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Preface

The COST 719 European research program ( “The use of GIS in climatology and
meteorology”) began in 2001 and ended in 2006. 20 European countries
participated. Its main objective was to establish interfaces between GIS and data in
climatology and meteorology and in order to reach this objective, three working
groups were defined:

— working group 1 on “Data access and data availability”;
— working group 2 on “Spatial interpolation”;

— working group 3 on “GIS applications”.

Most of the applications have focused on three climate parameters: temperature,
precipitation and energy balance in the fields of climatology, meteorology and
environmental sciences.

This book is the proceedings of most of the presentations made during the final
conference of the COST 719 action (Grenoble, July 2006). It comprises four parts,
each one introduced by a keynote speaker.

Part 1 is devoted to GIS use in meteorology and climatology. It is introduced by
a text underlining that GIS is a mature technology to integrate, analyze and display
spatial data but is still scarcely used in most Meteorological Services, partly due to
the lack of an atmospheric data model (meteorology has its own operational
infrastructure). A major concern is the share of terrain data in Europe (INSPIRE
initiative) and the definition of a common metadata standard.

Four other contributions complete this first part.

— SIGMA is a currently running GIS (in Brazil) dedicated to real-time
information (precipitation, temperature, lightning, NDVI, ozone, etc.) and alerts.
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— A paper on webmapping of climatological and meteorological data compares
ARC-IMS, open standards and Scalable Vector Graphics approaches.

— MISH (Meteorological Interpolation method) has been developed in Hungary.
Geostatistical methods are based on one realization whereas MISH incorporates, in
order to model the statistical parameters, climatic spatio-temporal information.

— A simple GIS study of the northern French Alps meteorological network shows
that its statistical robustness is not evenly distributed, so that the sample should be
stratified and the uncertainty regionalized.

Part 2 is dedicated to the spatial interpolation of climatological parameters. It is
introduced by a chapter showing the developments in spatialization of
meteorological and climatological parameters. Interpolation methods, which are
present in most GIS, make it possible to combine numerous layers to derive
estimates of parameters for any place at any time.

— The first application, in Poland, tests several methods for interpolating air
temperatures, precipitation and cloudiness. The results for the temperature are
correct, whereas the two other ones are in fact much more complicated to
interpolate.

— Two following applications deal with the spatialization of (mean or average)
temperatures in the northern parts of the French Alps. The measuring network is
dense but still not dense enough to derive very good estimates for any place at any
time (especially with anticyclonic weather).

— The last application discusses several methods for the spatialization of the
radiation balance. It also examines the possibility to derive land surface albedo from
satellite images.

Part 3 is devoted to demonstration projects. It is introduced by an overview of
ready-to-use demos. The chapter insists on the need for relevant meteorological and
climatological data for environmental users, presenting links and connections
between simulation models developed by ecologists and hydrologists on the one
hand, applications by meteorologists and climatologists on the other hand.

— The first demo deals with daily fire risk mapping in Portugal, combining
structural elements (number of fires, burnt areas, vegetation, biomass accumulation,
climatic variables) with weather forecasts for the next 24 and 48 hours.

— The second demo compares, in Spain, a high resolution precipitation database
with one created by dynamic downscaling; the statistical analysis shows a good
similarity in terms of spatiotemporal distribution and total precipitation.
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— The third demo is devoted to simulating drought sensitivity in southern
Hungary under the hypothesis of climate change and assessing that damages will
depend more on vulnerability than on events themselves.

— The fourth demo presents the ALP-IMP project where the monthly temperature
fields of the Greater Alpine Region were calculated back to 1760. In the new ECSN-
HRT-GAR project, monthly climatology fields are modeled according to quality
checked normals for about 1,700 stations. In its final stage, monthly grids (1 km?
pixels) will be produced.

— The fifth demo presents the RWIS (Road Weather Information System) for the
winter maintenance of roads. Road weather forecasts use sensors, sky view factor
analysis and mesoscale weather forecasts. An energy balance model (IceMiser) has
been tested on 12,000 locations of 6 roads in England.

Part 4 is dedicated to environmental problems, which are strongly related to
climate. It is introduced by a chapter presenting the challenges in fine scale
applications, with examples in agrometeorology and urban climatology.

— In regions (like Brittany) with an intensive agriculture, transfer of pollutants
into water resources partly depends on land use management during winter (bare or
cultivated soils). A predictive model at the piece of land scale, based on the Dezert-
Smarandache theory, proved an 82% success rate.

— The DEMETER project has been set up to facilitate the water management
(quantity and quality) for irrigated farming in southern Europe. Pilot studies have
been carried out using agricultural surveys, satellite images and weather and climate
data, showing the possible improved management of cultures in Mediterranean
areas.

— Olfactive nuisances around landfill sites are usually associated with certain
meteorological situations. To evaluate the population exposure, a metamodel has
been built, combining a local meteorological model (ARPS with nested domains),
terrain data and a specific Eulerian dispersion model.

— The last application deals with the estimated disaggregation of N,O fluxes due
to agricultural soils in Italy (N,O has a warming potential 275 times greater than
CO; and has a very long life). The disaggregation procedure was conducted with
land use, environment and climate data.

Hartwig Dobesch
Pierre Dumolard
Izabela Dyras






Part 1

GIS to Manage and Distribute Climate Data






Chapter 1

GIS, Climatology and Meteorology

1.1. GIS technology and spatial data (working group 1)
1.1.1. Introduction

In the framework of the COST program, COST-719 addresses the spread of
knowledge and skills concerning Geographical Information Systems (GIS) or,
specifically, spatial data management within the climatological and meteorological
community. GIS can offer a practical and relevant working environment for the
integration, analysis and visualization of this data together with other spatial data
sources. Within most National Meteorological Services (NMS) the acceptance of
commercial GIS tools beyond climatology is still a cumbersome process, which is
partly caused by the shortcomings underlying the data model (time aspects!) and
partly by the lack of knowledge of applicable GIS methods. Another reason is that
atmospheric science is “more concerned with the question of why phenomena
happen and less with the region where they happen” [PET 01].

Geographical data can further enhance atmospheric applications. Nowadays, it
appears to be quite difficult to collect uniform geographical data such as Digital
Terrain Models and land cover on a European scale with a sufficient quality and
affordability. Therefore, recent developments, such as the GMES initiative of the EC
and ESA, the publication of the European Directive on public access to
environmental information (28 January 2003) and the Water Framework Directive,
are of the utmost importance for the user community that would benefit from the
resulting information and accessible data sources.

Chapter written by Antonio PERDIGAO.
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COST-719 aims to gather and disseminate know-how and technical skills among
the different member states in order to increase the use of GIS tools for the
management and integration of climatological, meteorological and other
environmental data obtained from different sources.

The action is structured into working groups, one of which deals with the so-
called watchdog function, searching for publicly accessible European spatial
databases and the inventory and dissemination of knowledge about relevant software
developments.

1.1.2. Weather and GIS

NMSs do not require such applications. Another could be that the applications
are best suited to the needs of the NMS users. From the number of “GIS-like” tools
present in most weather services it appears that the first conclusion is false. The data
used to study weather and climate is spatial and therefore typically processed in
some kind of spatial information system. The major problem exists in the time
dimension of the meteorological data. Commercial GIS packages are only starting to
deal with spatio-temporal data models which are relevant to atmospheric data.
Christakos et al. [CHR 02] state in their introduction that: “...commonly used
temporal geographical information systems neglect essential dynamics of the natural
processes in time and do not take into account important cross-correlations and
causal dependencies in the composite space/time domain...”. As this development
will take some time to mature, a more pragmatic approach should help to interface
GIS and Atmospheric Science Information Systems (ASIS). Nativi et al. [NAT 04]
describe the differences between both underlying data models and advocate models
that are supported by so-called interoperability services. This is extremely important
as traditional GIS users are, for example, willing to incorporate weather information
in their applications (radar data for hydrologists) whereas meteorological researchers
are interested in local topography for their high-resolution models (downscaling).

Shipley et al. [SHI 96] already noted that “...GIS does the weather”, meaning
that COTS-GIS packages are able to deal with the basic functionality that is also
available in expensive, dedicated weather processing systems and with more open
and standardized packages, this is even truer. These developments notwithstanding,
GIS plays a modest role in the atmospheric research stage during which researchers
tend to develop their own tools.
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1.1.3. Geographical data, environmental data and weather data

In meteorology and climatology, geographical data plays a key role. The demand
for these kinds of data can be considered from two aspects:

— They are used in analyses, for various kinds of spatial interpolation and
modeling, in which case the data are a factor that determine the spatial distribution
of the analyzed meteorological phenomena or climatological elements. This is the
case for derivation of parameters for traffic safety applications (e.g. fog, glazed
frost, heavy rainfall, storm), NWP modeling (description of physiographic features
that influence surface fluxes), impact studies based on air pollution dispersion
models, etc.

— They are used for visualizing the results of measurements or calculations, in
which case they are used mainly as a background image for other data.
Meteorological modeling takes advantage of climatic data, whereas climatic
analyses are based on meteorological data and in both fields geographical data
constitutes vital input information. In this case, geographical data concerns mainly
elevation (with slope and exposure of the area), land cover (with parameters
dependent on and independent of the season of the year), hydrography and soils.

This requires not only synoptic data about weather elements from many years,
but also data about the geographical environment. This data significantly influences
spatial distribution of meteorological elements that are shaped and influenced by
geographical factors. Mainly, but not solely, the applied data pertains to the
topographic profile. For instance, air temperature is clearly correlated with the
height above sea level, distance from water reservoirs, slope, longitude and latitude.

Geographical data changes very slowly over time with respect to meteorological
data. Therefore, in operational models, e.g. weather forecasting, they are treated
differently from current measurements. Once prepared and processed, geographical
data can still be used even for a few years. It is important though, to allow for the
changeability of certain geographical elements in respective seasons of the year, or
even months (e.g. leaf area index, seasonal changes in vegetation).

An aspect of the application of geographical data in meteorology and
climatology is the presentation of measurements or the results of models and
analyses to a range of end users. This is well exemplified by weather forecast maps
and satellite or radar images, which are presented, for example, on Web pages of
meteorological services. In this case, geographical data is mainly used as land-sea
masks, reference maps or simply as background images appealing to our sense of
aesthetics. Data about administrative divisions, location of places, elevation or
hydrography are very helpful for both advanced users of operational meteorological
products and the general public in order to understand the nature of a phenomenon.
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One of the prerequisites to successfully embed GIS in a NMS is the availability
of geographical data crossing national borders. While the access to weather data has
always been clearly defined for third parties, i.e. non-NMSs using data in XML or
GIS formats, finding accurate, cost-efficient and up-to-date geographical data is
much harder. Pan-European datasets are particularly difficult to obtain, especially if
a particular fitness-for-use is required.

Recently, such data has started to become available, for example:

— Height data. Some countries have a mapped topography at a high resolution
resulting in very precise height maps. A European alternative is the dataset gathered
in the framework of the Shuttle Radar Topography Mission (SRTM), with data
points approximately every 30 meters.

— Land cover data. At national scales good datasets are available at a price. The
CLC2000 project pursues a European Land Cover map based on a satellite image
classification and will be available for free to registered users.

The INSPIRE initiative relating to the European spatial data infrastructure is
very important for the future of data management. By considering the classification
used under the INSPIRE initiative, the geographical data used in the meteorological
and climatological realm is generally basic (reference) data and its availability at the
European level should increase. Conversely, atmospheric conditions and
meteorological spatial features are classified as thematic data and are also the focus
of interest of INSPIRE and related initiatives (like GMES) which will help resolve
interoperability problems.

1.1.4. A GIS approach to access weather data

Meteorology has its own data infrastructure based on the Global
Telecommunication System (GTS) which is operating according to a so-called push
mechanism. Station observations, for example, are shared worldwide within the hour
in order to obtain a synoptic view of the current weather conditions. Therefore,
projects such as UNIDART have been established within the framework of
EUMETNET, which is the network of European NMSs.

This industry offers increasingly promising solutions, as is the case in the
interesting development of ESRI on the establishment of ArcWeb products, which
enable the data to be used in ArcGIS or some custom-made application. A good
example comes from Meteorlogix, a US enterprise that offers various
meteorological services to the public, containing information about cloud cover,
NEXRAD (weather radar) base reflectivity and precipitation type (rain, mix, snow)
and surface observations.
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Now that this product complies with the standards of the Open GIS Consortium
(OGC) regarding map servers, communication with other non-commercial, although
OGC-compliant, software is guaranteed.

If a NMS has to open up part of its data collection, for example as a result of a
national or European policy, it should preferably link up to a European infrastructure
initiative. However, due to the status of construction of the projects, a more
pragmatic approach is often followed, meaning that a lot of effort is placed on
temporary solutions (dedicated databases or map servers). It is advocated that once
such an approach is followed, the compliance to standards and extensible sources is
kept in mind.

1.2. Data and metadata
1.2.1. Introduction

The need for the correct usage and improvement of a data infrastructure for
climatology and meteorology is related to the availability and quality of data and
relevant policies, taking into account that some European national meteorological
services (NMSs) operate in a semi-commercial way.

