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Foreword
The demand for timely and more sophisticated agroclimatic data and products has been
increasing in the recent past for both research and operational applications. Increasing concerns
about the sustainability of agroecosystems in different parts of the world have heightened the
awareness and sensitivity for the precious, and often delicate, natural resource base on which
agriculture depends. Agenda 21 of the United Nations Conference on Environment and
Development (Rio de Janeiro, June 1992) and the three international conventions that have been
negotiated and ratified following the Conference i.e., the United Nations Framework Convention
on Climate Change (UNFCCC), the Convention on Biological Diversity (CBD) and the United
Nations Convention to Combat Desertification (UNCCD), as well as the World Food Summit
Plan of Action (WFSPA), all clearly emphasize the need for more comprehensive collection and
analysis of agroclimatic data to develop sustainable strategies for agricultural production.
The very nature of agroclimatic applications dictate that agroclimatic data should go much
beyond simple climatic databases since agroclimatology addresses a range of issues including
management of crops, animals, ecosystems, land use and water resources, desertification and
rural economic development. Therefore, climatic data should be used in combination with
information on crop physiology and phenology, soil types, land morphology, ecosystem
structure, crop management, pest and disease cycle, agricultural economic trends and general
agroecological data for use in the analysis of agricultural and environmental systems.
The growing number of agrodirnatic applications, such as crop models, combined with the rapid
developments in microcomputer technology, geographic information systems and remote sensing
techniques, calls for a reconsideration of the manner in which relevant data are organized and
processed. There is a clear need to establish guidelines for future developments in
standardization and data exchange, as well as in information delivery.
Several software packages have been developed in the recent past for agrometeoro logical data
management. Some relevant examples are the CLimate COMputing (CLICOM) software for
meteorological data organization, the INteracitve STATistics Package for PCs (INS TAT) for
performing simple climatic data analysis and statistical processing, the programme to organize
data for crop monitoring during the rainy season (SUIVI), the Agricultural Planning Toolkit for
land planning and the IDRISI package for satellite and GIS applications. With the growing
demand for new and advanced agroclimatic applications, new software packages are now being
developed.
Given the current interest in agroclimatic applications and the range of available software
packages, it is important to assess the current status of software for agroclimatic data
management and to determine the future needs for more efficient management of such data to
foster improved agroclimatic applications. In the assessment of such software, it is necessary to
consider the different data types i.e., climate, crop, soil and remotely-sensed data. The
shortcomings and limitations of current software packages should be identified and appropriate
recommendations should be developed for future activities. More importantly, guidelines should
be formulated for national meteorological and hydrological services, including the needs for
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training and capacity building especially in the developing countries, for the improved
management of agroclimatic data bases in support of agroclimatic applications.
In order to address these important issues, the World Meteorological Organization (WMO) and
the United States Department of Agriculture (USDA) organized jointly the Expert Group
Meeting on Software for Agroclimatic Data Management (Washington D.C., USA, October 1620, 2000).
To complement this Proceedings,WMO is publishing a companion CD-ROM, which provides a
sample of public domain software packages. The printed volume and CD ROM will be issued as
a set.

I am pleased to note that the Expert Group Meeting addressed a number of important topics
mentioned above relating to software for agroclimatic data management including information
management systems for agriculture, agrometeorological data bases and their management
strategies, soil and crop data management, spatial databases and simulation models in
agricultural meteorology. I hope that the papers presented in this volume, as well as the CD
ROM, will serve as a very valuable source of information for all users of software for
agroclimatic data management.

G.O.P. Obasi
Secretary-General
World Meteorological Organization
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Executive Summary
Raymond P. Motha
World Agricultural Outlook Board, Office of the Chief Economist
U.S. Department of Agriculture, Washington, D.C.

Introduction
The U.S. Department of Agriculture and the World Meteorological Organization jointly
sponsored an Expert Group Meeting on Software for Agroclimatic Data Management on October
16-20, 2000 in Washington, D.C. Three working groups were established during the meeting: a
Climate Data Working Group, a Crop and Soils Working Group and a Remotely
Sensed/Integrated Packages Working Group. Each group prepared a draft report. This report
summarizes the findings and recommendations of all three reports, highlighting the specific
issues of each and the common issues of all groups.
Agroclimatic data are used for a highly diverse range of applications. These applications require
different sets of data, ranging from hourly observations to long-term climatic records and from
point-source data to spatially interpolated products. The results of analysis are used for both
short-term tactical decisions and long-term strategic decisions. Traditionally, the user
community has relied on time series records of point source data. Both applications and
technology have become more sophisticated, however, requiring timely access to additional data
sources including automated weather systems, remote sensing platforms and computer-generated
products. Software tools for georeferenced data are also becoming a prerequisite for integrated
agroclimatic data management.
The diverse user community ranges from farmers to national and international planning agencies.
The demand for information by the user community has increased dramatically due in part to the
recognition of the importance of agroclimatic information for decision making, and in part to
increased economic pressures and environmental concerns. This information is not only needed
at the farm level for daily tactical decisions on planting, spraying and harvesting, but also for
long-term strategic decisions at the national and international levels concerning trade issues,
global variability and risk management (Figure 1).
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Figure I. Agroclimatic Decision Making (Tactical to Strategic).

An ideal agroclimatic information system needs the following components:
•

•
•
•
•

An efficient data collection system
A modem telecommunication system
An industry-standard data management and processing system
A modular-based data analysis system
A teclmologically-advanced product and information delivery system

Each working group summarized their results according to four specific objectives:
I.
II.
III.
IV.

Evaluate the current status of software for data management;
Identify shortcomings and limitations of current software, and, provide recommendations
for future developments;
Formulate guidelines for improved management of databases in support of agroclimatic
applications specifically to assist training and capacity building; and,
Review and recommend appropriate public domain software packages to be included in
CD-Roms for free distribution to all interested parties in agroclimatic data management.

Evaluate the Current Status of Software for Data Management
Each of the working groups noted that while the framework exists for a comprehensive approach
to data management, most systems were tailored to satisfy specific needs. These needs range
from operational assessments to research applications. Data requirements range from complex
hourly values for sophisticated physiological modeling techniques to monthly or seasonal
averages for statistical analyses. Analytical tools range from simple time series analyses to
viii

georeferenced spatial analyses. Given this broad spectrum of requirements, the experts
recognized that the most successful approach to software development will be based on a
modular structure with an open architecture. The expert group recognized that there can be
greater application of some of the current systems if selected features were integrated into a more
comprehensive management systems approach.
A large number of software packages are available for agroclimatic data processing, analysis,
and dissemination. Most of these software packages were developed for specific applications.
The techniques for weather and climate data management vary widely and are dependent upon
the type of data networks, telecommunications, data storage capability and processing power of
each system. Similarly, the current status of software for crop models and soil databases is
diverse and targets many different applications. Computer models have different specialties and
may be appropriate at different scales. Input/output standards as well as model objectives are
quite different. The expert group noted that a ranking of the objectives of different models
would be useful in trying to assess their applicability. These rankings depend more on model
objectives than on model temporal or spatial scales. For example, nutrient balance is not only
important for crop productivity at the field level, but also for assessing food security at the
national level.
The current status of software for remote sensing and integrated packages is still not focused on
agrometeorological applications. It is often necessary to learn and use numerous packages or
develop specific applications to provide adequate agricultural analysis, especially for integrated
packages. There are numerous viewers for display of raster data and an increasing number of
tools for analysis of georeferenced digital data sets. Few commercial software packages are
solely directed toward crop mode ling, and there is little integration of crop modeling parameters
in existing software. Freeware is improving, but is limited to specific data formats and has
limited technical support. Commercial software is still too general and is considered primarily as
a developmental tool. Furthermore, commercial software packages are often too expensive, but
they provide the best technical support and continuous updates. Raster viewing packages are
becoming more readily available, but they often require specific hardware and software
components. Software packages developed in universities, either freeware or commercial,
provide the best opportunity for training and capacity building instructions.

Available Software Packages for Agroclimatic Data Management
A listing of some of the different software packages for data management that were discussed or
reviewed in this meeting is presented. This list is by no means complete, nor does it represent an
endorsement of any freeware or commercial software. The purpose of this list is to provide an
informative listing of currently available software which may serve as a basis for additional
inquiry as needed. While there may be some overlap, the listing is presented by the following
categories: climate; crop and soils; and remote sensing and integrated packages. Some
indication of the use of the software is also presented (COTS refers to "Commercial-Off-The
Shelf' software).

IX

A. Climate
1. Programming Languages:
• C, C++, Visual Basic (COTS)
- Data processing
Data import/export
Data quality control
Mode ling (crop stage, PET, soil moisture)
• SAS (Subscription, Expensive)
Statistical analysis
Geographic display
Mode ling
Data base management/development
• ORACLE, SAS (Subscription, Expensive)
Data storage
Data base management system
Data analysis
• LOTUS 1-2-3 I MS EXCEL (COTS)
Data time series plots
Regression analysis
Geographic display
Spreadsheet analysis
• MS ACCESS (COTS)
Application data interfacing
Link to spreadsheets
• FREELANCE GRAPHICS (COTS)
Briefing charts
Automated display updates (linked with LOTUS 1-2-3)
Graphics
• ARCVIEW 3.2 I SPATIAL ANALYST I IMAGE ANALYST(Expensive)
Create maps
Geographic information system (GIS) map overlay
Data analysis
• CORELDRA W 9 (COTS)
Create and edit map graphics
Input and edit postscript graphics
• PAINTSHOP PRO I LVIEW (COTS)
Satellite image editor
• ADOBE ACROBAT (COTS)
Internet document dissemination
• FRONTPAGE EXPRESS I DREAMWEAVER (COTS)
Create web pages
2. Data Management Software Development
• Australian Rainman (Subscription)
Seasonal rainfall forecasting information
X

Continuous climate records through "patched point" data interpolation
• Colchique (Meteo-France)
Software developed for access to automated data networks
Fee-based external users via personal computer
• UCAN-Unified Climate Access Network (US Regional Climate Center Consortium)
Internet-based system
Data query and retrieval system for access to diverse climate data sets
Plans for a national distribution network for climate products via the Internet
• FAOCLIM2 (FAO)
Worldwide monthly and time-series climatic database for about 25,000 stations
Software for selection of stations and extraction of data
Software for selection of stations and visualization of data

B. Crop and Soils
I. Crop
• WOFOST (Wageningen University)
Limited data required
International crop simulation model
All key nutrients represented
• CENTURY (Colorado State University)
Limited data required
Considers changes in soil properties over time
• ALES (Rossitter)
Limited data required
Automated land evaluation system
Suitable assessments ofland for different purposes
• DSSAT (University of Florida, University of Hawaii)
Comprehensive data required
Widely used for a nominal fee
Recognized training tool and supports several crops
N-balance only included in terms of nutrients
• STICS (France-INRA)
Multidisciplinary model built with increasing levels of complexity
Multiple crops
• GOSSYM (USDA)
Comprehensive data required
Single commodity with high management complexity
• FAOMET(FAO)
Agrometeorological crop forecasting tool
• FAOINDEX(FAO)
Crop specific water requirements satisfaction index (for 10 crops)
• ECOCROP (FAO)
Identifies crop environmental response to key climate and soil requirements
2. Soils
• EPIC (Texas A&M)
XI

•
•

•

Comprehensive data required
Soil erosion
STATSGO
derived soil root zone available water holding capacity
SOTER (Wageningen University)
Global and National Soils and Tenain Digital Database
Linked to a relational database management system
Used with any commercially available GIS software
WO CAT (University of Berne, Switzerland)
World Overview of Conservation Approaches and Technologies
Database management system for storage and use of soil and water conservation

C. Remotely Sensed/Integrated Packages
• WinDisp (FAO)
display and analysis of satellite imagery
DOS and Windows versions
• Addapix (FAO)
pixel-by-pixel classification software (DOS version)
university developed
• Multispec (Purdue University)
Windows classification software
university developed
• LARS (U.S. Geological Survey)
UNIX shareware
• ArcView/Arc!tifo (COTS)
Create maps
Geographic information system (GIS) map overlay
Data analysis
• GRASS
Geographic information system (GIS)
Data analysis
• PC!
tailor made, first set-aside agricultural mode ling package
• ERDAS
Robust
• IDRISI
manual very good
• ENVI
from research community
• ERMapper
• EPIC- Texas A&M, freeware
Erosion/crop model
Multiple crops
• DSSAT (University of Florida, University of Hawaii)
Multiple crops
Relatively low cost
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•
•

CropSyst (Washington State University)
Freeware
CropWat (FAO)

Identify Shortcomings and Limitations in Utilization of Current Software and
Provide Recommendations for Future Developments
A number of limitations to the various data management techniques used for both research and
operational applications were recognized.

Shortcomings for Climatic Data Management
Specific shortcomings in the use of software include the following:
•
•
•
•
•
•
•
•
•
•
•

Inadequate data exchange standards;
Diverse and incomplete quality control standards;
Lack of data continuity over long time periods;
Inaccessible or difficult to access data sets;
Poor communication between different systems;
Cost of systems and data;
Insufficient or absence of metadata;
Sparse station coverage in agricultural areas;
Lack oflong-term commitments to sustaining station networks;
Widely diverse levels of expertise; and,
A lack of full commitment to exchange necessary data sets at regional, national and
international levels.

Shortcomings for Crop and Soils Data Management
With respect to crops and soils, shortcomings and limitations include the following:
•
•
•
•

•
•
•
•
•

Insufficient treatment of the nutrient balance in some of the key models;
Crop models are not environmentally sensitive to such factors as salinization or excess
nutrients that affect sustainability;
Pests, including insects, weeds and pathogens, are not generally addressed;
Hourly step models representing key factors are not readily available (key factors include
rainfall intensity and temperature response that strongly affect runoff and growth,
respectively);
Spatial variability is not well addressed in models that assume homogeneity in the microenvironment;
Mixed cropping models are not commonly available;
Global change response is limited mainly to climatological models, rather than crop growth
models;
Spatial components for these models are often missing;
Soils data sets lack a shared structure or standardization;
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•
•
•
•
•

Databases tend to offer more information about chemical (fertility) properties than soil
physical properties;
While pH data are available, there is a need for better pedon transfer functions;
High resolution (field scale) digital soils data are often not available;
Soil observations (pedon descriptions) are not utilized to estimate soil biota; and,
Many soil attributes and properties are under utilized by crop growth models.

The expert group meeting recognized that despite the existence of crop models since 1980s, their
operational applications have not progressed as expected.

Shortcomings for Remote Sensing and Integrated Modeling Packages
Shortcomings and limitations in the use of current software for remote sensing and integrated
modeling packages include:
•

•

•
•
•
•

•
•
•

Most modelers viewed models as research tools to provide answers to "what if' type
questions while others expected the models to provide answers to real-life strategic and
tactical tasks;
Most model development activity tended to focus on research applications and ignored
technology transfer, hence, modelers did not establish good contacts with end users that
could have facilitated model applications at the field level;
Majority of the crop models are data intensive and the needed climate/crop/soil data are often
not readily available, especially in the developing countries;
While the modelers' data needs are often quite rigid and they expect the data to come from a
single source, in reality data sources and formats are quite variable across countries;
The problem is further complicated by the fact that climate, soil and crop data are not often
collected or available from the same location;
For most of the public-domain software, user support is often limited; lack of training
material and opportunities in remote sensing and modeling applications, especially in the
developing countries;
A good majority of the current software packages that facilitate spatial analysis are not
equipped to perform adequate temporal analysis;
Most process-based models are quite complex and perplex the end users unless they are
skilled in the use of the models; and,
In developing countries there is a growing "digital divide" between senior managers and their
younger work force.

