeiffer, 2015). This process may seem straightforward, given the increasing presence of
location-based sensors and mapping technologies in our daily lives. However, it is still a challenge because
of the nature and contexts of the facts examined. In museums and herbaria, artefacts and specimens
have usually been collected over decades or centuries and their finding location is often ambiguous or
very imprecise (van Erp et al., 2015). In Health Science, investigation of historical records of disease
occurrence in individuals relies on the names of locations and vague addresses. The lack of historical
address databases undermines the potential use of those health data (Lash et al., 2012). In Crop Science,
breeding programs rely on the collections of seeds available to germplasm banks. Knowledge about the
origin of these seeds is necessary to characterise the environment around their collection location, and to
go beyond basic measurements of diversity. However, again, location information about their origin may
be vague or associated with markets where the seeds were obtained instead of where they grew or were
originally sourced from (Richards, 2011).
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A MODEL FOR INTEGRATION OF MULTIPLE DISCIPLINE DATA
In the cases just mentioned, integration of data from other disciplines with GIScience is not straightforward.
In fact, the integration often involves transformation and filtering operations using arbitrary criteria. Given
two datasets from different disciplines, these operations typically discard or reduce records or items, often
greatly, resulting in a relative subset of the original dataset that can be used in both disciplines. In Figure
1, a Venn diagram shows this concept using three distinct disciplines. Given the initial amount of data in a
discipline (D1), only a subset (D1 ∩ D2 or D1 ∩ D3) fits the criteria of both disciplines (D1 and D2 or D1
and D3). As the number of disciplines involved increases, so there is further diminution of the available
data.

These criteria involve requirements common and unique to the disciplines involved. Examples include
the following cases: exclusion of records with missing data (i.e. records must have longitude and latitude
or postcode); temporal scales (e.g. growing season must match respective weather data to investigate
potential plant stress); spatial scales (e.g. association of soil and disease resistance among individuals in a
small to medium farm demands detailed soil maps); sample units (e.g. if the location is available at the
population level, the genetic information for individuals must be grouped by the same definition of the
population).

Another issue with integrating data from distinct disciplines concerns variation of concepts such as
abundance and diversity. A dataset may fit criteria of relatively high abundance and diversity in discipline
D1, but be classed as scarce and uniform in discipline D2. Figure 2A shows one seedling being planted in
the glasshouse. In the context of Crop Science, this individual has the potential to generate a significant
amount of genetic data through genotyping or sequencing processes (see figure 2C), and the resulting
dataset could be considered abundant. However, genetic information among individuals of the same
species can be very similar and in order to get data that represents the differences it is important to choose
highly polymorphic molecular markers in the genotyping process. In the context of GIScience, this
individual seedling, whose origin information is available at the population level, has only one associated
location, and would be considered scarce if the objective were to analyse the genetic data over a broad
geographic area. Even if more seedlings from the same population were cultivated (see figure 2B), the
number of population locations is still one, and all the genetic data generated from these samples are still
associated with one point in space (see figure 2D). Cultivating seeds from different populations would
provide a better representation of the geographic space. However, it would be necessary to investigate
the characteristics of interest around this location in order to guarantee a reasonable representation of
environmental variables. Experiment design and sampling strategy are important, and should be discussed
taking into account the characteristics of the data of the disciplines involved.

THE BAMBARA GROUNDNUT STUDY CASE
Bambara groundnut is classed as a neglected and underutilised species of legume, mainly cultivated in
Sub-Saharan Africa. It is believed that the process of its domestication and further cultivation started
thousands of years ago. However, despite its long history, this crop is still cultivated from landraces
(locally developed mixtures of genotypes) (Molosiwa et al., 2015). The development of proper varieties
of Bambara groundnut demands a better understanding of its genetic structure and diversity. Despite
being a human-associated species cultivated in human-managed landscapes, we expected that the genetic
resources of Bambara groundnut still have an influence of geographic and environmental factors. Initially,
we mapped the results clustering analysis on the genetic data to explore potential spatial patterns of genetic
variation. In the next step, we investigated the correlation between genetic, geographic and environmental
by performing the Mantel test using three measures of distance among the samples. The next section
includes a description of these analyses.

The proposed pipeline
We developed a pipeline to assimilate and analyse the genetic, geographic and environmental data using
a mix open source tools such as Python, R and their respectively libraries and packages running in a
Linux environment (see Figure 3). By adopting open source software in our project, we pursued a set of
best practices in computational research (?Joppa et al., 2013). One practice, in particular, was critical
since the start, the ability to automate all steps of the analysis. As new data would frequently arrive, we
would like to rerun the analysis with minimum human interference, avoiding unintentional mistakes such

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

259



as forgetting to follow particular steps of the analysis and being flexible to explore the computational
resources available.

Both environments, Python and R, have seen an increasing amount of tools to deal with the integration
of genetic and geographic data, mixing complete open source software and open source and proprietary
software (Jombart and Ahmed, 2011; Gruber and Adamack, 2015; ?; van Etten, 2012; Etherington, 2011;
Brown, 2014; Dick et al., 2014).

We used genetic and geographic datasets to explore spatial patterns of genetic variation. We included
environmental datasets to examine distinct measures of distance (geographic, genetic and environmental)
of Bambara groundnut landraces. The genetic dataset was composed of the genotyping information
about the presence or absence of twenty Single Sequence Repeat (SSR) molecular markers of 33 distinct
landraces of Bambara groundnut, with a total of 128 samples. Using the package adegenet (Jombart
and Ahmed, 2011), we calculated the allele frequency for each group of landraces and based on the
allele frequency we produced a matrix of genetic distance among each pair of landraces using Nei’s
genetic distance method (Nei, 1972). The geographic information about the origin of these seeds was
provided by the International Institute of Tropical Agriculture (IITA) at landrace level. Using the
package gdistance (van Etten, 2012), we performed a least cost path analysis based on the altitude data
of WorldClim (Hijmans et al., 2005). Therefore, we produced a matrix of cost among each group of
landraces. We also used the location of the landraces to characterise temperature, rainfall and altitude
using the WorldClim layers BIO 5, 6, 13 and 14. The correlation among the matrices of distance (genetic,
geographic and environmental) were assessed performing the Mantel test (Wagner et al., 2016). Although
the environmental and genetic dataset were large, putting the two together led to a small dataset that was
only just big enough to analyse.

So far, we have conducted exploratory analyses using the datasets and process presented here. We
identified some imprecision in the location data that did not affect the initial analyses (mostly PCA and
k-means cluster analysis of the genetic data and mapping of the first and second axes); however, future
investigations of distance matrices to include anthropocentric factors may require the exclusion of the
most compromised samples. Although the environmental and genetic datasets were large, putting the two
together led to a small dataset that was only just big enough to analyse.

CONCLUSIONS
If, as a scientific community, we are serious about interdisciplinarity then we need a lot more work
in co-ordinating data-collection activities, to guarantee the data acquired are useful for all disciplines
involved. We propose that existing research on interoperability, an established concept in GIScience, be
extended to other areas of science, and particularly the co-ordination of data collection. It holds potential
for helping to address the challenges presented in the integration of multidisciplinary data.
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Figure 1. This figure shows a model for integration of data from distinct disciplines. Circles in the Venn
diagram represent various disciplines (D1, D2 and D3) and their respective data criteria. Numbers
represent a hypothetical amount (%) of the data that only fit the criteria of each discipline (D1 = 78, D2 =
89 and D3 = 84), or the combined criteria of two disciplines (D1 ∩ D2 = 8, D1 ∩ D3 = 13, D2 ∩ D3 = 2),
or the combined criteria of all disciplines (D1 ∩ D2 ∩ 3 = 0.1). Given two or more datasets from different
disciplines, the combined criteria typically discard or reduce records or items, often greatly, resulting in a
relatively small subset of the original datasets that can be used by the combined bodies of knowledge.
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Figure 2. Integration of geographic and genetic datasets of Bambara groundnut. (A) shows a seedling to
be planted in the glasshouse. (B) shows a trial of Bambara groundnut planted in the glasshouse. (C)
genotyping results with highlighted data of a specific sample. (D) geographic localisation of the landraces
(populations) of Bambara groundnut used in this study.
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Figure 3. Flow of transformations and filter operations applied to the genetic, geographic and
environmental data.
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ABSTRACT
Landscape genetics combines population genetics, landscape ecology, and spatial analysis to

identify landscape and genetic factors that influence genetic and genomic variation. Progress in
the field depends on a strong conceptual foundation and the means of identifying mechanistic
connnections between environmental factors, landscape features, and genetic or genomic variation.
Many existing approaches and much of the software commonly in use was developed for population
genetics or statistics and is not entirely appropriate for landscape genetics. Probabilistic graph
models provide a statistically rigorous and flexible means of constructing models directly applicable
to landscape genetics. Probabilistic graph models also allow construction of mechanistic models,
which are crucial elements in testing hypotheses. Sophisticated software exists for the analysis of
graph models; however, much of it does not handle the types of data used for landscape genetics,
model structures involving autoregressive spatial interaction between variables, or the scale of
landscape genetics problems. Thus, an important priority for the field is to develop suitably flexible
software tools for graph models that overcome these problems and allow landscape geneticists
to explore meaningfully mechanistic and flexible models. We are developing such a library and
applying it to examples in landscape genetics.

Keywords: landscape genetics, population genetics, graph models, Bayesian inference, open
source software, software development

Landscape genetics combines population genetics, landscape ecology, and spatial analysis to
identify the mechanisms by which landscape and environmental factors influence genetic and ge-
nomic variation. From the outset, the field has focused on the twin ecological and evolutionary
processes of gene flow and adaptation (Holderegger et al., 2006; Manel et al., 2003, 2010). Involving
as it does quantification of both genetics and landscapes, landscape genetics is inherently interdisci-
plinary (Balkenhol et al., 2009; Holderegger and Wagner, 2008). While the emphasis is often on
the genetics, explicit consideration of the importance of GIS and allied geospatial disciplines is
crucial as they can contribute to landscape genetics in many ways (Cushman et al., 2016; Storfer
et al., 2007). For example, experimental design in landscape genetics must be informed by such
factors as the spatial extent and grain of available data, and the configuration of landscape features.
Landscape and environmental data are inherently spatial, and must be acquired, organized, and
analyzed in the course of a landscape genetics study. Thus, geoscientists and geocomputation will
play an increasingly important role in landscape genetics.
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Progress in landscape genetics is so far limited by available analytical methods (Balkenhol et al.,
2009, 2016a; Guillot et al., 2009). In part this derives from the fact that many of the available
analytical tools and much of the usable software were originally developed for population genetics
or even broader statistical applications. They often include assumptions and are applicable to data
that are not completely appropriate for landscape genetics studies. Because of this gap, there is
no consensus in the literature regarding how to approach landscape genetics analysis (Balkenhol
et al., 2016a). Indeed, the ad hoc assortment of methods currently in use lacks a unifying theory;
consequently, more focus must be given to a mechanistic understanding of the influence of landscapes
and environments on genetic and genomic variation (Balkenhol et al., 2016b). Development of
a more comprehensive theory will come in part from an improved foundation of open source
computational tools allowing explicit and flexible mechanistic modeling.

This brief review focuses on three themes. First, it identifies the types of models most likely to
advance a comprehensive theory of landscape genetics, improve mechanistic understanding, and
provide better predictions serving, for example, conservation policy and management. Second,
it considers a set of open source software that could be used for general models in landscape
genetics but that all have significant limitations. Finally, it also suggests how these limitations can
be overcome with new models and computational tools.

1 LANDSCAPE GENETICS AND BAYESIAN INFERENCE
The prevailing challenge in landscape genetics is identifying the mechanisms by which landscape
and environmental factors influence genetic and genomic variation. More precisely, the central
question is: given data on intraspecific genetic variation across landscapes (or waterscapes; Manel
and Holderegger (2013); Selkoe et al. (2016)), what inferences are possible regarding the functional
mechanisms and factors causing that variation? Framing the question in this way emphasizes the
inherent connection between the science of landscape genetics and the nature of Bayesian inference.

The natural connection between landscape genetics and Bayesian inference has led to the
development of a variety of widely used Bayesian analysis methods. A first set of these includes
STRUCTURE, which identifies putative populations and assigns individuals to them (Pritchard et al.,
2000). Although originally designed for population not landscape genetics, it remains the most
widely used. A second set of Bayesian models applied to landscape genetics includes GENELAND,
which seeks to identify population clusters by modeling allele frequency distributions in a spatially
explicit way (Chen et al., 2007; Guillot et al., 2005a,b). More recently, Bayesian models that
explicitly relate environmental gradients to spatially explicit allele frequency distributions have been
developed (Coop et al., 2010; Frichot et al., 2013).

One element is common to all of the available software: each program implements a narrow
range of possible models and provides very limited opportunity for expanding its scope. For example,
as discussed below, both STRUCTURE and GENELAND are essentially variants of the same model,
yet nothing of their implementation is shared so new variants cannot be created by exploiting their
commonality. Further, the published descriptions do not reveal the inherent similarity between
STRUCTURE and GENELAND, so conceptual connections are not evident. Consequently, landscape
geneticists do not recognize a continuum of possible models. Even worse, they cannot exploit the
continuum by incrementally modifying existing models and competing alternatives against available
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data. This is a serious limitation for a scientific field that repeatedly asserts that more mechanistic
and predictive models and a stronger theoretical foundation are essential (Andrew et al., 2013;
Balkenhol et al., 2016b; Guillot et al., 2009; Manel and Holderegger, 2013).

2 PROBABILISTIC GRAPH MODELS
Mathematical graphs are widely used to represent models, including some in landscape genetics.
Graphs are composed of a set of vertices and a set of edges, each of which connects a pair of vertices.
Edges may be directed or undirected, and paths are sequences of edges connecting one vertex with
another, possibly with intervening vertices. A cyclic graph has at least one path starting and ending
at the same vertex; an acyclic graph lacks any such paths.

One application of graphs to landscape genetics derives from the population graph concept (Dyer
and Nason, 2004). Here the graph is composed of vertices representing population distributions in a
multilocus genetic space, and edges representing interdependencies between populations due, for
example, to gene flow (Excoffier et al., 1992). The primary application to landscape genetics has
been identification of conditional independence between populations to remove edges followed by
analysis of graph structure metrics such as centrality or connnectness (Dyer, 2007; Murphy et al.,
2016).

Graph models can be much richer, however, and both STRUCTURE and GENELAND are examples
used in landscape genetics. Generally, (probabilistic) graph models are composed of vertices
representing any kind of random variable and edges representing dependencies between them
(Bishop, 2006; Koller and Friedman, 2009). They are widely used, for example, in latent factor
analysis (Steyvers and Griffiths, 2007), a field that now finds application broadly in machine learning,
artificial intelligence, and document and image processing, as well as landscape genetics (Blei et al.,
2003; Blei, 2012; Frichot et al., 2013; Jia et al., 2011; Pritchard et al., 2000). The population
graph concept of Dyer and Nason (2004) is clearly a special case where each vertex represents
the same quantity, a population-specific distribution, but the landscape genetics analysis involving
edge removal and graph metrics (Murphy et al., 2016) is unrelated to the use of graphs as formal
probabilistic models (Bishop, 2006; Koller and Friedman, 2009). The value of the latter for landscape
genetics, both conceptually and for software development, is the focus here.

Although not described as such, a probabilistic graph model represents the mathematics underly-
ing STRUCTURE (Pritchard et al., 2000). In this case, the random variables represent population-
specific distributions of alleles, the probabilistic assignment of alleles to populations, and prior
distributions that by default are uninformative (Figure 1). The STRUCTURE software supports slight
variations in the model depicted; for example, assignment of all alleles may be individual-specific
not allele-specific as shown, and priors may be informative in various ways. These variations,
however, are extremely limited and do not cover the continuum of related models that is possible.

One related model, however, is alluded to in Pritchard et al. (2000) and described in detail in
Falush et al. (2003); but again, the graph model itself is not presented explicitly. The main difference
is that in this model the population-specific allele distributions are not independent; instead, they are
correlated via a shared ancestral population (Figure 2).

A further related model, implemented in GENELAND, is described in Guillot et al. (2005a),
again without depicting the graph model (Figure 3). This model explicitly adds spatial information
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to the model; unlike the other two, both the identity of alleles and their spatial location are observed.
This supports estimating additional random variables such as the inferred location of individuals and
spatially-explicit allele distributions.

A comparison of Figures 1–3 makes clear that these are all closely related models, a fact that is
generally not made evident by the papers describing them. Furthermore, in many ways the graph
models are more useful than the papers, because they make the conceptual linkages clear and enable
direct comparisons among them. They also make gaps in the existing models evident; for example,
none of these include gene flow explicitly despite its clear importance as a mechanism in landscape
genetics (Holderegger and Wagner, 2008; Manel and Holderegger, 2013; Storfer et al., 2007; van
Strien et al., 2014). Finally, probabilistic graph models invite the construction of variations by adding
new random variables or changing dependencies among them, because the biological structure of the
models is easy to reason about when presented in the form of a graph. Probabilistic graph models,
therefore, provide an ideal foundation for mechanistic modeling in landscape genetics that can lead
to an improved theoretical understanding.

3 A MECHANISTIC MODELING FRAMEWORK FOR LANDSCAPE GE-
NETICS

Traditional approaches to landscape genetics descriptively model either genetic characteristics
associated with each sampled site or individual, or derived genetic measures associated with pairs
of sampled sites or individuals (Joost et al., 2007). Almost all approaches model these response
variables using ad hoc distributions taken from more generic statistical literature; for example,
virtually the entire textbook on landscape genetics (Balkenhol et al., 2016a) follows this pattern.
In contrast, a mechanistic approach would construct a model of the individual observations, e.g.,
individual multilocus genotypes (or genomes), as a function of assumed demographic, ecological,
and population genetic mechanisms.

As described earlier and illustrated in Figures 1–3, STRUCTURE and GENELAND are examples of
exactly this approach; the observed alleles are modeled directly in terms of unobserved but inferable
populations and assignments (Guillot et al., 2005a; Pritchard et al., 2000). Viewed in this context,
differences between individual- and population-based approaches to landscape genetics are not
fundamental; rather they reduce to simple differences between the structure of the graphical models
in use. Individual-based models have graphs that relate observations on individuals to individual-
specific random variables; examples of the latter are the assignment of an individual’s alleles to
populations (Z in Figures 1 and 3) and the inferred true location of each individual (s in Figure 3).
Population-based models have graphs that relate observations on individuals to population-specific
random variables; examples of the latter are the population-specific allele frequencies (P in Figures 1
and 3). By including elements of each, Figures 1 and 3 already blur the boundary between individual-
and population-specific models.

Given the power of probabilitistic graph models to represent a broad spectrum of intermediate
cases just as well, a better framework is the set of mechanisms included. From this perspective, it is
evident that Figure 3 includes spatially-explicit mechanisms whereas Figure 1 does not. It is also
evident that neither one includes an explicit mechanism for gene flow. The power of probabilitistic
graph models lies in their ability to cover the entire spectrum of models relevant to landscape
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genetics and to encourage more transparent reasoning about alternative models. Using them to
advance landscape genetics is limited only by our ability to compare alternative models, but that in
turn is severely constrained by the software available to manipulate and analyze them.

4 OPEN-SOURCE PROBABILISTIC GRAPH MODELS
As just illustrated, the primary advantages of probabilistic graph models are that complex and
realisticly mechanistic models can be constructed, and that their model structure can be manipulated
easily to explore alternatives. Thus, there is great scope for constructing general theories based upon
manipulating probabilitistic graph models to reflect interesting biological models within landscape
genetics. However, software tools must exist that enable manipulation and analysis of the graphs,
and the types of graphs available must match those required by landscape genetics. For many
applications two types of graphs are enough: Bayesian networks represented by directed acyclic
graphs (DAGs) and Markov random fields represented by undirected graphs. Landscape genetics
models, however, often require more general types of graphs to accommodate, for example, spatially
autoregressive relationships among random variables. Additionally, landscape genetics models often
require distributions appropriate to a broad range of commonly encountered data types, including
alleles, genotypes, spatially explicit environmental data. Such a range of discrete and continuous,
unidimensional and multidimensional data types requires a rich array of probability distributions.

While the set of probabilistic graph models that has been applied to landscape genetics do not
harness their full flexibility, there exist modeling software that does better. The most widely used is
based upon the BUGS language for describing graph models, and includes WinBUGS, OpenBugs
(Lunn et al., 2009) and JAGS (Plummer, 2015). The BUGS language allows textual description
of general graph models that include a broad range of distributions. The textual description is
translated into executable code, a process that introduces some of the limitations common to this
type of modeling software. First, the flexibility of possible applications is limited by the features
of the BUGS language. A limited range of data types, generally scalars and vectors or matrices
constructed from them, is available, only data structures describable in the language may be used,
and algorithms are limited to those already programmed. Second, the scale of models is also limited
by the execution environment provided by the implementation. Despite the inherent flexibility
of graph models in general, both of these limitations are barriers to convenient development of
landscape genetics models that leverage the flexibility of graph models. While genetic data can
be recoded in the form of only integers or real numbers, it is tedious and error-prone to do so;
thus, the limited data types available create needless barriers. A landscape genetics model might
include thousands or millions of random variables within it; consider, for example, a model of
population allele freqencies and environmental factors across a landscape grid of 1000×1000 pixels.
This puts severe stress on models that cannot harness the full power of multithreading, distributed
multiprocessing, and careful memory management. Being limited by the BUGS language, these
programs provide restricted capacity for modelers to address these issues.

Another general graph modeling system is Stan (Carpenter et al., 2015; Gelman et al., 2015).
Although more flexible in some ways than BUGS, Stan suffers from some of the same limitations that
reduce its applicability to landscape genetics. It has the same limited data types and the execution
environment is likewise limited by the Stan language. As a result, neither BUGS nor Stan are ideally
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Primitive Implementation
Name Graph types variables Preprocessing language Reference

Darwin FGs scalars compiled C++ Gould (2015)
HYDRA DAGs, MRFs, FGs, HMMs Java classes compiled Java Warmes (2013)
Infer.NET FGs C# classes compiled C# Minka et al. (2014)
JAGS DAGs scalars interpreted C++ Plummer (2016)
JavaBayes DAGs scalars interpreted Java Cozman (2001)
libDAI FGs discrete compiled C++ Mooiji (2015)
Mocapy++ DAGs, HMMs C++ classes compiled C++ Antonov et al. (2015)
Nimble DAGs scalar interpreted C++ de Valpine et al. (2016)
OpenBUGS DAGs scalar interpreted Component Pascal Thomas (2009)
OpenGM DAGs, MRFs, FGs discrete compiled C++ OpenGM (2015)
PNL DAGs, MRFs C++ classes compiled C++ Sysoyev et al. (2013)
RISO DAGs Java classes compiled Java Dodier (2012)
Stan scalars interpreted C++ Stan Development Team (2016)
Vibes DAGs scalar compiled Java Winn (2004)

Table 1. A selection of open source software tools for analyzing probabilistic graph models. Type
of graphs include directed acyclic graphs (DAGs), Markov random fields (MRFs), factor graphs
(FGs), hidden Markov models (HMMs), and Gaussian Markov models (GMMs).

suited for landscape genetics applications.
In addition to these two major classes of graph modeling software, a broad range of more

specialized software systems is also available; many of these are summarized by Murphy (2014).
Some are open source and may have potential for landscape genetics applications (Table 1). These
tools have many of the same limitations as BUGS, JAGS, and Stan. They often handle fewer graph
types than needed for landscape genetics, the data types are not well suited to landscape genetics, or
their execution environments are restrictive. In addition, they are much more specialized, difficult to
program, and likely well beyond the reach of typical landscape geneticists. These characteristics
mean that landscape geneticists face a fundamental challenge hindering development of a strong
conceptual foundation for the field based upon the expressive power, flexibility, and statistical rigor
of probabilistic graph models.