The European strategy for supplying cartographical or thematic maps with
topographical references is not the same for all countries where the scale, accuracy
and precision can differ considerably. Data availability is sometimes restricted or
very expensive resulting in the usage of free data which does not bear the necessary
accuracy and precision, as is the case for GTOPO30 data.

1.2.2. Important datasets

The following provides an overview of datasets and/or projects that are relevant
for climatology and meteorology.

Land use/land cover

The CORINE Land Cover project aims to provide a satellite image snapshot of
Europe (IMAGE 2000), an up-to-date land cover map for the year 2000 (CLC2000)
and information on mainland cover changes in Europe during the period 1990-2000.
The satellite data is mainly derived from Landsat 7 Enhanced Thematic Mapper.
CORINE is a joint initiative of the European Environment Agency (EEA) and the
Joint Research Centre (JRC).
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In addition to the standard products a number of derived outputs are produced
(mainly aggregated or generalized datasets such as land cover grid maps at 100 m,
250 m and 1 km grid cell size). The data can be downloaded with no charge after a
registration process.

Pelcom monitors the European Land Cover and is based on the interpretation of
multispectral and multitemporal 1-km resolution NOAA-AVHRR satellite data.
Contrary to 1&CLC2000, Pelcom is not currently updated (last update 2000). The
data can be acquired free of charge from the Website in ESRI Grid, Imagine or
ENVI format.

Height

The GTOPO30 height datasets distributed by the USGS are common due to the
fact that usage is free and the data is easy to process within a GIS environment.
However, the datasets are far from consistent and their application should be
considered with care.

The ACE database is a global digital elevation model at 30 arc-seconds
resolution generated to a large extent by means of satellite altimetry. De Montfort
University in Leicester (UK) has developed it.

The Global Land One-Km Base Elevation (GLOBE) project provides a digital
dataset for free which is considered more accurate than GTOPO30 and has an
ongoing process of data collection. GTOPO30 and GLOBE are comparable but
produced independently.

This data was collected aboard the NASA Space Shuttle Endeavour Radar
Topography Mission (SRTM) (February 11-22, 2000). European data is available at
a resolution of 3 arc-seconds (approximately 100 meters at the equator).

Environmental information systems

The UNEP GRID database is maintained for the purpose of assisting the
international community and individual nations in making sound decisions with
respect to resource management and environmental planning. Within the overall
GRID-network, GRID-Geneva focuses on the acquisition, creation, documentation,
archive and dissemination of global and European digital georeferenced
environmental data.
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Terrestrial Environment Information System (TERRIS) is a GIS that supports
spatial data related activities of the European Topic Centre on Terrestrial
Environment (ETCTE) of the EEA. The ETCTE Spatial Analysis Group’s main
tasks include the following:

— environmental spatial data creation and correction (such as CORINE);

— spatial data management, data collection, harmonization and distribution;
— map production for specific products;

— spatial analysis for specific projects;

— development of an environmental indicator.

TERRIS is expected to have the following characteristics:

— includes the terrestrial georeferenced information held by the EEA, in a
predetermined format, under a single reference system: datum ETRS89, ellipsoid
GRS80;

— all the geographic databases are documented by using a simplified metadata
version of ISO TC211 19115;

— all information (databases linked to geographic coverage) is stored
appropriately (using a DBMS as required), such as to facilitate access and use.

1.2.3. Metadata

Within the World Meteorological Organization (WMO) of the United Nations,
the role of ISO 19115 is stressed as the metadata standard for describing
meteorological and climatological data. Although this standard has been developed
for the geographical community, it is useful for meteorology as they both deal with
spatial data.

Within the framework of metadata it is necessary and relevant to know the
following:

— The priority information (fields) within a metadata record, which present a
profile for thematic data to be used.

— The level of metadata creation, how metadata is to be created for downloading
datasets, or establishing coordinate reference systems and file formats.

— The tools for establishing metadata, including tools linked to GIS software and
other freeware tools.

— The formats and systems for the dissemination of metadata.
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Metadata provides information about data. Both intrinsic and extrinsic metadata
is relevant as the former refers to the qualities of the dataset, e.g. accuracy and
lineage, whereas the latter refers to the context of the dataset, e.g. access rules, costs,
etc. In this data infrastructure metadata databases are required to find and evaluate
data on a network such as the Internet.

For dynamic data such as atmospheric data a sophisticated classification system
is required. Spatial data infrastructures can benefit from standardized DB queries as
the metadata catalogs are similarly structured.

The INSPIRE Directive defines “metadata” as information describing spatial
data services that make it possible to discover, list and use them. The information
needed to create metadata is often readily available when the data are collected. The
initial expense of documenting data clearly outweighs the potential costs of
duplicated or redundant data generation.

1.2.4. Open Geospatial Consortium

The Open Geospatial Consortium (OGC) is a not-for-profit collaboration of
leading industries running an international consensus process related to metadata,
storage formats and interoperability of data. It includes most of the world’s
geoprocessing software vendors as well as integrators, universities and government
agencies, which agree on open, standard software interfaces that enable
interoperation between geoprocessing systems from different vendors and various
kinds (e.g. GIS, remote sensing, automated mapping and facilities management,
etc.).

1.2.5. EU strategies for data handling and standards

INSPIRE

The objective of INSPIRE is to improve the quantity and quality of data
available for the Community policy-making and implementation in the Member
States at all levels, and increase the availability of relevant, harmonized and high
quality geographic data at EU level to support the formulation, implementation,
monitoring and evaluation of community policies.

Detailed spatial information is available in Europe to support a broad range of
policies. Indeed map-based information is used in many reporting, analyzing,
evaluating and forecasting tools and activities. The main problems relate to data
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gaps, missing documentation, incompatible spatial datasets and services due to, for
example, varying standards and barriers to the sharing and reuse of spatial data.

Pressures and impacts on the environment often cross national borders.
Environmental policies therefore require the establishment of environmental
management, as is the case for river basin districts established under the Water
Framework Directive which require interoperable spatial information across national
borders. The proposed INSPIRE Directive will provide consistent Community-wide
presentation of spatial data and data quality, more Community-wide spatial
information of greater consistency, integrated Community-wide services and rules to
find and access this information.

The evolving INSPIRE GeoPortal intends to be Europe’s Internet access point
for spatial data and services under the Infrastructure for Spatial InfoRmation in
Europe (INSPIRE) initiative, which aims to provide the functionalities needed for
spatio-temporal data discovery, access and services, including searching, viewing
and publishing metadata and data from numerous data suppliers through the Internet.

GMES

The initiative of Global Monitoring for Environment Security (GMES) is an EC-
ESA joint strategy to establish a European capacity to provide operational
information for monitoring and management of the environment and for civil
security by 2008.

EIONET has been identified by the GMES initial period report as a priority
network for the implementation of GMES as well as the European shared
information system.

Land monitoring is one of three GMES pilot services identified by the European
Commission and the European Space Agency (ESA) as a priority service to be
developed within GMES.

The land monitoring services proposed will support a wide range of
environmental information needs in Europe and build on the results and experiences
from initial GMES projects, existing elements of operational land monitoring
activities in Europe and the prioritizing criteria of the GMES Action Plan 2004-
2008.

The Water Framework Directive (WFD), which was published and came into
force on 22 December 2000, is a legislative framework to protect and improve the
quality of all water resources such as rivers, lakes, groundwater, transitional and
coastal water resources within the European Union. In order to achieve a “good
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status” for all European waters by 2015, a set of activities must be carried out, such
as identifying individual river basins and assigning them to river basin districts,
determining and characterizing groundwater and surface water bodies by
establishing protected areas, setting up water status monitoring networks, renewing
the impact of human activity.

As part of the Common Implementation Strategy for the WFD the key points
proposed by the GIS-WG should lead to the creation of SDIs that match the GIS
requirements of the WFD, in line with the INSPIRE initiative principles.

GINIE (Geographic Information Network in Europe) was a research project
funded by the Information Society Technology Program of the EU and ended in
January 2004. Partners were EUROGI, which is the European Umbrella
Organization for Geographic Information, the Open Geospatial Consortium Europe
representing the Geographic Information (GI) industry, the JRC of the European
Commission and the University of Sheffield (coordinator).

The EUFOREO (EU Forum on Earth Observation Use for Environment and
Security) project is a Thematic Network (TN) funded by the EC under the RTD
Fifth Framework Program. The purpose of the EUFOREO network is to develop an
efficient implementation of EU and national policies for Environment and Security
through the use of Earth Observation (EO) technology.

EUFOREQO participants include 18 members, among others ESA, JRC,
EUMETSAT, EARSC and EUROSPACE.

DEMIS, the Open Geospatial Web Map Server (WMS) protocol, defines a
simple interface for Web-based mapping applications. The WMS protocol is based
on a simple query syntax for posting a request for the desired layers and zoom
window to the server, which returns a map as a standard picture.

1.2.6. Meteorological datasets, important projects and programs

The EUMETSAT Geostationary satellite program includes the continuation of the
current Meteosat system with the launch of the Meteosat Second Generation (MSG).
Currently, two of EUMETSAT’s new generation satellites have been launched into
space.

On 7 October 2006 a EUMETSAT polar satellite (EPS/Metop-1), which is the
first European polar orbiting operational meteorological satellite, will be launched.
This is the first satellite series that will greatly enhance the range of observations
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made by EUMETSAT, particularly in support of climate and environment
monitoring.

The development of new products and services through the concept of the
Satellite Application Facilities (SAF) is evolving. Currently there are eight SAFs: 7
in pre-operational phase and 1 in development phase.

The EUMETNET-UNIDART (Uniform Data Request Interface) program has as
its main goal the development of a Web-based information system that allows for a
uniform and integrated access to heterogenous and distributed data sources which
store all types of meteorological data and products. This goal is achieved by the
integration of different data sources whose data and products are stored in different
formats and locations.

UNIDART may be used as a standardized Web interface to the national climate
database by using advanced technology (DATAGRID) for a secure access which
may be used for other projects. It is in accordance with the development of WMO
Information Systems (WIS), assumed as a single coordinated global infrastructure,
intended to serve all the relevant WMO programs and aims to increase the efficiency
of the meteorological hydrological societies.

Unidata has a mission to help users of earth-related data. Most of the data is
provided in “real-time” or “near-real-time” revealing information through an
Internet Data Distribution (IDD) system.

The Unidata community is building a system for disseminating near-real-time
earth observations via the Internet. Unlike other systems, which are based on data
centers where the information can be accessed, the Unidata IDD is designed so that
users can request certain datasets.

A global community of netCDF users includes data providers, software
developers and researchers who need portable, self-describing data. Use of netCDF
for model outputs and data archives can enhance interoperability and make
distributed data access practical.

1.2.7. Projects using Earth Observation satellites
There are currently 68 Earth Observation satellite missions operating and around

100 more missions, which carry over 300 instruments, planned for operation during
the next 15 years around the world.
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The meteorological Global Observing System encompassing both space-based
and in-situ measurements contributes to two GMES objectives: global climate
monitoring and the forecast of meteorological risks. Within the EUCOS
(EUMETNET Composite Observing System) Program, which is supported by 18
European Meteorological services, it was recently decided to address the scientific
aspects of optimal observing system design and downstream forecast of severe
weather, as well as the development of end-to-end services on a European scale:
Global Earth Observation System of Systems (GEOSS).

GEOSS will build on existing Earth Observation systems supporting
interoperability, sharing information and reaching a common understanding of user
requirements, supporting different areas as disaster mitigation and management,
health, energy, climate, water, weather, ecosystems, agriculture and biodiversity.
Under the GEOSS plan, satellites and in-situ observations from different
countries/regions will be linked and participants will share access to Earth
Observation data and model inputs.

The objective of future missions planned by the CEOS (Committee on Earth
Observation Satellites) agencies over the next decade is the provision of improved
operational observations for meteorology or new research capabilities, including:

— finer spatial temporal, and spectral measurements of atmospheric parameters,
which enable a more accurate determination of parameters such as temperature and
moisture. This data which is acquired from missions such as Aqua (NASA),
METOP (EUMETSAT) and NPOESS (NOAA) is expected to lead to substantial
improvements in the accuracy of mid- and long-range weather forecasts;

— the introduction of a new series of polar orbiting missions to complement the
current NOAA series: the METOP series (EUMETSAT) was launched in October
2006 and the FY-3 series (China) soon afterwards;

— new capabilities for monitoring precipitation and cloud properties: by 2007, a
constellation of satellites will be in place (comprising Aqua, Aura, CALIPSO,
Cloudsat, PARASOL and OCO) and will fly in orbital formation (known as A-
Train) to gather data which is needed to evaluate and improve the way clouds are
represented in global models. The Global Precipitation Mission (GPM) will provide
global observations of precipitation every three hours;

— soil moisture measurements which are important for the initialization of NWP
models will be provided by SMOS (ESA);

— global three-dimensional wind fields: direct measurements will be made from
space for the first time in 2007 by the ADM Aeolus mission (ESA) with the aim of
improving weather forecasting and climate research;
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— the IGOS (Integrated Global Observing Strategy) partnership provides a forum
for establishing the performance and timing necessary from CEOS agency missions
in order to satisfy the information requirements of the IGOS themes and of
international programs such as the Global Climate Observing System (GCOS),
Global Ocean Observing System (GOOS), the Global Terrestrial Observing System
(GTOS), the World Climate Research Program (WCRP) and the International
Geosphere-Biosphere Program (IGBP).