Recommendations
Due to these limitations and shortcomings, the working group recommends the following:
•

•

More A WS weather stations are needed in order to provide coverage and support for risk
management, crop assessment, crop productivity, fire and rangeland management, and
natural resource conservation;
There is a need for long-term support and commitment (funding, capacity) to sustain reliable
station networks;
xiv

•
•
•
•
•

•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

•

•

•

Systems should be developed to facilitate data sharing/exchange;
Continuous data records must be established using standardized methodologies (such as the
Patched Point Dataset in Australia);
Information delivery systems should be Internet based (Internet Data Distribution, IDD);
Systems should be modular, scalable (able to grow, expandable), open-architecture (run on
many different hardware and operating systems) and open-sourced;
Systems need to be developed with user requirements in mind (both research and operational
applications) and should allow rapid response to user requests for specified information.
These information needs vary by request and by user;
Systems should have the capability to handle ad hoc requests from remote users;
Systems should have the capability to link with other data providers to ensure that the
appropriate information is accessible in a timely and usable format;
Metadata information needs to be developed and should conform to ISO standards;
All data should be georeferenced and time-stamped for effective integration into GIS
software systems;
Member nations should make available basic geopolitical data sets on the interne!. WMO
should maintain a web-site with links to these data sets;
Develop a website with pointers to relevant decision-support software, data and development
tools with the capacity for online demonstration of its ability;
WMO should develop guidelines for the preparation of agro-climatic bulletins;
There is a need to develop "classical" case studies that motivate applications and exemplify
usefulness;
Soil data management systems should be harmonized and integrated, similar to Soils and
Terrain Digital Database (SOTER);
National systems need to be identified as sources of information;
Since some models and databases are scale independent, an understanding of "data loss"
from one scale to another must be acknowledged explicitly;
Systems need to be developed that simulates the temporal dynamics of soils (EPIC provides
an approach to erosion but is limited in terms of requirements);
Time trend analyses are needed for land use databases;
Efforts must be made to fill the gap between research and operational applications tlrrough
adoption of appropriate methods and tools;
Two types of interfaces should be built, one between crop modelers and data providers and
the other between modelers and users, to facilitate easy and rapid model applications in
decision making;
1'lational meteorological and hydrological services should be urged to share their knowledge
and tools in spatial interpolation with database managers and application developers;
Special efforts must be made to develop and disseminate uniform formats and data sheets for
recording crop and soils information in a format that is compatible for use with crop models
and remote sensing applications; and,
Options for model users need to be further simplified and streamlined to facilitate their wider
use by the user community.

XV

Formulate Guidelines for Improved Management of Databases in Support of
Agroclimatic Applications Specifically To Assist Training and Capacity Building
Guidelines should be developed to provide a step by step methodology in a generic format for
training and capacity building. These guidelines should be in a modular structure to allow
sufficient flexibility in a training program to focus on the specific objectives. Recommendations
for software development and management should consider the following features:
•
•
•
•

•
•
•

•
•

•
•

•

•

•

Availability of industry standard or open-source software acceptable for a wide variety of
agroclimatic applications, ranging from field research to large scale operational applications;
Data sets must have a minimum metadata base, standard format, standard quality control
procedures and adequate continuity of records;
Procedures to train personnel to recognize inconsistencies of data and the ability to establish
appropriate patch-point methods to maintain continuity;
Software must be compatible with both temporal and spatial data sets to allow for the
integration of point source data with georeferenced digital data sets, mode ling technology
and remotely sensed data;
New technology in telecommunications should be utilized to bridge the gap between
automated data collection systems and web-based information systems;
GIS metadata are required for appropriate coordinate systems, projections etc.;
A library of useful applications, case studies, risk analyses and other studies based on
archival records must be developed to support crop model applications. This will stimulate
the collection, support, maintenance and dissemination of databases;
In order to make workshops and training seminars more effective for operational
applications, an infrastructure for follow-up after the training is needed;
Establish a "listserve" or other virtual community (The International Soil Reference and
Information Centre, ISRIC, Netherlands will develop a website to serve as a "portal for soil
information," including metadata information on existing soil databases worldwide);
Improved data exchange will be fostered by the continued development of geographic
frameworks and adoption of standards;
Cooperation among existing training centers, virtual communities, and international
development organizations must be explored to maintain and expand the current capabilities
of the agroclimatic community;
Guidelines need to include new measures and better assessment of soil data reliability given
that more robust estimates are obviously linked to data quality and resolution (data resolution
is a continuing need previously identified);
Recommend determining indices of data reliability (quality) vs. error percentages, and,
sources of the data (ISO metadata standards). Examples of error tracking and reporting from
the agroclimatic community include the IQ index from France and the quality indices from
South Africa;
Guidelines need to emphasize explicit accounting for variability in the soils arena. A
"diversity index" (USDA Soil Survey) has been developed to characterize and report soil
variability. Similar variability measures are key and they should be associated with input to
soil and crop models. Similarly, plant variability (e.g. emergence and growth) needs to be
represented especially if this variability is a key to management under a given production
scenano;
XVI

•
•

•

•

•
•

•
•
•
•
•
•

Guidelines are needed to report by-country crop yields including sub-national trends and geospatial time trends;
An industry, international standard for agroclimatic data, particularly crop data, should be
developed. Minimum metadata, database formats and database content should be resolved,
accepted by industry, international centers and academia, and published basic agroclimatic
applications;
Technology transfer of remote sensing and crop modeling software development to users
should be improved. This entails supporting international training programs and scholarships
and support for applied research;
More development for telecommunication research which develops new applications using
web-based technologies and automated observations should be supported. These
developments will help reach more users and encourage standardization;
Published, professionally accepted standards for content, naming and format convention for
applications should be promoted;
Current measures of standardization are considered mature for meteorological data, poor for
crop data and emerging for soils data. Hence, uniform measures of standardization for
agroclimatic purposes must be established;
Spatial interpolation methods for specific applications should be recommended;
Better curricula and training programs must be encouraged;
International and regional support for training programs should be improved;
University-to-university exchange and cross-training programs should be improved;
International agroclimatic scholarship programs should be approved; and,
Software should be user-friendly, with good interaction between data, analysis and product
creation phases.

Recommended Public Domain Software Packages:
(Some software may be listed under more than one sub-heading)
Database Management Software:
- relational database management system
• PostgreSQL
relational database management system
MySQL
•
- GIS viewing and data query
• ArcExplorer
- data plotting, analysis and time series
• PCGrads
practical extraction and reporting language
• Per!
- object-oriented scripting language
• Python
- network common data form: self-describing file fotmat
• netCDF
- database management
• Linux/UNIX
- library for unit conversion
• udunits
Soils:
Soils and Terrain Digital Database
• SOTER
World Overview of Conservation Approaches and Technologies
• WOCAT
- data aggregation tool (Access)
• USDA Soil Survey

Crops:
•
•

DSSAT
CropSyst

- Decision Support Systems for Agrotechnology Transfer
- Cropping Systems Simulation Model
xvn

• STICS
• GOSSYM
• WOFOST
• EPIC
• ALES
GIS:
• Grass
• Arc View 2.x

- Multi-crop, multi -disciplinary model
Cotton simulation software
World Food Studies Crop Modeling Program
Erosion Productivity Impact Calculator
Automated Land Elevation System
- Data analysis
- Creates maps, data analysis

Georeferenced digitial data sets:
•
•
•

WinDisp
Addapix
Multispec

- display and analysis of satellite imagery, Windows, FAO
- classification software, university developed, DOS, FAO
- classification software, university developed (Purdue),Windows

Spatial image analysis software:
•
•

ArcExplorer
IDRISI

- image analysis, data query
- spatial image analysis

Integration software:
•
•
•
•
•

EPIC
DSSAT
CropSyst
CropWat
Century

- Texas A&M, freeware
-University of Hawaii consortium initially (ICASA)
-Washington State University, freeware
-FAO
- University of Colorado, widely used
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New Information Management Systems for Agriculture
Kevin Robbins
Southern Regional Climate Center, Louisiana State University
Baton Rouge, Louisiana

Abstract
WMO information systems used to deliver and manage weather and climate data have not kept
pace with the rapid developments in the information technology arena. Recent recommendations
by WMO Task Teams have addressed this problem and some of the underlying issues are
discussed within this paper. The implications that these recommendations may provide for the
agricultural climate data community are profound and should be closely monitored to ensure that
the needs of agriculture are satisfied for the foreseeable future.

Introduction
Information systems for agricultural weather and climate information require the same
infrastructure as any other modern information system. Requirements include the ability to
gather meteorological or climatological data, computers and software to manage and process the
data, and a telecommunications infrastructure to deliver the data to end users. The global
telecommunications infrastructure currently supported by the WMO (Manual on the Global
Telecommunication System 1992) was designed nearly 30 years ago and has become outdated
and difficult to maintain. It is based on dedicated, leased, lines that do not support high-speed
data transfer and is becoming increasingly expensive to maintain and operate. The data
management software used to manage climatological data (CLICOM) was introduced in 1986
(CLICOM Project 1986.) and does not fully serve the data management needs of many countries.
These systems need to be upgraded if the agricultural community intends to take full advantage
of intern et and advanced data management software that has become available worldwide.
Information system upgrades will allow for faster access to data and products and, in the long
run, will prove to be cost-effective alternatives to existing systems.

Telecommunications Systems
Current practices used to exchange data and products rely on the Global Telecommunications
System (GTS). The topology of this system requires that meteorological information be
formatted into bulletins that are relayed from one site to another along a configured
communication pathway. Thirty-two Regional Telecommunications Hubs (RTH) manage the
flow of GTS information. As the information flows from these hubs to smaller national, regional
and local centers the communication bandwidth available in the system usually diminishes. As
such, the number and type of products that can be transferred through the system are limited at
the 'downstream ends' of the communication chain and are determined by the communication
link in the pathway that has the lowest bandwidth.
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Meteorological and climatological data streams are becoming increasingly sophisticated and are
continually growing in data volume. These increases have required that 'downstream' sites
choose a subset of products that they receive in order to decrease the volume of incoming traffic.
Receipt of satellite images, radar images and other forms of graphical information impose
bandwidth constraints that preclude their inclusion in the selected subset. Sites are often limited
to receipt of simple text bulletins. Further complications arise due to the serial link topology of
the system. Failure of any component of the communication system along the serial pathway
leads to disruption of service at points downstream of the failure and require manual
reconfiguration to maintain operability.
Communication technologies are changing at an unprecedented rate. While highly developed
countries have led development of these technologies and have been their major beneficiary,
international commercial investors have installed land-line, cellular and satellite internet
connections to most major cities in the world. In fact, some WMO member nations have already
come to rely on these systems to (unofficially) exchange meteorological information in
preference to the existing GTS.
The WMO Inter-Programme Task Team on Future WMO Information Systems (World
Meteorological Organization: September 4, 2000) made a formal recommendation that these
internet technologies be investigated as a replacement for the current communication offered by
the GTS. In addition, it was recommended that newly developed systems expand upon the 'store
and forward' (push) capabilities of the GTS. Rerlacement systems should include 'push and
pull' capabilities that would allow the distribution of information via data streams (push) as well
as allow the capability for ad-hoc queries for specific information (pull). Several currently
available distribution systems were discussed by the Task Team and included the Unidata
Internet Data Distribution (IDD) (Unidata Internet Data Distribution 2001) system (push), the
Unified Climate Access Network (UCAN) (Robbins and Perot 1996) system (pull) and the
European Meteorological Information Network (EUMIN) Uniform Data Request Interface
(UNIDART) (Seib 2000) project (pull). A recent project initiative by Unidata called the
Thematic Real-time Environmental Distributed Data Services (THREDDS) (Domenico 2001)
coupled with systems like the IDD and Distributed Oceanographic Data System (DODS 2001)
provides promise of a well-supported system that could provide push/pull capabilities for worldwide data exchange over commercial or private interne! links.

Data Management Systems
The early 1980s saw development of personal computing systems that made development of
small-scale data management systems possible. In 1986, the CLICOM (CLimate COMputer)
data management system was introduced and was widely distributed to WMO Member Nations.
It included the capability to input data, provide quality control to the data, archive the data in a
relational database management system (RDBMS) and produce climatological reports using the
archived data. The system was extremely successful in selected installations and slowly matured
to its current state. However, CLICOM has reached the limit of its ability to evolve further. It is
based on a proprietary development platform and the underlying database system is outdated.
Upgrading the system to take advantage of existing teclmologies and systems would require a
complete re-development of the system.
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The WMO recognized the limits of further CLICOM development and established the CC! Task
Group on the Future WMO CDMS(s) to address the issue of developing a replacement system
for CLICOM. Several WMO Members expressed interest in offering a replacement system. It
was determined that, rather than choose or endorse a single replacement system, a set of criteria
would be developed to test these systems against standardized test suites of data and functional
system capabilities. Dnring the Summer of 2000 a test data suite was developed and a selfsurvey was written to evaluate these candidate systems. During the Fall of 2000 several WMO
Members performed the self-evaluation and a few of the Members tested their systems against
the test suite of data and test criteria. Results were analyzed by a team ofWMO evaluators in
February, 2001 and will be developed into a report that will be made available to all WMO
Member Nations. Using this report of self-evaluation and test suite results an organization
should be able to select a Climate Database Management System (CDMS) that will meet their
needs for data entry and ingest, data management and product generation.

Future Information System Trends
We are in the midst of an exciting time that offers opportunities for development of information
systems that will answer needs expressed by the climate information community. While
database management systems have evolved to handle larger datasets of diverse data types and
the Internet has provided a method to deliver data to a wider audience of users, neither of these
technologies, alone, are sufficient to satisfy the needs of all users. Database management
systems are complex and single systems often do not scale to meet the needs of small and large
data centers. Furthermore, systems based on the model of a centralized data center may not
accommodate distribution of data stored at multiple locations or the need to access products
generated at geographically distinct locations. Fortunately, software development concepts,
standards and tools are becoming available to meet these demands. A complete review of these
technologies is beyond the scope of this discussion. However, a brief overview of available
technologies may spnr discussion of ideas for future development activities.
Client-server systems provide great promise for meteorological and climatological data
generation and delivery needs. A client-server system can be thought of as:
"A network architecture in which each computer or process on the network is
either a client or a server. Servers are powerful computers or processes dedicated
to managing disk drives (file servers), printers (print servers) or network traffic
(network servers ). Clients are PCs or workstations on which users run
applications. Clients rely on servers for resources, such as files, devices and even
processing power." (Webopedia[l]l991)
Use of client-server architectures can enable formation of distributed data centers that archive
domain-specific data linked to other data centers or product generation centers that utilize this
information to produce domain-specific products. For example, agricultural models (clients)
could gather information from multiple datacenters (servers) to obtain climate, soil, remote
sensing and/or agronomic data and incorporate these data into crop yield estimates for a region.
Maintenance of these disparate data on data center servers would remain the responsibility of the
domain experts, ensuring the availability and use of higher quality input data for clients.
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Development and maintenance of this type of system can be facilitated by the use of objectoriented programming that can be defined as:
"Object-oriented programming (OOP) refers to a special type of programming that
combines data structures with functions to create re-usable software objects."
(Webopedia[2] 1991)
These objects can be used to reduce redundant code development (re-usable objects) and can
facilitate software maintenance by limiting the scope of an object to a restricted set of
capabilities. Many new languages have been recently developed that simplify coding of
software objects. These include Java (The Source for Java© Technology 2001), python (Python
Language Website 2001), and Ruby (Ruby Home Page 2001), among others.
One of the more profound recent developments is the emergence of open source programming.
Open source programming refers to:
"A certification standard issued by the Open Source Initiative (OSI,
http://www.opensource.org/) that indicates that the source code of a computer
program is made available free of charge to the general public. The rationale for
this movement is that a larger group of programmers not concerned with
proprietary ownership or financial gain will produce a more useful and bug-free
product for everyone to use. The concept relies on peer review to find and
eliminate bugs in the program code, a process which commercially developed and
packaged programs do not utilize. Programmers on the Internet read, redistribute
and modify the source code, forcing an expedient evolution of the product. The
process of eliminating bugs and improving the software happens at a much quicker
rate than through the traditional development channels of commercial software as
the information is shared throughout the open source community and does not
originate and channel through a corporation's research and development cogs."
(Webopedia[3]1991)
A notable example of the success of open source software development is the creation of the
linux (The Linux Home Page 2001) operating system developed under the GNU General Public
License (The Gnu Project 2001). The open source development model holds promise for the
development of information systems that will answer the specific needs of the meteorological,
climatological and agricultural communities.