5 DESIGNING A PROBABILISTIC GRAPH MODEL FOR LANDSCAPE
GENETICS

What then is the ideal design of a software system intended to harness the power, flexibility, and
rigor of probabilistic graph models applied to landscape genetics? First and foremost, it must support
a full range of relevant graph types, which in particular means not being limited to directed acyclic
graphs. Second, it must support a full range of useful data types that landscape geneticists work
with; in addition to simple scalars, vectors, and matrices, these include named alleles and genotypes,
loci and chromosomes, geographic locations, and spatial data of various sorts. Ideally, user-defined
or third-party data types should be easy to accommodate. Third, the algorithms available should be
extensible to allow improved efficiency as needed. Fourth, the execution environment should not
be limited to that encapsulated within a single, predefined program. This is especially important
for landscape genetics models that may well encompass thousands or millions of random variables.
Finally, the power and flexibility of graph models must be abstracted enough that a full spectrum
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of landscape geneticists can create simple models easily, test alternative and biologically relevant
models quickly, and improve upon the models and algorithms as needed.

It is little surprise that existing software tools are unable to meet these stringent demands; they
are largely conflicting and impossible to resolve without advanced software design. The most likely
path forward (Lunn et al., 2009) leverages the power of C++ to present high-level abstractions
based upon embedded domain specific languages (de Guzman and Kaiser, 2017; Niebler, 2017)
assembled with expression templates (Niebler, 2017; Veldhuizen, 1995) from highly reusable generic
components (Stepanov and Rose, 2014). We are following these design principles to implement
a software library, GRAPHMODEL, intended to provide the expressive power and computational
performance demanded for advancing a coherent conceptual foundation for landscape genetics.

Design of any software library must face a fundamental tension between expressive power and
ease of use for a limited set of use cases. For example, a variety of statistical software packages
aim to make a limited range of analyses easy for newcomers, but R (R Core Team, 2017) is gaining
widespread use because it is a Turing-complete language that can express an expansive set of models.
In the case of GRAPHMODEL, we have focused initially on providing a set of generic components
that can be composed flexibly to develop an expansive set of models based upon probabilistic graph
models. Future work will provide increasingly higher levels of abstraction to simplify common use
cases. Note that the alternative of starting at a high level of abstraction, i.e., restricting the graph
models that are possible, is incompatible with the realization described here that probabilistic graph
models are a powerful and natural tool for landscape genetics and other fields.

The outcome of this work is a highly compact way of encoding probabilistic graph models
of relevance to landscape genetics and other fields of science. Given the expressive power of the
language, all of this should be readily accessible to biologists without deep knowledge of C++
programming. Importantly, models can be described in a formal way that removes the ambiguity
inherent in natural language descriptions. Finally, because models are encoded directly in C++,
not interpreted, they can be reused as portions of larger programs for enhanced capability; this
is fundamentally impossible for interpreted modeling frameworks such as OpenBUGS or JAGS.
The generality of this approach removes the limitations inherent to the available software and
characteristic of current approaches to landscape genetics data analysis, and ultimately will make it
easy to encode, and therefore explore, the complete space of relevant models. Some of the features
of the GRAPHMODEL library that make this possible are outlined in the following sections.

Graph model vertices Probabilistic graph models are of course composed of vertices and edges.
Each vertex represents one of several different types of concepts, including scalar and non-scalar
random variables, arbitrary expressions, factors that support calculation of a probability density
function, distributions that support sample generation, and scalar distributions that support calcula-
tion of a cummulative density function. For purposes of supporting Monte Carlo Markov Chains
(MCMCs), it is also useful if random variables can summarize a sequence of their own values. All
of these concepts are encapsulated within the GRAPHMODEL library as a hierarchical set of classes
(Figure 4). Importantly, each type of vertex also models the concepts of a vertex in an incidence
graph as defined by the Boost Graph library (Siek et al., 2002, 2017). Furthermore, other types of
graphs, e.g., a vertex and edge list graph, can be constructed from a set of vertices. As a result,
any appropriate graph algorithm based upon Boost Graph concepts may be used on probabilistic
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Implementation

Distribution PDF/CDF Random variate generator

Bernoulli boost/math/distributions/bernoulli.hpp boost/random/bernoulli distribution.hpp
Beta boost/math/distributions/beta.hpp boost/random/beta distribution.hpp
Categorical boost/random/discrete distribution.hpp
Dirichlet boost/math/special functions/gamma.hpp boost/random/gamma distribution.hpp
Multinomial boost/math/special functions/binomial.hpp boost/random/discrete distribution.hpp
Normal boost/math/distributions/normal.hpp boost/random/normal distribution.hpp
Uniform boost/math/distributions/uniform.hpp boost/random/uniform 01.hpp

Table 2. Probability distributions. For distributions with scalar support, both the probability density
(PDF) and cummulative density (CDF) functions are implemented; otherwise, only the PDF is
implemented. For all distributions, generation of random variates is implemented. Where
appropriate, these are implemented as wrappers around standard functions available in the
Boost.Math and Boost.Random libraries.

graph models described using the GRAPHMODEL library. This is one of the important abstractions
illustrating the power of a generic library for probabilistic graph models.

Probability distributions At the core, probability distributions are fundamental to any probabilistic
graph model. Any factor, distribution, or scalar distribution vertex in a graph can be associated
with an appropriate probability distribution at run-time. The most important distributions for
landscape genetics are implemented in the GRAPHMODEL library, mostly as simple wrappers
around the corresponding Boost distributions and generators (Table 2). Given the generic nature
of the design, extending the library with new distributions based upon pre-existing mathematical
and statistical libraries is straightforward. For example, the Boost Math library (Agrawal et al.,
2017) implements 33 distinct statistical distributions and the Boost Random library (Maurer, 2017)
implements 28 random number distributions. This represents a rich set of extensions that will be
added to GRAPHMODEL. Other libraries could, of course, be used as the source of additional
distributions.

Expressions Leveraging the power of probabilistic graph models for computational modeling
requires construction of arbitrary expressions that, for example, represent the value of a parameter for
a distribution. In C++, expression templates are a powerful mechanism of representing expression
trees (Niebler, 2017; Veldhuizen, 1995). Although earlier versions used Boost.Proto (Niebler, 2017),
the GRAPHMODEL library currently uses the Yap expression template library (Laine, 2016), because
of its greater power, compactness, and expressiveness. This enables, for example, expressions like

lit(p) + sample(normal_distribution(mean=0,standard_deviation=0.1))

to represent a random walk sampler that generates samples as deviates from the current value of a
random variable p, which might differ each time a sample is generated. Use of template expressions
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Name Description

abs() Absolute value
exp() Exponential
log() Logarithm
pow() Power
sqrt() Square root

Table 3. Mathematical functions. These mathematical functions are implemented as expression
templates and therefore can be used as primitives in mathematical expressions.

like this that capture natural mathematical statements as executable computations is one of the
powerful mechanisms for achieving flexibility and generality in the GRAPHMODEL library.

Function expressions One expectation for mathematical expressions is that they include functions
such as log() or sqrt(). Mathematical software libraries, of course, provide a rich set of such
functions, but not in a form amenable to expression templates. The GRAPHMODEL library, however,
already implements the most common (Table 3). More importantly, construction of new expressions
for mathematical (or other) functions is straightforward; all that is required is a class that wraps
the mathematical function of interest, a pair of functions for evaluating the function within an
expression tree, and a set of functions that construct the expression from its arguments (Figure 5).
This pattern can be easily repeated to extend the set of mathematical functions available within the
GRAPHMODEL library.

Execution environment The execution environment for any modeling software is crucial, as it often
determines the performance and therefore the set of problems that are feasible to solve. Just as
one design goal for the GRAPHMODEL library is to support arbitrary probabilistic graph models,
another is to avoid any limitations on the execution environment. Two of the performance critical
elements of evaluating a probabilistic graph model are calculating joint probability distributions and
generating an MCMC sample for a potentially large set of random variables. Both of these might
benefit from parallel, asynchronous computation, but especially the latter must be done in a way
that avoids inherent dependencies among random variables. Any practical computation will likely
require mixtures of sequential and asynchronous computations. Further, the choice should be in
the hands of the model developer, not imposed by the execution environment. These design goals
are addressed in the GRAPHMODEL library by allowing run-time definition of the policies used to
evaluate joint probability distributions and generate MCMC samples. By default the policies perform
calculations sequentially and can be ignored for simple models, which are unlikely to benefit from
asynchronous computation. However, alternative policies are possible and the library provides one
based upon the Boost Asynchronous library (Henry, 2015), which contains a wide range of parallel
asynchronous algorithms that go to great lengths to avoid any waiting for task completion. Boost
Asynchronous also provides threadpools that can distribute tasks across a cluster of machines. Thus,
composing applications for distributed asynchronous model computation is also supported with
no modification to the core GRAPHMODEL classes. Furthermore, run-time selection of sequential
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or asynchronous computation may be made at the level of individual random variables or MCMC
generators, which provides great flexibility in the execution environment.

Data sources Any modeling software must interact with a variety of sources of data; indeed, the
generality of probabilistic graph models would be useless unless a diversity of data types can be
associated with random variables or expressions. This flexibility is supported in the GRAPHMODEL

library in several ways. First, all concrete types, including the variate type of random variables, the
result type of expressions, and the probability type for PDF calculations, are template parameters
for all the relevant classes. Therefore, they can be selected arbitrarily by the modeler. For example,
the random variable class can represent a numerical scalar, a boolean value, a discrete valued
variable, or a vector depending on the variate template argument. Indeed, any type that can participate
in the expressions used in the model is a legitimate source of data, so the library can be extended in
arbitrary ways with user-defined types used as template arguments. Second, external data can be
read from a variety of data sources. One common source of data is from a file containing a dataframe,
one form of which is the traditional tab-delimited file created by spreadsheets or other software. The
GRAPHMODEL library provides support for reading dataframe files and allowing expressions to
reference, not copy, individual elements within a dataframe. For example, the following code reads
a dataframe and creates a reference of type double to the first sample.

auto dataframe = read_dataframe("dataframe.dat");
auto dataframe_element = make_element<double>(dataframe,0,"sample");

In the field of landscape genetics, another common source of information is georeferenced raster
or vector files in any of a large number of commonly used formats. The GRAPHMODEL library
includes an interface to the GDAL library (Open Source Geospatial Foundation, 2017), which
includes drivers for 142 raster formats and 84 vector formats. As with dataframes, the provided
interface supports associating expressions with values obtained from a dataset; a random variable
can, for example, represent the elevation at a particular location in space. Finally, because the
GRAPHMODEL library is not a separate language but is a domain-specific language within C++,
the full power of C++ and any possible libraries are available for interacting with data sources.
Arbitrary code or third-party libraries may be used to access data and associate it with random
variables, distributions, or expressions used in a probabilistic graph model.

Probability calculations All computationally efficient representations of real numbers are approxi-
mate and cover a restricted subset. This can be a serious problem when calculating joint probability
distributions, because they often involve products of a very large number of terms. Naı̈ve solutions
based upon, for example, native data types can easily result in underflow errors, which are usually
silent yet yield completely erroneous results. The concrete probability type for random variables and
distributions is a template parameter and thus can be selected by the modeler to avoid these problems.
One option provided by the GRAPHMODEL library is a numeric type storing its value internally
on a logarithmic scale, but implementing the normal arithmetic operators (e.g., +,−,∗,/,%) and
functions as efficiently as possible. For example, the default lognumeric type (which is a base e
double) and a base 10 float alternative are declared as follows:

using probability_type = lognumeric<>;
using probability_type = lognumeric<float,base::ten>;
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Another option is to use one of many available arbitrary precision numeric libraries that are readily
available. Because all of the code in the GRAPHMODEL library is generic, any type that implements
arithmetic operators and functions appropriately can be used for probability calculations.

Future development The fundamental design goals focusing on supporting generic and flexible
probabilistic graph models have largely been accomplished in the implementation of the GRAPH-
MODEL library. Arbitrarily complex graph models can be composed, joint probability distributions
calculated, and samples generated from the distribution of random variables. While this already
supports a wide range of applications in landscape genetics and other fields, several important
advances remain for future development. Because the library purposely provides great flexibility and
generality so as not to limit its applicability, it necessarily presents a relatively low level of abstrac-
tion. Thus, an important direction for future development is to provide higher layers of software that
increase the level of abstraction, thereby further increasing the library’s expressiveness. One example
is additional overloading of operators to reduce boilerplate when associating probability distributions
with random variables. A small addition to the library could enable the model of STRUCTURE

to be expressed very compactly (Figure 6), which would also enable biologists to explore related
models easily. A second direction for future development is to expand the range of probability
distributions and mathematical functions that can be used as primitives within expressions. Given the
idiomatic nature of the wrappers, this is a very straightforward task that could rapidly lead to scores
of new distributions and functions. A third direction for future development is to create a variety of
applications aimed at particular classes of models. For example, STRUCTURE and GENELAND could
be reimplemented easily; one benefit would be the large-scale parallelization inherently provided by
the GRAPHMODEL library, something that would require a complete redesign and reimplementation
to add to STRUCTURE or GENELAND.

The value of a generic library is evident in this list of future directions: the fact that each of
these is a straightforward task is a consequence of a solid foundation that can be easily extended in a
variety of different ways. The widespread use of class and function templates, expression templates,
static type safety coupled with run-time type hiding when appropriate, and clear association between
computational components and the concepts of probabilistic graph models has yielded highly flexible
software that can be composed into a variety of models. Reliance on generic programming allows
the library to deduce much about the types in use and combine them correctly.

6 CONCLUSION
Landscape genetics suffers greatly from the absence of an analytical foundation that encourages
development of a mechanistic understanding of the impact of environmental and landscape factors
on genetic and genomic variation (Balkenhol et al., 2016a). This stems in part from the adoption of
software tools and methods originally developed for other purposes. There exist well-established
concepts and statistical approaches associated with probabilitistic graph models that are ideally
suited as the needed foundation for landscape genetics. Unfortunately, the associated software tools
cannot be borrowed directly, because they are limited in ways that do not accommodate the needs of
landscape geneticists. One priority that would directly advance the field and resolve these problems
is the development of probabilistic graph model tools that do apply generally to landscape genetics.
Despite the inherent difficulty of this task, we have developed a suitable library and are beginning to
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apply it to landscape genetics.

7 SUPPLEMENTAL MATERIALS
The source code for the GRAPHMODEL library, version 0.1.2, is available as a supplemental
compressed tar file graph model-0.1.2.tgz.
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Maddock, J., Murphy, J. W., Råde, J., Sobotta, B., Sewani, G., van den Berg, T., Walker, D., and
Zhang, X. (2017). Math Toolkit 2.5.2. http://www.boost.org/doc/libs/1_64_0/
libs/math/doc/html/index.html.

Andrew, R. L., Bernatchez, L., Bonin, A. L., Buerkle, C. A., Carstens, B. C., Emerson, B. C., Garant,
D., Giraud, T., Kane, N. C., Rogers, S. M., Slate, J., Smith, H., Sork, V. L., Stone, G. N., Vines,
T. H., Waits, L., Widmer, A., and Rieseberg, L. H. (2013). A road map for molecular ecology.
Molecular Ecology, 22:2605–2626.

Antonov, L., Paluszewski, M., and Hamelrcyk, T. (2015). Mocapy++. https://sourceforge.
net/projects/mocapy/.

Balkenhol, N., Cushman, S. A., Storfer, A. T., and Waits, L. P., editors (2016a). Landscape genetics:
concepts, methods, applications. Wiley Blackwell, Hoboken, New Jersey.

Balkenhol, N., Cushman, S. A., Waits, L. P., and Storfer, A. (2016b). Current status, future
opportunities, and remaining challenges in landscape genetics. In Balkenhol, N., Cushman, S. A.,
Storfer, A. T., and Waits, L. P., editors, Landscape genetics: concepts, methods, applications,
chapter 14, pages 247–255. Wiley Blackwell, Hoboken, New Jersey.

Balkenhol, N., Gugerli, F., Cushman, S. A., Waits, L. P., Coulon, A., Arntzen, J. W., Holderegger,
R., Wagner, H. H., and Participants of the Landscape Genetics Research Agenda Workshop 2007
(2009). Identifying future research needs in landscape genetics: where to from here? Landscape
Ecology, 24:455–463.

Bishop, C. M. (2006). Pattern recognition and machine learning. Springer, New York, New York.
Blei, D. M. (2012). Probabilistic topic models. Communications of the ACM, 55:77–84.
Blei, D. M., Ng, A. Y., and Jordan, M. I. (2003). Latent dirichlet allocation. Journal of Machine

Learning Research, 3:993–1022.
Carpenter, B., Lee, D., Gelman, A., Goodrich, B., Guo, J., Hoffman, M., Betancourt, M., Li, P.,

Brubaker, M. A., and Riddell, A. (2015). Stan: a probabilistic programming language. Journal of
Statistical Software.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

275



Chen, C., Durand, E., Forbes, F., and François, O. (2007). Bayesian clustering algorithms ascertain-
ing spatial population structure: a new computer program and a comparison study. Molecular
Ecology Notes, 7:747–756.

Coop, G., Witonsky, D., Di Rienzo, A., and Pritchard, J. K. (2010). Using environmental correlations
to identify loci underlying local adaptation. Genetics, 185:1411–1423.

Cozman, F. G. (2001). JavaBayes: Bayesian networks in Java. http://www.cs.cmu.edu/
˜javabayes/index.html.

Cushman, S. A., McRae, B. H., and McGarigal, K. (2016). Basics of landscape ecology: an
introduction to landscapes and population processes for landscape genetics. In Landscape
Genetics: Concepts, Methods, Applications, chapter 2, pages 11–34. Wiley Blackwell, first
edition.

de Guzman, J. and Kaiser, H. (2017). Spirit 2.5.2. http://www.boost.org/doc/libs/1_
64_0/libs/spirit/doc/html/index.html.

de Valpine, P., Turek, D., Paciorek, C., Temple Lang, D., and Bodik, R.
(2016). Nimble: numerical inference for hierarchical models using Bayesian
and likelihood estimation. https://bids.berkeley.edu/research/
nimble-numerical-inference-hierarchical-models-using-bayesian-and-likelihood-estimation .

Dodier, R. (2012). RISO: distributed belief networks. https://sourceforge.net/
projects/riso/.

Dyer, R. J. (2007). The evolution of genetic topologies. Theoretical Population Biology, 71:71–79.
Dyer, R. J. and Nason, J. D. (2004). Population graphs: the graph theoretic shape of genetic structure.

Molecular Ecology, 13:1713–1727.
Excoffier, L., Smouse, P. E., and Quattro, J. M. (1992). Analysis of molecular variance inferred from

metric distances among DNA haplotypes: application to human mitochondrial DNA restriction
data. Genetics, 131:479–491.

Falush, D., Stephens, M., and Pritchard, J. K. (2003). Inference of population structure using
multilocus genotype data: linked loci and correlated allele frequencies. Genetics, 164:1567–1587.

Frichot, E., Schoville, S. D., Bouchard, G., and François, O. (2013). Testing for associations
between loci and environmental gradients using latent factor mixed models. Molecular Biology
and Evolution, 30:1687–1699.

Gelman, A., Lee, D., and Guo, J. (2015). Stan: A probabilistic programming language for Bayesian
inference and optimization.

Gould, S. (2015). DARWIN: a framework for machine learning and computer vision research and
development. http://drwn.anu.edu.au.

Guillot, G., Estoup, A., Mortier, F., and Cosson, J. F. (2005a). A spatial statistical model for
landscape genetics. Genetics, 170:1261–1280.

Guillot, G., Leblois, R., Coulon, A., and Frantz, A. C. (2009). Statistical methods in spatial genetics.
Molecular Ecology, 18:4734–4756.

Guillot, G., Mortier, F., and Estoup, A. (2005b). GENELAND: a computer package for landscape
genetics. Molecular Ecology Notes, 5:712–715.

Henry, C. (2015). Boost Asynchronous. http://htmlpreview.github.io/?https://
github.com/henry-ch/asynchronous/blob/master/libs/asynchronous/
doc/asynchronous.html. Note: this library is not yet an official part of Boost.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

276



Holderegger, R., Kamm, U., and Gugerli, F. (2006). Adaptive vs. neutral genetic diversity: implica-
tions for landscape genetics. Landscape Ecology, 21:797–807.

Holderegger, R. and Wagner, H. H. (2008). Landscape genetics. BioScience, 58:199–207.
Jia, Y., Salzmann, M., and Darrell, T. (2011). Learning cross-modality similarity for multinomial

data. In Proceedings of the 2011 International Conference on Computer Vision, ICCV ’11, pages
2407–2414, Washington, DC. IEEE Computer Society.

Joost, S., Bonin, A., Bruford, M. W., Després, L., Conord, C., Erhardt, G., and Taberlet, P. (2007).
A spatial analysis method (SAM) to detect candidate loci for selection: towards a landscape
genomics approach to adaptation. Molecular Ecology, 16:3955–3969.

Koller, D. and Friedman, N. (2009). Probabilistic graphical models: principles and techniques.
MIT Press, Cambridge, MA.

Laine, T. Z. (2016). Boost.YAP (proposed). https://tzlaine.github.io/yap/doc/
html/index.html. Note: this library is not yet an official part of Boost.

Lunn, D., Spiegelhalter, D., Thomas, A., and Best, N. (2009). The BUGS project: evolution, critique
and future directions. Statistics in Medicine, 28:3049–3067.

Manel, S. and Holderegger, R. (2013). Ten years of landscape genetics. Trends in Ecology and
Evolution, 28:614–621.

Manel, S., Joost, S., Epperson, B. K., Holderegger, R., Storfer, A., Rosenberg, M. S., Scribner,
K. T., Bonin, A., and Fortin, M.-J. (2010). Perspectives on the use of landscape genetics to detect
genetic adaptive variation in the field. Molecular Ecology, 19:3760–3772.

Manel, S., Schwartz, M. K., Luikart, G., and Taberlet, P. (2003). Landscape genetics: combining
landscape ecology and population genetics. Trends in Ecology and Evolution, 18:189–197.

Maurer, J. (2017). Boost.Random. http://www.boost.org/doc/libs/1_64_0/doc/
html/boost_random.html.

Minka, T., Winn, J., Guiver, J., Webster, S., Zaykov, Y., Yangel, B., Spengler, A., and Bronskill, J.
(2014). Infer.NET 2.6. http://research.microsoft.com/en-us/um/cambridge/
projects/infernet/default.aspx.

Mooiji, J. (2015). libDAI: a free and open source C++ library for discrete approximate inference in
graphical models. https://staff.fnwi.uva.nl/j.m.mooij/libdai/.

Murphy, K. (2014). Software packages for graphical models. https://www.cs.ubc.ca/

˜murphyk/Software/bnsoft.html.
Murphy, M., Dyer, R., and Cushman, S. A. (2016). Graph theory and network models in landscape

genetics. In Balkenhol, N., Cushman, S. A., Storfer, A. T., and Waits, L. P., editors, Landscape
genetics: concepts, methods, applications, chapter 10, pages 165–179. Wiley Blackwell, Hoboken,
New Jersey.