1.3. Interoperability
1.3.1. Introduction

For many years now, at various institutions and organizations, data has been
collected and tools for its processing have been developed. Frequently, the same
data and tools with identical functionality are collected and developed in different
places, which increases costs and can be a cause of incompatibility in information
obtained from various sources. This problem has been recognized for a long time,
and the proposed solution with respect to spatial information is the Spatial Data
Infrastructure (SDI).

The GSDI defines SDI as follows.

Spatial data infrastructures (SDIs) provide a basis for spatial data discovery,
evaluation, and application, and include the following elements:

— Geographic data: the actual digital geographic data and information.

— Metadata: the data describing the data (content, quality, condition and other
characteristics). It enables structured searches and comparison of data in different
clearinghouses and gives the user adequate information to find data and use it in an
appropriate context.

— Framework: it includes base layers, which will probably differ from location to
location. It also includes mechanisms for identifying, describing and sharing the data
by using features, attributes and attribute values, as well as mechanisms for updating
the data without complete re-collection.

— Services: to help discover and interact with data.

— Clearinghouse: to actually obtain the data. Clearinghouses support a uniform,
distributed search through a single user interface; they allow the user to obtain data
directly, or they direct the user to another source.

— Standards: created and accepted at local, national and global levels.
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— Partnerships: the glue that holds it together. Partnerships reduce duplication
and costs of collection, as well as leveraging local/national/global technology and
skills.

In Europe, the idea of SDI is implemented in practice as part of the INSPIRE
initiative described in more detail in section 1.2.5, which also contains information
about spatial databases available at the Europe-wide level. SDI is strongly linked to
the concept of interoperability and it is the technical aspects of this concept which is
the subject of the present chapter.

According to the definition provided by the US Institute of Electrical and
Electronics Engineers, adopted by INSPIRE, interoperability is the ability of two or
more systems or components to exchange information and to use the information
that has been exchanged. In other words, interoperability is the ability to combine
information and functionality from different systems implementing data sharing.

Interoperability is associated with the idea of modular solutions which enable the
cooperation of components which are independent of the programming languages
used to build them, as well as of the hardware platforms and operating systems on
which they have been implemented.

From a technical point of view, interoperability is based on standards and
technological solutions. The role of ISO TC 2111 (ISO 19100 family of standards)
and the Open Geospatial Consortium (OGC specifications) is crucial with respect to
the standardization in the field of digital geographic information. Among the
technological solutions, Service-Oriented Architecture (SOA) is one of the most
promising. The proposed technology for spatial data discovery, visualization and
access is based on geospatial Web services, metadata Standards and XML
implementations.

1.3.2. Technology for service-oriented architectures

The term SOA expresses a perspective of software architecture that defines the
use of services to support the requirements of software users. In an SOA
environment, the nodes on a network make resources available to other participants
in the network as independent services that the participants access in a standardized
way (i.e. by using Simple Object Access Protocol). The SOA comprise loosely
coupled Web services which interoperate according to a formal definition which is
independent from the underlying platform and programming language (e.g. Web
Services Description Language (WSDL)). The interface definition encapsulates the
vendor and language-specific implementation. An SOA is independent of
development technology (such as COM, NET or Java).



GIS, Climatology and Meteorology 17

The SOA is closely related to the open protocols, such as Hypertext Transfer
Protocol (HTTP), Extensible Markup Language (XML) and Simple Object Access
Protocol (SOAP), WSDL and Universal Description Discovery & Integration
(UDDI).

WSDL is often used in combination with SOAP and XML Schema to provide
Web services over the Internet. A client program connecting to a Web service can
read the WSDL to determine what functions are available on the server. Any special
data types used are embedded in the WSDL file in the form of XML Schema. The
client can then use SOAP to actually call up one of the functions listed in the
WSDL.

SOAP is a communication protocol for communication between applications
which defines a format for sending messages between communicating applications
via the Internet and specifically by using HTTP. SOAP is platform-independent and
language-independent, and SOAP messages are encoded using XML. This means
that SOAP provides a way to communicate between applications running on
different operating systems, with different technologies and programming
languages.

Based on a common set of industry standards, including HTTP, XML, XML
Schema and SOAP, UDDI provides an interoperable, foundational infrastructure for
a Web services-based software environment for both publicly available services and
services which are only exposed internally within an organization. UDDI builds on
the vision of a “meta-service” for locating Web services by enabling robust queries
against rich metadata. It offers the industry a specification for building flexible,
interoperable XML Web services registries which are useful in private as well as
public uses.

1.3.3. Interoperability in GIS

“Firstly, ‘geographic interoperability’ is the ability of information systems to
freely exchange all kinds of spatial information about the Earth and about objects
and phenomena on, above, and below the Earth’s surface. Secondly, cooperatively,
over networks, run software capable of manipulating such information without
requiring any knowledge of the underlying infrastructure on the part of the user”
(from ISO 19119 — Geographic Services).

The goal of standards and interoperability should be to help GIS users build
working systems that are practical to implement and use with the current GIS
technology and IT environment. GIS interoperability specifications and standards must
fit within the context of broad and widely adopted computing industry standards.
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Interoperability can be achieved at several levels. A basic level of
interoperability will enable two datasets to be visualized in a common view and it
also makes it possible to share geographic data not only with other GIS
technologies, but also with non-GIS applications that operate on different platforms.
GIS interoperability strategies evolve over time. The enumeration below illustrates
this process:

— Export/Import support for Standard Interchange Formats (SDTS, GML, etc.).
— Direct Data Access of Open File Formats (VPF, Shapefiles, etc.).

— Direct Data Access using published Application Programming Interfaces
(OGC Simple Features for OLE/COM).

— Common features in a Database Management System (OGC Simple Features
for SQL).

— Interaction of standardized GIS Web Services (OGC Web Map Service and
Web Feature Service).

Gradually, GIS evolved into georelational structures with limited scalability that
enabled related attribute data to be stored in a relational database linked to the file-
based spatial features. The dual data structure (i.e. spatial features stored in
proprietary file-based format with attributes stored in a relational database) also
meant that the GIS could not take full advantage of relational database features such
as backup and recovery, replication, and failover. The development of the
geodatabase enabled spatial data to be stored in relational databases. Spatially
enabled databases opened a new era of broad scalability and made the support of
large, non-tiled, continuous data layers possible. When these databases were
combined with client development environments that could be embedded within
core business applications, the sharing of spatial features with core business
applications, such as customer management systems, became a reality.

1.3.4. Open Geospatial Consortium foundation ideas

The Open Geospatial Consortium (OGC) promotes a vision in which everyone
benefits from geographic information and services made available across any
network, application or platform. It is an idea of seamless access to data,
independent of how and where it is collected and stored. The OGC has the following
recommendation for how geospatial information should be made available:

— Geospatial information should be easy to find and access or acquire, without
regard to its physical location.
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— Geospatial information from different sources should be easy to integrate,
combine or use in spatial analyses, even when sources contain dissimilar types of
data or data with disparate feature name schemas.

— Geospatial information from different sources should be easy to register,
superimpose and render for display.

— Special displays and visualizations, for specific audiences and purposes, should
be easy to generate, even when many sources and types of data are involved.

— It should be easy and without expensive integration efforts to incorporate into
enterprise information systems geoprocessing resources from many software and
content providers.

1.3.5. Standardized geospatial Web services

In the technical respect, SDI encompasses standards, means of data transmission
and processing, as well as services, and users can utilize metadata, data and services
available in the infrastructure by exploiting utility programs. The concept of services
and, more precisely, that of geospatial Web services defined by OGC is key. The
aforementioned services enable us to, among other things:

— find information concerning the localization, organization, conditions of use,
etc. of data potentially of interest to us (catalog services);

— display this data on a monitor screen, with the capacity to create images
visualizing data from various providers, as well as with access to descriptive data for
the spatial objects shown in the image (Web Map Service (WMS));

— obtain data of interest to us (Web Feature Service (WFS), Web Coverage
Service (WCS)), to the extent that its provision enables further individual
processing;

— process the data (coordinate transformation services, image processing
services, geospatial analysis services).

The capability to share data has brought much attention to the need for well
defined standards in the creation and sharing of metadata for GIS datasets. The ISO
has published Metadata standard ISO 19115, which defines metadata content
including mandatory, conditional and optional elements, and is applicable to the
cataloguing of spatial datasets and clearinghouse activities.

Based on this possibility, WMO has for several years now been carrying out
work on a field-specific profile of the ISO 19115 standard which includes elements
specific to meteorology and climatology.
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The standardization of metadata provides users with an understanding of
geographic information and enables the exchange of “data about data”. The
metadata standards focus on the metadata user communities’ need to manage, share
and reuse their geographic data and promote global interoperability. Metadata
support is crucial to building a strong spatial data infrastructure.

The metadata documents the location of the information, its content and
structures, and provides the end-user with detailed information on its appropriate
use. Catalog portals make it possible to find data of interest, but can also provide
information and tools which enable us to assess, visualize or download them. These
capabilities are linked with further services defined by the OGC.

Web mapping services are often used to assist users in geospatial search systems,
showing the geographic context and extent of relevant data with respect to reference
data. The OGC defines an open interface for the purposes of such services.

A Web Map Server that provides this service can tell other programs maps that it
can produce.

The OGC WES specification has provided a solution for the standardized request
and delivery of vector data. Supporting the OGC “Feature Model” it defines the
dialog required to interact with geographic features via vector data service.

The OGC Web Coverage Specification extends the Web Map Service (WMS)
interface to allow access to geospatial “coverages” that represent values or
properties of geographic locations, rather than WMS generated maps (images).

For the capability to utilize the spatial information provided by WMS, WFS and
WCS, the format in which it reaches the client is highly important. Consequently, a
summary of information about data formats used in geospatial Web services.

Metadata and attribute data are encoded in XML for all of the aforementioned
services. As regards geometry data, the format depends on the service type. There is
no formal list of required supported formats for WMS. GIF, PNG, JPEG, TIFF,
SVG, WebCGM are mentioned here with respect to the necessity to provide at least
one format that supports transparency for the portrayal of vector features and at least
one format that can be displayed by common Web browsers without additional
software. The WFS provides geometric data in Geography Markup Language
(GML). Additionally, it is the only server which enables the uploading/updating of
data on the server in the case of the so-called transactional WFS. WCS supports at
least one of the following formats for each coverage offered: GeoTIFF, HDF-EOS,
DTED, NITF, GML. Servers may offer coverages also in other encoding standards.
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The geospatial services described above, in practice, define the idea of
interoperability on the basis of open standards. From the viewpoint of meteorology
and climatology, this shows what the requirements will be for applications to be
created in the future in these fields, for the purpose of providing data or services.

1.3.6. GIS and AS interoperability potential: data model and formats

Data exchange and/or sharing requires compatibility of the data model and
formats. The GIS community, which is represented by, among others, OGC, has
proposed several solutions in this area, e.g. GML as a universal language for
description of spatial data. There is also the OGC Simple Feature Specification,
which is a proposal for the description of objects with respect to geographical space.
Therefore, we have NetCDF and HDF which are widely used, especially in the
academic community, or BUFR and GRIB, which are oriented towards the exchange
of operational data, e.g. results from numerical weather prediction models. It should
be remembered that for all of the aforementioned formats, there are libraries of
procedures facilitating manipulation and exchange of data, while the last two of
these formats are standards for data exchange within the WMO.

1.3.7. Atmospheric data model

The ArcGIS Atmospheric Data Model is a collaborative initiative among ESRI,
UCAR, NCAR, Raytheon, Unidata and NOAA. The ultimate goal of the ArcGIS
Atmospheric Data Model is to represent each of these data objects in a uniform
manner, enabling their superposition and combined analysis in the ArcGIS desktop
environment. A project is underway for the combined support of NetCDF and HDF-
5 through new graphic and animating application tools which will deliver NetCDF
converters and a direct-read capability for integrating raster data into the ArcGIS
desktop environment. The development of the Atmospheric Data Model provides
semantic interoperability between GIS and AS, and can serve two distinct
communities: the atmospheric community (which includes atmospheric scientists)
and large-scale GIS users.

An Atmospheric SIG with data modeling efforts would establish a working
dialog between ESRI and the atmospheric sciences community for ESRI software
development.

Two areas need immediate attention, namely temporal data management and
improved raster data management with integrated data support. The ability to
analyze and manipulate the temporal elements of atmospheric datasets is key to the
successful integration into GIS. The challenge with raster data is to make it simple
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in order to convert new formats to GIS and enable the layering of this data with
other GeoSpatial datasets.

The development of NetCDF converters for loading data into ArcGIS is now
underway with combined support for NetCDF, HDF and GRIB formats through a
single APIL.

A NetCDF converter that functions in the background would enable the “direct
read” of NetCDF data into a GIS, with the option to read satellite data as either
points, raster or tables. This will enable a more robust exploration, query and
analysis of these data, resulting in a full and complete integration into GIS.