Conclusion and Recommendations
Systems to manage and distribute weather and climate information among WMO Members will
undergo significant changes in the near future. Systems that have been in place for 20-30 years
have become outdated, no longer fulfill the needs ofWMO Members and are difficult and
expensive to maintain. New systems are being considered that will improve the current
information system deficiencies but will offer challenges during the transition from the old
systems to the new. Members that are interested in these advanced information systems should
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monitor the progress of these WMO activities to ensure that their long-term data management
and information delivery needs are considered and met.
New technologies have recently become available that can provide tremendous power to manage
and deliver information throughout the world. Flexible RDBMS coupled with Internet content
delivery and object-oriented programming principles have the potential to revolutionize future
systems. Collaborative development of information systems, based on open source development
models, should be encouraged and supported by WMO Members that have a stake in world-wide
climate information systems.
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Abstract
Ready access to agrometeorological data sets will be of benefit to anyone interested in
undertaking quantitative analyses for climatic risk management in agriculture, pastoralism, water
resources and natural resources management. Using continuous historical climate sequences
with biophysical simulations, research scientists can generate probability distributions of key
outputs such as crop yields, water use or soil loss over the last 50 - 100 years. Such systems can
perform hind-cast evaluations of the economic and environmental impacts of various
management techniques, including the use of seasonal climate forecasts.
A national climate database consisting of continuous daily climate records at point locations and
sets of interpolated daily data has been constructed using observational data collected by the
Australian Bureau of Meteorology. The point records were developed for stations with long
records of observational data. At each location, the available data were used as a base to
construct a complete and continuous daily climate record with missing data replaced with
estimates from the interpolated data sets. The observational data are stored in an Ingres®
database. The interpolated data sets are stored in a proprietary file format designed to facilitate
high speed data transfer on both scalar and vector architectures. A suite of Unix scripts has been
constructed to allow internal access to the data by directly accessing the database tables and
interpolated rasters.
External clients can access the data via a Web interface. Users can browse the database
resources, select either interpolated or point-based data and then initiate data transfer. The
requested data are returned via email, which overcomes the security constraints imposed by a
firewall. An individual mirror of the data set can also be installed and maintained on a client's
remote site to service the needs of users with large data requirements.
Deficiencies in the current methods for accessing and manipulating the data are discussed and
possible solutions are presented.

Introduction
A complete and accurate source of climate data is a prerequisite for the efficient modeling of a
wide variety of environmental processes. While the nature of the individual model may vary,
most models have the fundamental requirement of a data set that is complete on a temporal
and/or spatial basis. To date this problem has restricted research efforts because observational
records are typically incomplete, making it difficult to obtain a continuous climate record. In
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particular, such data may: ( 1) be recorded for discrete periods that do not span the entire time
period of interest; (2) contain short, intermittent periods where data have not been recorded and
(3) contain systematic or random errors.
To construct continuous climate records from observational data, one must develop automated
algorithms to estimate missing data values. Procedures for estimating missing values are well
documented (see, for example, Creutin and Obled 1982) and usually consist of some form of
spatial interpolation, whether it be in an explicit form or embedded within complex algorithms
such as weather generators or artificial neural networks.
While the aforementioned points focus on the incomplete temporal aspects of observational data,
another inherent problem is the spatial distribution of recording stations. The density of stations
in observational networks is of particular interest to those who use models which require point
data. In many applications, the success or at least accuracy of point simulations can be critically
dependent upon the availability of observational data within an acceptable distance of the
location under investigation. Ideally, the nearest recording station would be situated such that its
climatology was identical to that of the location of interest. However, due to the sparsity of
observational networks, the distance to the nearest station can be of the order of hundreds of
kilometres. As a result, the only available data may not be representative of the climatology at
the desired location.
The fact that observational data are spatially incomplete can usually be overcome by
interpolation of the available data. While the accuracy of such techniques is dependent upon a
number of factors such as local topography and station density, interpolated data may he more
representative of the climatology at the target location than that of the nearest recording station.
While spatial interpolation techniques may be used to overcome the problems associated with
incomplete spatial and temporal data sets, it is clearly undesirable that individual researchers
should have to expend considerable resources to develop their own databases. This problem
could be overcome through the development of a single unified archive of quality climate data,
that is publicly accessible.
This paper describes the construction and delivery of a climate database that was developed to
specifically address the aforementioned issues regarding spatially and temporally incomplete
data sets.

Observational Data
The Australian Bureau of Meteorology maintains a network of climate recording stations which
report data using a variety of communication channels. All observational data are stored in the
Australian Data Archive of Meteorology (ADAM), a relational database maintained by the
Bureau of Meteorology. The database is interfaced to an FTP server to allow external clients,
such as the Queensland Centre for Climate Applications (QCCA), to access the most recent data.
As observational records change through the addition of new data and error checking of existing
data, the updated files are made available on the server. An automated file processing system
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operated by QCCA detects the presence of new and updated files on the Bureau's server. These
files are automatically downloaded, processed and stored in the QCCA database.

Interpolated Data Sets
Interpolated data sets have been computed for climate variables by spatial interpolation of
ground-based observational data. All interpolated data sets were computed on a regular 0.05°
grid extending from latitude 10° S to 44° S, and longitude 112° E to 154° E.
All climate variables other than rainfall were interpolated using a trivariate thin plate smoothing
1
spline (Wahba and Wendelberger 1980) with latitude, longitude and elevation as independent
variables. Elevation was expressed in kilometres to minimize the validated root mean square
interpolation error (Hutchinson 1995). Latitude and longitude were in units of degrees. All
interpolated data sets were fitted by minimizing the Generalized Cross Validation (GCV) error
(Wahba 1990) with the constraint of first order smoothness imposed.
Monthly rainfall was interpolated by utilizing the well knowu fact that an appropriately chosen
power of observed rainfall has a distribution that is approximately normal (Hutchinson et al.
1993). The mean and variance defining the distribution associated with a given station were
computed by raising the relevant observational data to the power 0.5. Given the normalization
parameters for each station, monthly rainfall was interpolated by first reducing the observed
rainfall to a normalized anomaly. The anomaly data were then kriged (Matheron 1971) and the
normalization procedure reversed to yield interpolated monthly rainfall. It should be noted that
in order to effect the reverse transformation, one requires normalization parameters at each grid
cell. These were computed by spatial interpolation of the point parameters using a trivariate
smoothing spline with latitude, longitude and elevation as independent variables.
To minimize the effect of erroneous daily data, daily rainfall interpolated data sets were derived
from interpolated monthly data sets by partitioning the monthly total onto individual days. In
order to do this, one must determine the proportion of monthly total rainfall that was recorded on
individual days throughout the month. The daily distribution was estimated by interpolating the
daily rainfall for each day in the month, thus generating an estimate of the daily distribution of
rainfall for each grid cell. The interpolated total monthly rainfall was then partitioned onto
individual days in accordance with the computed distribution.;
To aid in the identification and removal of erroneous data, all interpolated data sets were
constructed using a two-pass interpolation scheme. Observed data were interpolated in a first
pass and residuals computed for all data points. The residual is the difference between the
observed and interpolated values. Data points with high residuals may be indicative of erroneous
data and were excluded from a subsequent interpolation which generated the final interpolated
data set. Data were rejected if the residual exceeded a fixed threshold.

1

Elevation was not used in the interpolation of mean sea level pressure or radiation.
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Derivation of Radiation Data Sets
Daily solar radiation is used as an input to the models. Unfortunately it is measured at only a
handful of stations around Australia. A typical day (January 20 1972) had 21 radiation
measurements, 103 sunshine duration measurements and 588 measurements of cloud oktas over
the whole of Australia.
A model estimates a location's radiation from its latitude and the time of year. This estimate is
then modified to take into account measured sunshine hours or cloud cover expressed in oktas.
Almost all correlations between modeled radiation and ground based observations have r2 values
above 0.85. These data are then interpolated using the thin plate interpolations as above.

Patched Point Data Sets
Continuous daily time-step records were developed at stations which had long periods of
observational data. At each location, the available data were used as a base to construct a
complete and continuous daily climate record. Where observed data were unavailable, the
interpolated data sets were used to provide estimates. For the remainder of the paper we shall
refer to the procedure of supplementing observed data with spatially interpolated data as
patching. The continuous data records constructed in this manner will be referred to as patched
point data sets.
The patched point data sets arc revised and updated on a daily basis because the archive of
observational data changes daily through: (1) the incorporation of new daily data for the
previous day; and (2) modification of existing data through error checking or the addition of new
data values. For both new daily data and modified existing data, the patching procedure is
essentially the same: interpolation algorithms are used to compute interpolated data sets, and
those locations (without observational data) requiring interpolated values are identified.
Interpolated estimates are extracted from the interpolated data sets and then used in conjunction
with the observational data to update or modify the patched point data sets.
Data "flags" have been used in the patched point data sets to enable the user to identify the data
source. The flag indicates if the data have been drawn from actual observation, spatial
interpolation, or taken from long-term mean data sets. The latter arises if a user requests data for
a period in which there are no observed data available. In the absence of observational data,
interpolated values cannot be computed and consequently, mean daily values are supplied. The
composition of a typical patched point data set is shown in Figure 1.
Patched point data sets have been constructed for approximately 4,600 locations across Australia
(Figure 2). At these locations, continuous daily time step records are available for rainfall,
maximum and minimum temperature, class A pan evaporation, solar radiation and vapor
pressure. Both the interpolated and point data sets are available from January 1, 1889. One
should note, however, that although all rainfall data sets commence in 1889, mean daily values
are provided for the climate variables other than rainfall for dates prior to 1957. The contents of
the database are summarized in Table I.
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Figure 1. Composition of a typical patched data set. Abbreviations are as follows:
ohs = observed, Interp = daily interpolation, LT mean= long term daily mean.

Figure 2. Location of stations with patched point data sets for climate variables.
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Variable

Starting Year

Patched

Interpolated

Daily Rainfall

1889

yes

Yes

Maximum Temperature

1957

yes

Yes

Minimum Temperature

1957

yes

Yes

Class A Pan Evaporation

1970

yes

Yes

Mean Sea Level Pressure

1957

no

Yes

Relative Humidity

1957

no

Yes

Solar Radiation

1957

yes

Yes

Vapor Pressure

1957

yes

Yes

Vapor Pressure Deficit

1957

no

Yes

Table 1: Summary of data currently available in the QCCA database.

Data Storage
The observational data are stored in several tables in an Ingres® database. Tables have been
allocated to climate variables primarily on the basis of the observational interval. For example,
there are distinct tables for hourly and daily climate data. The tables were designed in this
manner as it affords a logical separation of the data, thereby reducing the size of the tables to be
manipulated; and allows the database tables to be efficiently updated as they correspond
(loosely) with the input file formats extracted from the Bureau's FTP server. As noted earlier,
QCCA operates an automated system that downloads new and updated files from the Bureau's
server on a daily basis. These files are ingested into the database each day, processed and
subsequently used to update the relevant tables.
Observational data are commonly accessed on a date or station basis. In other words, one may
seek all available data for a given date (forming a spatial data set), or all available data from a
given station (forming a temporal data set). Station and date keys are maintained to facilitate
rapid data extraction by either station or date.
Interpolated data sets are stored in a binary format developed by QCCA. Each raster contains a
header block which stores information such as the raster domain, resolution, geographic
projection and data type. The raster data are stored in blocks to allow random access to the
desired block without reading all preceding blocks. The data within each block are compressed
using a simple run-length encoding scheme.
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Data Access
Internal

Internal users access the observational and patched point data via a suite of Unix scripts and
compiled programs. These codes contain embedded SQL commands that directly access the
database tables.
A library of FORTRAN and C functions perform all operations necessary for the creation and
manipulation of rasters. A set of compiled codes which utilize the aforementioned library is used
for the routine manipulation of raster data. Users who wish to create or modify rasters, import
raster data or perform non-standard raster operations can easily do so by calling the appropriate
library functions in their source code.
External
External users can access the interpolated and patched point data sets via the Internet. A webbased facility, http://www.dnr.qld.gov.au/silo, has been constructed to allow users to obtain a
complete time series of either interpolated or patched point data at any desired location. If the
location of interest is within an acceptable distance of a recording station, the user may decide to
utilize the patched point data. Using patched point data is attractive in that at least some
proportion of the data set consists of observed values. The exact proportion of observed and
interpolated values is dependent upon the quality and availability of observed data at each
station.
If there are no stations with patched data sets near the location of interest, the interpolated data
set may be more appropriate. In this case the user specifies a location and a time series of data is
extracted from the interpolated data sets. As noted earlier, the interpolated data sets are stored on
a regular 0.05° grid. Consequently, the data extracted will be for the grid cell containing the
location specified.
Having selected the desired data set and time period of interest, the data request is initiated by a
web generated e-mail message. A server located behind the QCCA firewall receives theemailed data request, extracts the relevant data and e-mails the results back to the client. This
procedure is necessary to overcome security constraints imposed by firewalls.

Remote Mirrors
Extracting large volumes of data via the web interface is not practical for external clients who
have large data requirements. To service the needs of such users, a system was devised which
would allow a complete mirror of the patched point data sets to be maintained on a client's
remote host without unnecessary network traffic. The mirror system is Unix- based and consists
of a web interface and a set of Unix scripts for extracting data from the local files. A base data
file is supplied when the mirror is created and update files are automaticall)'aowiiloaded daily
via FTP.
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Discussion
An archive of climate data has been described which addresses many of the problems associated
with the incomplete nature of observational data sets. Various tools have been constructed to
facilitate both internal and external access which are expected to greatly facilitate the data
requirements of those involved in agricultural modeling and simulation. However, the data
format and extraction tools currently available are unsuitable for many purposes. In this section
we will examine these points and propose possible solutions.
The interpolated raster format was designed to facilitate data compression while sustaining high
speed input/output on various machine architectures. In this regard the design has been very
successful and indeed, the format has undergone very little change since its inception almost a
decade ago. However, the use of a proprietary format makes it difficult to import the rasters
directly into many commercial software packages, such as GIS products. Furthermore, the raster
data cannot be read directly by external organizations.
Formatting problems have been somewhat overcome by the development of ad hoc tools which
convert the rasters into other formats such as ERDASO Imagine, generic binary, etc. This
approach essentiaiiy circumvents the problem but is both inconvenient and inefficient. An
appealing solution is to store raster data in a standard format that supports compression, is widely
used and can be read rapidly on various platforms. In addition, one also requires a standard
toolkit for manipulating the rasters. The popular HDF and NetCDF formats are currently being
investigated.
Observed and patched point data can be extracted from the database using either Unix scripts or
the web interface. In either case the data sets are presented in ASCII format. In many situations
further manipulation may be required to extract the desired information. Ail such processing is
currently undertaken using Unix data manipulation tools such as "awk," "sed," "grep," etc.
While these tools are fast, extremely powerful and can handle large data files, they require
significant Unix programming skills on behalf of the user. Clearly this is undesirable as not ail
users may have the necessary expertise. The amount of data manipulation required could be
reduced or eliminated by refining the sequence of commands used to extract the data from the
database. In most cases this would require the user to have a reasonable !mowledge of SQL
commands and also the database construction, i.e. users would need a solid understanding of the
contents of ail relevant database tables. It is unreasonable that individual users should require
knowledge of the database tables and SQL syntax in order to extract data. A possible alternative
is the development of an interpreter that constructs SQL commands, given a user specified data
request. An interface or syntax could be developed that would enable users to specify the
required data and any constraints. The interpreter would read the user input, construct and
submit the SQL command and return the data to the user.