Niebler, E. (2017). Boost.Proto. http://www.boost.org/doc/libs/1_64_0/doc/
html/proto.html.

Open Source Geospatial Foundation (2017). GDAL: Geospatial Data Abstraction Library. http:
//www.gdal.org.

OpenGM (2015). OpenGM. http://hciweb2.iwr.uni-heidelberg.de/opengm/.
Plummer, M. (2015). JAGS version 4.0.0 user manual. Technical report.
Plummer, M. (2016). JAGS. http://mcmc-jags.sourceforge.net.
Pritchard, J. K., Stephens, M., and Donnelly, P. (2000). Inference of population structure using

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

277



multilocus genotype data. Genetics, 155:945–959.
R Core Team (2017). R: A Language and Environment for Statistical Computing. R Foundation for

Statistical Computing, Vienna, Austria.
Selkoe, K. A., Scribner, K. T., and Galindo, H. M. (2016). Waterscape genetics—applications of

landscape genetics to rivers, lakes, and seas. In Balkenhol, N., Cushman, S. A., Storfer, A. T.,
and Waits, L. P., editors, Landscape genetics: concepts, methods, applications, chapter 13, pages
220–246. Wiley Blackwell, Hoboken, New Jersey.

Siek, J., Lee, L.-Q., and Lumsdaine, A. (2002). The Boost Graph Library: user guide and reference
manual. Addison-Wesley.

Siek, J. S., Lee, L.-Q., and Lumsdaine, A. (2017). The Boost Graph library (bgl). http://www.
boost.org/doc/libs/1_64_0/libs/graph/doc/index.html.

Stan Development Team (2016). The Stan math library, version 2.10.0. http://mc-stan.org.
Stepanov, A. A. and Rose, D. E. (2014). From Mathematics to Generic Programming. Addison-

Wesley, first edition.
Steyvers, M. and Griffiths, T. (2007). Probabilistic topic models. In Landauer, T., McNamara, D.,

Dennis, S., and Kintsch, W., editors, Latent Semantic Analysis: A road to meaning. Laurence
Erlbaum.

Storfer, A., Murphy, M. A., Evans, J. S., Goldberg, C. S., Robinson, S., Spear, S. F., Dezzani, R.,
Delmelle, E., Vierling, L., and Waits, L. P. (2007). Putting the ‘landscape’ in landscape genetics.
Heredity, 98:128–142.

Sysoyev, A. V., Milch, B., Bradski, G. R., and Dash, D. (2013). Probabilistic networks library.
https://sourceforge.net/projects/openpnl/.

Thomas, A. (2009). OpenBugs. http://www.openbugs.net/w/FrontPage.
van Strien, M. J., Keller, D., Holderegger, R., Ghazoul, J., Kienast, F., and Bolliger, J. (2014).

Landscape genetics as a tool for conservation planning: predicting the effects of landscape change
on gene flow. Ecological Applications, 24:327–339.

Veldhuizen, T. (1995). Expression templates. C++ Report, 7(5):26–31.
Warmes, G. (2013). HYDRA MCMC library. https://sourceforge.net/projects/
hydra-mcmc/.

Winn, J. (2004). Variational inference for Bayesian networks. http://vibes.sourceforge.
net.

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

278



N individuals

M alleles/individual

K populations

α θ

λ P

AlleleZ

Figure 1. Plate notation (Bishop, 2006) for the locus-specific graph model used by STRUCTURE

(Pritchard et al., 2000). Each circle represents a random variable (or a set of them for those enclosed
within boxes) and each arrow represents a dependency of one random variable upon another. This
models N individuals each sampled for M (usually two) alleles. P represents the allele frequency
distribution in each of K populations and Z represents the assignment of alleles to populations. θ is
the distribution of assignments and α and λ are Bayesian priors. The single filled circle indicates
that among these random variables only the alleles have been observed; the rest are inferred (or
fixed in the case of α and λ ).
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N individuals

M alleles/individual

K populations

α θ

λ PA

P

AlleleZ

F

Figure 2. Plate notation for the correlated allele frequency extension (Falush et al., 2003) to the
locus-specific graph model used by STRUCTURE. This models an ancestral population (PA) from
which a correlated set of extant populations (P) have been derived. The pattern of correlation
between populations is governed by F
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N individuals

M alleles/individual

m spatial tiles

K populations
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Location

λ PA
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Figure 3. Plate notation for the spatially-explicit extension of STRUCTURE used by GENELAND

(Guillot et al., 2005a,b). Additional random variables include the true (s) and observed (shaded)
locations of sampled individuals and the error (ε) between them, and the locations of points defining
the Voronoi tessellation (u) and their population identity (c). In this case, both the number of
Voronoi cells (m) and the number of populations (K) are random variables.
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Figure 4. Conceptual class hierarchy of graph model vertices. Each vertex in a probabilistic graph
model corresponds conceptually to one of these basic concepts. Additionally, the run-time behavior
of the classes can be modified. For example, the specific distribution represented by a vertex can be
modified at run-time by replacing its corresponding strategy.
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// A class wrapping the log() function provided in the C library
//
template < typename Expression >
class log_function
{

using self = log_function;
public:

template < typename E
, typename = mpl::enable_constructor_t<self,E>
>

explicit log_function (E&& expression)
: expression_(std::forward<E>(expression))

{}
template < typename ... T >
auto operator () (T&& ... t) const
{
using std::log;
return log(expression_(std::forward<T>(t)...));

}
private:

Expression expression_;
};

// Evaluate a terminal containing a log_function value
//
template < typename ... T, typename ... Args >
auto transform_expression (expression_terminal<log_function<T...>> expr,

Args&& ... args)
{ return evaluate_terminal(expr,std::forward<Args>(args)...); }

// Evaluate a terminal containing a reference to a log_function
//
template < typename ... T, typename ... Args >
auto transform_expression (expression_terminal<log_function<T...>&> expr,

Args&& ... args)
{ return evaluate_terminal(expr,std::forward<Args>(args)...); }

// Construct a log expression function
//
template < typename Wrapper >
auto log (expression_function<Wrapper>&& function)
{

using function_type = expression_function<Wrapper>;
using log_function_type = log_function<function_type>;
return make_expression_function(log_function_type(std::move(function)));

}

template < typename Expr >
auto log (Expr&& expr)
{ return log(make_expression_function(std::forward<Expr>(expr))); }

template < typename Expression >
auto log (log_function<Expression> const& expr) { return expr; }

template < typename Expression >
auto log (log_function<Expression>&& expr) { return std::move(expr); }

Figure 5. Implementation of the log() expression function.
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observed_allele_type X;
allele_assignment_type Z;
individual_admixture_distribution_type theta;
population_allele_frequency_distribution_type P;
diriclet_parameter_type alpha;
diriclet_parameter_type lambda;

allele_frequency_type Pr;

for (auto population : populations)
P(population) =˜ dirichlet(lambda);

for (auto individual : individuals)
{
theta(individual) =˜ dirichlet(alpha);
for (auto allele : alleles(individual))

{
Z(individual,allele) =˜ multinomial(theta(individual));
for (auto population : populations)

Pr(individual) += Z(population,individual) * P(population);
X(individual,allele) =˜ bernoulli(Pr(individual,allele));

}
}

Figure 6. Compact implementation of the STRUCTURE model with admixture (Pritchard et al.,
2000). This is C++ source code for the probabilistic graph model corrresponding to one of the
models in STRUCTURE. A few additional lines of code transforms this into a model with correlated
allele frequencies (Falush et al., 2003) or one with spatially explicit observations (Guillot et al.,
2005a).
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ABSTRACT

A Spatial Data Infrastructure (SDI) is a framework of geospatial data, metadata, users and tools
intended to provide an efficient and flexible way to use spatial information. One of the key
software components of an SDI is the catalogue service which is needed to discover, query, and
manage the metadata. Catalogue services in an SDI are typically based on the Open Geospatial
Consortium (OGC) Catalogue Service for the Web (CSW) standard which defines common
interfaces for accessing the metadata information.
A search engine is a software system capable of supporting fast and reliable search, which may
use “any means necessary” to get users to the resources they need quickly and efficiently. These
techniques may include features such as full text search, natural language processing, weighted
results, fuzzy tolerance results, faceting, hit highlighting, recommendations, feedback
mechanisms based on log mining, usage statistic gathering, and many others. In this paper we
will be focusing on improving geospatial search with a search engine platform that uses Lucene,
a Java-based search library, at its core.

In work funded by the National Endowment for the Humanities, the Centre for Geographic
Analysis (CGA) at Harvard University is in the process of re-engineering the search component
of its public domain SDI (WorldMap http://worldmap.harvard.edu) which is based on the
GeoNode platform. In the process the CGA has developed Harvard Hypermap (HHypermap), a
map services registry and search platform independent from WorldMap. 
The goal of HHypermap is to provide a framework for building and maintaining a comprehensive
registry of web map services, and because such a registry is expected to be large, the system
supports the development of clients with modern search capabilities such as spatial and temporal
faceting and instant previews via an open API. Behind the scenes HHypermap scalably harvests
OGC and Esri service metadata from distributed servers, organizes that information, and pushes it
to a search engine. The system monitors services for reliability and uses that to improve search.
End users will be able to search the SDI metadata using standard interfaces provided by the
internal CSW catalogue, and will benefit from the enhanced search possibilities provided by an
advanced search engine. HHypermap is built on an open source software stack. 

Keywords: Catalogue Service for the Web, CSW, data discovery, geoportal, geospatial data,
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SPATIAL DATA INFRASTRUCTURE AND CATALOGUE SERVICE FOR 
THE WEB

SDI, Interoperability, and Standards
A Spatial Data Infrastructure (SDI) is a framework of geospatial data, metadata, users and tools
which provides a mechanism for publishing and updating geospatial information. An SDI
provides the architectural underpinnings for the discovery, evaluation, and use of geospatial
information (Global Spatial Data Infrastructure Association, 2004). SDIs are typically distributed
in nature and connected by disparate computing platforms and client/server design patterns.

A critical principle of an SDI is interoperability which can be defined as the ability of a system or
components in a system to provide information sharing and inter-application cooperative process
control through a mutual understanding of request and response mechanisms embodied in
standards (Groot and McLaughlin, 2000).
Standards (formal, de facto, community) provide three primary benefits for geospatial
information: a) portability: use and reuse of information and applications, b) interoperability:
multiple system information exchange and c) maintainability: long term updating and effective
u s e o f a r e s o u r c e ( G r o o t a n d M c L a u g h l i n , 2 0 0 0 ) .
The Open Geospatial Consortium (OGC) standards baseline has traditionally provided core
standards definitions to major SDI activities. Along with other standards bodies (IETF, ISO,
OASIS) and de facto / community efforts (Open Source Geospatial Foundation [OSGeo], etc.),
OGC standards provide broadly accepted, mature specifications, profiles, and best practices.

Catalogue Service for the Web
Ease of data discovery is a critical measure of the effectiveness of an SDI. The OGC Catalogue
interface standards (Catalogue Service for the Web [CSW]) specify the interfaces and bindings,
as well as a framework for defining the application profiles required to publish and access digital
catalogues of metadata for geospatial data and services. (Open Geospatial Consortium, 2016).

Based on the Dublin Core metadata information model, CSW supports broad interoperability
around discovering geospatial data and services spatially, non-spatially, temporally, and via
keywords or free text. CSW supports application profiles which allow for information
communities to constrain and/or extend the CSW specification to satisfy specific discovery
requirements and to realize tighter coupling and integration of geospatial data and services. The
CSW ISO Application Profile is an example of a standard for geospatial data search which
follows ISO geospatial metadata standards.

Limitations of CSW

While CSW provides numerous benefits to SDI’s, there are numerous opportunities to enhance
the functionality of CSW and the server implementations of CSW by adding in standard search
engine functionality. Here are some examples: 
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• Facets: CSW does not easily emit facets or facet counts as part of search results. Facets
can be based on numerous classification schemes, such as named geography, date and
time extent, keywords, etc. and can be used to enable interactive feedback mechanisms
which help users define and refine their searches effectively.

• Hit highlighting: CSW does not provide fragment highlighting of search results.

• JSON: CSW is historically rooted in eXtensible Markup Language (XML). Modern
HTTP request/response mechanisms use JavaScript Object Notation (JSON) to provide
compact representation of search results enabling better performance.

• Simplified query interface: the CSW query interface is based on XML, and quickly
becomes complex when crafting advanced search requests (spatial, not spatial, temporal,
etc.).

In addition, from a software engineering perspective, search engine implementations such as
Lucene, natively provide numerous capabilities on which to build features like text stemming,
relevance tuning, dictionaries and thesauri, while also supporting high scalability and replicability
due to a shardable architecture.

THE NEED FOR SEARCH ENGINES IN SPATIAL DATA 
INFRASTRUCTURE

Search workflow and user experience is a vital part of modern web-based applications. Numerous
types of web application such as Content Management Systems (CMS), Wikis, data delivery
frameworks, all benefit from improved data discovery. In the last few years, these applications
have delegated the task of search optimization to specific frameworks known as search engines.
Rather than implementing a custom search logic, these platforms now often add a search engine
in the stack to improve search. Apache Solr and Elasticsearch, two popular open source search
engine web platforms, and both based on Apache Lucene, can now be part of a typical CMS stack
to support complex search criteria, faceting, result highlighting, query spellcheck, relevance
tuning and more (Smiley, D. and Pugh, E., 2009). As for CMS’s, SDI search can dramatically
benefit from such platforms as well.

Benefits from search engine frameworks

Typically the way a search engine works can be split into two distinct phases: indexing and
searching. During the indexing phase, all of the documents (metadata, in the SDI context) that
must be searched are scanned, and a list of search terms (an index) is built. For each search term,
the index keeps track of the identifiers of the documents that contain the search term. During the
searching phase only the index is looked at, and a list of the documents containing the given
search term is quickly returned to the client. This indexed approach makes a search engine
extremely fast in outputting results. On top of this, a search engine provides many other useful
search related features, improving dramatically the experience of users.
Crucially, search engines are good at handling the ambiguities of natural languages, thanks to
stop words (words filtered out during the processing of text), stemming (ability to detect words
derived from a common root), synonyms detection, and controlled vocabularies such as thesauri
and taxonomies. It is possible to do phrase searches and proximity searches (search for a phrase
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containing two different words separated by a specified number of words). Results can be
weighted, providing a way to rank results provided to users with the more relevant ones closer to
the top. In addition, it is possible to use regular expressions, wildcard search, and fuzzy search to
provide results for a given term and its common variations. It is also possible to support boolean
queries: a user is able to search results using terms and boolean operators such as AND, OR,
NOT and hit highlighting can provide immediate search term suggestions to the user searching a
text string in metadata.

An important search engine feature useful for searching a metadata catalogue is faceted search.
Faceting is the arrangement of search results in categories based on indexed terms. This
capability makes it possible for example, to provide an immediate indication of the number of
times that common keywords are contained in different metadata documents.
A typical use case is with metadata categories, keywords and regions. Thanks to facets, the user
interface of an SDI catalogue can display counts for documents by category, keyword or region
(Figure 1).

Search engines can also support temporal and spatial faceting, two features that are extremely
useful for browsing large collections of geospatial metadata. Temporal faceting can display the
number of metadata documents by date range as a kind of histogram. Spatial faceting can provide
a spatial surface representing the distribution of layers or features across an area of interest. In
Figure 2 a heatmap is generated by spatial faceting which shows the distribution of layers in the
WorldMap SDI for a given geographic region.

Figure 1. Facets generates counts for metadata categories
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Furthermore, from a software engineering perspective, search engines are highly scalable and
replicable, thanks to their shardable architecture. Such systems are capable of providing
interactive query access to collections of spatio-temporal objects containing billions of features.

HHYPERMAP: AN SDI SEARCH ENGINE BASED ON FREE AND OPEN 
SOURCE SOFTWARE

HHypermap is an application that manages OGC web services (such as WMS, WMTS), and Esri
REST endpoints and in addition supports map service crawling, and harvesting, and uptime
statistics gathering for services and layers. HHypermap is a metadata registry/catalogue/search
application which works off remote and distributed data services. The aim of HHypermap is to
provide a more effective search experience to WorldMap users and also for users outside
WorldMap. WorldMap is an open source mapping platform developed by the CGA to lower the
barrier for scholars who wish to explore, visualize, edit and publish geospatial information.
HHypermap is built exclusively on a free and open source software (FOSS) architecture (Figure
3), comprised most notably by the following components (in alphabetical order):

• Celery: asynchronous Python task queue utilizing the RabbitMQ message broker

• Django: web framework written in Python

• Lucene: search engine library made available using either of the Apache Solr or

Figure 2. Spatial faceting enables heatmaps showing the distribution
of layers in the space
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Elasticsearch search platforms

• MapProxy: open source proxy for geospatial data. It caches, accelerates and transforms
data from existing map services 

• Memcached: high-performance, distributed memory object caching system, used to speed
up dynamic web applications by alleviating database load

• OWSLib and arcrest: Python packages for working with OGC and Esri web services

• PostgreSQL: relational database management system (RDBMS)

• PostGIS: spatial extension for the PostreSQL database

• pycsw: CSW server implementation written in Python, providing CSW 2.0.2 and 3.0.0
support, as well as other standards-based search APIs

HHypermap is developed and managed on GitHub; all source code can be found at
https://github.com/cga-harvard/HHypermap, along with instructions on setup, configuration,
deployment and use.

FUTURE WORK

While the CSW 3.0.0 standard provides improvements to address mass market search/discovery,
the benefits of search engine implementations combined with broad interoperability of the CSW
standard present opportunities to integrate the CSW standard with search engine methodologies.
The authors hope that such an approach will become formalized as a CSW Application Profile or

Figure 3. Hhypermap system architecture
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Best Practice in order to achieve maximum benefit and adoption in SDI activities. This will allow
CSW implementations to make better use of search engine methodologies for improving the user
search experience in SDI workflows.

CONCLUSION

Harvard Hypermap aims to provide a FOSS solution using modern approaches to realize a highly
scalable, flexible and robust geospatial registry and catalogue/search platform while achieving
broad interoperability via open standards.
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ABSTRACT 
WebWorldWind is a 3D virtual globe API for HTML5 and JavaScript developed by NASA with 
support of the European Space Agency (ESA) and other partners. In this paper, the results of the 
first year for the on-going collaboration between ESA and NASA on WebWorldWind 
development are presented, highlighting concrete examples built with the newly introduced 
features and putting them in relation to possible research and education use cases. Finally, the 
next steps and roadmap are briefly introduced. 

Keywords: WebWorldWind, Virtual Globe, API, HTML5, JavaScript, ESA, NASA 

INTRODUCTION 
Since its first stable release in 2011, the increased availability of WebGL as part of HTML5, 
including on mobile platforms, makes it an ideal candidate for powerful 3D virtual globes 
serving the needs of geospatial activities. Relying on Web technologies enables new paradigms 
in terms of distribution, portability, access to data sources and ease of use in general that can 
greatly benefit the research and education activities. 

At the end of 2014, capitalizing on its experience building WorldWind technologies over the last 
decade, NASA started a new project called WebWorldWind that brings their famous 3D virtual 
globe to the Web via a JavaScript API. Mid-2015, ESA - via the “Fast Prototyping” consortium - 
joined the project by contributing with software development and requirements in order to 
support the development of features enabling the visualization of data produced by its Earth 
Observation missions. Since then, the partners have been steadily building a full-fledged solution 
in the spirit of true open-source software. All the code is freely available to any interested 
developer anywhere in the world. 
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HOW DOES WEBWORLDWIND COMPARE TO OTHER 3D VIRTUAL 
GLOBES? 
The primary mission of WebWorldWind is to support the operational needs of the geospatial 
community. This is different from other 3D virtual globe platforms such as Google Earth, ESRI 
and Cesium, which implement business models. Furthermore, these other platforms do not have 
the history, experience or practical focus of WorldWind and its development team, and 
particularly they lack its extensible architecture. 

Contrarily to Google Earth, WorldWind is an API rather than an application. Thus, it can be 
plugged into any application that needs virtual globe capabilities, with virtually unlimited 
possibilities for what concerns the intended interactions. A corollary of this is that Google Earth 
is one single application whilst WorldWind can be part of many applications. Also, thanks to the 
ESA-NASA collaboration, WebWorldWind now implements a substantial part of the KML 
specification, therefore being able to offer similar visualization capabilities w.r.t. Google Earth. 

The ESRI suite of tools instead, besides being commercial and expensive, is proprietary and, 
similarly to Google Earth, is an application rather than an API. Compared to Google Earth and 
WebWorldWind, it is also not as full-featured. Several government organizations have 
abandoned ESRI in favor of WorldWind to reduce costs and gain flexibility. 

Cesium is also a virtual globe API, but its users often complain that it is very hard to use and in 
particular to extend. It also does not offer the fine details that WebWorldWind does and these 
details are exactly the ones that practical applications rely on. There is also a difference in focus, 
because Cesium aims at satisfying computer graphics needs while WebWorldWind aims at 
satisfying the geospatial community’s needs, even though the ESA-NASA development team is 
extremely proficient in computer graphics as well, besides the geospatial visualization. 

This paper does not intend to be exhaustive in comparing WorldWind and Cesium, but some of 
the key technical differences that can be highlighted are: WebWorldWind’s ease and simplicity 
of extension, on top of standard Javascript and WebGL; the developer’s interface for configuring 
shape positions and camera positions which in WorldWind is geographic and in Cesium is 3D-
centric (xyz); the Terrain Data handling, as WorldWind is designed to combine elevation data 
from multiple sources at runtime on the client, being able to display it from WCS and DTED 
data sources, while Cesium supports its own proprietary elevation data source and a proprietary 
ESRI ArcGIS elevation data source. 

Finally, whilst WebWorldWind is 100% free and open-source in all circumstances, Cesium 
comes in a “Pro” version, which can cost several thousands of Euro. 

It should be noted that all the options above, including WebWorldWind, target the Web rather 
than mobile applications. Therefore, mobile-specific technologies such as Glob3Mobile and 
other existing flavors of WorldWind (such as WorldWindAndroid) should be seen as outside the 
scope of this paper. Nevertheless, one of the most popular applications that is currently making 
use of WebWorldWind is the ESA Sentinel mobile application for Android and iOS smartphones 
and tablets (freely available on Google Play and on the App Store). As can be inferred from this, 
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despite primarily targeting the Web, WebWorldWind is also perfectly suited (and actually 
advantageous) for implementing cross-platform mobile applications that require a virtual 3D 
globe. The ESA Sentinel App did rely on Glob3Mobile at its onset and then for more than a year, 
as WebWorldWind development picked up. Glob3Mobile development however was slow, the 
community around it was small and, very importantly, the code-base was very poorly 
documented which made using and extending it extremely difficult and unproductive. The 
migration of the ESA Sentinel App to WebWorldWind is a demonstration both of the latter 
platform’s suitability for this kind of use-case and of the validity of relying on pure web 
technologies for developing mobile applications. 

RESULTS OF THE FIRST YEAR 
Based on the already available feature-set including navigation, viewing and picking, the 
collaboration began with the addition of new file formats in complement to Shapefiles, JPEG and 
PNG. File formats for external data were deemed key enablers for the intended use of the 
framework. The following formats were added: 

• GeoJSON for shapes 

• GeoTIFF for both strip- and tile-based imagery 

• Collada for 3D models 

• KML (geometries, placemark, styling, overlays, time primitives, network link…) 

The team then focused on implementing visual effects: atmosphere, sun illumination and 
day/night layers. They not only make the Earth globe very appealing to any user, but also 
contribute to the analysis of phenomena where the distinction between day and night is relevant. 