The representation of raster data can be handled in many ways in a GIS.
Primarily, raster data that references one “slice” of data in space or time can be
represented in the database and thus included in the data model as a single object.
Raster data that represents many of these same slices over an extended period of
time can be animated to show a high resolution change of phenomenon by using the
Raster Catalog as the database storage “Container”. The Cell-Value and pixel color
representation of raster data is one of the more effective ways to cause leverage on
current GIS functionality.

The limited ability of GIS technology to integrate different data types (e.g.
biophysical, geophysical, socio-economic, etc.) from different sources, to analyze
these data and to present results in an appropriate manner for decision-making, has
led to GIS missing data, including but not only atmospheric measurements, weather
forecasts and analyses, and climatic data. This data has remained primarily in the
hands of the atmospheric science and operational meteorological community, since
these data formats are currently incompatible with GIS applications. Isolated
commercial data converters have appeared for selected meteorological data in “GIS-
ready” formats.

The atmospheric science and GIS user communities would be well served by
data interoperability. Spatial data interoperability is a key to interdisciplinary
research and decision-making within the atmospheric and GIS communities. The
development of an Atmospheric Data Model is one of the first steps towards
achieving interoperable datasets.

The Atmospheric Data Model is the first building block in the bridge between
the GIS and the atmospheric science communities. “Time is essential for
understanding AS (atmospheric science) phenomena. It can be expressed in units
ranging from seconds (e.g. rainfall variations measured by a sequence of radar
scans) to centuries (climatological variations calculated through complex models).
Both running-clock (e.g. experiment time) and epoch-based (e.g. calendar time)
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approaches are commonly used. For AS data, time and evolution of observed
phenomena are as important as spatial location” [NAV 04]. In the GIS environment,
time is thought of as an attribute of a feature instead of a dimension of the feature.
This significant difference is one issue that the Atmospheric Data Model must
resolve. A second challenge is the vertical dimension in atmospheric phenomena.
The data model will be a guideline for atmospheric data structures that will facilitate
data exchange and interoperability. A successful Atmospheric Data Model will be an
effective medium of communication between the atmospheric science and the GIS
user communities.

1.3.8. Support from GIS for atmospheric data formats

Generally GIS packages do not support atmospheric data formats but there are
examples of such support both from commercial and open source solutions.

Feature Manipulation Engine (FME) from Safe Software, apart from support for
a gallery of GIS, CAD and database formats, including GML, provides a netCDF
reader (beta version).

On the other hand, there is an activity of atmospheric community related to
facilitate the interoperability with GIS. The NetCDF Markup Language (NcML)
with GIS extension (NcML-GML) could be an example.

1.4. Conclusions

GIS is predominantly used to define stationary phenomena, whereas cartography
tends to concentrate on landscape features of a geological timescale or at least
seasonal changes such as ground cover, albedo, etc.

The use of GIS for Climatology and Meteorology emphasizes the difference of
how data value declines with time and how the temporal resolution adds value to
data, as does the integration of prediction, where the accuracy of models can
improve the quality of change simulation, mostly for the analysis of Global Change.

Another question relating to data supply, its quality and quantity, the speed of
access and data modeling raises concerns about data dissemination with
improvements introduced by new technologies.

From the perspective of data analysis processes as the only ones that run at
computer speed, problems of data organization and structure, related to Data
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Modeling highlight concerns over the representation of spatial-temporal problems
and the geo-relational model.
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Chapter 2

SIGMA: A Web-based GIS
for Environmental Applications

2.1. Introduction

The large amount of climatological and meteorological information produced by
many countries during the last decades facilitated the creation of a huge and varied
database. Meteorological agencies spread all over the world yield lots of information
about atmospheric conditions and their interactions with oceanic and continental
surfaces. The different types of data produced by numerical models, satellites,
telemetric stations and others present different formats and bring information which
reproduces the weather conditions in different areas and in different temporal and
spatial resolutions.

The information produced by numerical models and also by satellite displays
values in fields which can be represented by vectors (isolines) or grid points (pixels).
Thus, they represent variables whose main characteristic is their spatial continuity.
Variables measured by telemetric stations display punctual values; however, they
can become continue in space when interpolated by a mathematical method.

All of this data has a strong relationship with the physical space and, in order to
be analyzed in a context which involves human and natural aspects, this information
requires advanced tools to aid its processing when searching for inferences from the
processing of data with different nature and formats. In this sense, Geographical
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Information Systems (GIS) assume an important role in meteorology and
climatology because it is one of the most powerful and efficient tools to manipulate
spatial data.

According to [CAM 96] a GIS not only makes it possible to capture, model,
handle and retrieve, but also to analyze georeferenced data by using dedicated
hardware and software. The GIS can create and display maps and can also carry out
tasks used in the planning and management of different cases. Among all
applications, the GIS is largely employed in agriculture, environment, forestry,
meteorology, networks monitoring services, etc. [LON 01].

The majority of commercial GIS has functionalities which make it possible to
process and analyze spatial data, however, in some cases those functionalities are
not enough and it is necessary to develop specific functions and procedures. In this
way, the customization of GIS is a fact and has become common in recent years.
Moreover, the feasibility of making a GIS available on the Internet, where users can
use it instead of installing it on their desktop increases the power of this technology.

The complexity of the information hosted in a GIS requires standardization for
different data patterns in order to increase their interoperability and/or data
exchange. This issue has been discussed by different communities which deal with
georeferenced data. Some patterns have been proposed by the OpenGIS (Open
Geographic Interoperability Specification) [BUE 98, GAR 96]. The suggestions of
the OpenGIS are disseminated by the Open Geospatial Consortium (OGC;
http://www.opengeospatial.org), which is a non-profit, international, voluntary
consensus standards organization that is leading the development of standards for
geospatial and location based services. Through the OGC’s member-driven
consensus programs, OGC works with the government, private industry and
academia to create open and extensible software application programming interfaces
for GIS and other mainstream technologies.

2.2. CPTEC-INPE

The “Centro de Previsao de Tempo ¢ Estudos Climaticos” of the “Instituto
Nacional de Pesquisas Espacias” (CPETC-INPE) produces a large amount of data in
different temporal and spatial resolutions which is used for different purposes.
CPTEC is an operational weather forecast center and the data produced by its
internal departments is made available to users mainly on the Internet.
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Considering that the Internet is the main communication channel between users
and CPTEQC, it is necessary to offer users an efficient interface which facilitates the
search for information and gives them extra tools to integrate, visualize and analyze
data of different sources and patterns.

Bearing that in mind, CPTEC has developed an interface of integration and
visualization of products by using Mapserver technology which is in accordance
with the recommendations suggested by the OpenGIS. According to the official
MapServer website (http://mapserver.gis.umn.edu) it is an open source development
environment for building spatially-enabled Internet applications. MapServer excels
at rendering spatial data (maps, images and vector data) for the Web. Although
MapServer is not a full-featured GIS system, it meets the requirements needed to
become one. Depending on the needs of the user, it is possible to develop tools and
applications dedicated to GIS applications by using embedded programs.

The use of Mapserver technology to create the GIS hosted at the INPE/CPTEC
Website is the issue with which this chapter deals. This GIS is named SIGMA (GIS
for Environmental Applications) and is described in the next sections.

2.3. SIGMA

For an ordinary user who searches meteorological information to plan his daily
activities, the use of a GIS is much more than a simple “look at a single map” which
usually shows static and isolated information about a specific theme. By using a GIS
it is possible to combine a lot of information and visualize the result in form of
layers which contain different data. The integration of data is one of the primary
functionalities of a GIS.

SIGMA in its full conception will be a proper Web-based GIS developed to
attend the needs of CPTEC’s users not only for basic consultation, but also for
advanced operations which use special tools designed to obtain new information.
The diagram showing the main functionalities of SIGMA is illustrated in Figure 2.1.
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Figure 2.1. SIGMA diagram and its main functionalities

SIGMA provides users with resources to visualize, consult and carry out spatial
analysis of data which is generated by CPTEC and also enables users to upload
external data to be processed together with SIGMA’s own data. According to Figure
2.1, users can handle information with spatial and tabular features, monitor weather
and environmental conditions in real-time, produce reports and search for historical
information in the CPTEC database.
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2.3.1. Basic functions

The system presents basic functions like zoom in and zoom out, query builder,
distance measuring, overlay of multilayers, upload of punctual, etc. Within the
SIGMA environment the user can find pre-existent layers like topography, rivers,
roads, cities, county and country borders, rail tracks, airports location,
LANDSAT/TM mosaic, etc. All of those extra layers cover the entire South
America and make SIGMA suitable for users in the whole continent. Operational
meteorological products like lightning occurrence, rainfall estimated by satellite and
radar, ultraviolet indices, amount of ozone in the atmosphere, burning occurrence,
sea surface and continental temperature, etc. which are generated by the CPTEC are
also available within the SIGMA.

2.4. Impacts of weather conditions on the economy

The economies of many countries and the way of life of their societies are
directly affected by weather conditions. Not only the simple act of going out of our
home but also complex tasks like the planning and management of all logistics
involved in aerial or terrestrial transportation of people and goods, for instance, can
be influenced by weather conditions. Therefore, the monitoring of weather
conditions can be beneficial to several areas.

The high demand for information which enables the monitoring of weather
conditions requires a special system which integrates the functions of GIS with the
operational methods of data generation. This type of system can help decision
makers who need an automatic system to monitors weather conditions in order to
emit alerts and/or reports when an extreme weather event occurs. This type of
system is, nowadays, a new challenge in terms of environmental monitoring.

2.5. Severe Weather Observation System (SOS)

The nowcasting products generated by CPTEC from the detection of lightning
occurrence, radar and satellite data are stored within SIGMA in order to improve the
monitoring of weather conditions over some parts of South America. An automatic
system makes use of that data and evaluates the risk of storms, hail, lightning and
flash flood occurrence over a given area. This system is named SOS and is
embedded in SIGMA.
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2.5.1. Tracking of convective clouds

SOS monitors convective clouds and tracks their origin, expansion rate, life
cycle and both temporal and spatial evolution, as well as lightning occurrence
associated with each convective cell. According to Machado and Laurent [MAC 04]
the area of a convective cloud can be estimated as a function of its life duration (in
hours) and is expressed by:

A(t) — a*earz +bt+c

where a, a, b and c¢ are parameters extracted from the total life cycle of the
convective system. The tracking of a convective system enables estimates of its
position in the future and also its propagation speed by a linear extrapolation based
on its previous position and speed.

2.5.2. Risk of lightning occurrence

According to [SCH 97] and [KUR 97] the positive difference between thermal
infrared (10.5 pm) and water vapor (6.7 pm) GOES channels is possibly related to
deep convection, once under these circumstances the updrafts can inject water vapor
in the high levels of the atmosphere, usually reaching the stratosphere. According to
Figure 2.2 when this occurs the brightness temperature of the water vapor channel
tends to be greater than the thermal infrared of the cloud tops which are located in
upper troposphere.
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Figure 2.2. Vertical profile of temperature according to the altitude
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Figure 2.2 shows that above the tropopause there is an inversion in the vertical
profile of the temperature which causes the high values of water vapor brightness
temperature. Convective clouds which present these characteristics usually produce
lots of lightning and it is possible to relate the number of lightning occurrence with
the difference between channel 3 and channel 4 of the GOES-12 satellite. According
to [MAC 05] the relationship between this difference and the amount of lightning
occurrence on the surface is shown in Figure 2.3.
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Figure 2.3. Probability of lightning occurrence. The values shown in the graph represent the
frequency of lightning observed on the surface during two consecutive GOES-12 images as a
function of the difference of brightness temperature between channel 3 and channel 4

2.6. SOS interface

Figure 2.4 exhibits the SOS interface which appears in the Web browser when
the user logs on the site. Similar to what happens in SIGMA, users can choose
which layer and/or products they want to visualize and also see if there is an alert
emitted. When a critical situation is registered, for example, if a storm is predicted to
occur in one hour’s time, the regional borders where this storm will possibly occur
will be highlighted in the screen (see Figure 2.4). In this case, SOS can send a
message to someone by email and also by mobile phone.
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Figure 2.4. SOS interface for Web browser

From the SOS interface the user can see the past evolution of an extreme event
and also its future evolution which is assessed by the nowcasting techniques. As the
SOS is embedded in SIGMA, all visualizations can be integrated with other layers or
products which are available in SIGMA. Figure 2.5 illustrates a storm predicted by
the tracking of convective clouds and shows the estimated rain rate associated with
the storm.
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Figure 2.5. Storm predicted by nowcasting techniques and emission of an alert by the SOS

2.7. Conclusions

Weather conditions can have an impact on society as a whole and are sometimes
responsible for lives and economical losses. Minimizing these losses is one of the
main challenges for meteorologists and climatologists because this task requires
efficient automatic systems which can predict the occurrence of extreme weather
events reliably. Automatic systems developed to alert about bad weather conditions
must be built to help decision makers improve their capacity to let authorities know
when and where an extreme event will occur. Systems like SOS and SIGMA
showed above are examples of the use of GIS technology to offer users advanced
tools to aid them in dealing with different types of information at the same time.
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Chapter 3

Web Mapping:
Different Solutions using GIS

3.1. Introduction

The Internet can be used in an effective manner to visualize as well as provide
access to information for a wide range of users. This also applies to presentation and
provision of access to numerical maps (Web mapping). This latter task is often
performed on the basis of GIS technology, since the GIS packages available on the
market offer Internet map servers as a standard software element. Open-source
solutions can also be used. In both cases, we have at our disposal solutions which
provide unified access to spatial information based on OGC standards! and fulfill
modern interoperability requirements?.