Conclusions
An archive of Australian climate data has been assembled to provide researchers with a
comprehensive archive of quality climate data that is readily accessible. High-resolution
interpolated data sets were generated by spatial interpolation of observed daily data. Patched
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point data sets were constructed at a set of point locations using observational data,
supplemented by interpolated estimates where observed data were missing.
A data access system has been constructed to provide both internal and external clients with a
selection of tools for extracting and manipulating the desired data. These tools include
FORTRAN and C programming interfaces, Unix command line utilities and a graphical webbased interface. A Unix file mirror system has also been developed so that one can deploy and
maintain an exact copy of the patched point data sets on a remote site.
The data type and time period supported by the database has been summarised in Table 1, and
the locations of the recording stations with patched point data sets are shown in Figure 2. While
the database currently contains data relevant only to Australia, the method used in its
construction and delivery could be readily adapted to other countries.
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Abstract
The Joint Agricultural Weather Facility (JAWF) is operated by agencies within the United States
Departments of Agriculture and Commerce. JAWF's primary mission is to monitor global
weather and determine its potential impacts on agriculture. JAWF meteorologists rely heavily
on weather and climate data from over 15,000 stations from international and U.S. sources.
Consequently, one of JAWF's most critical tasks is to process large volumes of data in an
efficient and timely manner, and to generate products and agricultural assessments that are
meaningful to the user community. For over two decades, JAWF has developed techniques for
the acquisition, processing and archival of these data, creating a blend of "existing" and "newlydeveloped" methods and products used in agrometeorological data management and analysis. A
new database management system (DBMS) is currently under development that will be driven
by Oracle® software. Once fully implemented, the DBMS will replicate and improve upon the
capabilities of the existing operational system, while effectively handling larger volumes of
available information. In addition, the new DBMS allows full integration of data into other
Windows-based packages such as Microsoft® Excel and Arc View® GIS. Products are currently
being developed using Geographical Information System (GIS) techniques at JAWF. These
combined technologies will provide the agricultural meteorologists with additional tools to
produce crop-weather assessments and enhance analytical techniques.

Introduction
The JAWF is operated by the World Agricultural Outlook Board (WAOB) of the U.S.
Department of Agriculture's Office of the Chief Economist and the Climate Prediction Center
(CPC) of the U.S. Department of Commerce's National Weather Service (NWS). Created in
1978 as an operational unit, JAWF consists of a team ofNWS operational meteorologists and
W AOB agricultural meteorologists that monitor global weather conditions and prepare real-time
agricultural assessments (Puterbaugh, et al. 1997; Motha and Heddinghaus 1986). These
assessments keep USDA commodity analysts, the Chief Economist, and the Secretary of
Agriculture and top staff well informed of worldwide weather-related developments and their
effects on crops and livestock. When integrated with economic analyses and information, these
routine and special crop-weather assessments provide critical information to decision-makers
formulating crop production forecasts and trade policy.
JAWF's assessments are the final product of a series of steps that include: 1) meteorological
data acquisition and management, 2) data processing, 3) data analysis and 4) product and
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information dissemination. Although JAWF's overall approach to crop-weather monitoring and
assessment has not changed over the years, advances in computer technology and software have
created a blend of "existing" and "newly-developed" methods and products in
agrometeorological data management and analysis. This paper describes the various weather
data management and software applications used by JAWF to arrive at meaningful crop-weather
assessments.

Meteorological Data Acquisition
One of JAWF's primary responsibilities is to monitor global weather and to determine the
impact of cumulative weather conditions on crop development. Consequently, timely, highquality weather and climate data are the backbone of JAWF's analytical process. Most
meteorological data used in JAWF's operational work are obtained from the NWS, which
initially receives these data from the Global Observing System (GOS) and networks established
within the United States.
The GOS, a worldwide network of over 7,000 meteorological reporting stations for surface and
upper air data, is managed by the World Meteorological Organization (WMO). Figure I shows
locations of those global stations that are used by JAWF in worldwide weather monitoring and
assessments. The NWS receives these data through the Global Telecommunications System
(GTS) and redistributes these data domestically through a NOAAPORT broadcast system.
In the United States, over 8,000 stations supported by the NWS gather meteorological data
(Figure 2). These stations include NWS field offices, cooperative observer stations (COOP), and
the Automated Surface Observing System (ASOS). In a process similar to that used by the GTS,
data recorded by stations are transmitted to regional offices, which relay these data to the NWS
data center in Silver Spring, Maryland. Currently, JAWF receives global and domestic weather
data primarily through a high speed telecommunications (T -1) line connected to the National
Center for Environmental Prediction (NCEP) (Figure 3). The GOS data received at NCEP are
decoded and summarized in a 24-hour data file that is sent to JAWF daily. For each global
reporting station, this daily data file contains station identifier information along with a value of
maximum temperature, minimum temperature, total precipitation, 3-hourly weather codes, and
snow cover. Files containing COOP data for individual parameters are also sent to JAWF each
day.
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Figure 1. Global monitoring stations.

Figure 2. United States monitoring stations.
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Figure 3. Transport of domestic meteorological data to NCEP and K.C. Server.
Figure 3 depicts a new method under development at JAWF, whereby meteorological data are
directly acquired through NOAAPORT. In 1998, a satellite receiving dish and server were
installed in Kansas City to receive NOAAPORT data. These data are automatically distributed
to a server located at the main JAWF headquarters in Washington D.C., giving JAWF the
capability to receive global and domestic surface data, upper air data, satellite images, and
numerical model data. JAWF is currently developing a method to decode and process these data
for inclusion in the operational database. Furthermore, domestic data can be viewed on JAWF's
Advanced Weather Interactive Processing System (AWIPS). A description of the USDA
A WIPS system was provided by Rippey et al. (2000).
JAWF also maintains a historical database, consisting of monthly historical data obtained from
the National Climatic Data Center (NCDC) and CPC. This database is often used by JAWF
agricultural meteorologists in climate studies and analog year comparisons.

Data Processing and Management
Meteorological data at JAWF are made accessible to agricultural meteorologists through an
internally developed data management system that links personal computers (PCs) through a
Local Area Network (LAN). This system is the result of many years of development, and,
whenever possible, takes advantage of the newest technological innovations.
History
During the 1980s, operational weather data and products were mostly obtained by courier from
NCEP on computer tapes that contained daily data for over 7000 stations reporting through the
GOS. These data were processed and stored at JAWF on a Wang mini-computer system.
In the early 1990s, a system was introduced by which data were downloaded to a PC through a
dedicated phone line and copied onto a floppy disk. Programs were written in Basic and C to
process the data and merge it into the main database. Initially, in-house data processing was
slow, taking nearly 3 hours to run on a then state-of-the-art IBM compatible 286 PC. In
addition, daily data were ingested at a rate of about 500,000 kilobytes (KB), or 0.5 Megabytes
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(MB), per day, requiring an efficient method of external archival. As processing speeds and
storage space of the PC increased, so did JAWF's ability to process and store meteorological
data. In addition, PC-based software such as C/C++, Lotus@ 123, Lotus Freelance and SAS@
allowed JAWF analysts to view data and create products directly from their desks or work areas.
Data could now be processed into agriculturally important geographic regions chosen for daily
weather monitoring. However, since these programs and software packages used to process and
analyze data often required different formats for the same data, multiple files had to be created,
each with its own unique format. Daily normals were generated from the standard 30-year
monthly normals, using an algorithm developed by Epstein ( 1991 ). Also, data for more than 350
subregions were archived for the purpose of crop-specific, historical weather comparisons under
the current archival system. Both daily and weekly averaged time series were saved, as were
station library and other operational files, necessitating the maintenance of nearly 800 files for
these applications alone.
By the end of the 1990s, file maintenance and overhead became difficult to manage. Although
newer computer hardware and the introduction of LAN technology made processing and
dissemination easier, no formalized DBMS had been purchased or developed. Consequently, the
agricultural weather database was a combination of raw and processed ASCII (i.e. *.txt) data
files formatted to meet specific user needs. In addition, the processing programs, originally
developed in Microsoft DOS, were not fully compatible in a Microsoft Windows environment.

The New Oracle® Database
A more efficient agricullural weather DBMS is being developed using Oracle@, a high-ended
software package capable of maintaining an extensive database. However, specific hardware
requirements were necessary for JAWF's data needs. They are:
•
•
•

A high-end server capable of containing multiple physical drives with expansion
flexibility;
Linkages between these drives to form individual disk arrays for the operating system
and DBMS; and
Creation of a recovery system in the event of a disk failure.

To provide effective management of the database, a middle tier architecture was instituted.
Middle tier architectures typically consist of three components:
•
•
•

Database server;
Administration server; and
Client.

The database server consists of the hardware (as mentioned above) and database software. The
administration server is the communications link between the client and the database. Oracle@
uses Oracle Management Server (OMS) software to handle the administration of the database.
The OMS acts like a queue for requests to the database. The hardware for the OMS consists of a
computer with over 100MB of RAM and a lOOMHz or more processor. Also, the OMSrequires
server side software (i.e. Microsoft NT) as the operating system. The client is generally any
computer running applications that query the database. Depending on the scope of data
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acquisition and dissemination, more middle tier servers can be added, including a web server to'
disseminate data directly over the interne!.
The software for the new applications is written in C/C++ and integrated into the Microsoft
Windows environment through the use of the Microsoft Foundation Classes. Data can be quality
controlled through analysis and, by integrating Oracle @with application software such as
Arc View and Excel, data can be analyzed graphically, which will be discussed in a later section.

Other Types oflnformation
Satellite and numerical model data are acquired through NOAAPORT and displayed using
JAWF's self-managed AWIPS. The meteorological data and numerical model output received
via NOAAPORT and displayed in AWIPS provide high quality domestic coverage to aid in U.S.
monitoring. Satellite and numerical meteorological model data are also provided by NCEP and
displayed through the National Center's Advanced Weather Interactive Processing System (NAWIPS). The N-AWIPS allows for global monitoring of events and provides international
weather forecasts to aid agricultural meteorologists in assessments.

Data Analysis
JAWF meteorologists prepare crop weather assessments using a suite of software tools and
techniques. Although each of these methods differ in functionality and applicability, individual
methods generally fall into one of three independent categories describing the type of analysis
performed: 1) temporal, 2) analog and 3) spatiaL Each of these analyses is discussed below,
accompanied by examples of the products that are generated using various off-the-shelf software
tools.

Temporal Analysis
Time series are frequently used by JAWF meteorologists to determine the timing and cumulative
effects of weather on crops during the growing season. When compared with a crop's growth
cycle, time series analysis can be used to evaluate the impact of hot or cold weather on crops and
to track the cumulative rainfall in a particular area. The time series charts used for regional
analysis are routinely generated using macro-driven Lotus@ 1-2-3 spreadsheets.
For example, Figure 4 depicts normal and cumulative precipitation for 1994, 1995 and 1996 for
the period March 31 through September 21 for southern Ukraine. In 1996, cumulative
precipitation was well below normal from May through early August. Multi-seasonal time series
of weekly cumulative precipitation and average temperature are generated for about 350
subregions worldwide each week. JAWF currently has the capability to display historical time
series from 1978 to the present for comparative analyses. When compared with appropriate
normals, these time series provide a useful indicator of favorable or unfavorable growing
conditions.
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Figure 4. Cumulative rainfall compared with normal during the period 31 March to
21 September in 1994, 1995 and 1996 for southern Ukraine.

Significantly, these temporal analyses also provide a means for identifying similar weather
patterns among multiple growing seasons. Data for these 350 subregions are also computed on a
daily basis. From these data sets, the same time period can be compared against the historical
record. For example, the total number of days in July with maximum temperatures greater than
34 degrees C were computed for southern Ukraine for the years 1978-1996 and graphed for
comparison (Figure 5). Visual inspection of Figure 5 reveals that crops in southern Ukraine
experienced the greatest number of days (15) with unfavorably high temperatures (maximum
temperatures greater than 34 oq during July of 1996. This combination of heat and dryness
occurred during the highly weather-sensitive tasseling and silking period for corn, significantly
reducing yield prospects. Although excessive heat and dryness can stress crops throughout much
of the growth cycle, the timing of these events can result in significantly different yield and
production realizations. Like Figure 4, this graph was generated using Lotus@ 1-2-3, then
brought into Lotus@ Freelance for production-quality formatting.
Analog Analysis
A simple, yet effective technique for analyzing agricultural and meteorological data is
comparing past years for similar growing seasons or time periods. Such comparisons are
typically achieved by graphing data from different years over the same time period or growing
seasons. Visual comparisons of these data plots can reveal trends and patterns in rainfall or
temperatures that are especially valuable in crop-weather analysis because of the critical role
timing plays in determining the affects of weather on crop yields and production. Figure 4 and
Figure 5 graphically depict historical comparisons. In Figure 4, comparison of 1995 and 1996
cumulative precipitation data showed that 1995 was wetter than 1996. In contrast, a comparison
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of 1994 and 1996 cumulative precipitation data depicts similarities or analogous weather
conditions between these two years. Based on these comparisons, JAWF analysts determined
that 1996 corn yields in southern Ukraine were likely to more closely resemble those obtained in
1994. In Figure 5, information for one month is compared with similar data for the previous 18
years.
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Figure 5. Number of days in July above 34 o C from 1978 to 1996 in Southern Ukraine.