	

Figure 1. Satellite tracker combining some of the abovementioned features 

In addition to the direct contributions to the WebWordWind framework and the examples related 
to these contributed features, the ESA-funded team developed reference applications for its own 
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purposes. Figure 1 shows a satellite tracker for the Sentinel satellites part of Copernicus, the 
European Programme for the establishment of a European capacity for Earth Observation. In the 
development of this application, particular attention is given to performance and compatibility 
with mobile platforms. 

A second reference application presents statistics on the availability of Earth Observation 
products for specific missions and instruments. Density maps resulting from this application, for 
Sentinel-1 and Sentinel-2 data, are shown in Figure 2 below. There are other demo applications, 
and more continue to be built, highlighting how easily various types of data (not necessarily 
space-related) can be displayed on WebWorldWind: for example, the Sentinel-1 and Sentinel-2 
acquisition plans, weather data from EUMETSAT, country data following the INSPIRE 
directive, etc. 

	

Figure 2. Statistics on the availability of earth observation products	

Another important aspect for such solutions is the ability to handle the large amounts of data 
commonly found in geospatial information sources. In order to demonstrate this, a viewer for the 
Normalized Difference Vegetation Index (NDVI) was developed. The data is acquired and 
processed directly by the client. Raw NDVI values, which are floating point values, are scaled 
for generating an image that can then be seen on the globe at the proper coordinates and clamped 
to the terrain as show in Figure 3 below. 
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Figure 3. NDVI over Sicily	

The operation uses JavaScript Web Workers for processing the data without blocking the globe 
and the web interface. Moreover, multiple scenes creating a timeline can be processed in parallel 
using this method, making use of multiple threads. When clicking on the surface, the rescaled 
values for the location are presented for the entire timeline as depicted in Figure 4. 

	

Figure 4. Plot of the rescaled NDVI values for a particular location 

OUTLOOK AND CONCLUSION	
The contractual framework for the team supporting the collaboration between ESA and NASA 
was recently renewed for a year, with plans not only to contribute to the extension of the 
WebWorldWind framework itself but also to build rich, interesting and useful applications that 
promote and help visualize ESA data on top of it. Backed by these two agencies, 
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WebWorldWind has a bright future with a growing user and developer community and many 
promising features in the pipeline. 

The team, recently enlarged by an industrial partner, is now working on the support of additional 
OGC standards including WMTS and WCS. The latter is foreseen for both imagery and local 
elevation models. 

The roadmap also includes WPS, WFS, Measurement, Line of Sight, Analytic Surface, HDF and 
FBX, among others. Inputs from the community as contributions to the roadmap are welcome 
and important to assure that the framework continues evolving and serving the real needs of 
geospatial users all over the world, who wish to rely on free and open-source technologies rather 
than expensive license schemes. 

Finally, this venture also opens new doors for education and research purposes. In fact, as 
mentioned in the introduction, open source Web technologies make access to data and building 
prototypes much easier and productive. For example, combine WebWorldWind with JS Bin and 
you get an open platform for education. 
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ABSTRACT

Volunteered Geographic Information (VGI)  is  a recent  trend that has been
successfully used in order to collect and share geographic information. This
method is of interest for scientists who are in need of data and who want to
get people involved in their cause. In this paper we discuss the challenges
and opportunities that scientists may face when using the concept. An initial
challenge is to find users who are willing to contribute. Second scientist must
get these users to interact with the application and with each other. The final
goal  is  to  end  up  with  high  quality  data  that  can  be  used  for  scientific
research.

Keywords: VGI,  citizen  science,  user  engagement,  crowdsourcing,  data
quality

INTRODUCTION

VGI allows citizens to gather geographic data, making data creation cheaper
and access  to  geographic  information easier  (Goodchild  M.  ,  2007a).  The
success  of  GPS-equipped smartphones  and tablet  computers  has  made it
easy for any citizen to access and share geographic information anywhere on
the planet. 

It  is  in this context that the scientific community has started using the
concept to gather geographic information that otherwise a) would have been
very expensive and b) would have taken much time to get. VGI as a concept
however relies on the fact that citizens
1. Find an application / a website among a vast choice
2. See an interest in spending time sharing geographic information and 
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3. Use the tool to collect and share information (Rotman, et al., 2012). 
These three points are crucial for the success of a project involving VGI.

Especially within the context of scientific projects these points are even more
difficult  to  address  since  scientist  often  have  very  specific  prerequisites
regarding data quality (e.g. accuracy, completeness, etc). Moreover scientific
projects are often limited in time and the development of VGI applications
(concept, implementation, testing) is time-consuming.

In  this  paper  we  want  to  address  the  challenges  for  using  VGI  within
scientific projects. This paper is structured as follows: first we address the
question how scientist  can get users to be aware of  their projects and to
discover  an application  or  website.  Second we discuss  how users  can be
convinced to not only use an application one time, but frequently. The third
point concerns data quality and the question how high quality data can be
collected. Another important issue are legal aspects such as the identification
of the data owner and how data which has been collected by several users
can be reutilized. Finally we will describe ideas for further developments and
present our conclusions.

FINDING USERS

Obviously VGI without volunteers is difficult. An initial challenge is therefore
to get people to see an interest in using a VGI platform. 

First of all advertising allows users to notice the project and to understand
the  project’s  intentions  (Engels,  2015).  A  vast  choice  of  advertising
possibilities from traditional media such as newspapers, radio and television
or more recent media such as social media can be used. The question that
needs to be raised in this context is “Who are the users?”, “In which context
do we situate the intended users (work, free time, stress, etc.)?” or ”During
which time of day would advertising make sense (e.g.  while the intended
users travel to work, read newspapers, watch television)?”

Media  campaigns  may  stimulate  the  users’  participation  (Schoberth,
Heinzl,  &  Preece,  2006),  however  such  campaigns  can  be  expensive  and
time-consuming.  According  to  (Porter,  2008)  good  ways  to  find  users  is
through word of mouth, blogs, reviews, links, and so on. Moreover if we focus
on a specific community, it is possible to connect as early as possible with
users. Citizen must be engaged as soon as possible in the project process
because it will affect the application method such as how data are gathering
(Engels, 2015). 

According  to  Rogers  (Rogers,  2003)  there  are  four  main  components
regarding diffusion:  the innovation,  the communication channels,  the time
and  the  social  system.  Indeed  “diffusion  is  the  process  by  which  an
innovation is communicated through certain channels over time among the
members of a social system” (Rogers, 2003). For this purpose social networks
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are regularly used by citizens and thus provide a good way to find new users
(Bartoschek & Kessler, 2012). 

Within the context of scientific projects starting a new VGI project may not
be as easy, as the scientific context and thereby also the outcome and the
benefits may be more difficult to explain.

KEEPING AND INVOLVING USERS

Once a user has found a website or installed an app the goal is to involve the
user  in  the  project.   According  to  (Preece  &  Shneiderman,  2009)  social
participation can be divided in successive levels. At first users just watch into
an application.  However in  a second time some of  these users  decide to
return to  the application and to  participate only  a  little  in  order  to avoid
exposing  themselves.  Finally  a  few  of  these  users  return  again  to  the
application  and  participate  more  actively.  Thus  more  we  climb a  level  of
social participation, less users there are. Those successive levels are named
reading, contributing, collaborating and leading.

The  difference  between  the  contributing  and  collaborating  levels  are  the
users’ initial intentions. Contribution means that a user adds e.g. a picture or
a comment although initially he does not have the intention to make any
contribution.  If  a  user  regularly  contributes  through  an  application,  he
becomes a collaborator (Preece & Shneiderman, 2009). According to Riddell
(Riddell,  2014)  different  reasons could motivate users to participate more
such  as  health  or  development  concerns,  empowerment,  environmental
protection, learning new skills, making social connections and having fun. On
the other hand some people tend to resist to new things and thus require
strong encouragement from a trusted friend or respected authority (Fogg,
2002).  This  fact  can  be  illustrated  by  an  example  of  a  Peruvian  village
(Rogers,  2003):  Most residents of  this  village do not boil  water despite of
sanitary recommendations. In fact, the majority of people who do boil their

Figure 1. The Reader-to-Leader Framework (Preece & Shneiderman, 2009)
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water were persuaded during a health worker’s regular visits. 

The  contribution  of  volunteers  can  be  categorized  in  terms  of  the
complexity of the task as well. Haklay (Haklay M. , 2013) suggests a scale
from citizens serving as a simple sensor (level 1 – crowdsourcing), as basic
interpreters (level 2 – distributed intelligence), as participators in easy tasks
(level 3 – participatory science) or as participators in more complicated tasks
(level 4).

Bartoschek and Kessler  (Bartoschek & Kessler,  2012) state that a key for
keeping users is usability. A website’s or an application’s interface must be
adapted to the people who will  use it  (Preece & Shneiderman, 2009).  For
instance  if  the  intended  audience  are  children,  it  is  important  that  the
interface contains pictures as children do not have an extensive vocabulary
and do not like to read a lot.  (Alburo, et al., 2005).

In any case the application’s interface must be kept as simple as possible
or as Porter (Porter, 2008) points out - a complicated interface suggests a
complicated  service.  Therefore  a  complicated  interface  can  demotivate
people using the application. In order to show people an application’s ease of
use, it  is  also possible to make a “How it  Works” namely a short  graphic
which explains the main points of the application. Another issue regarding
VGI  applications  is  the  time for  a  contribution.  Schmidt  et  al.   (Schmidt,
Klettner, & Steinmann, 2013) for instance have identified time as the main
barrier for collaborating to the OpenStreetMap project. 

Furthermore an  application’s success also depends on the vitality of the

Figure 2. Contribution levels in VGI (Haklay M. , 2013)

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

302



subject and the size of the community (Schoberth, Heinzl, & Preece, 2006).
According to a study the growing size of a community does not only have
positive  effects  (Whittaker,  Terveen,  Hill,  &  Cherny,  1998).  Indeed  this
tendency can increase information overload and it can get more difficult to
find  common  ground  which  finally  leads  to  users  ceasing  collaboration.
Bartoschek and Kessler (Bartoschek & Kessler, 2012) suggest that a mixed
form of VGI and social networks could keep users to collaborate. Moreover
quick feedback through an application can incite citizens in continuing using
an application. 

Using VGI  for  scientific projects may be more complicated,  as scientific
project  often  have  very  specific  intentions  that  not  necessarily  meet  a
citizens’ personal concerns.  Furthermore there are not necessarily existing
communities  that  can  help  adopting  a  VGI  platform.  The  challenges  for
scientist (in addition to aforementioned elements) are therefore to: a) explain
the project’s context in an understandable manner and to find incitements to
convince users to contribute. b) define the user’s level of contribution (e.g.
ranging from simple digitization to more complex tasks) and c) to find and
offer  ways  to  make  users  interact  (among each  other,  but  also  with  the
scientists).

Engels (Engels, 2015) suggest a framework how scientists can be involved
in citizen science project. In this framework scientists interact with the users
of a platform at several stages: scientists can a) express a need for data, b)
give  recognition  to  volunteers,  c)  train  volunteers  and  d)  comment  and
validate data that has been added. Engels suggests that a deep involvement
of the scientist can stimulate the circle of involving users, using a system,
sharing data and validating data.

HIGH QUALITY DATA

Goodchild (Goodchild M. F., 2007b) argues that data that is produced by local
observers has the potential to be more accurate than data that is collected
through other techniques since these citizens are familiar with the area. Data
quality however depends on a series of different factors.

Quality is often defined as “fitness for use” (Chrisman, 1983). According to
the International Standards Organization (ISO) quality means “the totality of
characteristics  of  a  product  that  bear  on  its  ability  to  satisfy  stated  and
implied needs”. Van Oort (van Oort, 2006) cites different aspects that define
spatial data quality such as 

• Lineage: history of a dataset
• Positional  accuracy  (horizontal  and  vertical):  accuracy  of  coordinate

values of a dataset relates to the reality on the ground
• Attribute accuracy: accuracy of all attributes other than the positional
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and temporal attributes of a dataset
• Logical  consistency:  internal  consistency  of  a  dataset  (fidelity  of

relationships that are encoded in a dataset)
• Completeness: measure of the lack of data (errors of omission) and the

presence of excess data (errors of commission) 
• Semantic accuracy: link with the way in which the object is captured

and represented in the database to its meaning and the way in which it
should be interpreted

• Usage, purpose and constraints: help for a potential user of a dataset 
• Temporal quality: validity of changes in the database in relation to real

changes 
• Variation in quality: homogeneity within a database
• Meta-quality: information on the quality of the quality description
• Resolution

Spatial  data  quality  is  not  a  recent  issue and has  been important  for  all
citizen science projects in general (Engels, 2015). Van Oort (van Oort, 2006)
for instance identifies some work about spatial data quality dating back to
the late 1960s. With the emergence of VGI the data quality issue is growing –
especially if the data collected is used for decision making (van Oort, 2006).
Any errors and uncertainties in spatial data may have practical, financial and
even legal implications (Huisman & De By, 2001). For several disciplines high
quality  data  is  crucial,  such as  public  health,  urban planning,  mobility  or
environmental protection. 

Citizens are not necessarily experts regarding the data that the creators of
VGI applications want them to gather and to share. According to Cho (Cho,
2014) data quality depends on the background and training of the users. The
problem of geographic accuracy for instance can be an important issue if the
data is collected using smartphones / tablet computers in urban areas due to
GPS  reception  problems.  Furthermore  it  is  also  possible  that  some  users
willingly share inaccurate data. Data may contain different degrees of error
and according to Huisman and De By (Huisman & De By, 2001) there are
three main categories namely gross errors (mistakes), variations in the data
measurement (imprecisions) and classification errors. 

In  order  to  ensure  data  quality,  researchers  have  identified  several
possibilities: One of these possibilities is the users’ authentication. If a user
creates  an  account,  it  allows  him  to  interact  with  other  users,  e.g.  by
commenting on others users’ contributions (Castelein, Grus, Crompvoets, &
Bregt,  2010).  According  to  the  Hickling  Arthurs  Low Corporation  (Hickling
Arthurs  Low  Corporation,  2012)  “login  authentication  ensures  that  error
reporting and change submission are only performed by authorized users”.
Moreover  registration  allows  for  user  classification  (Maué,  2007).  A  newly
registered user can be restricted with some application features (restrictions
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on participation) such as for instance modifying others users’ contributions.
In  order  to  access  all  features,  users  must  gain  a  high  reputation  by
collaborating through the application. However according to a study made by
Zhou (Zhou, 2014) authentication discourages new user from reporting. 

There are several possibilities to analyze data once collected and to rule
out false data. These methods can be categorized into automated methods
and user-controlled methods. (Fonte, et al., 2015)

Regarding  automatic  methods  it  is  first  of  all  important  that  the
possibilities  of  users  to  make  errors  must  be  minimized:  in  many  cases
attributes depend on other attributes and if a user has filled in one attribute,
other attributes can be changed or deactivated automatically. When it comes
to geographic information it  is  often possible to rule out areas where the
information that a user can share is impossible (e.g. sharing a flower in the
lake or sharing a car on to of a mountain). 

The community  itself  can be used to  improve data quality  through the
implementation  of  options  that  allow  users  to  confirm  or  correct  data.
(Goodchild  &  Li,  2012).  This  idea  has  been  successfully  implemented  in
several projects. The “Notes” function for example is a tool that allows users
to  report  errors  or  to  make annotations  in  the  OpenStreetMap data.  This
concept has another positive side-effect: users get feedback on their data
and thereby may get even more interested in using an application. 

Another way to insure data quality is through the utilization of standards,
specifications,  protocols  and  metadata  formats.  In  the  case  of  some
applications such as the GLOBE (Global Learning and Research to Benefit the
Environment) project – which aims at improving the earth’s environment –
protocols are established in order to ensure high quality data (Goodchild M.
F.,  2007b).  Furthermore protocols  can be adjusted to prevent mistakes by
observing users during data acquisition in order to understand what kind of
mistakes they make (Engels, 2015).

Communication is also a crucial point in the field of VGI. Indeed project
managers must communicate with users in order to train, support and help
them (Engels, 2015). As an example error messages can be sent to users in
order to ask them to check data they have just digitized.

LEGAL ISSUES

If a user shares information, he does work. Even if the user is not paid for his
work, in some cases he can stay the owner of his data and/or have the right
to  delete  or  modify  his  data.  Another  issue is  the reutilization  of  already
collected data  for  different  purpose.  Furthermore geographic  data  can be
collected anywhere on the planet – if the data collected is located on private
ground the owner of the ground may have the right to ask the creators of a
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VGI platform to delete or modify the data. 

Cho (Cho,  2014)  identifies  different  legal  concerns:  a)  Data quality  and
credibility, b) Ownership and intellectual property rights: e.g. there could be
difficulties in tracing the data source due to the number of contributors. In
other words it could be difficult identify the person who digitized data. One
solution to this problem is the Creative Commons license.  c) Liability: Paid
professionals are held responsible for their data. However it is difficult to do
the same with volunteers, especially if a group of users has contributed to
the same set of data. It is very difficult to determine who is liable if there is a
mix of responsibilities between the various volunteers and also between the
professional controllers. (Janssen, 2011)

According to  Janssen (Janssen,  2011)  another  issue is  privacy,  which  is
defined by “any information related to an identified or identifiable person”.
Janssen quotes the example of “citizens as sensors”; where volunteers are
localized and tracked. The location can also relate to the location of other
people. The main question is to know what the reasonable expectation of
privacy is. One possible solution to this problem is to inform volunteers about
the data they share. 

The legal situation for these issues is important and in many cases not
clearly specified (it can even change from country to country). It is therefore
important  that  the  creators  of  a  VGI  platform  clearly  specify  how  the
collected data will be used and if the data may or may not be used within
other contexts. Moreover according to Cho (Cho, 2014) a way to solve these
different issues is to develop standards and to address the different issues in
licenses and documentation.

CONCLUSIONS

VGI is an efficient possibility for scientists to get data and to make people
aware of specific problems. This way of collecting georeferenced information
has some advantages such as the fact that it is cheap and that theoretically
enormous amounts of data can be collected. Moreover VGI can reach regions
where  no  scientist  will  or  can put  their  foot  such as  for  instance private
ground. However VGI is not just about quickly developing a working webpage
or  mobile  application  that  lets  users  share  information  and  hoping  that
everybody will use it. 

Although most citizens have a device in their pocket that lets them quickly
consume  and  share  information,  there  is  a  vast  choice  of  applications,
webpages, social networks etc. around that the creators of new VGI platforms
either need to compete with or use in order to get citizens interested in their
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application. We therefore suggest some important points that scientist need
to be aware of before creating a VGI platform:

First  scientist  need to figure out  how their  subject  can be explained to
citizens  in  a  way  that  he  can  understand.  This  point  has  two  important
consequences. By understanding the importance of a subject, citizens can
become  motivated  in  helping  and  sharing  information.  Furthermore
motivated citizens can motivate other citizens to do the same.

Second, the creators of VGI platforms need to figure out how to get users
to find an application or a web-platform. Methods such as newspaper ads,
radio transmissions, social  networks and the word of  mouth can be used.
Each method has its advantages and disadvantages in terms of cost or the
people that can be reached.

Third, once a citizen has been convinced to try out a website or a mobile
application,  he must  be encouraged to not  only  consume the information
once, but to return several times in order to contribute and to collaborate.
Techniques that can be used to achieve this goal are on one hand interface
techniques such as user experience engineering, but also methods that make
the  user  understand  that  his  contribution  matters.  Another  important
technique is that users get something in return for their work (e.g. a map or
points in a ranking of contributors)

The quality of data and legal issues are other important aspects of VGI.
Data quality can be verified and corrected using automated methods (e.g.
using  validated  reference  data)  or  through  the  community  itself  (e.g.  by
verifying and commenting on data). Furthermore it is important to verify and
announce legal aspects before the application is released.
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ABSTRACT
Alpine fires are mainly slope-driven, spreading along the forested steep slopes. Fire ignitions are
here highly clustered near anthropogenic infrastructures and this characteristic behavior also affects
the definition of the wildland urban interface (WUI). This last is known as the area where houses and
other human infrastructures meet or intermingle with wildland vegetation, rural zone or forest. The
main objective of the present study is to create a simulation model to assess the forest fire dynamic
in pilot area located in the southern Swiss alpine region. This allows to investigate, for example,
the influence of the mobility of people on the fires occurrences by simulating the daily movement
of each single active person; or to simulate the displacement of the firefighters over the territory in
order to evaluate the efficiency of different fires fight strategies in time. In this preliminary study the
core simulation model has been implemented in GAMA, an open source agent based simulation
platform. A long term objective is to conduct a study at global scale, over a wider area (e.g. the
entire Canton Ticino), to understand the evolution of the WUI in time, analysing the affecting factors
like the population growth or of the urbanisation and land use management.

Keywords: multi agent systems, forest fires, wildland urban interface, land use dynamics,
spatio-temporal modelling

INTRODUCTION
Forest fire hazardous events are assuming an increasing importance especially in relation to urban
sprawl, which makes it difficult to outline a border between human infrastructures and forest
(Theobald and Romme, 2007). A central feature related to forest fires is the so called wildland urban
interface (WUI). This is defined as the area where houses and other human infrastructures meet or
intermingle with wildland vegetation, rural zone or forest (Stewart et al., 2007). WUI is largely
investigated especially in the U.S., Australia and Mediterranean regions (Collins, 2005; Radeloff
et al., 2005; Gill and Stephens, 2009; Badia et al., 2011; Caballero et al., 2007). Many efforts have
been made in these countries to characterize and map the WUI with the main goal of protecting
housing, which display an isolated, scattered or clustered pattern (Lampin-Maillet et al., 2010), from
burning.
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Alpine fires have a characteristic behavior which also affects the definition of the WUI. Here
wildfires are mainly slope-driven and fire spreads along the forested steep slopes; therefore, even if
fire ignitions are highly clustered near anthropogenic infrastructures (Conedera et al., 2011; Orozco
et al., 2012; Zumbrunnen et al., 2009), in most of the cases houses do not burn out. In the Swiss
Alpine environment the wildland urban interface shows a specific characteristics as it lies between
the urban area and the steep forests, intermingled with agricultural lands, vineyards and unproductive
surfaces (Conedera et al., 2015). The evolution of this interface area is principally driven by land use
changes, as the urban growth and forest extension at the expenses in particular of cultivated areas.

The first objective of the present study is to create a simulation model acting at local scale to
assess the forest fire dynamic in pilot area located in the southern Swiss alpine region. By this
way is possible to perform highly detailed analysis, as for example: simulating the daily movement
of each single active person in order to investigate the influence of the mobility of people on the
fires occurrences; studying the efficiency of different fires fight strategies in time, by simulating the
displacement of the firefighters over the territory. As second objective, conducting a study at global
scale over a wider area (e.g. the entire Canton Ticino), it is possible to understand the evolution of
the WUI in time, analysing the affecting factors like the population growth or of the urbanisation
and land use management. Canton Ticino is one of the most fire-prone areas of the Swiss Alpine
region. Preventive measures to reduce the number of ignited fires were established here in recent
times, namely: the reorganization of the fire brigades and the systematic use of helicopters for aerial
firefighting (implemented since 1980); preventive legal acts prohibiting burning garden debris and
fireworks in the open space (implemented since 1991).