Aside from the direct usage of GIS for Web mapping, the usage in offline mode
is also possible. In this case, GIS tools are used to prepare a Web map service which
will later be made available to the user without the involvement of GIS tools. Here
as well, we can use inexpensive or free tools, which are normally compatible with
desktop GIS packages, in order to prepare dedicated solutions which do not require
the aforementioned spatial information access standards to be fulfilled.

Chapter written by Pawel MADEJ, Malgorzata BARSZCZYNSKA and Danuta KUBACKA.

1 The Open Geospatial Consortium (http://www.opengeospatial.org) is an international non-
profit organization whose aim is to standardize geospatial services.

2 According to the definition provided by the US Institute of Electrical and Electronics
Engineers, interoperability is the ability of two or more systems or components to exchange
information and to use the information that has been exchanged.
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Below, we present our experiences concerning the building and usage of Internet
services providing access to spatial information from areas of meteorology and
climatology. We shall present several examples which use GIS tools in both offline
and online mode.

3.2. Examples of Web mapping based on the usage of GIS technology in offline
mode

The preparation of Internet maps based on the usage of GIS technology in offline
mode requires the following steps to be taken:

— definition of the content and graphic form of the map: the range of objects and
attribute data, as well as symbols representing map objects with the aid of the
chosen GIS software;

— automatic generation of a set of dHTML/XML pages and/or database content
for the Web service, with the aid of appropriate tools (script or GIS package
extension).

The experiences described below concern solutions which are compatible with
the ESRI software (ArcView). The examples are based in large measure on “open-
source” tools and, on the user hand, all that is needed is a Web browser. Depending
on needs, it is possible to prepare ready-made Web pages or dynamically create
them on the Web server side.

In the simplest case, it is possible to prepare a set of map data presented on the
Internet by using raster images containing pre-selected elements of a ready-made
map. The information source is an ArcView project file, which is the basis for
generating a set of dHTML files with the aid of an ArcView extension (e.g. HTML
ImageMapper, http://www.altad.com). Aside from the map image itself, the user
obtains access to descriptive information concerning the indicated map element. The
prepared maps can have several levels of detail: the less precise maps serve the
purpose of assisting in the selection of the area of interest to the user, whereas the
more detailed maps provide, aside from graphic information, access to descriptive
information (see [BAR 00]). A disadvantage of this solution is the finished,
predefined set of maps which is available to the user and the advantages are the
possibility of adapting visual information for presentation purposes, as well as the
simplicity of use. Also important is the fact that, in the solution being discussed, the
graphic form of the map can be prepared in a GIS environment, which enables its
wealth of capabilities to be used. In a similar manner, it is possible to prepare a
service providing access to vector images, with the option of adding a raster
background. The advantage of this solution is the continuous scaling of maps and
the possibility of selecting the range of information to be shown on the map. In both
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cases, the maps prepared can be made available over a network, or on CD-ROM as
an independent set of dHTML pages.

Another solution is to convert the GIS data which is of interest to us into graphic
formats and place it in a dedicated database for the mapping service. In this solution,
maps are generated on demand, as in traditional Web map servers; “in-flight”
conversion is no longer necessary. For the presentation of maps we can use Scalable
Vector Graphics (SVG), which is a relatively new language from the XML family,
oriented towards the description of two-dimensional graphics and recommended by
the W3 Consortium (see [NEU 03]). Many examples of projects and tools solutions
based on SVG can be found at the following address: www.carto.net. Solutions
available here, e.g. OpenSVGMapServer, have been used in the examples presented
below.

We shall show the possibilities for the usage of GIS technology to generate
services presenting maps on the Internet with an example of a solution enabling the
presentation of information about the IMGW measurement network, which is
prepared with the aid of ArcView and free scripts. This example presents basic
information about the IMGW measurement network in the San River basin (an area
of ¢. 17,000 km” located in south-eastern Poland and Ukraine), as well as about the
possibility of obtaining archival data (hydrological and climatological). It is an
interactive vector map providing the possibility of selection of active layers,
continuous scaling and panning of a map. The objects on the map respond to the
movement of the cursor, as well as to a click of the mouse, and in this way the user
can obtain information about the measurement stations of interest to him (attribute
data). The content of the service is a sort of meta-base about available measurement
information.

Two solution variants were prepared. In both variants, the service’s code was
written largely automatically, on the basis of data from GIS database information
layers collected in the form of an ArcView project file. The first variant uses HTML
and SVG technology for map presentation, as well as Javascript for user interaction.
The service can be disseminated via a Web server or offline, e.g. on CD-ROM. The
second variant possesses similar functional characteristics, but operates on the basis
of a database containing a GIS information layer content, which is converted into
graphic formats. This enables the making of simple queries, as well as object
filtering. The technologies used are — as before — HTML, SVG and Javascript.
Additionally, it is necessary to use a Web server (e.g. Apache), database (MySQL)
and access language (PHP). The dHTML/SVG files are generated dynamically at the
Web server end. PHP scripts serve the purpose of preparing information
corresponding to the user’s query, which significantly reduces the volume of data
transmitted from server to client and therefore shortens the waiting time. The
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information service described is presented in Figure 3.1. Further examples can be
found in [MAD 02].
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Figure 3.1. Interactive maps presenting the Institute of Meteorology
and Water Management measurement network (Poland)

The Internet map access capabilities and examples presented above are oriented
towards solutions serving concrete purposes for a human client with well-defined
needs. Present trends in the area of spatial information access emphasize the widest
possible information access, the capability of integrating data from various sources
and the standardization of geospatial data and services. Solutions fulfilling these
postulates will be presented in the next section.

3.3. Examples of Web mapping using GIS tools in online mode
The modern notion of geo-information use is closely connected with the

widespread (on-demand) access to data. It assumes that the institutions providing
data are willing to make it available. At the same time, “beneficiary” institutions
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should have the possibility and tools to enable effective data browsing and access to
widespread data. A concept of spatial data infrastructure (SDI) has even appeared
whose aim is to emphasize that an information infrastructure is just as important for
the development of societies as a technological infrastructure. At the worldwide and
European level, we observe operations aiming in the direction of building an SDI on
as broad a scale as possible — for example, the activity of the non-commercial
organization Global Spatial Data Infrastructure (http://www.gsdi.org), or the
INSPIRE initiative (http:/inspire.jrc.it), as part of which the project for a directive
regulating these issues in the European Union was begun.

In the technical respect, SDI encompasses standards, means of data transmission
and processing, as well as services, and users can use metadata, data and services
which are available in the infrastructure, by making use of utility programs. The
concept of services is key — more precisely, that of geospatial Web services defined
by OGC. The implementation specification for a Web map service, which was
prepared by the OGC has recently become an ISO standard3. Next, specifications
concerning dissemination of spatial data or catalog services, enabling the search of
geospatial data and services accessible on the Web, which are important for the
problem under consideration, will soon become ISO standards, but already are de
facto norms. The aforementioned services enable us to, among other things (see
[GSDI 04)):

— find information concerning the localization, organization, conditions of use,
etc. of data potentially of interest to us (catalog services);

— display this data on a monitor screen, with the capacity to create images
visualizing data from various providers, as well as with access to descriptive data for
the spatial objects shown in the image (Web map service (WMS));

— obtain data of interest to us (Web feature service (WFS), Web coverage service
(WCS)), to the extent that its provider has made it available to us for further
processing for our own purposes;

— process the data (coordinate transformation services, image processing
services, geospatial analysis services).

The description above illustrates the idea of on-demand access to data and
services, according to which providers deliver to users, in online mode, information
and data according dynamic queries which are formulated by the users. Below, we
will describe WMS and WFS in more detail, as well as present examples of their
usage for the presentation and dissemination of results from spatial analyses of
climatological and meteorological fields.

3 The ISO 19128 standard entitled “IS 19128:2005 Geographic information — Web map
server interface”.
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The WMS is probably the most widespread geospatial service, and the majority
of GIS software providers have WMSs which are compliant with the
aforementioned specifications in their product line. There are also many specialized
solutions, including freeware tools as well, such as Mapserver, which is a product
built at the University of Minnesota and developed as part of the UMN Mapserver
Project (http://mapserver.gis.umn.edu). A WMS which provides this service can: tell
other programs what maps it can produce, produce a map (generally as an image)
and answer basic queries about the content of the map, i.e. provide attribute data.
This enables the service client to obtain a spatially-oriented map in one of the
popular graphic formats. The user can compose the map content himself, select its
spatial range and obtain information about objects which are located on the map, if
the service provider makes such information available. A service client, e.g.
standard Web browser, can ask a map server to do these things just by submitting
requests in the form of URLs using Key-Value syntax. The content of such URLs
depends on which of the three tasks is requested. An alternative form of
communication with a map server is XML-based messages. In the same way, one
can communicate with a Web Feature Server. The OGC Web Feature Service
Specification provides a solution for the standardized request and delivery of vector
data.

A Web map server software from GIS packages is normally quite extensively
developed and encompasses, aside from the map server software itself, tools for the
creation of Web map services, as well as tools and templates for the creation of
client applications®. Thus, the users’ most frequent contact with a map server is
contact via a Web browser connecting with the so-called “service browser”, i.e.
client application. The examples presented are based on ESRI’s ArcIMS v. 9.1,
working in a client-server environment and compliant with OpenGIS WMS and
WFS specifications. The service browsers prepared for the user enable the
visualization of the geospatial and attribute data in the client Web browser. The
ArcIMS also enables the use of products from the ESRI family (e.g. ArcMap), or
other applications which are compliant with OpenGIS standards, on the client side.
Therefore, it is also possible to use the information provided by the Web map server
in a client map service, use the image from the map server in a user/client
information bulletin, as well as for the vector services (WFS) use data contained in
the service in further geospatial analysis. The idea of software elements which are
necessary for the realization of WMSs, in the example of ArcIMS, is shown by
Figure 3.2.

4 Similar capabilities are offered by open-source solutions. An example could be the
aforementioned UMN Mapserver which is supplemented with, for example, MapLab (see
http://www.maptools.org/maplab) as a tool for the creation of WMSs.
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Figure 3.2. Diagram illustrating the software elements
which are needed to build a Web map service using ArcIMS

Below, we show examples using the technologies employed to enable a more
widespread access to results of climatological and meteorological analyses which
were described above, as well as using these results in further spatial analyses.

The first example concerns a Web service visualizing the average annual air
temperature distribution in Poland (see Figure 3.3). The data source in this case was
a layer of measurement data points which was subjected to a so-called spatialization,
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thus obtaining data in grid form. The remaining data used to prepare the service
comes from vector layers. The user has the possibility of turning layers on and off,
navigating on the map, as well as zooming in and out. The service presented
illustrates the use of the WMS standard, in which only images are sent to the
Internet, not data directly from numerical layers.
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Figure 3.3. Average annual air temperature distribution in Poland: example
using WMS to disseminate the results of climatological analyses

The second example shows the possibilities for the use of WFS. In the
technology presented above, a service was built which provides access to data from
the interpretation of a satellite image, which assesses the potential amount of water
in clouds. This data was then used by locally-operating GIS software (ArcMap) with
the aim of linking it to catchment area data. The effect was a spatial analysis
resulting in the calculation of the average potential sum of precipitation for
individual catchment areas, as well as in the visualization of these averages (see
Figure 3.4).
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Figure 3.4. Average precipitation in Polish catchment areas, assessed on the basis of satellite
image interpretation: example using WFS as a data source for further analyses

In the above examples, commercial software was used. Similar effects can be
achieved using open source tools (see [SON 04]).

3.4. Conclusion

The idea of widespread access to data and information having spatial references
and, in particular, to data on the environment is becoming more and more popular.
Its implementation requires the standardization of means for information exchange
and delivery of geospatial services. This is the purpose of actions aiming to prepare
open standards in this area, as well as of legal and organizational solutions such as
the INSPIRE directive. What is becoming more and more universal is the building
of so-called geoportals®, which, by using the most recent achievements in the area of
informatics and telecommunications, make spatial information in a broad sense
universally available via the Internet.

5 Geoportals are e-commerce sites that enable browsing, viewing and procuring of spatial
databases and orthophotography online.
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The implementation of on-demand access to data, which is the foundation of
contemporary thought on the use of spatial data, sets high requirements for
institutions which are potential providers. Of capital significance is development of
services which are associated with the provision of access to metadata, as well as to
data which is based on the network standards of geospatial services.

An advantage of the solutions based on open standards, such as WMS or WES, is
the open specification of communication with the server providing access to spatial
data. This enables the service client, which can be any utility software in which the
aforementioned standards have been used, to use the data made available via
Internet/intranet to prepare its own products. In this manner, it is possible to
integrate and process data coming from different sources. In the case of issues which
are associated with meteorology, these can be, for example, data from ground-based
and remote sensing measurement systems, and results of analyses such as a satellite
image interpretation or a temperature distribution, which, when linked with
geographic data, enable various types of usage.