Another effective tool in determining yield potential is the comparison of percentile rankings.
These are typically computed for historical monthly or seasonal time periods, enabling analysts
to identify similarities in temperature and precipitation patterns among multiple years. With this
information, years with similar rankings can be identified to determine what relationship exists,
if any, among the yields in years with similar weather occurrences. For example, SAS was used
to rank summer rainfall in Romania to compare the summer of 2000 with past summers (Figure
6). To compute these rankings, stations in key growing areas in Romania were averaged
together into one rainfall value. For each year, rainfall data were combined for the summer
months of June through August and ranked over the period of record 1951 through 2000. Only
the years 1978-2000 are shown for display purposes. The graph shows that rainfall during the
2000 summer growing season was ranked in the 2nd percentile, or the driest on record. Further
inspection of the graph indicates similar occurrences of drought during the 1987 and 1990
summer growing seasons. The SAS System can also be used to generate and display crop and
weather data for geographic interpretation and analyses (Puterbaugh et. al. 1991).
Spatial Analysis
Measurements of weather and climate variables are recorded frequently (e.g. hourly, daily,
monthly) at numerous weather observation sites worldwide. These data are critical in
understanding current and historical trends in the weather and climate at each of these point
locations. One of the first steps in JAWF's data analysis process is to display individual station
data on maps containing the political boundaries of the agriculturally important regions. These
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Figure 6. Percentile rankings of summer rainfall (June-August) for Romania.
maps are used to identify areas where crops may be experiencing weather-related problems
caused by extremes in temperature or precipitation and to help in data quality and control. Given
that the presence of anomalous weather often provides an early alert to potential weather-related
problems for agriculture, JAWF analysts must have a working knowledge of the climate of a
particular area to correctly analyze the data and prepare accurate assessments. Although these
point plots of temperature and precipitation data are valuable in crop weather assessments,
additional analyses are often necessary to thoroughly assess the likely impact of anomalous
weather on crop development.
One method of displaying weather data that is commonly used by the U.S. National Weather
Service is the Grid Analysis and Display System (GrADS). While JAWF does not use GrADS
operationally, it is a useful tool to display station and gridded datasets. The current version of
GrADS is commercially available, but previous DOS and Windows versions are public domain.
GrADS uses a 4-dimensional data model, where the dimensions are usually latitude, longitude,
height, and time. GrADS can easily display and manipulate gridded data, can be used in an
interactive or script mode, and data can be displayed as line, bar, and scatter plots, as well as
contour, shaded contours, and grid box analyses. For more information, see the GrADS web site
at http://grads.iges.org/grads/.
Geographic Information Systems (GIS) are often employed by JAWF analysts to display and
analyze a variety of meteorological and agricultural parameters important in crop weather
assessment. Such systems are highly effective in crop-weather analysis because of their ability
to display, overlay and analyze numerous data sets both spatially and temporally. An example of
a basic GIS is Environmental Systems Research Institute (ESRI), Inc., ArcExplorer software.
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This free software package can be downloaded from the ESRI web site, allowing users to view
spatial data and perform simple analyses. Unlike more complex GIS packages which enable
users to create and edit spatial data, ArcExplorer is strictly a data viewing tool. As a result, users
interested in performing all of these operations must use more robust GIS packages with greater
functionality. ArcExplorer can be downloaded from the following web site,
http://www.esri.com/software/arcexplorer/aedownload.html.
The GIS currently employed by JAWF analysts was purchased from ESRI and consists of

Arc View 3.2, ESRI's primary desktop GIS, and Spatial Analyst 1.1, an Arc View extension which
greatly enhances the functionality of the base GIS package. This user-friendly, commercial, offthe-shelf software is installed on the JAWF network, as well as selected individual computers
within JAWF. Although JAWF analysts frequently use the default Arc View 3.2 settings to
perform data analyses, this software can be customized to improve the efficiency of this process.
Recently, customized Arc View applications were developed to partially automate several tasks,
including the display and analysis ofU.S. crop progress and condition data and the daily
generation of maps illustrating international WMO data. The compatibility of this software with
other software packages has helped in the implementation of Arc View as an operational data
analysis tool. Arc View is frequently used in conjunction with Microsoft@ Excel spreadsheet
software, SuperJPG graphic display software, and JAWF's Oracle@database to accomplish
these analyses. Examples of the products generated using the JAWF GIS are presented below.
Figure 7 depicts a map of freezing temperatures relative to major wheat producing areas in
Canada. Such maps are generated frequently by JAWF staff to analyze the location and
magnitude of anomalous weather events relative to major crop producing areas worldwide.
These maps are an improvement over those that depict just point data, because these continuous
surface maps often help JAWF analysts better visualize data trends and patterns. Numerous
weather parameters have been displayed using a GIS, including maximum and minimum
temperatures, temperature departures from normal, total precipitation, and the percent of normal
precipitation. Several crop parameters have been displayed as well, including crop production,

Figure 7. Freezing temperatures observed on August 31,2000.
Data source: Census of Agriculture, Statistics Canada, 1996.
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Figure 8. Example of a United States corn harvest progress map, as of September 24, 2000.
Data Source: USDA National Agricultural Statistics Service.
area and yield information, and crop progress and condition data. An example of a crop progress
map generated using a GIS is shown in Figure 8. One of the strengths of a GIS is the capability
to quantify data and to statistically evaluate data relationships. For example, Figure 9 illustrates
the percent of normal July 2000 precipitation relative to major corn producing areas within
China. Using the analytical capabilities within a GIS, JAWF determined that 20 percent
of the corn area received less than 50 percent of normal July 2000 rainfall. Another way of
analyzing this information is to determine the average of any given weather parameter. From the
above example, the average percent of normal across the major Chinese corn areas was 87
percent. Several additional analyses are prepared by JAWF staff using software external to a
GIS, although work is cun·ently underway to incorporate these methods into the GIS framework.
Examples of these analyses include JAWF episodic event monitoring and crop mode ling efforts,
a discussion of which follows below.
Brief episodes of severe or anomalous weather events may impact crop yield potential,
depending on the timing of the unusual weather with respect to the crop's growth cycle. JAWF
monitors these weather extremes using an episodic event program. For a user-defined time
period and geographic area, this program counts the number of days when a particular weather
parameter (or a combination of weather parameters) reaches or exceeds a critical value. When
this information is displayed geographically, areas where weather extremes pose a potential
threat to crop development can be located. In Figure I 0, the number of days with moderate crop
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Figure 9. Percent of normal precipitation in July 2000 across China.
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Figure 10. The number of days with moderate stress during 1-14 July 1996
in Western Former USSR
stress (from July 1-14, 1996) was plotted for selected stations in the western region of the former
Soviet Union. Data were processed using SAS software and displayed using Lotus 123.
Moderate crop stress was defined as a day when precipitation was less than 5 mm, the maximum
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temperature exceeded 34 degrees C, and the vapor pressure deficit (vpd) was 30 millibars or
higher. High vpd's (i.e. low relative humidity), along with steady winds and high temperatures
can desiccate tender vegetation and ultimately result in crop yield reductions. From Figure 10,
areas in the eastern half of Ukraine and southern Russia (Central Black Soils, lower Volga
Valley and the North Caucasus) experienced up to 10 days with high vpd's, limited rainfall, and
high temperatures. Crops such as corn , winter wheat, spring barley and sunflowers are
traditionally grown in these areas. Although the unfavorable weather conditions occurred too
late to threaten winter wheat that had reached maturity, these conditions hurt spring barley in the
filling stage and corn and sunflowers, in or nearing the highly weather-sensitive reproductive
phase of development. This analysis underscores the importance of monitoring stages of plant
development during the course of the growing season. The impact that these extremes in
weather can have on crops can vary, depending on the crop type and stage of development.
In many countries, information on crop progress (various stages of phenological development)
during the growing season is often incomplete or unavailable. As a result, USDA analysts at
JAWF must model plant development using an index commonly referred to as growing degree
day (GDD). The GDD index is derived from temperature data because plants grow and develop
best within certain limits of air temperature than with time alone. Also, there is a temperature
threshold above which crops can grow and develop, with growth occurring at a more rapid rate
in warm weather than in cold weather (Ramirez and Bauer 1974). Crops are categorized into
cool and warm season varieties, with the GDD computational methods differing depending on
the crop variety. In all cases, GDD's are calculated using maximum and minimum temperatures.
Accumulations begin at planting and end at maturity. Certain levels of accumulation have been
correlated with varying stages of crop development, providing a basis by which crop
development can be monitored. GDD's were computed for spring barley for stations in the
western Former USSR (FSU). GDD accumulations representing certain stages of crop
development were assigned a character representation (i.e. F=filling stage, R=reproduction, etc.).
Characters representing estimated stages of crop development on July 6, 1996, were then plotted
on a map ofthe western FSU (Figure 11 ), using Lotus@ 123. Spring barley was estimated to be
in the filling stage of development in Ukraine and southern Russia on July 6 and was highly
vulnerable to the stressful conditions outlined in Figure 10. When normal GDD accumulations
are computed and compared with actual GDD's, periods of hastened crop growth or delays in
development can be identified. GDD's for individual stations can also be averaged for
subregional analyses.

Product and Information Dissemination
Written summaries of domestic and international crop-weather assessments are prepared weekly
by JAWF and published in the Weekly Weather and Crop Bulletin (WWCB). This weekly
publication, in existence since 1872, is jointly produced by USDA/WAOB, USDA/NASS and
NOAA!NWS/CPC. Weekly summaries of the WWCB are sent to the USDA/FAS for
dissemination to agricultural counselors worldwide. Data and products, including the WWCB,
are routinely disseminated through the Internet. Dissemination through the Internet has allowed
for a broader public consumption of information provided by JAWF. Furthermore, information
on climate and crop data for key producing areas is available through a reference handbook
published by JAWF (1994) and the JAWF web site at
http:\\www.usda.gov\agency\oce\waob\jawf.
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Figure 11. Crop progress for spring barley by 6 July 1996 in Western Former USSR.

Conclusions
The backbone of JAWF's analytical capabilities lies in the existence of an operational
agricultural weather database, which has taken many forms since the early 1980s depending on
prevailing information needs and available technologies. Additional data sources, increased
product demands and a larger responsibility for information dissemination to the public and
within USDA make it imperative that JAWF has a flexible system capable of processing and
storing weather and climate information in an efficient and timely manner. By linking timetested agricultural weather assessment methods with newer technologies like GIS, the Oracle@
DBMS will serve to provide JAWF with the tools it needs to meet the increasing demands for
agrometeorological data products and assessments in the future.
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Abstract
Recent computer tools developed by the Production Estimates and Crop Assessment Division
(PECAD) of the U.S. Department of Agriculture's Foreign Agricultural Service have been
devoted to developing maps and graphs in jpg format for display in web-browsers. The main
output products are spatial jpg images for cumulative precipitation, percent normal of
precipitation, temperature, temperature departures from normal and top- and sub-layer soil
moisture. Future outputs envisaged in jpg format include: crop stage and crop stress for wheat
and corn; relative yield reductions for corn, wheat and soybeans; and NDVI anomalies for most
major agricultural regions in the world. At present, all output products are designed for internal
Intranet use by PECAD's regional crop assessment analysts. However, it is anticipated that most
output products will be made available on the Internet in the near future.

Introduction
The Production Estimates and Crop Assessment Division (PECAD) of the U.S. Department of
Agriculture's (USDA's) Foreign Agricultural Service (PAS) is the operational outgrowth of the
LACIE (Large Area Crop Inventory Experiment) program which began in 1974. PECAD was
established within PAS in January 1978 and its function is to continuously monitor and assess
crop production over selected areas of the world. Many of the operational procedures used to
date were developed under the AgRISTARS (Agriculture and Resources Inventory Surveys
Through Aerospace Remote Sensing) program in the early 1980s (Boatwright and Whitefield
1986) which followed the LACIE program.
PECAD provides early warning of weather anomalies that affect crop production, quality of
commodities and renewable resources. Regional areas were selected based on their economical
importance to the United States (market competitors or importers), with initial focus of
monitoring crop production with remote sensing technology in the United States and Former
Soviet Union (FSU). Later in the mid-1980s, PECAD's mission expanded to monitoring global
agricultural production for most countries as anomalous weather events not only affected major
international import/export markets of commodities, but also resulted in countries regularly
requesting financial aid or food export credits from USDA. Over the past 20 years, PECAD's
mission has become more important as food shortages have increased globally due to extreme
weather events, changing political conditions and increased population pressures that contribute
towards temporary and sometimes chronic food insecurity.
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To accomplish PECAD's mandate, many objective and operational computer tools were
developed which merge numerous weather, remote sensing and agronomic databases together for
determining the effects adverse weather anomalies have on global agriculture production. Most
of these tools were developed by USDA personnel, researchers from several U.S. universities or
government agencies, and private contractors.
The result is an operational agrometeorological database, called CADRE (Crop Condition Data
Retrieval and Evaluation), for monitoring and forecasting agricultural production throughout the
entire world. The CADRE database management system (DBMS) receives large volumes of
agrometeorological data, satellite imagery and other geospatial data. The agrometeorological
datasets are stored and processed through models and data reduction algorithms that allow
PE CAD regional analysts to provide timely crop condition assessments in almost any area of the
world. Final output products are specifically designed to operate on a real-time basis for
monitoring the main agriculture regions in the world so that PECAD can report national crop
production estimates to decision makers on a monthly basis. Final end-users include decision
makers within USDA's World Agricultural Outlook Board (WAOB), other U.S. government
agencies, and private agribusinesses who make informed decisions on trade negotiations and
foreign aid allotments.

Agrometeorological Input Data
Global crop condition assessment cannot be accomplished without large amounts of geospatial
data from several data sources. The two main agromctcorological input data sources are ground
meteorological station measurements from the World Meteorological Organization (WMO) and
gridded weather data from the U.S. Air Force Weather Agency (AFWA). Both station and
gridded data are utilized as a check and balance system, because the WMO station data may be
misleading due to national governments not reporting their weather data on a timely basis, or the
gridded data containing artificial errors caused by computer algorithm limitations for deriving
agrometeorological variables from satellite imagery.
This paper will briefly describe how daily agrometeorological data from these two data sources
are received, stored and processed in a timely fashion. The major components ofPECAD's
agricultural monitoring system includes the following:
1.
2.
3.
4.

Input data: from the Agricultural Meteorology Model (AGRMET) and WMO Stations
CADRE (Crop Condition Data Retrieval and Evaluation) DBMS
Soil moisture and crop models
Spatial and Time-Series OutPut Products

Each of these major components is illustrated in Figure 1, and briefly described below:
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Currently, daily data are received for 4,485 stations from the WMO and 16,000 weather grid
cells from the AFWA. Upon completion of the next phase of implementation, 40,000 grid cells
of weather data will be processed on a daily basis and approximately half of these grid cells will
run soil moisture and crop models.
PECAD uses the agrometeorological input data for running several early warning soil moisture,
crop stage, crop-stress and crop yield reduction models developed by the USDA and other U.S.
agricultural research institutions. These models are run for both the station and gridded data.
The models mainly act as data filters to provide an alert mechanism for weather anomalies which
may effect crop conditions and reduce yields. All of these models are water balance models that
also require potential evapotranspiration (PET) calculations from the input data.

WMO Station Data
Daily station data are originally from the Global Telecommunication System (GTS) of the
WMO, which is a global network of about 4,500 stations. NOAA and the USDA 's Joint
Agricultural Weather Facility (JAWF) provide PECAD with the WMO station data daily and the
following data are archived:
•
•
•

Minimum and maximum temperature,
Precipitation,
Snow depth.

Minimum and maximum temperature and station location (latitude, longitude and elevation) are
used to calculate the PET according to procedures described by Allen et al. (1998). Before PET
calculations for operational agrometeorology were revised by Allen et al. (1998), PET was
calculated for PECAD's soil moisture and crop models by the Thornthwaite (1948) equation.
The new PET calculation is an improvement to the Thornthwaite equation because the
Thornthwaite was derived for humid regions and is not valid for semi-arid regions or for global
applications.

Agricultural Meteorology Model (AGRMET)
The Air Force Weather Agency (AFWA) began to develop the Agricultural Meteorology Model
(AGRMET) in 1981 (Cochrane 1981). Figure I illustrates the weather grid cells which are
downloaded daily from AFWA and most of these areas represent major agricultural regions in
the world. The AFWA's 1/8 mesh grid ranges from 51-km grid resolution at the poles to 25-km
grid resolution near the equator. The following data sets are downloaded from the AFWA and
archived by PECAD on a daily basis:
•
•
•
•
•

Minimum and maximum temperature,
Precipitation,
Snow depth,
Solar and longwave radiation,
Potential and actual evapotranspiration.
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It should be noted that the AGRMET algorithms for generating the above outputs from satellite
imagery and land surface observations have evolved over several decades of work and are
constantly changing. The most recent AGRMET algorithms were described by Moore (1998).