METHOD AND DATA
A multi-agent system (MAS) is a computerized system characterized by multiple intelligent agents
interacting within a specific environment. An agent is defined as a computational component with
its own attributes, actions and behavior, able to interact with other agents. The proposed model is
multi-level so that, in reason of the extension of the studied zone, different aspects of forest fires
occurring on the territory can be taken in consideration and different operations can be performed
during the simulation. Operationally we employed GAMA, which is an open source modeling
platform for building spatially explicit agent-based simulations (Grignard et al., 2013). Database,
raster and vector files, but more generally, all the georeferenced objects, put into this Multi Agent
infrastructure, acquire a sort of “intelligence” which allows them to interact with other elements
(agents) and with the surrounding environment (Taillandier et al., 2014). GAMA also allows the
multilevel modelling, which means that different analyses can be executed in the same environment
but with a different space-time resolution. In this case, specific type of agents are preview in order
to define an host-guest relationship between different levels of agents, macro and micro-species and
specific methods; an example is the temporary aggregation of micro-agents which could be used to
study the collective behavior of agents in a specific period. All these features make GAMA suitable
for the implementation presented in this study.

Forest fires information came from the forest fire database of Switzerland (http://www.wsl.ch/swissfire/)
developed in a joint effort by WSL (Swiss Federal Institute for Forest, Snow and Landscape Re-
search) and FOEN (Federal Office for the Environment). Information about features in the landscape
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(road network, railway, building and forest) came from the Topographic Landscape Model (TLM)
elaborated by the Federal Office of Topography (Swisstopo). Census of population, dwelling
and enterprises was provided by the Federal Statistical Office (FSO). Data referring to the period
1990-2015 will be used (Figure 1).

Figure 1. An example of data: population (census data 2000), forest area, infrastructures and forest
fires occurrences (1990-2015) in the suburbs of Locarno.

RESULTS

The first result achieved in this preliminary study is the implementation of the simulation model
(large scale), showed in the workflow below (Figure 2).
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Figure 2. Workflow of the model at large scale. In red the input and in green the output of the
model.

This analysis has a double scope: 1) perform a visual correlation between the ignition of fires
and the human presence; 2) investigate the efficiency of fire fighters intervention.

Starting from the input data, the simulation begins with people moving on the road network (e.g.
from home to work,from home to schools, from home to recreational spaces), where each segment
of the road is characterized by different speed limits for highway, roads and tracks and the movement
of the agent responds to the shortest path route logic. The frequentation of each zone is captured
periodically by specifying a temporal granularity, which could vary in reason of the time extension
of the simulation. When a fire occurs, a caption of the current situation is automatically done and a
shapefile of agents and fire position is given in output. Once the fire is ignited, the intervention of
firefighters is simulated. By choosing the fighting technique (in reason of the techniques available in
the nearest fire station), the intervention time is stored in a table.

CONCLUSIONS AND OUTLOOK
The next step of this study,consisting in the development of the global-scale model for the assessment
of the WUI at level of Canton Ticino, is still in progress. The model aims at understanding the

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

312



temporal evolution and the drivers of the WUI dynamics under the influence of human-driven
landuse changes and fire prevention allocations. Results from these analyses can aid to assess the
impact of the urban and population growth on the evolution of the WUI. The efficiency of the
implemented system will be evaluated once the validation phase will be concluded and the data
obtained could be statistically elaborated and correlated with other environmental factors (e.g. wind
speed and direction) in order to elaborate more complex analyses.
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ABSTRACT
Collections of historical images are currently being scanned to stop their degradation and to enable
a numeric exploitation. These collections have a high cultural, artistic and scientific value. However,
they are not fully exploited because the photographs do not have a georeference (geographic
information cannot be extracted from the picture) and are poorly labeled (makes searching in a
database inefficient). During the last years, we developed a QGIS plugin and a web app dedicated
to the georeferencing of photographs and the linking of images with spatial data. In this paper, we
discuss the technologies involved and compare both implementations. The results suggest that both
approaches are valuable but provide different advantages in term of target users and development
effort.

Keywords: 3D georeferencer, virtual globe, camera orientation, historical images, VGI, plugin,
web-application

INTRODUCTION
Our ongoing project focuses on the promotion of historical landscape photographs. As standard
remote sensing images, such as satellite or aerial imagery, these pictures record a state of the land-
scape. However, poor georeferencing and labeling prevents their use in Geographical Information
Science. Our project is based on the paradox that precise labels are stored in spatial databases
(for instance place names and land cover classes) but they are not used to label landscape images.
Inversely, images record a detailed state of the landscape, but this information can’t be inserted in a
GIS. Indeed, to relate a picture with geographic data, the picture must be accurately oriented, i.e. the
camera position, direction and field of view must be provided. These parameters are required to i)
project spatial information in the image and annotate pictures accordingly ii) to project information
from the image to the map iii) insert the images in a virtual globe at their exact location.

The most accurate method to compute the orientation of a single image is the mono- photogram-
metry. A picture is georeferenced with Ground Control Points (GCP); points that locate visible
features both in the picture (2D) and in the reference map where the altitude is extracted from a
digital elevation model (DEM) (Bozzini et al., 2012; Messerli and Grinsted, 2014). These 2D-3D
correspondences are the inputs of a camera orientation (or 2D-3D pose estimation) algorithm, which
computes the unknown parameters of the camera. A slightly different approach is to use as reference
a 3D environment. It provides a natural navigation and viewpoint and makes the digitization of GCP
easier. Furthermore, the basic functions of a 3D environment, which recur to the graphic card power,
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improve the performance. The usage of a 3D environment was presented in Produit and Tuia (2012)
and successfully integrated as a plugin for QGIS (Milani, 2014).

In this paper, we will discuss and compare the development effort, the technologies and the
opportunities offered by the plugin Pic2Map for QGIS (Milani, 2014) and sMapShot our current web
platform for the georeferencing historical photographs collection (Produit and Ingensand, 2016).

IMPLEMENTATIONS
Pic2Map was implemented as a Python QGIS plugin during a master thesis. It provides the
interaction between a picture and a GIS. As such, it is dedicated to advanced GIS users. The plugin
makes an extensive use of OpenGL, a computer graphic library, in order to create a reference 3D
environment.

Based on this first experience, we are currently implementing a web platform that offers similar
capabilities. The idea is to take advantage of volunteers’ local knowledge in order to georeference
large collections of historical images and to provide a virtual globe interface to navigate between
georeferenced images. For this platform, we are focusing on the usage simplicity rather than on a
large range of specialized GIS functionalities.

Figure 1. Perspective geometry: the camera orientation is computed from 2D-3D correspondences.

Input data
For both implementations three input files are required:

• A photograph,

• The height reference: a DEM,

• The landcover reference: an orthoimage.

In Pic2Map, the user must provide each dataset. The user is free to choose the appropriate
resolution according to his needs and the size limitation. In sMapShot, the virtual globe Cesium is
connected to the official swiss spatial data servers. Hence, it has no restriction regarding the extent.
However the proposed reference resolution is fixed.
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Georeferencer
Georeferencing an oblique image corresponds to finding the geometry of the image (see Figure 1).
An image georeferencer interface has three main parts: the image, the reference (the virtual globe
or a map) and the GCP table (see Figure 2). The task of the user is to digitize GCPs, that is, to
click on similar locations in the image and virtual globe. These 2D-3D correspondences are inserted
in a pose estimation algorithm, which computes the image location, orientation and field of view.
Both pose estimation algorithms recur to a Gauss-Newton optimization, which solves the camera
orientation parameters. The computed orientation is translated in virtual globe parameters to update
the position and orientation of the virtual camera. Under optimum conditions, the virtual viewpoint
corresponds exactly to the picture viewpoint. Hence, each image pixel caan be related to a global
coordinate. In Pic2Map, the orientation and the images can be saved as a KML file and visualized in
Google Earth. In sMapShot, the camera orientation is saved in a PostgreSQL/PostGIS database and
a 3D model textured with the picture is drawn in Cesium (see Figure 3).

Figure 2. sMapShot: GCP are digitized in the photograph (2D) and in the virtual globe (3D).

Figure 3. sMapShot: 3D models of the photographs are displayed in the virtual globe.

Virtual globe
Since no 3D interface was available in QGIS, Pic2Map has its own 3D interface, which is imple-
mented with the help of the OpenGL library. In sMapShot the 3D interface is based on Cesium
which is becoming the standard open source virtual globe.
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Image viewer
The image viewer in sMapShot is OpenSeaDragon. This viewer is convenient because it reads tiled
images. Hence, a full resolution image is shown to the user (required to zoom in the image and
digitize accurate GCP), but the original image is not sent to the client due to the fact that some image
owners do not want to give access to the full resolution image.

Image-to-map transformation
This function is used in three different scenarios. First, it is required to compute the image footprint
(the polygon which encloses the area visible in the picture). Second, it transforms a click in the
image in global coordinates, for instance to edit or digitize spatial data from the image. Finally,
if each image pixel has a global coordinate, the image can be orthorectified. Both Pic2Map and
sMapShot use a similar technique. First, a virtual view which has the same characteristics as the
picture (same size and orientation) is generated. Hence, the image and the virtual view overlap
perfectly and an image pixel is directly related to a virtual view pixel. Second, both OpenGL and
Cesium provide a function to extract the global coordinates of a virtual view coordinate.

Map-to-image transformation
This function is used to overlay spatial data on the images, for instance to tag an image with
place names. In Pic2Map, the user can project any point or line layers, their label and symbology.
Currently, sMapShot is connected to the OpenStreetMap database and the place name (see Figure 4
can be overlaid on the image.

Figure 4. sMapShot: OpenStreetMap place names are displayed in the image.
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ANALYSIS
The explosion of shared source codes and knowledge eases the development of interdisciplinary
and complex software. In both projects, we make use of computer vision and computer graphics
algorithms as well as photogrammetric and geographic libraries.

Both Javascript and Python have the advantage to be independent from the Operating System
(OS) and do not require an installation. The loading of the script (by QGIS or the browser) is
sufficient to install the software. However, OpenGL is the source of most of the bugs encountered
by Pic2Map users. Indeed, it is differently supported by the OS and graphic cards. The web app
implementation is more robust. Nevertheless, the interface adaptation for the various browsers can
also be a tidy task for the developer.

The main difficulty in the implementation of Pic2Map was brought by the 3D interface in
OpenGL that has to be implemented from scratch. Hopefully, QGIS will provide an integrated
3D interface and allow us to develop a more robust plugin. In the case of sMapShot, the usage of
the virtual globe Cesium, dedicated to spatial data strongly facilitates the development. However,
Cesium proposes higher-level functions than OpenGL. It is a limitation once that particular computer
graphics functions, not directly related to spatial functionalities, are required (for instance texturing
the DEM with an oblique image for the orthorectification).

The implementation within QGIS has also several advantages. First, the Pic2Map plugin inherits
from all the basic functionalities of QGIS such as the GUI, reading and saving spatial data. Hence,
Pic2Map is more dedicated to advanced users having various needs. However, the web opens
new opportunities such as the sharing of image databases and the involvement of volunteers in
tasks, which could previously only be performed by professional users. The development of a web
application must therefore focus on usability and user experience (UX).

CONCLUSIONS AND PERSPECTIVES
Other applications of such georeferencers have already been implemented in various fields such as
mapping snow cover analysis, glacier dynamics, forest areas and landslides. Therefore, the need of
3D georeferencer as a standard function of a GIS is evident.

In a close future, sMapShot will help GIS scientists to retrieve georeferenced historical images
in their study area. However, the camera orientation provided by volunteers may not be as accurate
as a georeferencing performed by a GIS specialist. Moreover, GIS specialists are more able to
understand the various parameters which may improve the accuracy. Hence, we will have to decide
if we want to add advanced GIS functionalities to our web app or rather focus our efforts on a more
stable version of Pic2Map, depending on the target users being expert or not.

We expect that the publication of the web app will federate a community of users and developers
involved in the accurate georeferencing of photographs. This community will guide us in the best
choices for the future of our applications.
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ABSTRACT 

Natural hazards and land management issues can benefit nowadays from the increasing availability 

of free, high-resolution satellite imagery that opens the way to fine scale detailed investigations. In 

high elevation catchments the analysis of vegetation dynamics deserves particular attention since 

little climatic modifications can be amplified in such fragile systems. For the same reasons, the 

dynamic of instability phenomena as response to an input hydrological forcing, requires a 

meticulous spatial representation in order to better represent the active processes at catchment 

scale.  

The present work focuses on the analysis of high-resolution freely available imagery (Microsoft® 

Bing Maps™ Platform) that enables the characterization of vegetation cover and the automatic 

mapping of shallow landslides in an alpine catchment. Semi-automatic detection of vegetation is 

carried out at the fine scale using both orthophotos and freely available satellite imagery. The 

analysis based on the satellite imagery showed a better accuracy in respect to the one based on the 

orthophotos. In particular, satellite imagery analysis showed high sensitivity and high specificity 

even in low illumination conditions, while, for the same circumstances, orthophotos-based analysis 

shows a significant wrong detection rate. In the framework of a long term, multi-temporal and 

high-resolution characterization of vegetation cover and for a rapid mapping of shallow instability 

phenomena, the effectiveness of the proposed approach can speed up the representation of the local 

conditions towards an improvement of land management strategies and hazard and risk assessment. 

Keywords: Automatic detection, Vegetation patterns, Maximum Likelihood Estimation, headwater 

catchment, shallow landslides, Bing Maps™, landslide mapping, high resolution imagery. 

INTRODUCTION 

Classification and mapping of vegetation is a key methodological issue for the management of 
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natural resources (Xie et al., 2008). The increasing availability of free and high-resolution imagery 

dataset offers a great potential to leverage for a detailed and multi-temporal assessment of the 

vegetation dynamic.  

Fine resolution vegetation cover assessment can help in setting up a correct soil properties 

parameterization for improved hydrological modelling (Oubeidillah et al., 2014). Furthermore, 

when focusing on uniform vegetated areas, the automatic detection of non-vegetated areas can be 

a good proxy of slope instability phenomena (Guzzetti et al., 2012). 

With the above-mentioned conditions, the analysis of high-resolution, freely available imagery can 

improve intrinsic efficiency of the detection of vegetation cover and the automatic recognition of 

shallow landslides at increasing time frequency. In the long run and on the global scale the 

integration of such techniques with morphometric assessment of landscape features can pave the 

way towards an improvement of land management strategies and hazard and risk assessment. In 

the following sections, the effectiveness of the approach is validated in a study area. 

DATA AND METHODS 

The study area is the Rio Vauz catchment (1.9 km2), an headwater catchment located in the 

Dolomites, Eastern Italian Alps (Figure 1). The site ranges in elevations between 1847 m a.s.l. and 

3152 m a.s.l.. Average monthly temperatures vary during the year from -5.7 °C in January to 

14.1 °C in July. Mean annual precipitation is about 1220 mm, 49% is in form of snow. Spring and 

early summer snowmelt is frequently associated with high-flow conditions but summer 

thunderstorms and autumn precipitation determine important flood events as well. The upper part 

of the catchment is dominated by Dolomitic outcropping bedrock and debris whereas the central 

and lower part are vegetated by alpine grassland and sparse trees. The morphology of the study site 

is deeply influenced by the geo-structural setting, in particular in relation to the characteristics of 

structural discontinuities. The catchment is object of several measurements campaigns: the 

hydrological response is monitored since several years both in the rocky subcatchments of the 

upper part and in soil-mantled subcatchments of the middle and lower part of the catchment (Penna 

et al., 2015, 2016a,b) and morphometric characterizations of rocky areas and scree slopes have 

been also carried out (Marchi et al., 2015; Trevisani et al., 2009).  

The first step of the analysis consisted in the mosaicking of the image tiles, downloaded at the 

maximum zoom level (with a pixel resolution of about 0.3 m) from Bing Maps™ (© 2016 

Microsoft, © 2016 HERE, 2014 DigitalGlobe) satellite terrain imagery. The download was 

performed with GMapCatcher (https://github.com/heldersepu/gmapcatcher) and with SASPlanet 

(https://bitbucket.org/sas_team/sas.planet.src/overview), programs designed for viewing and 

downloading high-resolution satellite imagery. GMapCatcher is a basic suite written in Python and 

can run on Linux, Windows and Mac OSX. The downloaded tiles need to be post-processed and 

georeferenced to reconstruct the image. SASPlanet is a complete suite for downloading and 

managing freely available high-resolution satellite images, at present only windows binaries are 

made available but its Open Source nature will hopefully bring to cross platform portability in near 

future. For the same area, a 0.15 m orthophoto dated 2006 was available. The satellite image was 

georeferenced in ArcGIS (ESRI, 2014) identifying common and stable features in the two images. 

The images were compared in terms of effectiveness in detecting the vegetation. To this purpose a 

common set of training areas has been selected for the two images; training areas were a priori 
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classified among vegetation and no-vegetation classes. Particular attention was paid in order to 

select training areas that remained undisturbed in the time lag between the images (2006-2014). A 

Maximum Likelihood Estimation Classification (MLE) (Strahler, 1980) was then performed on the 

two images and an initial assessment of the effectiveness of the two outcomes was carried out. The 

effectiveness of the approach was assessed focusing on an evenly illuminated selected area that 

was not affected by disturbances or soil/rock cover variation. 

RESULTS AND CONCLUSIONS 

At catchment scale (Figure 1) the quality of the orthophoto is excellent in terms of resolution 

and color clearness. The only apparent limitation is related to the poor illuminating conditions since 

shadowed areas cover significant part of the orthophoto. The satellite image shows instead an 

overall good quality both in terms of light and shadows conditions and as respects to the high 

resolution of the data. 

 

Figure 1 Study area with satellite terrain dataset (a) and orthophoto (c) and results of MLE 

classification on the presence or absence of vegetation at catchment scale using satellite image (b) 

and orthophoto (d)
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A qualitative assessment of the georeferencing accuracy exhibits a good matching between the 

images with slightly higher distortion effects and uneven matching related to the rock cliff areas. 

First results and visual interpretation on the semi-automatic detection of the presence or absence 

of vegetation in the study area show a very good performance in the case of satellite imagery 

analysis while the orthophoto-based classification seems to be characterized by a poor discriminant 

effectiveness. 

 

 

 

Figure 2 Shallow landslides within the study area: satellite image (a) satellite image-derived 

classification results (b), orthophoto (c) and orthophoto-derived classification results (d) 
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A detailed analysis of the results, focusing on an area where several shallow landslides are 

affecting the slope and sparse trees are present in the lower portion (Figure 2 and Figure 5), 

highlights the effectiveness of the satellite image-derived classification not only considering the 

correct interpretation of shadowed areas but also in relation to the more precise boundary detection 

of the instability phenomena. The same behavior is shown when considering the upper portion of 

the catchment (Figure 3), characterized mainly by dolomitic cliffs and sparse herbaceous vegetation 

or even when focusing on an anthropic structure in the middle-lower part of the catchment. 

Markedly wrong classifications emerge in relation to the orthophoto-based classification both in 

shadowed areas in the upper part of the catchment and under medium illuminating condition in the 

middle-lower portion. Satellite image-based classification is instead very precise also in the above-

mentioned conditions without significant wrong classification neither in the rocky headwater 

catchments nor close by the anthropic structure. 

In all the analyzed cases, in shadowed areas, a clear different behavior between the two images 

emerged (Figures 2, 3, 5 and 6). This discrepancy in behavior is partially related to the Red, Green 

and Blue (RGB) pixel values of the two images especially in shadowed conditions. RGB bands 

show similar values in shadowed areas under vegetation and shadowed areas close by rocky cliffs 

in the orthophoto, while different values are observed, for the same two settings, in the satellite 

image. This discrepancy can be likely ascribed to the different spectral bandwidth acquired by the 

two technologies, with a finer spatial resolution panchromatic band associated to the satellite 

images. For a quantitative performance analysis and to enlighten the bias brought by shadows in 

 

Figure 3 Dolomitic cliffs and sparse grasslands within the study area: satellite image (a) satellite 

image-derived classification results (b), orthophoto (c) and orthophoto-derived classification results (d) 
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the orthophoto, a shallow landslide of about 1000 m2 was selected. The selected landslide has kept 

the same eroded area extent between 2006 and 2014. Same illuminating conditions (no shadows) 

can be appreciated, thus helping for an objective analysis. Several training sets areas at catchment 

scale, have been selected to evaluate the influence of shadows on the orthophoto and to assess the 

performance on the selected area. In particular, the classification on the orthophoto has been carried 

out with: 

• training areas in common with the satellite image (with important shadowed areas in the 

orthophoto) 

• ad hoc training areas for the orthophoto classification, excluding shadowed areas under 

vegetation 

• ad hoc training areas for the orthophoto classification, including shadowed areas under 

vegetation 

• ad hoc training areas for the orthophoto classification, excluding shadowed areas both under 

vegetation and in the upper rocky portion of the catchment. 

 

Figure 4 Shallow landslide validation area and classification outputs: satellite image (a) satellite 

image-derived classification results (b), orthophoto (c) and orthophoto-derived classification results 

(d), with best scenario presented. 
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On all the analyzed scenarios orthophoto based classification showed a moderately good 

performance (always <65% correctly identified erosion areas) while satellite image based 

classification reached 90% (Figure 4). Erosion areas were in any case better classified than 

vegetation areas that, in the orthophoto, suffered from shadowing conditions. The best results in 

terms of correctly erosion areas detected (< 65%) using the orthophoto, were obtained using 

vegetated shadowed areas and rocky shadowed areas in the training sets. Even if the selected 

landslide is not affected by shadows and ad hoc training areas with no shadows have been also used 

but the performance showed no important variation, thus supporting the above mentioned 

differences between the images, especially in shadowed conditions. Similar performances (64% 

correctly identified erosion areas) using the orthophoto based classification were obtained ignoring 

shadowed areas both under vegetation and in the rocky part of the catchment with the important 

drawback of a completely wrong classification of all the shadowed areas (identified always as 

erosion areas). Quantitative assessment of wrong-classified vegetation areas, especially in 

shadowed condition, has not been carried out but the widespread presence of wrongly classified 

vegetated areas in the orthophoto supports its poor effectiveness for the estimation of the vegetation 

detection (Figure 5 and Figure 6). On the other hand, a very good performance in terms of correct 

detection of vegetation-covered areas, can be appreciated with the satellite image derived 

classification with roughly negligible wrong classification ratio (Figure 5). A very important 

feature to be noticed is the discriminant power of the satellite-based classification especially in 

shadowed areas. Shadowed areas in the upper rocky part of the catchment are correctly classified 

as no-vegetation and shadowed areas under vegetation are correctly classified as vegetation (Figure 

3 and Figure 5). 

 

Figure 5 Shallow landslides and sparse forest within the study area: satellite image (a) satellite image-

derived classification results (b), orthophoto (c) and orthophoto-derived classification results (d) 
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In conclusion, an overall good performance of the satellite analysis emerged and, when sticking 

on vegetation-covered slopes, the semi-automatic detection of areas without vegetation could be a 

useful instrument for a first characterization and mapping of shallow landslides exploiting the 

increasing availability of high-resolution freely available images for a better risk assessment and 

environmental management. 
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ABSTRACT

Water managers need map of irrigated areas (defined as the identification of their location and
their  areal extent) to plan a rational use of water under limited availability and to prevent the
unauthorized withdrawals. Many authors have shown that the Earth Observation techniques are
an  effective  tool  for  mapping  irrigated  areas  worldwide  at  different  spatial  scales
(global/regional/and local).  This study presents a methodology for mapping irrigated areas in
semi-arid environment based on Earth Observation techniques and by fully exploiting datasets
freely available processed by open source software and tools (i.e QGIS and its plugin).  Data
acquired  with  the  Landsat  8  Operational  Land  Imager  (OLI)  and  the  new  Sentinel  2A
MultiSpectral Instrument (MSI) sensors were integrated to obtain cloud free dense time series
allowing monitoring the vegetation development throughout the growing seasons. Irrigated areas
were identified by analysing the growing patterns under water  deficit  conditions from NDVI
values  under  the assumption that,  in arid  and semi-arid environment  (like the Mediterranean
Region), high trend of vegetation growth are compatible only with irrigation. The method was
applied  inside  the  Cixerrri  and  Basso  Sulcis  Irrigation  and  Land  Reclamation  Consortia
perimeter, South Sardinia Italy.