The examples presented in the second part of the chapter are in harmony with
these ideas and represent an example for the usage of open standard-based Web
mapping in issues which are associated with meteorology and climatology.
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Chapter 4

Comparison of Geostatistical and
Meteorological Interpolation Methods
(What is What?)

4.1. Introduction

Firstly let us consider the abstract diagram of meteorological examinations. The
initial stage is meteorology that means the qualitative formulation of the given
problem. The next stage is mathematical calculation in order to formulate the
problem quantitatively and the third stage is to develop a software on the basis of the
mathematical calculations. Finally, the last stage is again meteorology, that is, the
application of the developed software and the evaluation of the obtained results. In
practice, however, the mathematical calculations are sometimes neglected. Instead
of an adequate mathematical formulation of the meteorological problem, ready-
made software is applied to solve the problem. Of course in this case the results are
not authentic either. Let us quote John von Neumann: “without quantitative
formulation of the meteorological questions we are not able to answer the simplest
qualitative questions either”.

Concerning our topic, we have the following question: what kind of spatial
interpolation mathematics is adequate for meteorology? Nowadays geostatistical
interpolation methods built in GIS software are applied in meteorology. The
mathematical basis of these methods is geostatistics, which is an exact but special
part of mathematical statistics. The specialty is connected with the assumption that
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the data is purely spatial. Consequently, the geostatistical methods cannot efficiently
use the meteorological data series whereas the data series make it possible to obtain
the necessary climate information for the interpolation in meteorology.

4.2. Mathematical statistical model of spatial interpolation

In practice many kinds of interpolation methods exist and therefore the question
is what is the difference between them? According to the interpolation problem the
unknown predictand Z(so,t) is estimated by use of the known predictors Z(Spt)

(i=1..,M ), where the location vectors s are the elements of the given space

domain D and ¢ is the time. The vector form of the predictors is
2" (1)=[2(s,,1)...... Z(s,,,1)]. The type of adequate interpolation formula depends

on the probability distribution of the meteorological element in question. In this
chapter only the linear or additive formula is detailed, which is appropriate in case
of normal distribution.

4.2.1. Statistical parameters

In general, the interpolation formulae have some unknown interpolation
parameters which are known functions of certain statistical parameters. At the linear
interpolation formulae the basic statistical parameters can be divided into two
groups known as deterministic and stochastic parameters.

The deterministic or local parameters are the expected values
E(Z(s,,2)) (i =0,..,M ) and let E(Z(t)) denote the vector of expected values of
predictors, i.e. E(Z(¢))" = [E(Z(s,,?))...... E(Z(s,,,?))]-

The stochastic parameters are the covariance or the variogram values belonging
to the predictand and predictors such that:

— ¢ : predictand-predictors covariance vector;

— C: predictors-predictors covariance matrix;

— v : predictand-predictors variogram vector;

— I'': predictors-predictors variogram matrix.

The covariance is preferred in mathematical statistics and meteorology, whereas
the variogram is preferred in geostatistics. Here is a quotation from the chapter
“Geostatistics” of ([CRE 91], p. 30): “the cornerstone is the variogram, which is a
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parameter that in the past has been either unknown or unfashionable among
statisticians”. The main reason for this reluctance is that the covariance is a more
general statistical parameter than the variogram. The variogram values can be
written as functions of the covariance values but the opposite is not true.

4.2.2. Linear meteorological model for expected values

At the statistical modeling of the meteorological elements we have to assume
that the expected values of the variables are changing in space and in time alike. The
spatial change means that the climate is different in the regions. The temporal
change is the result of the possible global climate change. Consequently in the case
of linear modeling of expected values we assume that

E(Z(s,,t))= u(t)+ E(s;) (i=0,.,M) [4.1]

where ,u(t) is the temporal trend or the climate change signal and E (s) is the spatial
trend. We emphasize that this spatio-temporal model for expected values is different
from the traditional models used in geostatistics or the multivariate statistical
methods. As regards geostatistics, purely spatial data is assumed in general.

4.2.3. Linear regression formula

In essence, the multiple linear regression formula is the theoretical basis of the
different linear interpolation methods. The linear regression between predictand
Z(s,,t) and predictors Z(¢) can be written as:

Zun(s9.1) = E(Z(s,.1) + ¢"C (Z(r) - E(2(1))) [4.2]

and Ziz(s,,t) is the best linear estimation that minimizes the mean-squared

prediction error. Consequently, the linear regression formula would be the optimal
linear interpolation formula concerning the mean-squared prediction error. However,
with respect to the application, problems arise from the unknown statistical
parameters E(Z(s,,?))(i=0,..,M ) and ¢, C. Let us assume that the



48  Spatial Interpolation for Climate Data

meteorological model [4.1] for the expected values of formula [4.2] can be written
as:

Z (s, 1) = (u(t)+ E(s,)) + ¢"C(Z(r) - (u(t)1 + E)) [4.3]

where E" =[E(s,),....., E(s,,)] and 1" =[l,.....,1] are identical. As can be seen, the
main problem is the estimation of the unknown climate change signal ,u(t) if we
want to apply the optimal linear regression interpolation formula.

4.3. Geostatistical interpolation methods

The various geostatistical interpolation formulae can be obtained from the linear
regression formula [4.2] by applying of the generalized least-squares estimation for
the expected values. The type of kriging formulae depends on the model assumed
for the expected values.

4.3.1. Ordinary kriging formula

The ordinary kriging formula is a special case of the universal kriging formula.
The assumed model for the expected values is E(Z(s,,?))= u(¢) (i=0,...,M ) thus

there is no spatial trend. The generalized least-squares estimation for /,t(t) by using
only the predictors Z(t) may be expressed in the form

Ay ()= (1TC‘11)711TC“Z(z). By substituting the estimate f,, (¢) into the linear

regression formula [4.2] we obtain the ordinary kriging formula as:
ZOK( t)= ,ugb()+cTC ( ﬂgls ) Zﬁzs ¢ wherer =1-

The vector of weighting factors A" =[4,,..,4,,] can be written in covariance

form:

T -1
AT =T +1T(1‘17C°) . [4.4]
1"c'1
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or equivalently in variogram form:

AT = (YT +1" (1) _TlTrlly)jr‘l : [4.5]
1'r

The unknown variogram values y, I' which are preferred in geostatistics are
modeled according to section 4.3.3.
4.3.2. Universal kriging formula

The universal kriging formula is the generalized case of the ordinary kriging
formula. The model assumption is that the expected values may be expressed as:

E(Z(S[,t))=z,3k(t)xk (s;) (i=0...M),

which in vector form is:
E(Z(s0.1) = x"B(t) - E(Z(r))= XB(r).

where X, X are given supplementary deterministic model variables.

The generalized least-squares estimation for the coefficient vector g(¢) by using

only the predictors Z(¢) can be written in the form B (r)= (XTC’1 X)_l X'C'Z(t).

It should be noted that in this way the spatial trend E(s) according to formula
[4.1] is also modeled by using only the predictors Z(z). By substituting the
estimates x' ols (t), Xp ois (¢) into the linear regression formula [4.2] we obtain the

universal kriging formula as:

N . . M
Zur(5001) = XD, (47 (20)-X B, (1)) = 3 2, .)- whereh X =x"

i
i=1
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The vector of weighting factors A" = [/11,..,/1M] can be written in covariance
form:

2t ={er x(XTCX) (k- x"C ) €,

or equivalently in variogram form:

AT = {y +X(XTX) " (x - XTF"y)}T r.

The unknown variogram values y, I' which are preferred in geostatistics are
modeled according to section 4.3.3.

4.3.3. Modeling of unknown statistical parameters in geostatistics

In geostatistics only the predictors Z(s,.) (i =1,....M ) constitute the usable
information or the sample for the modeling of variogram values y, I'. It means that

we only have a single realization in time for the modeling of the statistical parameters
in question. In order to solve the problem of absence of temporal data some
assumptions about the statistical structure are made which constitute a simplification
of the problem. For example, such assumptions are the intrinsic stationarity or second-
order (weak) stationarity, semivariogram y(Z (s,).z (S,- )) = 7(5,- -s, ), etc.

4.4. Meteorological interpolation

Similarly to the geostatistical interpolation formulae, an appropriate
meteorological interpolation formula can be obtained from the linear regression
formula [4.2] by applying the generalized least-squares estimation for the expected
values. The key question is the model assumption for the expected values.

4.4.1. Meteorological interpolation formula

The meteorological model [4.1] is assumed to be E(Z(s,,t))= u(t)+ E(s,)
(i: 0,. M ), where ,u(t) is the temporal trend and E (s) is the spatial trend. By
supposing that the spatial trend £ (s) is known we apply the generalized least-
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squares estimation for the temporal trend ,u(t) by using the predictors Z(t) and the
spatial trend E' =[E(s1), ..... ,E(s M)] In this case the generalized least-squares
estimate can be written as: ﬂjs (t)= (ITC - 1)_11TCf1 (Z(t)-E). By substituting the
estimate /A!;,S (l) into the linear regression formula [4.3] which is rewritten from

formula [4.2] according to the model [4.1] we obtain the following interpolation
formula:

Zuu(5051)= (2f ()4 (s o' €7 (2(0)- (af, ()1+E)) =

= B(s,)+ Y4, (2(s,0)- E(s,) where 7 1. [4:6]

i=1

The vector of weighting factors A" = [4,,.., 4,, | can be written equivalently in
covariance and variogram form according to [4.4] and [4.5]. The obtained
interpolation formula is a detrended or residual interpolation formula that includes
the spatial trend and the theoretical ordinary kriging weighting factors. However, it
is not identical to the detrended or residual interpolation method because the
interpolation formula, with the modeling methodology of the necessary statistical
parameters together defines an interpolation method. For example, at the detrended
interpolation methods applied in practice the modeling of the statistical parameters
is based on only the predictors Z(s,,t) (i =L..M )

4.4.2. Possibility of modeling unknown statistical parameters in meteorology

According to [4.6] where the sum of weighting factors is equal to one we have
the following appropriate meteorological interpolation formula:

M M

Zunlsot)= Y A (E(s,)~ E(s,)+ D 4,2(s,,1)-

i=1 i=1

where iw: 2. =1 and the covariance form of the weighting factors is defined by [4.4].
i=1

Consequently, the unknown statistical parameters are as follows: spatial trend

differences E(s,)— E(s;)(i =1,..,M ) and covariances ¢, C. In essence, these

parameters are climate parameters which means that we could interpolate optimally
if we knew the climate. The special possibility in meteorology is to use the long
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meteorological data series for the modeling of the climate statistical parameters in
question. The data series make it possible to know the climate in accordance with
the fundamentals of climatology!

4.4.3. Difference between geostatistics and meteorology

The main difference can be found in the amount of information used for
modeling the statistical parameters. In geostatistics the usable information or the
sample for modeling is only the predictors Z(s,,?) (i =1,..,M ) which refer to a

fixed instant of time, that is, a single realization in time. “Statistically speaking,
some further assumptions about Z have to be made. Otherwise, the data represent an
incomplete sampling of a single realization, making inference impossible” ([CRE
91], p. 53). The assumptions are, for example, intrinsic stationarity or second-order
(weak) stationarity, semivariogram V(Z(Si),Z (S j»= V(Si —-S j), which need some
simplification in order to solve the problem of absence of temporal data, whereas in
meteorology we have space-time data, namely the long data series which form a
sample both in time and space and make it possible to model the climate statistical
parameters in question. If the meteorological stations S, (k =1,..,K) (SE D) have

long data series, then spatial trend differences E(S,)— E(S,) (k,l =1,..,K ) as well
as the covariances cov(Z(S,),Z(S,)) (k,1=1,..,K ) can be estimated statistically.

Consequently, these parameters are essentially known and provide much more
information for modeling than the predictors Z(s,,z) (i =1,...,M ) only.

4.5. Software and connection of topics

Our MISH (Meteorological Interpolation based on Surface Homogenized Data
Basis) method for the spatial interpolation of surface meteorological elements was
developed [SZE 04, SZE 05] according to the mathematical background that is
outlined in section 4.4. This is a meteorological system not only with respect to the
aim but with respect to the tools as well. It means that using all the valuable
meteorological information — e.g. climate and possible background information — is
required.

The software MISHv1.01 consists of two units that are the modeling and the
interpolation systems. The interpolation system can be operated on the results of the
modeling system.
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In the following text we briefly summarize the most important facts about these
two units of the developed software:

— Modeling system for climate statistical (deterministic and stochastic)
parameters:

- based on long homogenized data series and supplementary deterministic
model variables. The model variables may be height, topography, distance from the
sea etc. Neighborhood modeling, correlation model for each grid point,

- benchmark study, cross-validation test for interpolation error or
representativity,

- modeling procedure must be executed only once before the interpolation
applications!

— Interpolation system:

- additive (e.g. temperature) or multiplicative (e.g. precipitation) model and
interpolation formula can be used depending on the climate elements,

- daily, monthly values and many years’ means can be interpolated,

- few predictors are also sufficient for the interpolation and it is not a problem
if the greater part of the daily precipitation predictors is equal to 0,

- the interpolation error or representativity is modeled too,

- capability for application of supplementary background information
(stochastic variables), e.g. satellite, radar, forecast data.