CADRE Database Management System
Development of the CADRE's DBMS began in 1979 (Tingley 1988). Originally it was loaded in
a DEC mainframe, later transferred to a DEC V AX system and currently resides on a DEC Unix
server. Because CADRE resides on a Unix platform, most crop models that query CADRE for
input data have been converted to a Unix environment.
CADRE is the heart ofPECAD's computer system and spatial data information system. It
archives the daily station and gridded agrometeorological data, as well as stores vegetation index
numbers (VIN) derived from the red and near-infrared channels from the NOAA-AVHRR
satellite series, (Bethel and Doom 1998).
CADRE also stores historical baseline infonnation such as rainfall and temperature normals, soil
water-holding capacities and geographical crop information such as type of crop grown, average
start of season, average yield, etc. Query capabilities are preformed through SYBASE or by other
C and FORTRAN sub-routines that extract daily data to run the soil moisture, crop calendar, crop
stress and crop yield reduction models.
Historical Baseline Datasets
CADRE's station monthly normals for rainfall and temperature were provided by the WMO and
NOAA, who supervised quality control in processing and developing the normals. Gridded
normals for rainfall and temperature were recently added to CADRE by utilizing the Leemans
and Cram er (1991) global climate images and extracting the spatial data into the 1/8-mesh grid
cells used by CADRE. The soil water-holding capacity database for CADRE was recently
upgraded by utilizing the Digital Soil Map of the World (FAO 1996).
Crop information for CADRE was originally entered for initial countries focused on by the
AgRISTARS project which included the United States, Former Soviet Union, China, Argentina
and Brazil. Much of the crop information for these countries have been updated and new crop
information is currently being entered for other regions monitored by PECAD such as Western
and Eastern Europe, the Middle East, Central America, India, Australia and Africa.
Crop information within CADRE is updated by first importing historical crop yield, crop
production and average start-of-season data into ARCVIEW shape files based on administration
units. Administration units for storing crop information are utilized because most countries
monitor and report their crop statistics at this scale. These ARC VIEW shape files are then
converted into the station and grid cell formats required by CADRE. Crop information updates
are continuously required (average yield over the last 5 years) in efforts to make the crop models
more effective.
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Soil Moisture and Crop Models
The PECAD mission of alert analysis requires rapid system response and often trades
quantitative measures for subjective estimates. The timely subjective estimate provides
information such as better than last year, better than the record year of 199X, or is the worst year
since 199Y. Quantitative estimates are derived from models, but models are not trusted until the
output consistently gives the proper direction of yields vs. other years or truth vs. official
production figures. Therefore, operational crop models are continuously assessed and tested
over large operational areas for accuracy and improvements.
The soil moisture algorithm is the backbone algorithm that runs the crop calendar (growth stage)
and crop stress (alarm) models developed by the AgRISTARS program. Crop calendar models
from AgRISTARS are accretion models that model the crop growth incrementally, based on
growing degree-days (or thermal units) for several different types of crops and crop varieties.
The crop calendar is a growing degree-day algorithm that uses daily minimum and maximum
temperature measurements, as well as threshold temperatures defined by the particular crop type.
Crop-stress models from AgRISTARS use both the soil moisture and crop calendar algorithms,
as well as a hazard algorithm to alert analysts of abnormal temperature or moisture stresses that
may affect yields. These hazard algorithms are based on temperature and soil moisture
thresholds known to be outside the optimal range of growing conditions and which may cause
crop damage at various crop stages. For example, optimal growing conditions for corn is critical
during the reproductive phase and the soil moisture and temperature thresholds are most
sensitive during this stage. Therefore, if the plant experiences extreme water deficits or
temperature conditions during the reproductive phase, the alarm model alerts the analysts of the
crop stress in the region.
In addition, new crop models are constantly reviewed for possible integration into the operational
systems of CADRE. For example, other crop models written by USDA and university
researchers have been modified to run specifically from CADRE input data. In these cases,
PECAD has worked directly with the author of the crop model so that the model is running inhouse with CADRE input data. These in-house models need a full growing season to get results
and analysts will not use the models unless they feel the model agrees with ground conditions.
The crop models desired, chosen and developed by PECAD over the years are those with
minimum regression coefficients so that they have global applications. For example, some
models deemed to have good results by the U.S. scientific community will not produce
satisfactory results when implemented globally because these models use too many localized
regression coefficients or were tested within a limited number of areas.
Most yield reduction models used by PECAD were written by other individuals outside of the
AgRISTARS project and their models were customized to run from agrometeorological data
extracted from CADRE. Yield reduction models begin with the assumption of perfect conditions
and decrease yield predictions based on crop stresses. The goal of these crop models is to
provide a yield estimate quantified as tons per hectare. Most of these models have a crop water
production function algorithm which compares the crop yield with optimal water requirements to
the actual water (rainfall) received by the crop.
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Since no model is correct at all times for all geographic areas, analysts often run several models
at once to reduce reliance on one particular model. The most recent trusted yield reduction
models (used for lock-up analysis) are the Sine/air soybean (Sinclair et al. 1991) and CERES
wheat models (Ritchie et al. 1998). Of course, other information from other sources such as
satellite imagery, in-county sources, FAS attache reports, wire services and personal knowledge
are also used to decide how adverse weather conditions might have a significant impact on crop
production.

Spatial and Time-Series Output Products
Most of the software used by PECAD operates on Unix operating systems because CADRE
resides on a Unix server. The software packages are commercial off-the-shelf (COTS) software
that have been customized to extract and display data from CADRE.
The main COTS software for viewing CADRE's agrometeorological data and crop model
outputs is ARC VIEW version 3.1 with Spatial Analyst extension. PCIWORKS is also used to
view medium to high-resolution remote sensing imagery from NOAA-AVHRR, SPOT, Landsat7 and IKONOS satellites, but these binary raster databases are not stored within CADRE.
Interactive Software
A CADRE extension has been written within ARC VIEW which has over 60 Avenue scripts to
support such functions as (;onneclivily, data queries, table manipulation, spatial interpolations,
time-series theme generation and data plotting (Robine 1998). Output spatial images generated
by this extension includes; precipitation, percent normal of precipitation, temperature,
temperature departure from normal, soil moisture, crop yield and time-series graphs of these
variables. These output products have been customized to perform most analysis required by the
analysts. The main drawback with the ARCVIEW!CADRE extension is that most routines are
interactive and precious time is lost by the analysts in producing images.
Another customized software to extract data from CADRE is called EXTRACT-PLOT. It also
plots the time series data for several regional stations and it was written in JAVA programming
language. The main advantage with this extraction tool is that JAVA is the extraction engine
which has been automated to extract data from CADRE on a continuous basis.
Automated Web Products
With the recent advent of EXTRACT-PLOT, automatic scripts are currently being written which
will extract decadal data and generate decadal maps and time-series graphs in jpg format. Web
pages for each region will then display these jpg images and automatically update these images
every I 0 days. The web browser consists of a "current year" web page which displays current
vs. normal year comparisons for precipitation, temperature and soil moisture, as well as time
series graphs for specific crop regions. It is foreseen that crop growth stages during the season
and relative yield images at the end of each growing season will also be displayed. After the
growing season is complete, the "current year" web page will become "last year's" web page for
storing last year's jpg images.
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The advantage with these new automated web products is that PECAD analysts can view
agrometeorological conditions of the main crop areas within their regions with very little effort.
It was found that extracting data by interactive COTS software was too time-consuming and the
only users using CADRE were PECAD analysts. With the automated web browser
improvements, the analysts will spend less time in producing jpg images and a wider audience
can view CADRE's database. It is envisaged that all USDA employees and the public will be
able to view CADRE's agrometeorological data and most crop model outputs in the near future.
These automated jpg images are also of good quality for the analysts to make rapid graphic
presentations for senior USDA management or other decision makers. These images can also be
printed in hard-copy format or kept in the original digital format for distribution. However, if
analysts want to analyze a region of interest in more detail, then they can still use ARC VIEW
with CADRE extension to view CADRE's spatial data for the specific region. Additional
analysis of such nature may involve finding similar analog years or comparing the current year
with extreme wet or dry years during the past I 0 years.

Conclusions
PECAD has over two decades of experience in monitoring global weather data in order to
maintain an early alert status of agricultural conditions which may alter regional yield potentials
or effect international markets. During these two decades, PECAD's computer hardware and
software have evolved with the changes in digital technology.
The main advantages with CADRE's DBMS are that it includes a large historical archive and
many crop models developed and tested. Some disadvantages with CADRE's older DBMS have
been switching to different operating systems, integrating CADRE's grid cell format with
modern GIS capabilities and working with coarse resolution grid cells (25-51 km) as computer
storage capacities increase and finer resolution satellite data become more readily available.
However, the original developers of CADRE 20 years ago had a unique geospatial vision that
allowed them to lay the foundation of an early GIS DBMS that is still applicable and functional
today.
Important lessons learned have been to eliminate software which require numerous interactive
computer commands. For example, the most recent additions have been introducing JAVA and
PERL scripts for automatic CADRE data extractions and generation of maps and graphs injpg
format. These jpg images are then displayed and updated in web browsers on decadal basis,
which reduce time spent producing images as well as allow more users (both inside and outside
ofPECAD) to view CADRE's invaluable data.
Despite these past difficulties, the CADRE DBMS contains one of the most sophisticated and
operational systems for agricultural monitoring in the world. Current crop models are being
upgraded for global coverage as the original models were designed for only a few specific
countries covered by the AgRISTARS program. The result will be an upgraded geospatial
infornmtion system with global coverage that can assist more professionals who monitor crop
conditions throughout the world.
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Abstract
France has many meteorological and agrometeorological station networks. This plurality results
from various goals and produces an extreme variability of processes, management tools and
means of data communication. Considering the possibility of a common transmission format or
database scheme and even a national agrometeorological database, it is not possible to have a
common management strategy in the near future. However, managers of meteorological
networks have formed an advisory committee to try to homogenize the practices and encourage
data and idea exchanges. In France, tools for agrometeorological data management are used,
above all, to collect data from automatic weather stations and transfer them to computers.
Agrometeorological and meteorological databases have the same overall structure, but the
management processes are different. There is no universal tool for data quality control, and each
network has its own protocol. Agrometeorological databases store data mainly from automatic
weather stations. Meteo-France only regularly archives agrometeorological information from
remote sensing. Geographic Information System technology is used for research, and the
communication ofagrometeorological information using the World Wide Web is only at the first
stage.

Introduction
France has about 2,000 automatic weather stations that are managed by producers from the
agricultural, hydrological and energy sectors. The resulting network of automatic weather
stations is one of the most dense in the world.

Agrometeorological Information Sources
Agrometeorological Ground Networks
In the agricultural sector, the automated weather stations are managed by four main networks
from public institutions (Figures 1 and 2):

•
•

Meteo-France has about 1,100 automatic stations and 3,500 manually observed stations;
l 'Institut National de la Recherche Agronomique (INRA) has about 100 automatic stations;
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•
•

les Chambres d 'Agriculture (consular institute for agricultural advice), has 150 stations
organized in regional networks;
le Ministere de l 'Agriculture has about 250 stations.

Goals of the r1etworks are different because each institution has its own mission:
•
•
•

eo-

for Met France, security of people and goods; provision for agricultural, aeronautical,
hydrologic user needs;
for INRA, research;
for the Chambres d 'Agriculture and the Ministere de l 'Agriculture, agricultural advisories
and risk prevention.

P"'R METB)
~ FRANC:E

Figure 1. Network ofMeteo-France.

(+ synoptic, • automatic, • manual stations)
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IN RA
•

Minislere de !'Agriculture
Chambres d'Agriculture

Figure 2. Agrometeorological networks in France.

INRA, the Chambres d'Agriculture and the Ministere de !'Agriculture are the only agencies that
have an agrometeorological mission. Specific measurements like leaf wetness, soil temperature
or wind speed and direction at 2 meters above the ground are included in some of these
networks.
An advisory committee of the climatological networks (CCRC) was created in 1999 with
network managers. Its goal is to homogenize the practices and encourage data and idea
exchanges. Some agreements for mutual data access are currently being negotiated between
several network managers. The first agreement should be signed soon between Meteo-France
and INRA regarding mutual access to data from 40 automatic weather stations of each network.
Data will be transferred by file transfer protocol (FTP) from one database to another.

Remote Sensing
Remotely sensed data provide in many ways an enhanced alternative to manual and automatic
observations (Doraiswamy et al. 2000) and are very useful in agrometeorology. Only MeteoFrance has a remotely sensed database. Some wine grape growers ofBordeaux (Chateau
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Y quem, Chateau Margaux) have access by Internet to radar images of Bordeaux in real-time
(Figure 3). The goal is to allow users to visualise the arrival of rain events and consequently
adjust activities such as treatments or harvesting.

Soil Data
The principal data needed for soil modeling are the water-holding capacity of the soil, the depth
of soil for roots and the hydromorphic constraints. If work has to be done on a very detailed
scale, access will be needed to soil maps on a scale of 1:1 ,000,000. The units for cartographic
purposes are soil combinations based on the FAO classification. The map is then digitized, the
contours being registered as x,y coordinates and the content of the soil units being described with
the help of qualifiers such as soil name, texture, dominant slope, material or porosity. This
database is managed by INRA.
~rvice

Central d'Exploi tatlon de la
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Meuoroloei~

~FRANCE

Radar de Bordeaux-Merignac
le 5 Juillet 1999 a llh oo• UTC
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Figure 3. Radar image ofBordeaux used by wine grape growers.
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Phenological Data
Phenological stages of each crop and crop yields are useful for agrometeorological studies.
Detailed phenological information is rare and often very sporadic. At the national French level,
such data are generally available from technical institutes. Phenelogical data are not centralized
in a database and so, are not easily available.

Software for Data Management
A number of software programs for data management of automatic weather stations are used in
France. They are produced by the automatic station manufacturer as well as by software
companies. They are organized in three units:
•
•
•

A query to the automatic weather station, data transfer and telecommunication linkage to the
automatic station by modem link. A satellite link (Meteosat) is not used any more.
A unit for data storage in a database.
A unit for visualizing data with charts and tables.

In France, each network has developed its own transmission format to link with the station
manufacturer. So, if another manufacturer wants to integrate a network, it must convert its own
transmission format. In fact, for a long time, each network was linked with a single
manufacturer. The situation has changed but there is not yet (and certainly there will never be) a
single or common transmission format from the automatic weather slalions to the computer.
This situation can create problems because the same parameter is sometimes characterized
differently from two networks. The hourly mean wind speed is a good example: it is the mean
wind speed calculated over a period of 10 minutes for Meteo-France, but for INRA it is the
distance covered by the wind during an hour. In this case, data are different (Table 1).

Hour
05h00
06h00
07h00
08h00
09h00

MeteoFrance
0
0
3.6
3.6
0

INRA
1
2
6
5
3

Table 1. Hourly mean wind speed (km.h- 1)
at the station of Avignon (31/08/2000).

Units for data storage integrated in the software are never used. The network managers prefer to
use independent databases. The chart or table visualization option is not used except if it is
possible to simultaneously visualize data from several stations. In this case, the visualization
option is used to provide some quality control, detect bad data or monitor a drift in sensor
performance.
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Sometimes, a fourth unit supports several agrometeorological models for irrigation water
management, and the prediction of disease. It is only used by the institutes involved in
agricultural advice (Chambres d'Agriculture, Ministere de /'Agriculture).

Agrometeorological Data bases
Databases for agrometeorological data management are often not used. Network managers
prefer to have their own independent database. The structure of the databases is always the
same, with metadata tables (for the history and the identification of the station) and data tables
(Figure 4).
Data quality is very important for agrometeorological applications (Motha 1999). Database
managers have to produce and store parameters characterizing the data quality. This is not still
the case for all the databases in France and once again, there is not a standard for this
characterization. While INRA has a classic typology (Table 2), Meteo-France has developed a
new and more complex system and the data quality code is a string of 4 characters WXYZ:
W is the state of the data validation (validated, not validated yet...). W can be I, 2 or 9;
X is the action on the data (original, corrected ... ). X can be 0, I, 2 3, 6, 7, 8;
Y is the method used to correct data. Y can be 0, I, 2, 4, 6 7;
Z is the level of the check.
Example of quality code for elaborated, validated and corrected data: 120Z

Code Data
Checked good and not
0
corrected
1
Corrected with reliability
2
Corrected with mean data
Corrected with data from
3
another station
Table 2. Data quality codes in INRA database.
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STATION
station identification
location

owner
beginning of measurement
end of measurement

...
HOURLY DATA

OWNER

station identification
date
hour
temperature
rainfall
global radiation

.

owner
observers name
address

...

MEASUREMENTS
.
.
..
AVAILABLE.··.·.·...•...•..•..•

...

station identification
type of measurement
beginning of measurement
end of measurement

. DAILY DATA ...
station identification
date
temperature
rainfall
global radiation
wind

".

".

DAILY QUALITY
station identification
date
temperature
rainfall

MONTHLY DATA
station
identification
year
month
temperature
rainfall
global radiation

".