Keywords: Irrigated Area, Remote Sensing, Landsat-8, Sentinel 2A, NDVI

INTRODUCTION

The  assessment  of  irrigated  areas  is  an  essential  information  for  the  management  of  water
resources, particularly in arid and semi-arid areas, where irrigation is the largest share of water
consumption.  Rational  management  of  water  resources  for  irrigation  requires  information
characterized by high spatial and temporal variability, which cannot be monitored with traditional
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on-site  inspections.  Satellite  observations  of  the  Earth's  surface  in  different  regions  of  the
electromagnetic spectrum have been used in recent decades for the monitoring of the Earth's
surface.  In  particular,  the  potential  of  EO techniques  for  the management  of  land and water
resources management has been widely recognized. (FAO, 1995; Schultz & Engman., 2000). The
repeatability of the observations at regular time intervals, the availability of multispectral data
with high spatial resolution, are particularly suitable for the mapping of the irrigated areas and for
the  monitoring  of  their  evolution  in  time,  with  a  satisfactory  accuracy and  in  a  convenient
manner. Over the last years, the amount of available satellite sensors, the development of open
source  software  applications  dedicated  to  processing  and  analysis  of  satellite  images,  have
enabled the realization of numerous operational applications for the support to the management
of water resources, thanks to ITC's progress. Currently is possible to receive through Internet
satellite images within hours of their capture, process and distribute products to end users in near
real time. The use of remote sensing for the study of irrigated areas involves the development of
methods and algorithms to derive information of interest in the study of specific processes and
applications.  This  study  presents  a  methodology  for  mapping  irrigated  areas  in  semi-arid
environment  based  on  Earth  Observation  techniques  and  by  fully  exploiting  datasets  freely
available  processed  by  open  source  software  and  tools  (i.e  QGIS  and  the  Semi  Automatic
Classification plugin,  which  is a free open source plugin for  QGIS that allows for the  semi-
automatic  classification (also  supervised  classification)  of  remote  sensing  images.  Also,  it
provides several tools for the pre processing of images, the post processing of classifications, and
the raster calculation, Congedo Luca, 2016). Data acquired with the Landsat 8 Operational Land
Imager (OLI) and the new Sentinel 2A MultiSpectral Instrument (MSI) sensors were integrated to
obtain cloud free dense time series allowing monitoring the vegetation development throughout
the growing seasons.

MATERIAL AND METHODS

Study Area

The case study area is the Cixerri catchment located in the south–western part of the Sardinia
island,  Italy (39°09′  North  latitude,  8°29′  West  longitude,  city  of  Carbonia)  (Figure  1).  It  is
characterized  by flat  and ondulating  topography,  which  extends  from the  coastline  to  inland
rugged areas, with elevation ranging from 1 to 450 m a.s.l. The climate of the area is between
semi-arid and dry sub-humid, with the typical bimodal pattern of precipitation distribution (i.e.
peaks in autumn and spring). Average annual rainfall is about 550-600 mm and annual mean
temperature reaches 16° C. The area is mainly covered by arable land over flat terrain, to a lesser
extent vineyards, and fruit tree.
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Resources

The dataset includes Landsat-8 and S2A optical images (in the visible and near infrared ranges), 
agrometeorological data and ancillary data.

Satellite images

Earth Observation images used were collected from the sensor OLI (Operational Land Imager),
on board the Landsat-8 Mission, and S2A. The data are available for download free of charge
from the U.S. Geological Survey-USGS Earth Explorer data repository, and the ESA Sentinels
Scientific Data Hub.

Agrometeorological data

Meteorological data were provided by ARPAS – Dip. Meteoclimatico of Autonomous Region of
Sardinia  (RAS  -  Iglesias  station),  and  SCIA database  (Sistema  nazionale  per  la  raccolta,
l’elaborazione e la diffusione di dati Climatici di Interesse Ambientale – UTA station).

Ancillary data

To obtain based knowledge about the crop phenology in a given area, Corine Land Cover and a 

Figure 1. Study area location
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Land use map provided by the Sardinia Region have been used.

METHODS

Data processing for deriving EO-based crop development maps
Agrometeorological data are used to compute the Water Climatic Balance (WCB = P – ETo), in
order to identify the growing season where irrigation is necessary. The climate of the study area is
classified as Mediterranean semi-arid, characterized by moderately cold and rainy winters and
dry summer seasons. Annual precipitation is about 500 mm, concentrated in the fall and winter
season, while annual ETo is  around 1,400 mm, concentrated in spring/summer season (1,010
mm). The WCB is negative from April to September, which correspond to the irrigation period.
(Fig. 2).

 
Figure 2. Climatic characteristics of the Study area (UTA station year 2015)

The detection of irrigated areas (defined as the identification of their location and their  areal
extent)  requires  land  use/land  cover  maps,  combined  with  agrometeorological  data
(Evapotranspiration - ETo - and precipitation - P) that allow distinguishing irrigated from non-
irrigated  crops,  which  is  crop  and  weather  dependent  (De  Michele  C.,  2014). This  is
accomplished by a “multi-temporal analysis” based on a time series of Vegetation Indices (like
NDVI, the Normalized Differential Vegetation Index, Tucker, C. J., 1979) derived from of EO
images, based on the assumption that in arid and semi-arid environment (like the Mediterranean
Region), high trend of vegetation growth are compatible only with irrigation (Fig. 3).
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Figure 3. Flow chart of the adopted methodology

The  temporal  pattern  recognition  based  on  the  differences  from  the  canopy  cover  and
development  was pivotal  to assign each pixel to a vegetation class.  Overall,  the following 8
classes were identified: 1) irrigated arable land; 2) non irrigated arable land; 3) orchards; 4) olive
trees;  5)  vineyards;  6)  urban  area;  7)  woodland;  8)  water.  The  procedure  requires  basic
knowledge  of  crops  and  their  phenology and  implies  further  a  subsequent  validation  by an
experienced operator of the study area. Moreover, additional information like orthophotos and
existing land use/cover databases are necessary for interpreting some irrigated crops such as fruit
trees, vineyards or olive trees, which exhibited with low limited canopy growth, could require
additional information like orthophotos and existing land use/cover databases. For this reason,
recent orthophotos were used as geometric reference, while the infrared images and NDVI time
series supported the thematic photo-interpretation and parcel delimitation. The following figure
shows the different temporal pattern of NDVI for same classes identified.
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Figure 4. Temporal pattern of NDVI for class 1 and 2

In order to ensure the consistence of the time series a comparative analysis of spectral reflectance
derived from both sensor has been carried out,  considering two pseudo-invariant feature (full
vegetation cover and bare soil), and the band of the two sensor share. Two images in narrow date
have  been  analysed  (L8:  31/07/2015  and  S2A:  03/08/2015)  and  processed  using  the  Semi
Automatic Classification plug in available in QGIS, Figure 5).

Figure 5. Comparison between spectral reflectance of L8 and S2 sensor 

The result obtained has been compared with those coming from the Cixerrri and Basso Sulcis
Irrigation  and  Land  Reclamation  Consortia,  resulting  in  a  good  accuracy  assessment  of  the
irrigated maps produced.
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ABSTRACT

The  new  LaMMA  Open  Data  platform  (http://dati.lamma.toscana.it)  allows  data  download

related to information delivered / managed by the Consortium, encouraging the reuse both at

technical and legal level. At the moment the Database is a main collection of more than 200

weather  forecast  layers,  together  with  other  basic  geospatial  layers  (NDVI,

LandCoverChangeFlows,  Landslides,  Natural  Risk  Zones),  that  are  in  continuous  updating.

LaMMA open data platform integrates  in a  harmonised interface,  most  of the spatial  dataset

already  available  through  the  LaMMA  geoportal

(http://geoportale.lamma.rete.toscana.it/MapStore/public/),  making  them  available  for  a  direct

download with a specific licence of use. 

Keywords:  Geoportal,  Open  Data,  Open  Source,  OGC,  CKAN,  Inspire,  Spatial  Data

Infrastructure, Weather, GIS, Web Services

INTRODUCTION

The Public  Authorities  and the Research  Bodies,  among their  several  roles,  have  to  deliver,

manage and store data as a result of their institutional tasks. Government data is being put online

to  increase  accountability,  contribute  valuable  information  about  the  world,  and  to  enable

government, the country, and the world to function more efficiently (Berners-Lee, 2009). Some

of these data are constrained by the privacy protection or by intellectual property, while others

may  be  freely  disseminated.  Open  data  means  contributing  to  potential  development  of

innovative services, where applications must better organize their information. For that reason,

open data can have an important economic impact on society. For instance, an infinite number of

possible  reuses  can  be  originated  by  weather  data,  such  as  operational  systems  that  assess

environmental impacts (e.g. Fire as well as industrial risks), or ad-hoc applications for territorial

planning as well as for citizen leisure activities.
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THE SPATIAL DATA INFRASTRUCTURE

The LaMMA SDI (Spatial  Data  Infrastructure)  has  been  designed  according  to  the  classical

multi-tier (layer) system with a communication paradigm based on open source service oriented

architecture, where each component (service), interacts with the others through a set of messages

written in a standard format. With the term service we do not only include each one of the three

layers but also all the components inside them, allowing the integration of several multifaceted

computational units inside a unique system. The SDI is much more than data and goes far beyond

surveying and mapping, it provides an environment within which organisations and/or nations

interact with technologies to foster activities for using, managing and producing geographic data

(Rajabifard et al., 2001). More specifically, the LaMMA SDI comprehends the OpenData Portal,

the  Geoportal  platforms, the  source  data  and  a  middleware  level  that  allows  the  interchange

among them, integrating them in a harmonised interface both spatial  and no spatial  datasets.

Geoportal make  accessible  LaMMA  datasets,  together  with  other  basic  geographical

information, recalling  them thanks  to OWS  (Opengeospatial  Web  Services)  standard

services, available  in  other  geoportal  such  as  the  Tuscany  administration  geoportal  named

Geoscopio (http://www502.regione.toscana.it/geoscopio/cartoteca.html). The Open Data platform

(http://dati.lamma.toscana.it) allows data download related to information delivered / managed by

the Consortium, encouraging the reuse both at technical and legal level. The datasets, over 220,

mostly  related  to  weather  forecast  and  geographical  (NDVI,  LandCoverChangeFlows,

Landslides,  Natural  Risk  Zones)  topics,  but  also  no  spatial  data  (such  as  administrative

documentation),  integrating  in  a  harmonised  interface,  most  off  the  spatial  dataset  already

available  through  the  Lamma  geoportal

(http://geoportale.lamma.rete.toscana.it/MapStore/public/).
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The layers published on the Geoportal and made available on open data platform are a selection

of most important variables in the meteorological models. They are accessible to the public and

can be  viewed in  the Viewer integrated with  the catalogue or  downloaded free of  charge  as

georeferenced images (GeoTIFF).

DATA AVAILABILITY: DYNAMICYTY AND UPDATE

IThe particularity of meteorological  information is  their organization in models,  archives  and

formats  according  to  the type  of  information,  source  of  acquisition and level  of  elaboration.

These formats are not all functional or directly manageable in their entirety, as data to be made

available  and  immediately  accessible.  The  datasets  therefore  require  a  preliminary  phase  of

evaluation and analysis of the contents to identify the most appropriate elements for publication

via  filters  and  elaborations  that  maintain  the  significance  of  the  variables  to  be  highlighted.

Indeed, as many people are aware, weather data are made available on geographical charts only

after elaborations. Related information, sometimes complex, run in meteorological models from

raw  data.  The  definition  of  the  algorithms  and  variables  in  play  constitute  the  core  of  the

contents, as these are otherwise not directly observable by the main users of weather data, even if

specialized, in the form of environmental and spatialized data.

The  key  point  of  the  Geoportal  is  the  possibility  of  coherently  overlaying  forecasts  for

geophysical parameters coming from the meteorological models elaborated internally together

with  additional  information  created  and  managed  by  the  LaMMA Consortium,  like  in-site

observations  about  weather  collected  in  near  real-time  from  the  Italian  and  international

observation networks. This information, although having a spatial component, had neither, up to

now, been exploited in a geospatial context nor visualized in a GIS environment, but it was rather

distributed to the end users in text form, having in mind specific elaborations or simply used for

the production of charts.

Meantime  the  main  issue  to  solve  has  been  to  update  data  according  to  frequency  of  the

meteorological  model  runs.  A  time  window  of  3  days  is  currently  maintained  for  the

meteorological models, i.e. all the data and related metadata are available for the 3 days prior to

the date of access to the Geoportal/Open Data platform. Each dataset  published refers to the

source model frequency.

Datasets coming from meteorological models are: 

- GFS (Global Forecast System) global model, with spatial  resolution 50 km, 180 hour

weather forecasts, updating frequency 4 times per day.

- WRF  (Weather  Research  and  Forecasting  model)  limited  area  model,  with  spatial

resolution 12 km, GFS formatted data, with domain extended to the entire Mediterranean

and 120 hour weather forecasts (med_gfs_12km*), updating frequency twice daily

- WRF limited area model, with spatial resolution 12 km and ECMWF (European Centre

for  Medium-Range  Weather  Forecasts)  formatted  data,  with  domain  extended  to  the

central-western  Mediterranean,  with  120  hour  weather  forecasts  (arw_ecm_12km*),

updating frequency twice daily

- WRF meteorological model, inserted in the 12 km model on ECMWF (arw_ecm_12km),
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with spatial resolution 3 km, domain extended to Italy, with 48 hour weather forecasts

(arw_ecm_3km*), updating frequency twice daily

In addition to meteorological models, raster layers are also produced in near real-time exploiting

raw data from the Meteosat MSG2 (Meteosat Second Generation) and MSG3 (Meteosat Third

Generation)  geostationary  meteorological  satellites  managed  by  EUMETSAT  (European

Organisation for the Exploitation of Meteorological Satellites) and the RADAR images coming

from the Italian Civil Protection. Finally, some geographic datasets, harmonised following the

related  schemas  of  the  Inspire  data  specifications  are  made  available  as  examples  of  the

transformation service for  a Spatial  infrastructure.  That  datasets  refers to  landslides and land

cover themes derived from regional archives. These islands of data of different standards and

quality (Smits, 2003) has been organised for creating an SDI to provide potential users access to

(spatial)  data, sharing of data, save resources, time and effort, by avoiding the duplication of

effort required to acquire and maintain the data (Rajabifard et al., 2001).

In general, because of the dynamicity of meteorological datasets, the focal point of all the work

has been to set up a pre-processing and publishing infrastructure. SDI would have been able to

automatically process, catalogue and publish in near real-time the huge volume of data acquired

by LaMMA, in order to create layers and mash-ups with highly valuable information content and

always up-to-date. Moreover, in order to reduce the hardware and software resources necessary to

run the infrastructure, it was decided to limit the temporal window of the data available online, by

relying on automatic procedures that would run at night, i.e. when accesses are scarce, to remove

the obsolete data (e.g. weather models outputs older than 3 days).
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METHODS AND MATERIALS

A synergic and integrated infrastructure for spatial data has been carried out through open source

software. The open-source software provides great potential to make available components for

SDI implementations that are affordable by resources poor organisations (Reid at al., 2001). In

fact,  the  LaMMA  Geoportal  integrates,  in  a  single  simple  but  powerful  interface,  the

functionalities  of  research,  display and  download  of  the  available  data.  This  objective  is  to

provide a ready-to-use tool for all users who do not intend to connect directly to the services

offered or to download (and therefore reutilize) the data: in this case, we relied on the software

Open Source MapStore. 

The open data platform is directly connected to the Geonetwork metadata catalogue that in turn

automatically provide a real-time ingestion of datasets in geoportal. For that, each metadata must

include  resources  for  download  when  already  available  on  geoportal  as  well  as  open  data

platform, such as WMS and WMTS for time and elevation weather parameters. The Lamma open

data infrastructure has been implemented by the use of CKAN software, which is the world's

leading platform for portals of open-source data, developed by the Open Knowledge Foundation,

a no profit organization that promotes free knowledge. All the datasets have been made available

according to the CC-BY license - Attribution Creative Commons.

That choice will allow an easier federation with Open Tuscany (http://dati.toscana.it/), the open

data portal of Tuscany Regional Government that until now has hosted, as supplementary task,

some Lamma Consortium datasets.
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The open  data  infrastructure  has  been  implemented  thanks  to  the  Life+IMAGINE European

contribution and with the support of the Geosolutions company.

CONCLUSIONS AND PERSPECTIVES

A first implementation of the linked infrastructure between geoportal and open data framework

has been set-up by the use of exclusively open source software. The amount of datasets will be in

continuous growth and update, but the issues about this dynamicity have already been taken into

account during the designing phase. For the future, some critical aspects have to be analysed in

depth, related to the continuous updating of data and metadata particularly taking care on:

- How to align the LaMMA metadata catalogue to the Italian RNDT (National Territorial

Data Inventory) metadata catalogue, through the metadata harvesting process;

- How to implement the federal system with the Tuscany Regional Platform named OPEN

TOSCANA (http://dati.toscana.it/).

That approach make available data and both for expert and non-expert users. The first one can

download directly their datasets in specific software to reuse data and metadata to do more and

different derived analysis; the second can view and access to information by the use of the web

client application, avoiding to elaborate other kind of information by their own desktop client.

Moreover, these approaches have been addressed to link and make interoperable both data and

metadata  on  the  web:  toward  the  RNDT national  metadata  catalogue  as  well  as  toward  the

Tuscany Regional federal opendata framework.
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Abstract 
 

Detailed information about geology, hydrogeology and seismic hazard issues for Umbria region are contained in a 

spatial database available as open data format (shapefile or  KMZ)  and distributed under the regional open data portal 

called Open Data Umbria ( http://dati.umbria.it ) where 297 datasets have been produced by Umbria Region until now 

and most of them are made by Geological Survey. Geological Survey of Regione Umbria carried out a 20 years program 

to produce 276 geological maps at 1:10.000 reference scale with an accurate geological model of the regional surface 

and providing millions of geological data. The key word is the characteristic index of the single geologic unit. 

Characteristic index, shown in percentage, calculates the ratio between the surface of the geologic units compared to 

their thickness. Thickness value for each geologic unit is intended to be based on rank level and calculated as weighted 

average of the thickness for each geologic unit. 

 

Standardization of geological data and data availability 

Detailed information about geology, hydrogeology and seismic hazard issues for Umbria region are contained in a 

Geological DataBase (GDB from now on), a spatial database available as open data format (shapefile or KMZ format) 

and distributed under the regional open data portal called Open Data Umbria (http://dati.umbria.it/dataset/carta-

geologica-dell-umbria) where 297 datasets have been produced by Geological Survey of Regione Umbria until now 

and most of them are made by Geological Survey. Development of standardized regional geologic database took 

about 2 years since 2010 to manage the huge set of information contained in the 276 former geologic maps, covering 

the whole territory of Umbria.As a result of migration to GDB, 231 distinct geologic units were found for Umbria 

Region territory represented by about 47,000 polygon features. The total land area of Umbria 8,475 km
 2 

wide is 

divided in the GDB into 46,982 different geological areas. Analysis of the information contained in the GDB is 

preliminary to the creation of more geothematic layers and custom maps led us to define an item describing in a 

comprehensive way the geological units: the geological representativeness and the Characteristic Index of the single 

geologic unit. This means evaluating geological units or domains not just for their 2D extent but even in 3 dimensions. 

Characteristic index, shown in percentage, calculates indeed the ratio between the surface of the geologic units and 

their thickness. Thickness value for each geologic unit is intended to be based on rank level and calculated as weighted 

average of the thickness for each geologic unit. Examples are shown in figure 1 and 2, the areas occupied by the 

alluvial deposits and terraced and those of ancient and very ancient alluvial deposits of Pliocene-Pleistocene age. 

Figure 1, shows the area occupied by the current and terraced alluvial deposits and those of ancient alluvial deposits 

of Pliocene-Pleistocene age. In light blue areas occupied by the alluvial deposits and current terraces, which occupy 

17.3% of the region, and in yellow the ancient and very ancient alluvial deposits, which occupy 19% of the region. 

Globally, therefore, the alluvial deposits of different ages occupy 36.3% of the region, far out 1/3 of the entire region. 

The geological representativeness of current and terraced alluvial deposits is 0.56%, while that of the very old and 

ancient alluvial deposits is 26%. No doubt These numbers indicate that the alluvial deposits current have a geologic 

representativeness very different from the more ancient, the former deposits extent is large but its thickness is 
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pellicular with an approximately 1/45 of the form factor; on the other hand the latter show a little thickness compared 

to their extent. Figure 2 shows at regional level the situation for merged and reclassified geological units compared to 

the percentage of total land area, and Figure 3 the geological representativeness of the geological domains for the 

Umbria Region. 

 

Geological and numerical analysis of the Umbria geothematic open data 

a-Potential aquifers 

Processing  the data contained into GDB led to the Hydrogeological map of the Valle Umbra, where geological units 

capable to store water and those capable to be possible aquifers are identified. There are many differences between 

the percentage of the region capable of storing water and the geological representation of units capable of storing 

water. The situation changes if instead we analyze aquifers within individual geological domains and their geological 

whose graphic representation of the figure 4 and 5 show significant differences. 

b-Seismic hazard 

Another geothematic open data made by Geological Survey is the local seismic hazard cartography. Local seismic 

hazard maps showing part of the territory with morpho-stratigraphic situations producing local amplification of 

seismic forces generated by earthquakes. Distinct situations were all structured in a geodatabase. Local seismic hazard 

mapping at 1:10.000 scale started in 1997 with the discovery of the epicentral area of the quake. A total of 265 maps 

at 1:10.000 were made as a result of seven different cartography project promoted by Geological Survey, from 1997 

to 2013.A total of 265 maps were made of local seismic hazard during 7 projects, the last of which was completed in 

2013. There have been 13 different distinct situations where local conditions may occur with the greatest impact of 

earthquakes. It was subsequently made the homogenization of all data and its Geological Data Base which also has 

been made accessible in open format at http://dati.umbria.it/dataset/carta-di-pericolosita-sismica-locale-dell-umbria . 

Umbria has been divided in thirteen zones where local conditions, i.e. presence of artificial fills or particular surface 

topography, may affect the shaking levels and amplify the effects of the earthquake. The total land area of Umbria is 

8,475 square kilometers, and it has been classified in 69,675 unique zones each one characterized by particular 

seismic hazard. Statistics also show that 48 % of Umbria land area is characterized by morphological and stratigraphic 

conditions affecting the shake while 52 % is not subject to amplification. Population living in area with no amplification 

is 322,987 accounting for 36.5 % of the total while 561,281 accounting for 63.5 % of the total live in area where 

amplification of the shake is likely to happen.  

Conclusion and perspectives 
 

The use of the representativeness of geological units, as it has been defined here, let us properly assess the impact of 

the same geological units in the three dimensions. The representativeness of geological units will also be able to assess 

the incidence of the different geological units in the environmental field and other at different scales. 