As can be seen, the modeling of the climate statistical parameters is a key issue
to the interpolation of meteorological elements and modeling can be based on the
long homogenized data series. The necessary homogenized data series can be
obtained by our homogenization software MASHv3.01 (Multiple Analysis of Series
for Homogenization; [SZE 99, SZE 06]). Similarly to the connection of interpolation
and homogenization, in our conception the meteorological questions cannot be
treated separately. We present a block diagram (Figure 4.1) to illustrate the possible
connection between various important meteorological topics.
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Figure 4.1. Connection of topics and systems

4.6. Example of the MISH application

Finally, we present an example of the application of the MISH system. The
example is related to the interpolation of the daily precipitation sum in extreme
meteorological situation. The interpolation is performed with and without the
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application of supplementary background information. The space domain is
Hungary with 0.5°x 0.5” resolution, the predictors are the surface daily precipitation
sums from 661 stations and the background information used is the gauge-adjusted
24 hours radar precipitation data. We do not detail the multiplicative interpolation
formula used for the precipitation sum or the mathematical methodology developed
for the application of background information since it would be beyond the scope of
this chapter. Only the interpolation maps (Figure 4.2) are shown.
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) Ly I > 40 mm

Figure 4.2. Interpolation of daily precipitation sum without (a) and with
(b) radar data as background information (Hungary, 29.07.2006)
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Chapter 5

Uncertainty from Spatial Sampling:
A Case Study in the French Alps

5.1. Introduction

The goal of any environmental research is often to gain more precision in its
results, thus paying attention to the different sources of imprecision coming from:

— the differential validity of the observations;

— their combination in a model;

— their temporal distribution;

— their spatial location.

We emphasize this last point, since a climatic map interpolates point values,
which implies a representative sample. The question then is:

— “is it representative of the whole territory?”

— “is it equally representative of the whole territory?”

— “Is it representative of something else, for instance, population distribution?”

Our case study deals with the spatial sample of Lhotellier’s PhD work (Figure
5.1). We only consider here the position in latitude, longitude and altitude of 168

weather stations in the northern part of the French Alps (= 25,000 km?) without any
reference to measured values.

Chapter written by Pierre DUMOLARD.
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There are quite a lot of methods to deal with the subject of spatial samples
(Figure 5.2), most of them coming from parametric statistics (thus implying strong
assumptions). In the context of COST 719, we decided to apply a GIS exploratory
approach (Figure 5.3) to the spatially differential validity of a spatial sample
(namely the 168 weather stations in the northern French Alps).

The first attempt considers the sample as a whole, the second one is more local,
dealing with a 150m pixel resolution and the third tries to summarize, at two scales,
the regional representativeness of the sample.

5.2. The sample as a whole

Firstly, we used some simple exploratory techniques to verify if the sample is
representative.
Looking at a map: 2D perception

Figure 5.1 shows the spatial distribution of the weather stations (overlaid on a
DEM).

Figure 5.1. Distribution of 168 weather stations (source: R. Lhotellier & Meteo France)
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A first glance at this map suggests that the measurement points are not evenly
distributed in latitude (Y) and longitude (X). To verify XY independence, we can
calculate a regression.

A simple linear regression between X and Y for the 168 points gives a R? of
0.05. The probability o of a false rejection of independence between X and Y is
0.044. This means that given a weak (a0 = 0.01) risk, we reject independence
between latitude and longitude but we accept it when given a larger but still
reasonable (o0 = 0.05) risk. The conclusion is doubtful: some further attempt has to
be made in order to decide matters.

The calculation of Ripley’s R (Figure 5.4) and its significance test confirm that
the sample is not fully representative of the whole area. Ripley’s R is based on the
calculation of the 2D nearest neighbor of each of the 168 points.

Ripley’s R values:

—< 1 indicates a trend towards a concentrated sample;

— ~ 0 indicates hazard distribution;

—> 1 indicates a trend towards a regular (systematic) sample.

The calculation of Ripley’s R tells us, here, that the sample as a whole is
significantly concentrated. By looking at Figure 5.1, we hypothesize that the

measure points are concentrated in the mountainous areas and rarer elsewhere
(where spatial interpolation is less uncertain). To test R, let us call:

—d, the average Euclidean distance of the measure points;
— dy the theoretical mean distance (given by Poisson’s law);
— Oy its theoretical standard deviation.

Since N is > 30, we can apply the € test based on the Laplace-Gauss probability
law where

€= | d1 —d0|/0d0 =5.35

Since € is > 2.58 (o = 0.01) we reject the hypothesis that the 168 weather stations
are a random sample of the area. However, is it not a “map optical illusion” due to
the 2D areas representation?
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Introducing altitudes

Figure 5.2 investigates the representativeness of the altitude of the sample: the
cumulative curves of altitudes show quite a big cumulative difference between the
altitudes of the DEM and those of the sample, mainly over 2,000 meters high
(exactly where temperature interpolation is more difficult). On the right, Figure 5.2

locates their main difference areas.
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Figure 5.2. Altitude representativeness of the sample (source: R. Lhotellier & Meteo France)

In order to verify the visual feeling of 3D non-independence, we have calculated
a multiple linear regression:

Altitude = f (longitude, latitude).

R?=0.41 (with a very low « risk) means that we have to reject the hypothesis of
their independence in 3D space.
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In fact, the sample is not fully representative of the physical area, mainly
because most of the 168 measure points are situated under 2,000 meters but this is
exactly where population and activities are: the sample may be representative of
their vulnerability to climate.

5.3. Looking in detail where the sample is not representative
In order to consider the sample in detail (at a local scale of 2.25 ha per pixel), we
have:

— simplified the original DEM (from a resolution of 50 m to a resolution of
150 m);

— calculated for each 150m pixel its main slope (in decimal degrees);

— transformed decimal degrees in radians (radian = degree * 1/180);

— calculated the 3D increase of the area, i.e. s3d = 1/cosine(slope) for each pixel.
A first map could represent the absolute difference between the 3D (“real”) and

2D (plane projection) area of each pixel. We have chosen to show (Figure 5.3) their
relative difference.

For each 100 m elevation class (there are 47 classes from 100 to 4,800 m), we
have calculated:

— DIF gem: 3D — 2D area for the DEM;

— DIFggmpie: 3D — 2D area for the sample;

— (DIF gem — DIFgample)/DIF gem;

— expressed it on a scale [-100% to +100%], 0% being the average of the map.

Thus, Figure 5.3 expresses the relative over- or under-representativeness of the
sample in 3D space.
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Figure 5.3. Relative 3D representativeness of the sample at local scale

Globally, the sample is not a representative one in 3D space and it is still less
representative in the most alpine (east) part of the region. There, in detail, the
massifs are very much underrepresented but there is not the case for the main valleys
where most people live and most economic activities take place.

Among the massifs, the Ecrins (south mountainous area) is the most compact one
(weaker glacier erosion in the quaternary period) and so has a bad representation,
whereas the Mont Blanc massif (northern part of the mountainous area) is less
underrepresented (stronger glacier erosion in the past and therefore larger valleys).
The Vanoise massif (main ski resorts in the French Alps) is situated between them.



Uncertainty from Spatial Sampling: A Case Study in the French Alps 63

In the mountainous massifs, the climatic interpolation is more difficult but they have
few inhabitants and scarce economic activity, except tourism (which is the only way
to maintain inhabitants and spatial infrastructures there).

5.4. Summarizing the sampling uncertainty

Even in a GIS exploratory context only, there are several ways to summarize the
2D and 3D differential validity of a spatial point sample.

5.4.1. 2D simplification

One simple idea is to create buffer zones around each measurement point: the
areas inside the buffers may be considered as more reliable than those outside.
However, the size of the buffers is unknown: it is possible to increase it step by step,
by producing something like a cartographic “animated cartoon”. Figure 5.4 is an
illustration for only 3 buffer sizes: 1.5, 3 and 5 km which underline each time the
main areas of uncertainty.

i
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BUFFER 1.5 K EUFFER 3 KM BUFFER 5 KM

Figure 5.4. Main 2D areas of uncertainty when increasing the size of buffers

This view is a bit too binary and over-simplistic but could be seen as a first step
towards spatial generalization of the 2D spatial uncertainty.

More complex approaches exist and, among them, spatial scan techniques
(Figure 5.5) can be very useful, for instance, in the search for spatial hierarchical
clusters. The so-called “hot spots” algorithm is a probabilistic extension of the
nearest neighbor method using a hierarchical classification tree (such as a Ward
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classification). The data file contains latitude and longitude values only: sample
points are gradually grouped according to their nearest neighbor distance. At each
step of the procedure, the intragroup distance variance is calculated for each cluster:
if the variance becomes too big its creation is stopped so that, in the end, not all
points are classified. The convex hulls surrounding classified points (“kot spots™) are
considered better sampled areas than those outside and a certainty index for the hot
spots may be built depending on their variances. A global index of
certainty/uncertainty can be derived from a simple variance analysis (if the main
constraints of the model are reasonably respected). Other statistical tests can be
carried out.

We have tried the “hot spot” algorithm using the Crimestat freeware but it gave
results which were strongly dependent on edge effects either because we were
unfamiliar with the software or because it could not take them properly into account.

5.4.2. 3D generalization

A first generalization can be done using the Voronoi (or Thiessen) tessellation.
We have calculated the 168 Voronoi polygons corresponding to our 168 measure
points. Each polygon delimits, in 2D Euclidean space, an area which is nearer to its
inner point than any other (since the Delaunay triangulation is the geometric dual of
the Voronoi tessellation (see Figure 5.5)).

Voronol Cor Thiessen) tessellation Corresponding Delaunay triangulation

Figure 5.5. Voronoi tessellation and corresponding Delaunay triangulation
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The calculation of the 168 3D surfaces gives an estimate of the accuracy of
parameter interpolation inside each polygon: a large 3D surface means a weak
accuracy, a small surface means good accuracy and contiguous small surfaces
delineate the reliable regions. However, we must consider not only the average (mj)
3D surface of each polygon but also the standard deviation (o;) of the 3D surface of
its pixels. Figure 5.6 is the map corresponding to o/m;, (j = 1,..., 168): a low value
means XYZ homogenity of the polygon, a larger value means heterogenity and thus
a weaker reliability for parameter interpolation.

Figure 5.6. XYZ homogenity of the Voronoi polygons (indicating their reliability)

Obviously, because of strong differences in height, the alpine part is more
heterogenous: there clearly is a global west-east gradient of reliability. In more
detail, the main massifs (Ecrins, Mont Blanc with summits of over 4,000 m) appear
as the least reliable areas.

Another way of doing this is to summarize, inside the Voronoi polygons, the
pixel values of Figure 5.3 (scaled [-100 to 100]), where negative values mean
relative poor representativeness and positive values indicate an above average
representativeness. As polygons are aggregates, we now deal with distributions of
3D areas and not single values. We therefore need a tool to simplify and compare
the 168 distributions.
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To simplify them, we have divided the [-100 to 100] continuums in 8 equal
intervals classes. Counting, for each polygon, the number of pixels in each class
creates a contingency table the size of which has been reduced by a correspondence
factor analysis. The 3 first factors accounted for 95% of the initial information.
Moreover, they are independent (additive) super variables: it enabled us to create
clusters, without any correlation bias.

The cluster analysis of 168 polygons and 3 factors gave good results for 7 groups
(intergroup variance = 90.5% of total variance, intragroup variance < 10%). The 7
groups of Voronoi polygons are globally homogenous and different from each other.
Figure 5.7 represents their mapping and profiles (reduced to 4 “quarters”).
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Figure 5.7. Map and profiles of the 7 groups of Voronoi polygons

There is a clear gradient from WNW to ESE, meaning that (considering 3D
surfaces) the sample over-represents plains and hills (north west crescent) and
under-represents mountain areas (east crescent). This observation, which had
already been made, confirms the benefit to take into account 3D surfaces rather than
projected 2D surfaces.

5.4.3. Geographic homogenous sub-regions of the sample

If we build a table of 1,085,214 rows (pixels) and 3 columns (latitude, longitude,
altitude), principal components and cluster analysis results in 10 spatially
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homogenous sub-regions. For each of these 10 we have calculated two criteria of
good or bad sub-samples found inside weather stations:

— their sampling density (number of stations per 1,000 km?): a high density
indicates a better sub-sample, whereas a low density indicates a less representative
one;

— the arrangement of points inside each sub-region, using Ripley’s R and its t
student test (since the number of points by sub-region is less than 30). Let us recall
that a R value < 1 represents tendency to points agglomeration, a value = 1
represents a hazard distribution and a value > 1 trend to systematic pattern. Some
sub-regions have fairly good sub-samples. If they were a majority, the stratification
in geographic sub-regions would have been successful.

By combining these two indices, we get Table 5.1.

Concentrated Random Regular
pattern pattern pattern
Low density no. 3, no. 7 no. 4 no. 5
Average density no. 9 no. 1, no. 10 no. 6
High density - - no. 2, no. 8

Table 5.1. Combination of density of points and type of pattern for the 10 sub-regions

Figure 5.8 is a map corresponding to Table 5.1.