Figure 4. Schematic representation of an agrometeorological database.
(italic = metadata)
Data are checked at three levels:
•

•

An analysis of probability. Data must be between two limits and can be absolute (air
temperature between -40°C and +50°C) or relative (data between seasonal records). If data
are out of the absolute limits, they will not be archived in the database.
A temporal analysis. The data are compared with the data before and after its observation.
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•

A spatial analysis. The data are compared to data from one or several other automatic
weather stations, or with remotely sensed data (for example, global radiation measured with
pyranometer is compared to data from Meteosat).

It is possible to have common processes for the two first levels in all the networks, but not for the
third level. The density is not the same for the networks and access to the remotely sensed data
is not easy. Meteo-France is the only network that evaluates the quality of its database,
providing a monthly report about one data quality indicator, time of data receipt (Figure 5).

A global index of data quality (IQ) is calculated:
IQ= 100- (lOO mq + 10 n-ctrl)/110
with mq : percentage of missing data
n-ctrl : percentage of unchecked data
It is not a perfect method (the difference between the old and the corrected data is not integrated)
but it is the first major step.
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Figure 5. Evolution ofiQ.

Distribution of Information from Data bases
The Ministere de I 'Agriculture and the Chambres d 'Agriculture have no software for distribution
and users can not access their databases. Only database managers have the ability to send
information to users by an automatic process. The users are agricultural advisors of these two
institutes but are not external users. External users can have access to the databases of MeteoFrance and INRA. Meteo-France has developed software named Colchique. This software is
installed on the personal computer of the user who has access to the automatic network data for
about 1000 stations. After a user has requested information that is located on a registry, a cost
estimate is automatically proposed (Meteo-France has fixed a unit price for data). If the user
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accepts the cost proposal, the user receives data by modem or FTP. Today, Colchique has about
200 users, and about 100 of them come from the agricultural sector.
To access the INRA agrometeorological database, the user must have a password on the server
that is provided by the database manager. For external users, the access is restricted and the
price is fixed by station and not by data.
The World Wide Web is not widely used in France for communication of agrometeorological
data. There are presently no tools to link the Internet to the databases, but such links are in
development. Interpel access is expected in 2001 for Meteo-France, and later for others
databases.
GIS systems are not used very often for agrometeorological operational applications. The most
important informative contribution of GIS is provided by remote sensing (Maracchi et al. 2000),
and remotely sensed data are not easily accessible. However, the ISOP project (Information,
Suivi Objectif Prairie) is a good example of the integration of several information products
(soils, crops, meteorology) from a combined effort of Meteo-France, INRA and Ministere de
l 'Agriculture. !SOP is an integrated system for real-time assessment of forage production
variability over France (Donet et al. 1999). Its purpose is to produce reliable estimates offorage
production, in order to objectively estimate real production losses in case oflocal or global
drought. Input data are various and multiple, including spatialized daily meteorological
parameters, percentage of soil types, nitrogen status and amount and frequency of mowing or
grazing, estimated from a national survey. The STICS crop model, developed by INRA, is
applied to three kinds of grassland: permanent, temporary and pure legumes. The results of all
GIS operations are stored in a database. They are available for 200 areas offorage production
and synthesized in alert maps and temporal graphs for selected drought-stricken areas (Figure 6).
The system is operational since January 2000. Meteo-France sends monthly outputs ofiSOP,
elaborated by GIS (Arcview), to the Ministere de !'Agriculture by FTP.
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Simulation of ISOP operational output from year 2000
spatial overview
example for permanent grassland

liNo data

Stile on day xx/xx/xx
[=:J deficit
[=:J normal

-

excess

Figure 6. Map of a simulation of ISOP.

Conclusions and Recommendations
The committee of the climatological networks has an important role for the harmonization of
practices. It is important that the agrometeorological databases store only validated data and
have the smallest possible number of missing data. It is clear that communication technologies
will improve in the future and the Internet is the best way to provide agrometeorological
information to the end-users in a timely manner.
The inclusion of several types of information, in particular, remotely sensed data (radar and
satellite) and GIS information, in agrometeorological databases should be encouraged.
Standardized formats are essential.
The ISOP project is a good example of cooperation between institutes from the meteorological
and agricultural sector. GIS utilizing several types of data, from meteorological networks, radar,
satellites and outputs of crop models, is certainly the best way to develop this cooperation.
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Abstract
Over the past two years, ARC-Institute for Soil, Climate and Water has been developing a
National AgroMet Climate Databank. By incorporating relational database design principles, a
powerful databank that can be used for both the management and analysis of climate data was
developed.
The databank allowed the storage of both hourly and daily climatic elements. These data were
stored in such a manner to reduce space and enhance speed of access and analysis. Currently in
the region of 110,000,000 values are stored including data from 1850 to 2000+.
A new approach in data quality management provided earlier access to data. These data became
available by up to six weeks earlier with the new management tools. This meant that for the first
time reports could be drawn from recent data, particularly for automatic weather stations that
were linked by modem.
Three physical database files were used to manage the relational tables. The data storage
database files were designed to lie on a local area network, while the third database file
contained the software for processing and keeping track of user options.
The data quality assurance procedures consisted of instrument calibration, data entry error tests
and inter-sensor data comparison tests. These tests had to be completed before data could be
loaded as verified. Quality assurance of historical data was also shown to be necessary.
Numerous statistics (maximums, minimums, percentiles and means) could be generated for
measured climate elements (e.g. temperature), calculated values (e.g. saturated vapor pressure),
derived values (e.g. Penman-Monteith evaporation) and indices (e.g. heat units). All reports
were available in hard copy, rich text, Excel or html· formats.

Introduction
Computer technology has been associated with agrometeorological research and management for
many years. This technology has been used for crop growth modelling, pest and disease
management, irrigation scheduling and managing agrometeorological data.
A database facilitates the entry, control and analysis of agrometeorological data. Large amounts
of collected data are essentially useless without a system to manage them and provide analysis.
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Secondly, data in itself requires interpretation to provide value to users. Agrometeorological
data are used to characterise moisture and temperature seasons, to analyse risks and to monitor
recent trends,
Agrometeorological data should be available:
•
•
•
•

In a database,
From historical to near real-time,
With few errors,
With tools to aid interpretation and analysis,

Over the years various databases have been developed for agrometeorological data (e.g. Wang
and Mack 1993; Clemence 1992, Khalili and Mellaart 1996), These databases have used both
commercial software packages and internally designed databases,

History
Agrometeorology in South Africa came of age in the early 1970s with the inception of an
agrometeorology monitoring network, This network complimented the existing South African
Weather Bureau network, and concentrated on rural and agricultural areas, Observations were
limited to climatic elements of immediate agricultural value (Table 1),

Units

Element
Maximum temperature
Minimum temperature
Rainfall
A-pan evaporation
Windrun
Sunshine hours
Solar radiation
Grass minimum temperature
Minimum relative humidity
Maximum relative humidity

oc
oc

mm
mm
km/day
h
MJm·"

oc
%
%

Table L Essential climatic elements monitored by the Institute for agrometeorology,

As the quantity of data collected increased and the advantages of analysis oflong-term climate
data became apparent, the need for a database to manage the data became essentiaL
The first database was developed on a Burroughs A17 Mainframe computer that was linked
across the country, Data could be entered from any office and software to analyze the data was
written,
With the increased dependence on weather data by the agricultural community, the downtime of
the network links to the mainframe computer became increasingly frustrating to the users.
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Coupled with the increased capacity of desktop PC's, the decision was made to develop a new
agrometeorological database in the PC environment. The B-tree model for indexing data was remodelled and new algorithms developed in the C-language to manage the data (Matthee, et al.
1994). Thus, the data were stored in a compact and orderly manner that allowed rapid access and
analysis.
During the late 1990s, with the limitations of an internally designed database management
system and Y2K concerns, ARC-ISCW chose to develop a new agrometeorological database,
which would enhance certain characteristics lacking in the present system. This database has
been developed over a period of two years.

Design Considerations for an Agrometeorological Database
One of the major limitations of the existing database during the early 1990s was the inability to
work with spatial data. With the advent ofGeographica1 Information Systems (GIS) and the
need to interpolate data for areas that had no measurements, these concepts became central to its
design.
The following aspects were examined:
•
•

•
•
•

•
•
•

•

The database should integrate data monitored at different temporal resolutions. Both daily
and hourly climate data are collected from weather stations.
Both spatial and temporal (time-series) queries should be easily handled from the system.
This would allow a GIS person to collect statistics from an area as x, y and z points for
plotting, spatial interpolation and analysis.
Accepting that within a database, data can be of different levels of quality or confidence, the
system should provide for a data quality tagging system.
As part of routine database management, the system should be able to provide information on
missing data, growth rate of data and information for follow up.
In order for users to properly analyse data, more detailed information on measurement
locations should be provided. This could include topography, land use together with visual
(image of station) information on the measurement site.
A link to monitoring information such as sensors, calibration dates, sensor housing, standards
and station history would be worthwhile.
The database should be both multi-user and allow for remote, stand-alone copies of the
database to exist.
The database should be able handle large amounts of climate data. At present the database
contains about 110,000,000 daily values. These are growing at a rate of 3 million daily values
and 10 million hourly values per annum.
The time period for data should range from 1850 to 2000+.

Other frustrations experienced with the original PC-based database were that the code was
written in C++ and was poorly documented. A number of versions of the code existed, and
updating and modifying the code was limited to the original programmer. Occasional problems
were experienced with lost records or corruption, which required time-consuming re-indexing
and manual data review. The data within the database could not be queried from external
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software, as the database system was unique and not standardised. In terms of these aspects the
following requirements were added:
•
•

A commercial database would be used where all the normal database management aspects
(record addition and deletion, indexing, record locking, etc.) were robust and reliable.
The code used for the software development would be available, well commented and written
in a widely accessible language.

After evaluating a number of database options, MS Access 2000® 1 was selected (initially the
MS Access 97® version was used, but due to downward incompatibility of the MS Access 2000
version, the MS Access 2000 version became standard). Some of the reasons for the choice
included:
•
•
•
•
•

Low-cost and availability (part of the MS Office Professional package);
Able to handle 1 gigabyte of data with apparent ease;
Visual Basic Applications code was handled internally (on the downside this code is rather
slow);
Multi-user access over a local area network;
Can be accessed by other software such as ArcView.

The National AgroMet Climate Database in South Africa
Data Entry
The data that are ingested into the database originate from a number of different sources. These
sources include directly monitored sites (both manual and electronic) and other organisations
(Table 2).

Source
Manual
stations

Format
Paper

Delay
2 weeks

AWS

Electronic

1 day

Quantity
Climate: 300
Rainfall:
1,000
255

SAWB

Electronic

1 month

300

Communication
Postal services

Cell phone: > 100
Landline: > 150
Satellite: 5
E-mail

Table 2. Sources of weather data for the National AgroMet Climate Databank.

1

Use of commercial software packages does not imply endorsement by ARC-ISCW or the
WMO.
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One of the major constraints with the previous database system was the 6-8 week delay between
measurement and availability of data from observation sites. Observers recorded readings onto
forms that were posted weekly to their respective regional office. Once these data were entered
into a temporary database, together with the additional four weeks to complete a full month, data
checks were completed. Only once all the checks were satisfied, could the data be entered into
the main database. This two-month delay was unsatisfactory as far as drought monitoring and
crop yield forecasting was concerned.
The database was designed to allow entry of partially checked climate data as part of the quality
control system. The new system allowed data to be entered directly into a database form. Once
basic limit checks had been completed, and check totals to ensure accurate data entry, the data
were immediately imported into the main databank. However, the data were tagged as "partially
checked" data. Thus, users had the option to use or exclude these data from a particular report or
analysis.
An example of a typical data entry form is shown in Figure 1. Similar forms were developed for
entry of daily rainfall and hourly wind speed and direction. The system provided for more
comprehensive checks to be done once data were available for an entire month. These data are
then re-exported to the main database, but with a quality tag of zero, taking preference and
overwriting the earlier, partially checked data, with a quality tag of one.
This system also prevents data being overwritten, if data from another station are mistakenly
loaded with the same station details. Once data have been written with a quality tag of zero, no
other data may overwrite it, unless a specific password controlled option is selected.

NEXT STATION TO B;:_
E~
TYPE
~D~N~-:--:-:::---:-:--;:::==~;:::;""""1
ClltllpUtU Ne: j13499
FllldaCompNo
13499::::::J

I

Agramet Na :

17

j{i2::=:3:-:c9-:-:
/~=82::-c0::-c-

Search Comp No

OBSERVATIONS FROM 120/06/2000 TO :

CHECK AND EXPORT

THE OJRRENT STAllON

CompNo:

I

I

--------"'11
AgroMat No:

lDn9i'lde ·

10239/ 482 0
1 3o 28333

I 26/06/2000

Next Station

I

Next W eek

I Press

TAB key to slop to "Next

. - - - - - ' · Week" of sM>e station

Make Weak Missing

Figure 1. Example of a climate data entry form.
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Database Design
A relational database management system (RDMS) was used and a series of related tables were
developed. This allowed the data files to be stored on the intranet where the same files could be
accessed by several users simultaneously. If new data were added, it would become immediately
available to all users. In addition, if software was updated for some reason, then only the
smallest Microsoft Access Database (MDB) file would need to be distributed to users and the
other two large files would not need to be replaced.
These tables were divided between three physical MDB files:
•
•
•

Climate Daily,
Climate Hourly,
Climate Applications.

The daily climate data were stored in the Climate Daily MDB file that also contained the
Element Daily table (Table 1). All hourly climate data (generally measured from an automatic
weather station) were stored in the Climate Hourly MDB file. Since this was the smaller file,
other tables containing information on magisterial districts, Provinces and quality types were
stored in the same file. The station information file was stored in Climate Hourly MDB. Finally,
all application software, user options, queries, forms, reports and programming modules were
stored in the Climate Applications MDB (Figure 2).
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Figure 2. Schematic diagram of database organization. The two data files and the station
information table lie on the network, with the interface file on the local PC.
Data Table Structure
Bearing in mind that the database was to contain 110,000,000 values, from 1850 to some time in
the future, the efficient storage of the data to both reduce disk space and enhance speed of
access, were considered paramount.
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Various structures were tested to determine their effectiveness. The final choice rested between
a daily record structure (where fields represented climate elements) and a monthly record
structure (where fields represented 31 daily values). While the daily record structure allowed
rapid access to the data, it also resulted in a very large file (200-300% of monthly record
structure). In addition, as elements appeared as fields, addition of extra fields would mean the
database design would need to be altered.
The final design is shown in Table 3. All values were stored without integers. This resulted in a
space saving of I gigabyte. This table contained in excess of 3 million records. A similar design
was used for hourly climate data. In this case, each record contained 24 hourly values for a day.

Field

Name

Size
Description
(Bytes)
Unique station number
I
CompNo
4
Value relating to climate element*
2
Element
I
Year (1850- 2000+)
3
Year
2
Month
I
Month (I- 12)
4
12
System date representing first day of month
5
Rdate
3]
X
2
DayOI; Day02 ... Day31
Daily values stored without decimals
6-37
38-69
Q01; Q02 .. Q31
31 X 1 Daily quality control values
..
*E.g. 1 presentmg max1mum temperature, 2 representmg m1mmum temperature and 3
representing rainfall.
Table 3. Design of clmate daily table.

Transfer File
The most difficult problem when maintaining several parallel databases is that of data integrity.
As the Institute maintained several satellite offices across the country, each having one or more
regional data entry personnel, data integrity problems were a large risk.
Various data entry personnel across the country are responsible for entering data from nonautomated stations into a climate entry database. Once basic quality checks are completed, these
data are e-mailed to the database administrator in Pretoria. These data are ingested into the main
database, which automatically places a copy of the added or updated data into an ancillary
database called "transfer file." The transfer file is e-mailed to each regional database manager.
Here, the comprehensive data from around the country are then loaded into each database,
ensuring each database has the same data (Figure 3). It is essential that no data be loaded
directly into the regional databases.
The most serious problem that may occur is if a regional office fails to load a Transfer File. This
causes a "hole" to develop in the database that is extremely difficult to identify.
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Figure 3. Schematic diagram shows flow of data from data
capture personnel to regional databases.