Currently there are efforts of coordination in the field of geology and geodatabase between Regione Umbria, Emilia-

Romagna, Marche and Tuscany, that have led us to define the homogeneous geological-structural scheme of Northern 

Apennines on account of the hundreds of thousands of information contained in a common GDB. More actions to 

provide a unique interregional GDB, along with its update, are planned. New geothematic cartography, almost ready, 

is Geological Map of the Tuscan- Umbrian bedrock. The Regione Umbria has a specific multilingual web portal: "Open 

Data Umbria" http://dati.umbria.it/”.At the end of July 2016,  308  open datasets have been published and distributed  

under Creative Commons Attribution License (cc-by)  to download through the website search functionalities; most of 

them are geothematic open datasets produced by the Regional Geological Survey. 
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Figure 1 – Overview of distribution of geological domains in Umbria from Geological Database analysis. 

 

Figure 2 – Chart shows geological domains extent compared to Umbria Region total land area (in percent). 
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Figure 3 - Representativeness of the single geologic domain and its Characteristic Index.  
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Figure 4 –  Chart showing an analysis from Geological Database: aquifers area compared to total land area of Umbria, 

shown in percent.  

 

Figure 5 – Representativeness of single aquifer and its Characteristic Index. 
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Abstract: 

FREEWAT is an ongoing GIS environment to serve as pre- and post-processor for running simulations 

of  surface-/groundwater interaction, with the possibility to activate several features accounting for the 

different water stresses. This paper reports the capability related to address water resource management 

problems, by activating management tools available in the MODFLOW-OWHM code. The latter is 

integrated in FREEWAT, which appears as composite plugin of the well-know QGIS software (QGIS, 

2016). Therefore, all the necessary pre- and post-process procedures can be run effectively within QGIS, 

also in conjunction with the several tools for GIS analysis already included in QGIS. It turns out a 

simple and intuitive user interface to manage the simulation of complex problem in which the mutual 

interaction among surface waters, groundwaters and anthropic water demand/supply terms can be 

handled. The development phase of such tools is already at an advanced stage, while next work will be 

focused on producing real-world applications to serve as tutorial for interest Users.   

Introduction: 

FREEWAT is an HORIZON 2020 project financed by the EU Commission, aiming at promoting 

water resource management by simplifying the application of the Water Framework Directive and 

other EU water related Directives (Rossetto et al., 2015). FREEWAT main result will be an open 

source and public domain GIS integrated modelling environment for the simulation of water quantity 

and quality in surface water and groundwater with an integrated water management and planning 

module, the latter being the topic described in this paper. The FREEWAT modelling environment is 

implemented as a plugin of the open source software QGIS as a desktop interface, it takes advantage 

of Spatialite as a geodatabase management system and FloPy (Bakker et. al., 2016) as reference 

python library to connect with hydrological codes, particularly MODFLOW-2005 (Harbaugh, 2005). 

Background: 

FREEWAT includes capabilities to address water resource management. The specific goal is to 

exploit the output of a numerical simulation to solve problems of water delivery control and 

optimization.  

Conjunctive use of water is the joint usage and management of surface- and groundwater resources to 

meet required water demand and minimize potential damage to the quantity or quality of the resource. 

To get an effective representation of conjunctive use of surface and subsurface water, it is necessary 

to integrate simulation methods for subsurface, surface, and urban and agricultural water-demand 

computations. Furthermore, these models have to take into account the cases where there is not 

enough water supply to meet the total water demand, and propose possible management strategies. 

To simulate water management, FREEWAT applies of the MODFLOW-OWHM (Hanson et al., 

2014), which can be used also to include the specific computation of water demand coming from rural 

environments and crops acreage. This approach has been tested in several water management 

applications, as documented in Faunt (2009) and Hansons et al. (2010), for instance. It allows an 

effective planning of long-term water resources uses and management of short-term water resources 

allocation. 
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Method: 

 

Water Demand Units 

The basic concept in MODFLOW-OWHM is the Water Demand Unit (WDU), namely any “entity” 

consuming water (urban zone, industrial zone, farms, rural areas, natural vegetation areas, etc.). At 

each WDU the User can associate one or more source/sink of water (i.e. demand or supply terms), 

varying in time. At the end of the simulation, a specific budget for each WDU is produced in addition 

to the global budget for the entire model. A WDU is a model sub-region, made by a cluster of cells of 

the first model layer (top layer). Thus, the whole grid is classified in one or more WDU by assign to 

each cell a WDU ID.  

 

Terms of Water Demand and Supply 

For each WDU, a total water demand is input or computed, with the possibility to account of several 

ways for defining different terms of water demand, namely: 

 Crops water demand (in case of agricultural areas or natural vegetation areas are modeled). 

This demand is computed as ET representing the target crop consumptive use to meet. Defining 

such water demand term is essential whenever an agricultural/irrigation problem is addressed. 

However, the entity “crop” can represent not only real crops, but also any land-use type (urban 

environment, water bodies, etc.) which are defined as “virtual crops” (Hanson et al., 2014). 

 Municipal and industrial urban water demand is user-specified as “negative supplies” 

(specified as non-routed deliveries, see later on). 

 The Total Delivery Requirement is defined as the portion of crop demand that is not met by 

precipitation and uptake from groundwater, increased by the inefficiency losses from irrigation. 

For each WDU, for each stress period, the code attempts to satisfy the Total Delivery Requirement 

with one or more delivery terms, according to the following ranking: 

 1st priority by water transfer to/from a WDU from several kinds of sources, without simulating 

the process of conveyance. 

 2nd priority by water transfer to/from a WDU through a streamflow-routing network or 

specifying diversion points from the main channel. The streamflow-routing network is 

simulated through the SFR package in MODFLOW (Niswonger and Prudic, 2010).  

 3rd  priority: ground-water pumping (wells) necessary to satisfy the total delivery requirement. 

 

Constraints on water supply 

FREEWAT’s User has the possibility to specify, for each WDU, surface- or groundwater allotments, 

to represent water-rights. Allocation constraints representing water-rights hierarchies can be imposed 

as surface-water allotments. Furthermore, the simulation of a groundwater allotment for each WDU is 

also possible. Each allotment can represent any kind of physical or governance limit, such as a 

groundwater right or a transboundary operating agreement. Within a WDU, groundwater allotments 

refer to the entire WDU. In the meantime, for each well associated to a WDU, the User imposes a 

maximum for the pumping rate. This is an additional option to impose specific water rights to a single 

WDU, but associated to a specific location.  
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Optimization algorithms in case of Deficit Scenario 

Once the water demand and supply have been computed (for each stress period), taking into account 

possible constraints on surface- or groundwater delivery, the code compares the two terms Demand 

and Supply.  

If Demand is greater than Supply, than that WDU is in a deficit scenario. In this case, the code allows 

estimating optimal distributions of supply components to cope with this deficit 

Implementation in FREEWAT 

 

Water management capabilities of FREEWAT can be applied once the hydrological model (say the 

standard MODFLOW model) has been set up and run. Then, the User can proceed to input the 

information needed to run management tools in MODFLOW-OWHM. More in detail, the following 

steps are needed: 

1. Defining the classification of the model domain in WDUs 

2. Setting the properties for each WDUs (efficiency, water delivery costs, water allotments, etc.) 

3. Linking the model wells (if any) to WDUs, including for each of them a maximum value for 

the pumping rate. 

4. Linking pipeline diversions to WDUs (if any): this procedure defines the semi-routed water 

delivery associated with selected WDUs. 

5. Defining soils and crops distribution on the top model grid. 

6. Defining soils properties, for each soil defined in the previous step: capillary fringe value. 

7. Defining crops properties, for each crop defined in the previous step, such as irrigation and ET 

losses efficiency coefficients, profits from crop production, crop coefficient, root depth, etc. 

8. Setting precipitation and reference evapotranspiration data 

9. Selecting model options and run the model (Fig. 3) 

 

 
 

Figure 3: Screen shot of the GUI to run the Water Management capabilities in FREEWAT 

 

10. Analyzing the WDUs budget by plotting results printed in MODFLOW-OWHM output files 

(FREEWAT > Post-processing > Plot budgets for Water Unit).  
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Conclusions 

Including a water management module in FREEWAT modeling platform added a great value to the 

platform itself: as in fact, the powerful GIS desktop software QGIS could be used as interface to run 

water management tools belonging to a unique modeling framework for water resource management. 

Such simulation tools are based on the well-known and worldwide tested code MODFLOW-OWHM, 

guarantee a good scientifically accuracy to the modeling platform.  
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ABSTRACT 

GIS technology has been used for many years in environmental risk analysis due to its capability 

to focus on the management and analysis of geographic and alphanumeric data to support spatial 

decision-making (Vairavamoorthy et al, 2007). Especially in emergency management, a DSS 

(Decision Support System) constitutes an important task to provide quick responses, though not 

completely exhaustive, to immediately handle a critical scenario and limit the possible damage. In 

the framework of a collaboration between the Water Research Institute and the National Civil 

Protection Department, a customized tool called CREGIS (ContaminazioneRisorseEvento-GIS) 

has been developed in order to facilitate the emergency management of accidental contamination 

of aquifers and support decision making (Preziosi et al, 2013). The tool is aimed at both national 

and local authorities in order to improve response capability for a better emergency management. 

Originally, the tool has been developed programming Python in an ArcGIS environment; but due 

to the great development and dissemination of open source software, our aim is to replicate the 

same structure programming Python in a GIS open source environment (QGIS). The review of the 

tool's code is still in progress. The goal is to make the tool (now named CREGIS-Q) free and 

accessible to a greater number of people and stakeholders 

Keywords: Decision support system, aquifer accidental contamination, GIS, Python 

INTRODUCTION 
The GIS capability to store, query and analyse data is a known important resource in environmental 

framework and can be very useful in risk analysis. The present work focuses on liquid hazard 

transport, which is an issue well suited to being analysed in a GIS environment (Lovett et al, 1997). 

When an emergency occurs, as an accidental spill happens, due for example to the overturning of 

a tank lorry, a bottleneck is often not only the scarce information available, but also the ability to 

retrieve and manage it optimally to obtain quick responses, hence support decision making. 

Keeping this in mind, a customized GIS tool (CREGIS-Q) has been developed to automate data 

processing and analysis operations (De Smith et al, 2007) in order to obtain firstly an immediate 

answer to alert the authorities for the resources that could be affected by the accidental event and 

IV OPEN SOURCE GEOSPATIAL
RESEARCH & EDUCATIONAL SYMPOSIUMOctober 12-14 2016, Perugia, Italy

The open discussion version of this paper is available at: Petrangeli AB, Preziosi E, Campopiano F, Corazza A,
Duro A. (2016)  CREGIS-Q: a GIS tool to support decision making in case of aquifer contamination emergency.
PeerJ Preprints 4:e2235v2 https://doi.org/10.7287/peerj.preprints.2235v2

Please cite this paper as: Anna Bruna Petrangeli, Elisabetta Preziosi, Francesco Campopiano, Angelo Corazza, Andrea Duro (2018) 
CREGIS-Q: a GIS tool to support decision making in case of aquifer contamination emergency. In Marchesini I. & Pierleoni A. (Eds.) 
Proceedings of the 4th Open Source Geospatial Research and Education Symposium (OGRS2016). Perugia, 12-14 October 2016. 
https://doi.org/10.30437/ogrs2016_paper_47 



lastly to support further analysis. The latter task is performed by loading the informative layers 

available for the site map (hydrogeology, ground water vulnerability, hydrodynamic parameters, 

etc.) selecting them from larger database previously implemented as well as the contaminant 

properties, and providing the relevant information to be used in transport models. The tool has been 

designed as part of a much larger project involving also the drafting of a Best Practices protocol on 

the management of groundwater contamination in case of accidental events, as required by the 

National Civil Protection Department. The Umbria Region has been chosen as case study, 

representative for the presence of numerous wells used for drinkable purposes.  The analysis has 

been carried out in collaboration with Umbra Acque s.p.a, which also provided useful data. 

It is worth noting that, although the number of cases of contamination from accidental event, 

such as the overturning of a tank, is not very high (in particular are rare the acute events, in which 

the contaminant arrives in the groundwater very quickly, in the order of from few days to few 

months) (APAT, 2003), a spatial analysis based on  the distance between road and rail networks 

and drinking water abstraction points evidenced that the 22% (of which 5% belong to karstified 

limestones) of points fall within a distance of 500 m from the viability network and the 68% (11% 

on karstified limestones) within a distance of  5 km (Figure1). 

Figure 1. Proximity analysis between drinking water abstractions point and road/rail 

 

This result highlights a significant proximity between the main viability and the drinking water 

points, especially those that fall on carbonates, which have a high vulnerability, and constitutes 

critical issue in the case of accidental events related to the transport of contaminants. 
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TOOL DESCRIPTION 
CREGIS-Q is a semi-automated tool designed ad hoc to help the user to extract the main 

information for decision support in case of an accidental contamination event and then to quickly 

retrieve all the data available for performing further analysis and extract parameters useful for 

modelling. It works in a GIS environment; a tool scheme is shown in Figure 2 

 

 

Figure 2. CREGIS-Q scheme 

 

When launching the tool the user is asked to place the contamination event location on a GIS by 

its coordinates. The main information regarding the event (name, description, date, operator, 

contaminant, etc.) are extracted and saved. Other relevant information (e.g. administrative data, 

lithology and hydrological complex in which the event falls) is obtained automatically by means 

of the GIS overlay techniques (spatial queries) and stored in database. Then, the drinking water 

abstraction points, which are located within a circular area (buffer) around the spill, are identified. 

The buffer is designated around the event, whose radius increases with the permeability of the 

hydrogeological complex in which the event falls (generally 1-3 km, up to 15 km for karstified 
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limestones). After the proximity analysis is completed, a report containing all the information on 

the event characterization and on the water points involved is automatically generated and saved. 

A map is also prepared and available in pdf format to support the stakeholders in decision-making. 

Finally, the tool automatically analyses all data previously stored in databases and loads in the 

project only those that insist on the event area, in order to provide additional data for a further 

characterization of the event. For example, a first estimation of the parameters to be used in 

transport models could be derived from the relevant layers (e.g. geological-hydrogeological maps, 

vulnerability maps, etc.). A refinement of proximity analysis is also available to allow a greater 

flexibility by letting the user able to repeat the procedure with a distance deemed appropriate based 

on the additional mapping study. 

In order to work properly in the emergency phase, when the “time factor” is crucial and all the 

tasks need to be carried out you quickly, the tool needs a preparedness stage in which all basic data 

are collected and stored in databases. Basic cartography may include administrative data (regions, 

provinces, municipalities), topographic maps at different scales, traffic data, hydrography, 

residential areas, satellite imagery and various types of services (if you have an internet 

connection); these maps can be both raster and vector; for administrative data it has suggested the 

vector format because they are involved in the spatial overlay. Moreover, to perform the procedure 

a reference map for the proximity analysis and a list (provided with coordinates) of drinking water 

abstraction points need to be collected. The latter data is surprisingly hard to find; in fact, it does 

not seem to exist a homogeneous list of drinking water abstraction points in Italy. In this work, the 

reference map for the proximity analysis chosen is a hydrological complex map (Fried at al., 1982) 

and the list of water abstraction points was provided by Umbra Acque s.p.a.  During the ordinary 

maintenance, an important task is the collection and storage of cartographic stuff to easily be 

retrieved by the tool in emergency. The cartography storage is generally a time-consuming work 

as data from various sources, size and geographic location need to be analysed, collected and 

georeferenced, if necessary; the task involves an accurate bibliographic research. Furthermore, in 

order to ensure the proper functioning of the tool, a continuous activity of maintenance and 

updating of databases is required. 

The most common software GIS support open-source Python scripting language to develop 

customized tool and automate procedures. Here Python was firstly used to build CREGIS to work 

in ArcGIS (Tateosian., 2015); then, in order to support a wider use of the tool and to make it free, 

it is being designed (Lawhead, 2015) to work in an open source GIS (QGIS) environment. 

the time and date a user digitized an object, the zoom level at which an object was digitized, the 

username, the rough position of the user at zip-code level (through IP-to location databases), the 

users’ equipment (e.g. mobile device, type of browser, etc.) and the URL a user visited before using 

a system. 

RESULT AND CONCLUSION 
Risk and decision analysis are often faced with problems having spatial characteristics. As a part 

of a best practice protocol for the emergency management of accidental spills of contaminants, a 

decision support tool has been implemented in a GIS environment. In the emergency management 

of groundwater pollution events, the aim of this application is to facilitate the pre-alert phase and 

successively the consultation of the available layers to support the analysis (e.g. modeling), 
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scenario building and further decision making. 
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Abstract: 

Timeseries are an important aspect of environmental modelling, and are becoming more available 
through the requirements of the water framework directive as well as more important with the 
advancement of numerical simulation techniques and increased model complexity. For this reason, 
within the H2020 FREEWAT project, which aims at facilitating the adoption of modeling for water 
resource management, the integration of a tool for timeseries analysis and processing has been 
foreseen. As a result the Observation Analysis Tool was developed to enable timeseries visualisation, 
preprocessing of data for model development, and postprocessing of model results. Observation 
Analysis Tool can act as a preprocessor for calibration observations, and will be expanded to 
incorporate its processing capabilities directly into the calibration process. The tool consists in an 
expandable Python library and in an interface integrated in the QGIS FREEWAT plugin which 
include a large number of modelling capabilities, hydrochemical data management tools and 
calibration capacity. The tool has been extensively used and tested in different european institutions, 
to collect a number of indications to drive the future development. 

Introduction: 

The Water Framework Directive 2000/60/CE  (WFD) requirement for increased monitoring activities 
on water quantity and quality led to an increased collection and availability of data.  Often the 
exploitation of the data up to now does not reflect information available within the data, which is 
frequently analysed with simple algorithms that do not provide insight into the dynamic systems 
(Rossetto et al. 2015). An increased exploitation of information provided by the data would allow 
implementation of the directives in more efficient water management.  In the same paper (Rossetto et 
al. 2015) it was also suggested that decisions on water management and planning, that take into 
account the possibilities offered by stateoftheart ICT, should move beyond the geographically 
lumped, 20 year average water budget management approaches to consider the fine spatial and 
temporal variability of hydrological systems and variables. FREEWAT (FREE and open source tools 
for WATer resource management)  is an H2020 project financed by the European Comission, seeking 
to promote water management and planning by simplifying the application of the Water Framework 
Directive 2000/60/CE  (WFD) and other related directives. The WFD recognises modelling as a 
relevant activity for a range of applications, of which FREEWAT will aim to facilitate:  testing 
hypothesis on conceptual models, validating scenarios to be included in River Basin Management 
Plans, water resource evaluation and forecasting, impact assessment of large engineering works, and 
evaluation of the effectiveness of proposed remediation activities. In the water resource modelling 
process observations play a crucial role in creating effective models that adhere with reality, or at least 
are as close as possible to the simulation objective. For these reasons one of the FREEWAT modules 
is the Observation Analysis Tool (OAT): a timeseries pre and postprocessor and visualization tool 
designed to support modelling. 

Background and Motivation: 

Any simulation model, and more specifically any hydrologic or groundwater model, aimed at 
providing Water Resource Managmenet (WRM) relevant information, requires quantitative data 
which defines the physical properties of the study area and describes its temporal evolution. This to 
define the system conditions, characteristics and resource exchanges. Identifying data needs, as well 
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as collecting data is an essential part of any WRM related task. This tool for timeseries analysis 
should therefore helps in handling this kind of data, which in spatiotemporal simulation models are: 
inputs for model conceptualization and implementation, outputs data for validation and observation 
data for sensitivity analysis, calibration and uncertainty analysis. In the context of FREEWAT and 
specifically groundwater modelling using MODFLOW2005 (MODular threedimensional 
finitedifference groundwater FLOW model) (Harbaugh, 2005), timeseries data can be climate data 
such as rainfall and temperature, boundary conditions such as surface water stages or discharge 
measurements, or pumping and irrigation rates among others. The observations, which often take the 
form of time series data, are used for calibration within FREEWAT using UCODE 2014 (Poeter et al., 
2014). UCODE is a modelindependent code for sensitivity analysis, calibration and prediction with 
widespread use in groundwater model calibration (Hill & Tiedeman, 2006).  Previously, only the 
Time Series PROCessor tool developed by Westenbroek et al. (2012) existed to preprocess time 
series data into observations that can be practically used in model calibration, specifically with the 
Parameter ESTimation (PEST) code (Doherty, 2016). Similarly to how TSPROC functions for PEST, 
OAT acts as a data preprocessor for calibration with UCODE, as well as a general purpose tool for 
time series analysis for model input and from model results. The difference between TSPROC and 
OAT reside in the software design and implementation language as well as the capacity to 
dynamically connect with online data services. 

OAT is a module of the FREEWAT modelling environment, which is implemented as a plugin of the 
open source software QGIS (2016), aimed at simplifying the processing and manipulation of 
timeseries data to ease its exploitation for water quality and quantity management. The idea is to 
achieves this in the FREEWAT framework specifically through: (i) the preprocessing of timeseries 
data to drive the implementation and analysis of conceptual and numerical models for Water Resource 
Management (WRM)  and (ii) the preparation of numerical model input data. Furthermore, enabling 
the visualisation and postprocessing of model results may support management decisions. Raw 
digital timeseries data available through monitoring networks, meteorological services or 
environmental authorities are always subject to preprocessing: specific to the temporal discretisation 
of the model, which in itself is subject to the end goal of modelling, and the possible spatial 
relationship to the area of interest. There’s therefore a need of a tool designed to use timeseries data 
processing to help in the preparation of model input data and in the statistical analysis of observations 
and model results, all within the same GIS platform. 

Method: 

OAT is a Python package which is integrated in the FREEWAT environment through an interface 
exposing its features to modellers and non programmer users. OAT library implements two main 
classes: the Sensor class that is designated to handle timeseries data and metadata and the Method 
class which is designated to represent a processing method. The library applies the behavioral visitor 
pattern which allows the separation of an algorithm from the object on which it operates: thanks to 
this design pattern it is possible to add a new processing capability by simply extending the Method 
class without the need to modify the Sensor class. From a dependency point of view, OAT takes 
advantage of the PANDAS (McKinney, 2010), NUMPY and SCIPY (Van der Walt et. al. 2011) 
packages. 

The Sensor class took inspiration from the Sensor Observation Service standard and it’s istSOS 
implementation (Cannata et. al., 2015), with a specific simplification to ease its usage. Each Sensor 
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object is characterized by a single timeseries that is represented by a data section consisting in a 
PANDAS timeseries and a location/metadata section. 

The general structure and implemented usage of the library in FREEWAT is depicted in Figure 1. 

 

Figure 1 The OAT data retrieval, processing, storage and export workflow 

Every OAT.Sensor object can be stored in a spatialite DB and reloaded back in OAT.Sensor with its 
own data and metadata. For each sensor, the “metadata section” includes name, description, location 
(lat, lon, elev), unit of measure, observed property, coordinate system, timezone, frequency, weight 
statistic and data availability (time interval). The “data section” contains time, data, name, and quality 
index, as well as a tag marking whether or not an individual observation in the series will be used. In 
addition to requesting sensor data from an istSOS server, OAT can retrieve data stored in local files or 
databases into the FREEWAT GIS environment for further use. Further input accepted format may be 
implemented in the future. 