Meaning of its hierarchical legend:

— category I: sub-region with a low density of points and a concentrated pattern;
— category 2: sub-region with a low density of points;

— category 3: sub-region with a concentrated pattern;

— category 4: sub-region with correct density and pattern of points;

— category 5: sub-region with a good sample (density + pattern).



68  Spatial Interpolation for Climate Data

Figure 5.8. Simplified quality of the sample by sub-region

5.4.4. Interpolation of a climate parameter

This cluster approach of a spatial point sample defines a spatially stratified
sample where strata are homogenous according to latitude, longitude and altitude.
The quality of the sample in each stratum is (quantitatively or qualitatively) known
and it is then possible to interpolate a climate parameter (temperature, for instance)
in each one. Since each stratum is more homogenous than the global sample, the
assumption of an isotropic space (implied by most spatial analysis interpolation
techniques) is better satisfied.
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This approach delivers 3 pieces of information:

— the local interpolated values of the parameter (the corresponding map may be
smoothed if the parameter is spatially continuous);

— the representativeness of the sample in each stratum (which can be smoothed
and mapped superimposed to the interpolated values);

— the global quality of the interpolation through an analysis of variance (which
can establish if the stratification improves the interpolation or not).

5.5. Conclusion

Whether a point sample is generally representative of a whole area is a matter to
examine previously to any interpolation: it generally gives confidence in its
regionalized results. Especially in heterogenous regions (like the Alps) at any scale,
the use of traditional “spatial analysis” techniques oversimplifies the research of
differences in the sample quality since these techniques are based on the assumption
of an isotropic 2D Euclidean space (which is clearly not fulfilled in this case).

The use of GIS and exploratory statistics may be a better approach, which makes
it possible to consider 3D surfaces, to easily test several solutions (according to the
scale of the test) and to summarize their results in a (post-)stratification of the
sample. The point density of the strata as well as their spatial inner arrangement may
be seen as quantitative estimations of their reliability, the combination of these two
indices giving a qualitative one.

The map of this qualitative index may be superimposed to an interpolated
parameter (for example, temperature) map, thus showing both probable value and
reliability. Where sample reliability is too small, no value might be displayed.

If the point sample changes over time, we then face a problem of higher
complexity but in any case the leading idea is the same: interpolation of a parameter
is not feasible everywhere at any time.

It can be said that interpolating values from a point sample is not feasible always
and everywhere. This makes a big difference to the interpolation techniques existing
in most GIS.
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Chapter 6

The Developments in Spatialization of
Meteorological and Climatological Elements

6.1. Introduction

An important but difficult task for a climatologist or a meteorologist is to provide
information about weather and climate for any place at any time, even for places
where observations of the meteorological elements do not exist. In such cases they
have to use their skill and knowledge to give the most reliable value for the desired
information. Traditionally this is done by using observed values at neighboring
stations which are then adjusted for representativity, terrain and other effects
affecting the local climatology. Such estimates have usually been carried out as
single point calculations, often including subjective considerations based on local
knowledge and experience. Most of these estimates will not be consistently derived
and they are thereby not reproducible and cannot be regarded as homogenous. They
are therefore of limited value, for example, for advanced climate analysis.

Geographical Information Systems (GIS) give possibilities to combine different
georeferenced variables and parameters in such a way that it should be also possible
to give consistently derived estimates of meteorological and climatological variables
at any location at any time. This potential was realized by the European
Meteorological Services in the mid-1990s, which meant an increasing activity
within this field over the last 5-10 years. In the beginning, GIS was primarily used
as a tool to establish continuous maps of climate reference values of several

Chapter written by Ole Einar TVEITO.
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elements. Many of the attempts were carried out by using the built-in, though very
limited, possibilities for spatial interpolation.

However, most European NMSs realized that their knowledge in using GIS in
the most efficient way, also as a tool in spatial interpolation, was limited and that
cooperation was needed. This resulted in a project within the European Climate
Support Network (ECSN) [DOB 01], which concluded that the work in developing
and testing different spatialization schemes had to be done as well as that of
designing algorithms for gridded databases. Beside this, strong connections to (or
easier access to) GIS-based information tools with database applications had to be
established nationally and internationally. One of the outcomes of the ECSN-activity
was to initiate COST Action 719, in order to further assess the issues mentioned
above.

In this chapter some of the outcomes of the ECSN GIS and COST719 projects
will be presented.

6.2. Spatialization

Firstly, however, the term spatialization should be discussed. What does it
actually mean? Spatialization is a term which is not strictly defined in other works.
It might stand for: “a set of methods describing the dependency of neighboring data
of a dataset in a typically Cartesian co-ordinates system”. This is, however, a very
general statement, so a more in-depth explanation is needed. Traditionally, the main
aims of spatialization have been to condense and visualize data. However,
spatialization can be also seen in the wider context of spatial analysis, where it
means a transformation to derive new or extended information from existing
information. It is in this wider context that the working group 2 of COST 719 has
been addressing the topic of spatialization and formed a European expert network on
spatialization by using the possibilities offered by GIS to perform the analysis of
spatial structures of climatic and meteorological elements for the purpose of spatial
inter and extrapolation.

6.3. Why spatialization?

The motivations for using spatialization in climatology and meteorology are
several and reflect the manifold use of multi-dimensional climatic and
meteorological information for both the user community as for internal
climatological/meteorological use. Spatialization plays an important role in the
derivation of the spatially continuous fields, adding value to such products by
combining and using several georeferenced information sources.
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The information demanded by different users spans a variety of elements and
scales, thus reflecting the various user applications. This will have implications for
the specifications of the applications and the required accuracy of the spatially
distributed values.

The largest challenge in spatialization is therefore to balance the available
information (both meteorological/climatological data and other geographical
information) with the specific needs of the user application. The selection of the
proper spatialization scheme for each individual purpose needs thoroughly worked
out specifications concerning the requested spatial and temporal scales as well as the
desired accuracy.

The motivation and objective of the COST719 working group 2 on spatialization
has been to evaluate and work out recommendations for different spatialization
applications. The working group was composed by researchers from all over Europe
with unique expertise within spatialization. This has made it possible to form an
excellent network on spatialization within meteorology and climatology by using
GIS and considering theoretical as well as practical issues.

6.4. The role of GIS in developing spatialization within climatology

In the early 1990s the GIS software developed rapidly and included the
introduction of a variety of new functionalities which enabled advanced spatial
analysis. The release of desk-top GIS like the ESRI ArcView made the access to
using GIS easier. At the same time there was a need for all European National
Meteorological Services to establish new standard normal values and their
corresponding maps. For this purpose many NMSs wanted to apply GIS in order to
prepare these maps in an objective and consistent way. At the same time, “Global
Climate Change” became an issue, demonstrating the necessity of reliable gridded
datasets of basic climate elements for analysis of spatio-temporal variability of
climate elements.

The first analyses carried out were quite simple and applied the built-in
capacities of the GIS software directly on the data. However, it was obvious for all
that this did not produce reliable estimates and that more specialized spatialization
approaches were needed for producing spatially distributed climatological
information.

Since then a large development of GIS-relevant methods for several
climatological elements has been seen. In the following sections some of the major
trends in the spatialization of climate elements are presented together with some
practical and theoretical aspects that have to be considered in the spatial analyses.
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6.5. Methodology

Spatialization methods applied in climatology are all based on basically three
principles: deterministic, stochastic and pure mathematical, or a combination of
these. The choice of method depends on several factors which are all associated with
certain assumptions that have to be fulfilled in order to be applied. However, most
spatial interpolation methods can mathematically be reduced to basically the same
principles [OBL 82]. Therefore, most of the applications follow the same principles
in order to meet the assumptions and criteria required by the methods. These criteria
are basically based on the assumption on second order spatial stationarity or, for the
geostatistical approach, the intrinsic hypothesis.

The climatic conditions in the different parts of Europe vary dramatically and
also the need of information about weather and climate varies considerably. The
applications developed throughout Europe will therefore differ from region to
region, reflecting the local/regional climate conditions and the information about
weather and climate that is relevant for the users. The choice of a spatialization
method also depends on the characteristics of the weather element to be described.
Some elements, like temperature, describe continuous fields, whereas others, like the
occurrence of precipitation, can be described as a discrete binary feature. Such
different “nature” of the elements will lead to different challenges developing a
robust spatialization method.

In practice, the spatialization of a climatic element has shown to be a two-step
procedure:

— “Normalize” the observed in-situ data in order to obtain the assumption of
spatial stationarity.

— Interpolate the normalized field.

The first point, i.e. to find the best way to normalize the data, is the most
challenging. This is often done by applying external information expected to have a
significant influence on the climate variable as predictor in a deterministic model.
The most applied approach for finding such relations is linear regression models or,
when using several external predictors, multiple linear regression. In recent years
Artificial Neural Networks (ANN) are also introduced, combining the deterministic
and stochastic components.

For the interpolation of the “normalized” (or detrended) field any method can be
used. The most preferred methods though are geostatistical methods, inverse
distance and various spline techniques.
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The precision of spatialization method statistics can be assessed by comparing
the estimates with the observed values. There are a few common similarity measures
that can be used to validate estimates from almost any spatialization method. It is a
common strategy to carry out an independent validation procedure and there are
basically two practical approaches for it.

The first and perhaps the best one is to split the data sample into two parts and
use these two parts for estimation and validation respectively. This approach is
applicable when the original data sample is large and regularly sampled and fulfils
the criterion of second order stationarity (intrinsic hypothesis) which is often
assumed by the spatialization methods. This criterion is rarely obtained by regular
meteorological networks and therefore this method is not often really applicable. It
might only be used when having very few independent validation stations, keeping
the majority in the dataset used for estimation.

The other approach is cross-validation, which is probably the most widely
applied validation method within climatology. This approach considers all the data
in the validation process. In a cross-validation procedure, one data point is left out of
the data sample at a time. An estimated value for this point is derived by using all
the other data points. This procedure is repeated until a value is estimated for all the
original data points. One possible drawback of using cross-validation is that the
whole data sample is often used to define the interpolation model and therefore the
validation might not be considered to be totally independent. However, this
consideration is negligible when the dataset used is fairly large.

6.6. Data representativity, quality and reliability

The representativity of the observation network is probably the most serious
problem within the spatialization of meteorological and climatological elements.
Such networks are usually irregularly distributed in both 2D and 3D. To complicate
this issue further, station networks will change over time and this will concern the
location of the individual stations as well as the spatial density of measurement sites.

There are several ways to address the irregularity of station networks. The two-
dimensional representativity of stations can, for example, be described by
calculating Voronoi diagrams (Thiessen polygons) around each station. One
example is given in Figure 6.1 where the variation of the surrounding area is shown.
This example is taken from the NORDGRID project [JAN 07] and shows quite
clearly the different problems that arise with station networks. Here are the merged
data networks in four different countries showing, for example, a tremendously
dense network in Denmark which is the smallest country and a rather sparse network
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in Finland. In addition, there is the smallest variance of the terrain in the areas with
the densest station network (Figure 6.1).

This means that many of the assumptions underlying the spatialization methods
are not completely fulfilled:

— Station networks are usually biased towards lower altitudes and populated areas.
— Station density varies = uncertainty is a function of station density.

— In a sparse network the changes in the network will have consequences for the
homogenity of gridded time series.

Therefore, the uncertainty will not be a fixed property in spatial analysis, but will
vary in space and time.

In meteorology and climatology, terrain characteristics are regarded as one of the
main explanatory variables and the input data should represent the same “universe”
as the one that shall be estimated. In an ideal world that means that the frequency
distribution of the input data and the explanatory variables should coincide. Whether
this is true can be investigated by comparing the distribution functions directly, e.g.
the altitude distribution of the terrain model and the distribution of station elevation
(Figure 6.2). In mountainous areas the stations are usually biased to the detriment of
higher elevations.

T
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Figure 6.1. The left panel shows the (area of) Thiessen polygons of the meteorological
network used for the NORDGRID project. The right panel shows the standard
deviation of the terrain model (dark color for high standard deviation, light
color for law standard deviation) indicating the variability of the terrain.
Ideally areas with high variability should have higher station density
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Figure 6.2. The (cumulative) frequency functions of the altitude of the meteorological
network of the Nordic countries shown in Figure 6.1 (gray curve)
and the 1 x 1 DEM (GTOPO30, black curve)
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Figure 6.3. The problem of interpolation vs. extrapolation using a spatially
biased dataset with respect to elevation (example from Norway)
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The consequence of such biased input data is a high risk of performing
extrapolation instead of interpolation. This problem might occur especially when
using a model parameterized on a biased network and might even be increased by
the use of external predictors. Defining the trend by, for example, linear regression
analysis will easily lead to estimates in the extrapolation domain (outside the valid
area of the “model”) (Figure 6.3).

Such frequency curves ecasily reveal the bias which is usually found in
mountainous areas. In flat areas this problem seldom occurs since the variability of
the terrain is low and the station density is usually high.

Another way to decide whether the sample is representative is to compare the
actual distribution with a spatially stationary random process by following a multi-
dimensional Poisson law.

6.7. Applications

As mentioned above there has been a huge development in the application