Most of the currently available OAT.Method objects are based on TSPROC processing capabilities. 
They enable the analysis of raw data (resampling, regularization, data interpolation, fitting, filling, 
validation and data quality assessment); decomposition or filtering of timeseries (low, medium, high 
frequencies); aggregation and exceedancetime calculation, summary statistics and period statistics, 
integration and  hydrograph separation among others. The results of a process is generally a new 
OAT.Sensor, so that processes can be concatenated, and the final resulting timeseries can be saved in 
the FREEWAT model database or exported. As discussed in the package design, this library of 
processes is open and expandable to incorporate users needs, specifically as an aspect of the 
participatory approach adopted in FREEWAT development. 

In preparation for model input the raw data processing capability of OAT are particular important. In 
fact, since often available data will not have the same temporal discretisation as the chosen modelling 
time, various filter and resampling or data fill methods are available to create new, but statistically 
sound, timeseries to be used as model input. 
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OAT incorporates the postprocessing of model results by creating sensors with appropriate temporal 
discretisation for the visualisation and further processing of model results as timeseries. MODFLOW 
head and flow observations, listing file volumetric budget components (either as cumulative budgets 
or rates), and gage file components are currently supported formats. Timeseries visualisation is 
achieved through the Python Matplotlib (Hunter, 2007) module. Various elements of the volumetric 
water budget for a MODFLOW model can be loaded as sensors and visualised and compared, to other 
elements of the budget or to other relevant timeseries or observations. 

 

Figure 2 Screenshot of the OAT menu in a sample simulation within QGIS showing the “Manage 
sensor” and “Compare sensor” interfaces. 

Groundwater head observations can be incorporated into the standard MODFLOW head observation 
package using OAT and simulated heads can be uploaded from the model results. Specifically for 
transient models with longer and possibly non continuous observation periods, OAT offers improved 
visualisation capabilities because the observations are separated by well and correctly plotted along 
the time axis so that is possible to true to time with variable spacing along the xaxis, rather than just 
sequentially, which allows their comparison with other timeseries, e.g. nearby GW stresses. 

Discussion & Conclusion: 

OAT offers an important supplement to the FREEWAT environment through the dedicated analysis 
of timeseries data, simplifying the use of the increased data available due to the WFD. Pre and post 
processing capabilities are designed specifically for WRM conceptual and numerical models  within 
the current modelling environment, with easily expandable libraries to always offer relevant 
processing capabilities as FREEWAT incorporates additional modelling capabilities. Currently OAT 
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can be used to plot and process MODFLOW inputs as well as results from the observation, listing and 
gage files. 

Ultimately OAT will allow new calibration possibilities by acting as an observation preprocessor for 
optimisation. Model optimisation for processed timeseries, such as baseflow or exceedance 
probabilities, will allow the modeller to focus the optimisation on a particular aspect of model 
performance based on its intended use, or on extreme situations like flood risk or drought situations. 
As FREEWAT incorporates additional capabilities for WRM simulation, OAT features will be able to 
act as a toolbox for many aspects of model optimisation and analysis. 

The tool, at its current stage of development, has been extensively used and tested in thirteen courses 
in different european institutions. This testing phase allows the collection of a number of indications 
on the user interface as well as on the tool’s capabilities as well as the creation of an open community. 
The outcome of the testing will be used to drive the future development. The detailed results and 
discussion of this testing will be presented in a forthcoming paper.  
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Umbria Region Functional Centre, part of the Umbria Region Civil Protection Dept., since 2009 has 
developed an experimental, operational early warning system for landslide risk assessment, named 
PRESSCA (PREvisione Soil Slips e Contenuto d’Acqua), based on rainfall thresholds, soil moisture evaluation, 
quantitative precipitation forecasts – QPF, and an open source WebGIS decision support 
subsystem/platform – DSS. 

Rainfall thresholds were obtained by the analysis of past landslide events, correlated with their initial soil 
moisture condition reconstruction: observed and forecasted accumulated rain, together with modeled 
saturation index, compared with threshold values at different alert levels, lead to the production of early 
warning indicators, calculated at each  point of a 738 grid covering the entire Umbria Region (approx 8000 
sqkm). 

The evaluation of the indicator grid values, is used on a daily base for the alerting state assessment over the 
six alert zones in which the regional territory is divided (main role of the Functional Centre); but, in order to 
take full advantage of all the available information layers useful for the hydrogeological risk evaluation, a 
real time scenario with high spatial resolution was developed too: every time that second-level rainfall 
thresholds are exceeded, the early warning indicators are used to start a procedure aimed at dynamic, real 
time risk scenario generation. A Linux API “inotify” waits for changes on warning indicators-thresholds 
ratio: if overtopping conditions are reached, the risk scenario procedure initiate a “bash” Linux script with 
all the commands aimed at generating and inserting the resulting geotiff on the web-gis platform. 
Aimed to the generation of the risk scenario, Geospatial Data Abstraction Library (gdal library) composed 
by raster and vector utility programs, calculating risk from hazard, susceptibility and vulnerability layers is 
used.  

More in detail, a procedure has been developed as follows: 

Step #1: from early warning indicators (hazard information), a dense interpolated regular grid using inverse 
distant weight algorithm is used;  

Step #2: in order to combine time-dependent landslide hazard with space-dependent landslide 
susceptibility, three different types of susceptibility layers are used (a regional-level raster layer of 
susceptibility developed by CNR-IRPI of Perugia; a regional-level raster layer of susceptibility, developed by 
the Functional Centre, obtained by combining slope from DEM, geological maps, landslide map 
information; a specific municipal-level raster layer of susceptibility for Perugia town, developed by CNR-IRPI 
and Perugia Municipality, aimed at generation of a specific local scale risk scenario). 
Final step: Exposed elements/vulnerability information (from vector type layers of buildings, 
infrastructures, etc...) is used, able of leading to the generation of a dynamic (refreshing rate increased in 
case of event), real-time risk scenario.   
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Using the “gdal_calc.py” program, raster combined data produce the risk scenario layer. Then, real-time 
results are published on the  web-gis platform (see Fig. 1). 

 

Fig. 1 – Real-time risk scenario obtained using early warning indicators, susceptibility and vulnerability layer 
developed by Functional Centre. 

The reliability of final results is obviously very strongly dependent by the quality of the information layers, 
but general performances appear to be promising and satisfactory for Civil Protection purposes (alerting 
issues, emergency management, territorial presidium/direct monitoring of the territory organization, etc..). 
 
Concluding, open source Web – GIS platforms appear to be an ideal tool in order to share dynamic 
hazard/risk scenarios with all the institutional subjects and stakeholders involved, and allow 
administrations to maintain sustainable and flexible operational systems.  
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Abstract 

The tools implemented for the new Regional Geochemical Database, called GEOBASI, are hereafter 

presented. The database has permitted the construction of a repository where the geochemical 

information (compositional and isotopic) has been stored in a structured way so that it can be available 

for different groups of users (e.g. institutional, public and private companies). The information 

contained in the database can in fact be downloaded freely and queried to correlate geochemistry to 

other non compositional variables.  

The repository has been aimed at promoting the use of the geochemical data already available from 

previous investigations through a powerful Web-GIS interface. The resulting graphical-numerical 

tools in such a complex database have been developed to: 1) analyse the spatial variability of the 

investigated context, 2) highlight the geographic location of data pertaining to classes of values or 

single cases, 3) compare the results of different analytical methodologies applied to the determination 

of the same element and/or chemical species, 4) extract the geochemical data related to specific 

monitoring plans and/or geographical areas, and finally 5) recover information about data below the 

detection limit to understand their impact on the behaviour of the investigated variable.  

Keywords: Geochemical Data, Database, Statistical analysis, Geographical Information System, 

Geostatistics, OGC Web Services, Open Source 

 

Introduction 
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The tools implemented for the new Regional Geochemical Database (RGDB), called GEOBASI, are 



 

hereafter presented. The PostgreSQL database store all the geochemical information (compositional 

and isotopic). GEOBASI repository can in fact be downloaded freely and queried to correlate 

geochemistry to other non compositional variables. That approach is aimed at promoting the use of 

the geochemical data already available from previous investigations through a powerful Web-GIS 

interface. The resulting graphical-numerical tools in such a complex database have been developed 

to: 1) analyse the spatial variability of the investigated context, 2) highlight the geographic location 

of data pertaining to classes of values or single cases, 3) compare the results of different analytical 

methodologies applied to the determination of the same element and/or chemical species, 4) extract 

the geochemical data related to specific monitoring plans and/or geographical areas, and finally 5) 

recover information about data below the detection limit to understand their impact on the behaviour 

of the investigated variable. 

Materials and Methods 

In this framework the database GEOBASI was proposed as a direct access user service, accessible to 

different levels of users, whose contents could be freely queried and downloaded 

(http://www506.regione.toscana.it/geobasi/index.html). The aim was to give reference knowledge on 

the geochemical composition of different geological media, solid (soils and stream sediments), liquid 

(stream and ground waters, springs, lakes) and gaseous (natural emissions). The downloading of a 

specific dataset of interest is possible thanks to a CSV format of interchange. Its implementation will 

be made through the same interface, open source software and services of the Lamma Consortium 

geoportal (Giannecchini et al., 2013). The web interface was constructed and implemented according 

to the Open Geospatial Consortium (OGC) standards (www.opengeospatial.org) focusing on research, 

query and view, The GEOBASI interface adopts the Tuscany Regional Government OGC web 

services and uses this application for its own necessities and statistical processing, based on the 

Geoscopio, the Web-GIS tool by which the geographical data of Tuscany Region can be queried and 

visualised (http://www.regione.toscana.it/-/geoscopio). Thus orthophotos, topographic maps, 

geographical boundaries of administrative units, information about hydrological network, geology, 

land-use, pedology and all the other layers that constitute the Regional Database of Geographical 

Information are available. 

The Statistical data analysis is focused on studying data, graphically or via more formal methods. 

Exploratory Data Analysis (EDA) techniques provide many tools that transfer large and cumbersome 

data tabulations into easy graphical display, which are widely independent of assumptions about the 

data. They are in general used to “visualise” the data. Graphical data analysis is a creative process 
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and it is far from simple to produce informative graphics. Among others, choice of graphic, symbols 

and data subsets are crucial ingredients for gaining and understanding of the data. It is about iterative 

learning, from one graphic to the next until an informative presentation is found. At the moment, 

starting from the information store in the repository DB it is possible to query the behaviour of a 

chemical element or compound for a given geological media by the use of various univariate 

statistical graphical and numerical univariate tools. The results can be related to the regionalisation 

of the analysed data. Thus, it is possible to link the chemical abundance of a chosen element in the 

different geological media with the geology, the land cover or the soil nature. Moreover, any other 

useful information about the behaviour of a given chemical element and sources (natural and 

anthropic as well as hazardous limits) is reported in a pdf file easily visualised or downloaded. 

Furthermore, the distribution of the element on a Europe scale can also be visualised thanks to a link 

with the maps of the FOREGS database (Salminen et al., 2005; De Vos et al., 2006) so that a 

comparison between the range of values reported in GEOBASI and those registered in Europe can be 

performed. 

Innovative graphical and numerical tools will also be developed by taking into account the nature of 

compositional data as reported by Aitchison (1986). Compositional data are in fact vectors of positive 

values quantitatively describing the contribution of D parts of some whole, which carry only relative 

information. Due to these features, the Euclidean geometrical approach to the statistical analysis of 

compositions may give misleading results since compositional data pertain to the simplex sample 

space and not to the Real one (Egozcue and Pawlwosky-Glahn, 2006; Buccianti and Magli, 2011; 

Buccianti, 2013). The simplex sample space is governed by the Aitchison geometry, and has all the 

properties of a (D-1) dimensional Euclidean space (Egozcue and Pawlowsky-Galhn, 2006). To work 

in these unconstrained conditions, compositions need to be expressed as vectors of values that belong 

to such a space. To obtain these new vectors a family of log-ratio transformations can be used. Several 

improvements will have to be made to GEOBASI following this new perspective, as a natural way of 

representing regionalised compositions. 

The diagrams have been implemented thanks to the use of the open source libraries of Highcharts 

written in pure JavaScript, offering an easy way of adding interactive charts to web site or web 

application (http://www.highcharts.com/). When a chemical variable and a geological media is 

chosen, comparative box-plots give us information about which type of analytical methods were used, 

the total number of available observations, the metric unit and the median for the whole data set.  

When an analytical method is selected, a frequency histogram can be plotted, the classes of the 

histogram, obtained following Sturge’s rule, are coloured differently, and by maintaining this colour 

discrimination, their geographical visualisation is obtained. In this way, it is possible to see 
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immediately if the modal class is diffused or spatially clustered and if the less populated classes of 

the tails are related to specific portions of the regional territory. Dispersed and localised spatial 

processes can be consequently identified. A spline connects the mean value of each class giving us 

an idea about the continuous changes in the frequency density thus helping in the identification of 

complex multimodal phenomena. Finally, the cumulative curve is useful to identify the presence of 

anomalous data, comparing their values with the 95th percentile line. The analysis of the slope changes 

in the curve is also useful to verify if the behaviour of the investigated chemicals is fragmented and 

if multimodality better represents the investigated phenomena (Buccianti et al., 2015).  

Conclusions  

The widespread use of hazardous substances in several anthropic processes (e.g. industry and 

agriculture), legal or illegal, has compromised the use of the territory and of its resources in both 

developed and underdeveloped countries of the world. For this reason, knowledge about the 

distribution of dangerous elements or compounds is fundamental and different public institutions on 

international and national scale have attempted to control this problem through specific acts and laws. 

The starting point is however related to the organisation and management of the available 

geochemical information and to the possibility of integrating it with geographical, geological and 

hydrogeological complements. Several types of geological media (e.g., waters, soils, stream 

sediments, gases) are in general the subjects of a great number of research products or public 

monitoring plans, on different scales. Often the quality of the measurements may be different but all 

the works have as a common aim to give a picture of the state of the investigated environment. If this 

available information can be integrated and validated in a dedicated dynamical repository, as well as 

updated in time, our knowledge about geochemical processes, their frequency and spatial distribution 

will increase. Furthermore,  if the repository is constructed in order to correlate the geochemical 

records with other types of information paralleling and standardising the statistical and geostatistical 

analysis, the possibility to define baseline values will be facilitated giving us a concise and realistic 

reading of what is occurring in the environment. By taking into account all the previous indications, 

the main aim of the development of the GEOBASI database has been to have a dedicated informatics 

support to manage all the present validated geochemical knowledge available for Tuscany Region, 

giving the opportunity to integrate it with other geographical, geological and hydrogeological 

information on different scales, regional and/or limited to a specific portion of the region. Most of the 

information was obtained from research works and monitoring plans of universities and public 

institutions initially collected, structured and organised inside the National Geochemical Archive 

(NGA) project.  
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ABSTRACT
This work involves a tool implementation for evaluating Sediment Delivery Ratio (SDR) in a river
basin, through GRASS GIS software (GRASS Development Team, 2016). The definition of a
spatially distributed value of SDR is a very important task as the sediment routing can affects
solid transport in stream channels, water quality degradation, and frequency increase of natural
disasters such as debris flows and mudflows. For such reason the SDR evaluation, coupled with GIS
approach, has been extensively used in scientific literature. Geographic information systems provide
a fundamental support for a better prediction of SDR, since it can consider the space variability
of factors influencing the sediment routing processes. Actually a specific GIS module to estimate
the spatial variability of SDR does not exist. We implemented a GRASS GIS module (in python
language) called r.sdr where the sediment delivery ratio is evaluated by GIS procedure using
several SDR equations available in literature. We applied the tool to the Feo Creek watershed,
located in the Apennines area of northeastern Umbria (Italy).

Keywords: sediment delivery ratio, GIS, soil erosion, DEM

INTRODUCTION
Problems caused by soil erosion can include losses of soil productivity, increasing in sediment supply
for streams, water quality degradation, and frequency increase of natural disasters such as debris and
mudflow. In Mediterranean area the sediment routing is mainly controlled by climate (in particular
by the rain intensity), soil proprieties, vegetation, morphology. Model the sedimentary process of
erosion - transportation - deposition is a really complex task due specially when it is required to
evaluate the sediment yield for large areas. Normally in these case the most common approach is to
estimate the gross erosion using RUSLE (Renard et al., 1991), a simplified soil erosion model, and
derive the sediment yield by using a sediment delivery ratio (SDR).

The SDR is defined as the ratio of sediment yield to total surface erosion. The use of SDR owes
its origin to the observation that using erosion predicted by the RUSLE overestimates the amount of
sediment delivered from hillslopes. RUSLE, in fact, does not account the deposition of sediment
occurring on hillslopes. Therefore, an accurate prediction of SDR is an important challenge for a
sustainable natural resources development and, in general, for environmental protection. There is no
precise procedure to estimate SDR, although the USDA (1972) has published a handbook in which
the SDR is related to drainage area, but SDR can be affected by several other factors including soil
texture, slope/lenght, landuse, sediment source, nearness to the main stream.

Geographic Information Systems provide a fundamental support for a better prediction of the
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SDR. The GIS can consider the space variability of factors influencing the sediment routing processes
and they have been used extensively to model the SDR in several basins around the world (Weifeng
and Bingfang, 2008; Lu et al., 2006; Kothyari and Jain, 1997; Jain and Kothyari, 2000; Lim et al.,
2005).

De Rosa et al. (2016, in press) used a GIS procedure for sediment yield estimation for a large
portion of Tiber River Basin in order to evaluate the ”pitfall effect” of numerous small agricultural
reservoirs present in this area. Any small agricultural reservoir perform a function of small dam in
rivers intercepting the natural sediment routing; this trap effect is here defined ”Pitfall effect”.

This study starts from the GIS procedure used and implement a GRASS GIS (GRASS Develop-
ment Team, 2016) module (in python language) called r.sdr where the sediment delivery ratio is
evaluated by GIS procedure by using several SDR equations available in literature.

METHOD
Significant research has been performed to estimate the SDR, finding that SDR is mainly related
to watershed size. The correlation between SDR and watershed size is known as the SDR curve
(USDA, 1972). The r.sdr module uses several SDR curve based on watershed size because of
its simplicity. Vanoni (2006) proposed a power function (Eq. 1) derived from the data for 300
watersheds. to develop a generalized SDR curve. Boyce (1975) and USDA (1972) also developed
SDR curves (Eqs. 2 and 3, respectively).

SDR = 0.4724 A−0.125 (1)

where, A = watershed area (km2)

SDR = 0.3750 A−0.2382 (2)

where, A = watershed area (km2)

SDR = 0.5656 A−0.11 (3)

where, A = watershed area (km2).
A newer approach calculates the SDR ratio for a cell i from the conductivity index (IC) following

Vigiak et al. (2012). The IC index takes the assumption that the SDR depends on two different
approaches dominated by the geometrical topographical properties of watershed and drainage path:

• the upslope approach uses the characteristics of the drainage area where the SDR decreases
with respect to increasing basin size: large basins have a lower average slope with more
sediment storage sites located between the sediment source areas and the outlet;

• the downslope approach takes into account the flow path length that a particle needs to travel
to arrive at the nearest sink. Larger is the path length, greater is the chance that sediments do
not reach the basin outlet.
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The IC uses both approach listed above, as showed in figure 1, and it is defined as:

IC = log10
(

Dup

Ddn

)
= log10

(
C̄ S̄
√

A

∑i
di

Ci Si

)
(4)

where C̄ is the average C factor (C factor is the crop/vegetation and management factor provided by
USLE/RUSLE equation provided by Renard et al. (1991)) of the upslope contributing area; S̄ is the
average slope gradient of the upslope contributing area (m/m); A is the upslope contributing area
(m2); di is the length of the flow path along the ith cell according to the steepest downslope direction;
Ci and Si are the C factor and the slope gradient of the ith cell, respectively.

The SDR is calculated, for the ith cell with the equation 5

SRDi =
SDRmax

1+ e
(

IC0−ICi
k

) (5)

where SDRmax is the maximum theoretical SDR, set to an average value of 0.8 (Vigiak et al., 2012),
and IC0 and k are calibration parameters. In our model IC0 have been set to 0.5 and k equal to 2.

The r.sdr module uses the above equations to define a spatially distributed SRD. The r.sdr
produces a raster output where the SDR is estimated point by point. Area based methods calculate
for each cell the upstream drainage area, from DEM preprocessing, by the GRASS GIS modules
r.watershead and r.water.outlet, and deriving the SDR using the above equations.

The figure 1 shows the workflow used in the r.sdr module. In particular some preliminary
operations are necessary, as fill sinks or smoothing DEM, for the further operations. In order
to calculate the drainage direction, the Multiple Flow Direction MDF method, as proposed by
Holmgren (1994) is applied.
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Figure 1. Workflow diagram for the r.sdr GRASS GIS module implemented

STUDY AREA
The study area covers the basin of the Feo Creek, which is located in the Apennine area of northeast-
ern Umbria (Italy) and flows in the Gualdo Tadino Plain (fig. 2). The catchment area is 9 km2 and
the average elevation is 1157 m a.s.l. The main stream, Feo Creek, is 6.4 km in length and has a
very high average gradient (14.2%).

The digital elevation model used in this study area is the TINITALY/01, presented in 2007
(Tarquini et al., 2007).
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Figure 2. Study area boundary (watershed of the Feo Creek), located in the Apennine area of
northeastern Umbria (Umbria-Marche internal ridge).

RESULTS AND DISCUSSION
The r.sdr have been applied using a DEM from Feo Creek (see section ”study area”) in order to
derive several SDR maps by using the different approaches here proposed. The figure 3 shows the
SDR raster map, output of the r.sdr module, derived from the most complex equation (Vigiak
et al., 2012) . The represented histogram shows the SDR distribution over the whole basin that
ranges from about zero to 0.5 with a median of 0.05.

The abrupt change of SDR values showed in figure 3 in the left part of the basin is related to the
particular morphological characteristics of the watershed: the graphical representation highlights the
”threshold effect” produced in the middle part of the basin where two thin ridges converge to the
main stream. In fact, downstream the point where the SDR reaches highest values (in red in figure
3) sharply its value decreases due to the increase of upslope contributing area.
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Figure 3. Sediment delivery ratio raster map calculated using the Vigiak et al. (2012) formula, from
the connectivity index. The figure bottom shows the histogram distribution for the SDR values over
the studied basin.

CONCLUSION
This work is the first implementation of a GRASS GIS module for a spatially distributed sediment
delivery ratio estimation. The module, called r.sdr, takes as input a digital elevation model and
the user have to select the SDR equation. The definition of a spatially distributed value of SDR can
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Univariate statistics value (0÷1)
minimum 0.025163
maximum 0.503292
range 0.478129
mean 0.0616717
median 0.0585219

Table 1. Univariate statistics for the SDR raster map showed in figure 3. SDR is expressed as
percentage between 0 and 1

provide useful information regarding the sediment routing processes, solid transport in streams, water
quality degradation, and frequency increase of natural disasters such as debris flow and mudflow.
For such reason the SDR evaluation, coupled with GIS approach have been extensively used in
scientific literature. Moreover, it does not exist a specific GIS module implemented to estimate
the spatial variability of SDR. The r.sdr uses GRASS GIS since that software already provides
some powerful module to pre-process the digital elevation model. R.sdr is able to drives the user,
in a smooth way, to evaluate the SDR using as input only a DEM; all intermediate raster map (as
smoothed and sink filled DEM) required to calculate the upstream component and the downstream
component of IC and, afterwards, the SDR map are computed internally through internal module of
GRASS GIS, or by the means of internal routines.

Future software developments will be pointed in the implementation of further method for a
spatially distributed SDR and in the implementation of an internal method for the weight map.
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