Station Information Table
The station information table is common to both the sites where daily and hourly data are
monitored. This table contains a unique identifier (commonly referred to as the computer
number), 3-dimensionallocation information (latitude, longitude and altitude) and political
information (country, province, district). Latitude and longitude are recorded to four decimal
places of a degree ("'25 m). Also included are a locational accuracy tag (indicating whether
location was known to the nearest minute or second) and a data source tag (acknowledging
source of data and providing the potential oflimiting access to certain stations' data depending
on owner restrictions).
The station information table required options such as editing and adding station information,
sorting and searching records. Each station was also given the unique South African Weather
Bureau (SAWB) number, which aided communication between the two institutions. It was used
as an additional check to verify the correct station was chosen when data were entered manually.
In the future, ARC-ISCW plans to link more detailed site information and an instrumentation
database to the station information table. The site information would include digital photos of
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the site, information on local topography and vegetation surrounding the site. The
instrumentation table would detail: sensors used, radiation shielding (e.g. Stevenson screen or
Gill radiation shield) of sensors and their maintenance and calibration schedules.

Climate Elements
One of the basic standpoints of the databank was that only measured data were stored. Thus, if
any value was calculated as a derivative or an index, it was calculated on the fly. However, if
values were interpolated or modelled to patch missing data, they were stored, though labelled as
"patched data" in the quality code tags.
The main benefits of this approach were firstly a saving in storage space. Many calculated
indices may be rarely requested. Secondly, if a method of calculation was updated, the change
would be effective immediately and there would be no confusion concerning the method of
calculation.
During the 1970s, when the first agrometeorological databank was developed, a decision was
made to focus on significant agriculturally relevant elements. These were:
•
•
•
•
•
•
•
•
•
•

Maximum daily temperature,
Minimum daily temperature,
Rainfall,
A-pan evaporation,
Sunshine hours,
Solar radiation,
Grass minimum temperature,
Windrun,
Maximum daily relative humidity,
Minimum daily relative humidity.

While this was an admirable choice of elements to keep the database focussed and a manageable
size, a criticism could be levelled at the use of relative humidity without a reference to a dry-bulb
temperature that would allow calculation of water vapour parameters. This list has expanded to
include gust wind speed and time of gust. Grass minimum temperature is no longer measured on
a regular basis.
Since the character of hourly climate measurement is different to daily data and the processing
possibilities are greater, the following set of elements were selected:

•
•
•
•
•
•
•

Dry bulb temperature,
Wet bulb temperature,
Relative Humidity,
Rainfall,
Solar radiation,
Wind speed,
Wind direction,
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•

Leaf wetness.

Both element tables were constructed as relational tables, thus allowing the easy expansion of
either table to include additional elements, without any redesign of the database. Elements that
may be added in the near future include soil water content and soil temperature.

Administrative Tables
A variety of administrative tables are required to provide functionality and management
capacity. The relational nature of these tables ensured that the database remains dynamic with
the capacity to be adapted to changing needs.
The most important administrative tables are described in Table 4.

Name
Station source
codes
Quality codes
Country
Province
Magisterial
districts
Station List
Import Errors
Hourly
Import Errors
Daily
Location Control
Station Groups
Information

Description
Indicates whether a station belongs to the ARC, SAWB, a private farmer
or other institution, and whether the data are publicly available or have
restricted access.
List of quality codes indicating what QC procedure data have been
through, whether data is missing, or patched/interpolated.
List of southern African countries where stations are registered.
List of southern African provinces or states.
List of South African Magisterial (County or Shire) districts.
List of stations selected required for a report option.
List of hourly data that failed import quality control criteria. Includes
date and reason for failure.
As above, but for daily data.
List of location quality codes. These include location verified to 25 m to
suspicious x, y or z coordinate.
Listing of tables containing user-defined station lists.

Table 4. Description of administrative tables associated with the climate database.

Quality Control Procedures
As the amount of stored data increases exponentially, particularly with the advent of automatic
weather stations, maintaining quality climate data becomes increasingly difficult. Many reports
are generated and distributed electronically without examination by a climate specialist.
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The integrity of the data stored in the climate databank is maintained through four levels of
focus. The first three are dynamic quality control (QC) procedures, while the fourth is a
historical validation process.
Level!:
Level2:
Level3:
Level4:

Proper siting and calibration of sensors
Data entry verification
Monthly trend analysis and element inter-comparison
Historical analysis of elements

No amount of sophisticated post-processing of data can restore data that have been poorly or
improperly measured. Particularly with electronic sensors, regular calibration of sensors must be
done. ARC-ISCW ensures that all observation stations are calibrated twice annually and station
siting is also verified.
As data are entered manually, the use of column check-totals and entry of duplicate station labels
ensure that data are not stored against the wrong station and that hand-written numerals are not
misread.
On a monthly basis, manually entered data are put through a series of tests. These include, for
example, that measured maximum thermometer readings compare favourably with
thermohygrograph chart readings of maximum temperature. Daily maximum and minimum
temperature are examined to compare relative magnitudes. Daily evaporation is compared with
maximum temperature and windrun, to ensure it is within the correct magnitude.
Data from automatic weather stations undergo three basic tests. The limits test ensures the data
are within physical boundaries for the particular station. The rate-of-change test checks that the
hourly change in magnitude is within acceptable limits and finally, the continuous-no-change test
confirms that the sensor is still responding to environmental signals. In order for data to be
processed automatically, these tests are performed as data from A WSs are ingested into the
databank. Any data that fails the test is automatically marked as suspicious but loading
continues automatically. It then becomes the responsibility of the data quality officer to respond
to the daily report of suspicious data.
Over the many years of data collection, certain data of dubious origin has found its way into the
databank. Thus, the final process in QC was historical data validation. This consisted of
performing a series of tests on the data to identify data that failed and could be classified as
suspicious. A number of tests were designed to highlight these data. In the final analysis, less
that 0.00 I% was found to be suspicious. An example of suspicious data is shown in Figure 4.
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Figure 4. Frequency of records containing data outside the limits of quality assurance query.

The final endeavour to maintain quality data are the data quality tags. Each daily or hourly value
has an associated code that identifies the confidence in the data. The quality tag codes are given
in Table 5. Any user has permission to tag any data as suspicious, although only the QC
manager has permission to alter any other QC tag value. This means that a user who finds data
that does not appear correct may alter the tag to "suspicious." Often the best data quality
inspectors are the data users.

Quality tal(

0
I

2
3
4

5
6
7
8

9

Name
Verified
Part Verified
SAWB
Untested
Unknown
Patched
Suspicious
Missing Value
Not Available
Default

Description
Data satisfied all quality control tests
Data satisfied week quality control tests
Data satisfied SAWB quality control tests
Data quality untested (part month/day not imported
Data from external source. Quality status unknown
Data patched/interpolated
User marked value as suspicious
True missing value -- not same as "not imported yet"
Data which has not yet been imported
Quality value before assigned. Should not appear

Table 5. List of quality control tags for daily and hourly data.
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Reports and Data Dissemination
Clearly, the most important function of monitoring, storing and dissemination of data is the
provision of a useful interpretation. This requires more than elegant analysis and presentation.
For instance, what could 400 mm mean?
• The area is unsuitable for production of maize
• The year was suitable for sunflower production
• Rainfall in two-out-of-five years does not reach this value
• The rainfall is concentrated in one month
• The onset date is highly variable
• Two kilometres away 270 mm was recorded
Useful interpretation of the data is necessary to make the information valuable to non-specialists.
The AgroMet databank makes provision for the generation of both long-term averages (LTA)
and short-term (weather data) reports. Typical values, derivatives and indices that can be
calculated are given in Table 6.
Table 6. Typical elements, derived values and indices available from the National AgroMet
Climate Databank. Various statistics such as mean, maximum and percentile values may be
requested.
Daily data
Rainfall
Number of rain days
Daily mean maximum temperature
Daily mean minimum temperature
Average daily temperature
Days exceeding temperature threshold
Frost days
Heat units
Utah chill units
Daily positive Utah chill units
Dynamic model (chilling portions)
A-pan evaporation
Maximum daily relative humidity
Minimum daily relative humidity
Leaf wetuess
Vapour pressure deficit
Penman-Monteith (FA0-56)
Sunshine hours
Relative sunshine duration (n!N)
Radiation
Windrun
Downy mildew
Powdery mildew
Discomfort index equivalent temperature
Wind chill equivalent temperature

Hourly data
Average hourly dry bulb temperature
Wet bulb temperature
Dew point temperature
Relative humidity
Saturation vapor pressure
Actual vapor pressure
Maximum wind gust
Wind speed
Wind direction
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In order to generate a report the following steps are required:
1. Select a station/many stations. This may be through a point search, rectangle search,
selecting a magisterial district or using a predefined selection.
2. Select report type. These include short-term or long-term, and for daily or hourly data.
3. Select start and end dates.
4. Select reporting period. This could be hourly, daily, I 0-daily, monthly or annually.
5. Select elements and indices required.
6. Select statistical analysis. This is only available for long-term reports and includes mean,
maximum, minimum or any percentile.
7. Execute and view report. The report may be printed or exported in RTF, MS-Excel, HTML
or text formats.
All reports may be exported in text, rich text format, Microsoft Excel or html to facilitate users
who want to use the information for further analysis and spatial interpolation.

Conclusions
Recent developments in affordable commercial databases have provided the opportunity to
develop comprehensive and user-friendly databases to manage agrometeorological data. By
optimizing the design, useful features such as quality control tags and data from multiple
measurement periods can be incorporated into a stable, multi-user database that can be used over
an intranet.
By utilizing a relational database design and storing all data as integers, the entire database of
110 million values could be easily stored on desktop PC's. The database can be run in a multiuser environment over a network or as a stand-alone system. Data processing and exporting
rules were set to maintain data integrity for regional databases.
One of the strengths of the system is the ability to allow the generation of a wide range of
statistics and indices. These can be used to provide risk analysis and enhance interpretation of
the data.
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Abstract
An Advanced Weather Interactive Processing System (AWIPS) was delivered to Northern
California's Interagency Fire Forecast and Warning Unit (IFFWU), located in Redding, during
the summer of 2000. The Redding IFFWU previously did not have access to A WIPS, which is
the cornerstone ofNational Weather Service (NWS) modernization efforts. However, Redding
is one of two fire weather forecast offices - the other is situated in Riverside, California - not
under the auspices of the NWS. As a result, USDA's personal computer-based version of
AWIPS was installed, providing Forest Service met~orologists with forecasting, modeling and
visualization tools that were formerly unavailable.

Introduction
U.S. wildfires consumed more than 7.3 million acres in 2000 --about 200 percent of the 10-year
average, representing the most active season in more than 4 decades. Areas from the Rocky
Mountain region westward (the 11 Western States plus Alaska) accounted for nearly 6 million
acres of the burned land, more than 80 percent of the national total. In fact, just four States Montana, Idaho, Nevada, and Alaska- accounted for more than one-half of the charred acreage.
The active wildfire season coincided with the U.S. Department of Agriculture's (USDA's)
introduction of an Advanced Weather Interactive Processing System (AWIPS) into Northern
California's Interagency Fire Forecast and Warning Unit (Redding IFFWU), which includes
forecasters in USDA's Forest Service. Fire weather forecasting is also conducted at another
interagency center in Riverside, California, and at more than 100 NWS offices across the country
(Figure 1). Redding's area of responsibility encompasses much of northern California, consisting
of twelve forecast zones (Figure 2).
As an interagency unit rather than a NWS Office, the Redding IFFWU previously did not have
access to AWIPS, a powerful and sophisticated data collection and processing network. AWIPS
is the cornerstone ofNWS' recently completed modernization that allows meteorologists and
hydrologists to respond to rapidly changing weather conditions and prepare increasingly accurate
forecasts. Since the July 2000 installation of AWIPS at Redding, Forest Service meteorologists
have been able to utilize tools that were previously unavailable or limited in scope, such as timeheight cross sections, model forecasts and lightning strike information.
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Figure 1. National Fire Weather forecast offices.

Figure 2. Redding IFFWU zone forecast map.
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Comparison of NWS and USDA A WIPS Technology
The NWS A WIPS communications networks distribute data and graphical products from a
central point, the National Center3 for Environmental Prediction (NCEP), to Weather Forecast
Offices and River Forecast Centers, where they are used in forecast guidance. A satellite
broadcast network (SBN) and a terrestrial wide-area network (WAN) ensure reliable distribution
of products. The NOAAPORT information service uses the SBN to provide a wide range of
products to subscribers, including non-A WIPS users such as the Department of Defense, the
Federal Aviation Administration, commercial weather services, broadcast meteorologists,
emergency management agencies, universities, and others outside the NWS.
The U.S. Department of Agriculture's Office of the Chief Economist (USDA/OCE) has chosen a
means of receiving NOAAPORT products that incorporates the National Weather Service's
A WIPS technology. USDA/OCE has installed a NOAAPORT downlink at USDA's National
Information Technology Center (NITC) in Kansas City, Missouri. Software developed by PRC
Inc., a subsidiary ofLitton Industries, Inc., allows for selected weather products to be forwarded
to other USDA locations via an automated distribution list. In this way, various products can be
delivered to different USDA offices, including the Redding IFFWU, through terrestrial land lines
utilizing a single satellite downlink. USDA meteorologists view and decode graphical and
textual products on personal computers, rather than workstations. Nearly all of the AWIPS
functionality is retained in the desktop environment, a configuration that allows multiple
simultaneous users and a significant reduction in hardware.
USDA's NOAAPORT system differs from the standard NWS installation in three major ways:
•
•

•

USDA utilizes one NOAAPORT Receive System (NRS), shown in Figure 3, instead of each
site having its own.
Data is distributed from a distribution server collocated with the NRS. The distribution
server is capable of sending a different product mix to multiple sites. Each receiving site can
then distribute products to other sites (multi-tiered distribution).
High-end personal computers are used instead of UNIX workstations to run A WIPS.

A WIPS and Fire Weather
Advanced technology is key to the successful integration of the meteorological information and
expertise at the Geographic Area Coordination Centers (GACCs) and the Northwest Interagency
Coordination Center (NWC). Operational meteorologists need access to large and complex data
sets of alpha-numeric and graphical data on a near-real time basis. Systems must be able to
support manipulation of complex atmospheric models and graphical images. This requires highspeed workstations and high bandwidth links typically found on A WIPS in NWS Forecast
Offices.
Since USDA's installation of a personal computer-based A WIPS system in Redding for testing in
an operational environment, fire weather forecasters have access to model output, satellite
imagery, surface and upper-air observations, and lightning data, all at one workstation. Radar
data capability will be added to the suite of products by the winter of 2000-01. Forecasters have
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the ability to overlay and integrate these products with map backgrounds of their choice,
showing county boundaries, cities, highways, and terrain features, in any manner that suits their
personal techniques and style.

USDA AWIPS LINKS TO NOAAPORT
October 2000

Figure 3
Created by. USDAJWAOBIJAWF

Figure 3. USDA AWIPS links to NOAAPORT.

Fire weather forecasting has specific parameters and weather situations which are of great
interest and importance to fire managers. Fire weather situations are generally mesoscale in
nature and require high-resolution model output for best results. This is where AWIPS excels,
providing high-resolution graphics for forecasting in mountainous or varied terrain. Four-panel
displays can be simultaneously generated to compare atmospheric states at various levels. Timeheight cross sections can be generated over a single geographic point to show the vertical
variation of a parameter or set of parameters over a specified length of time. Spatial cross
sections show variations in conditions along a line. A distance-speed tool can estimate the time
of the arrival of features such as a cold front on satellite imagery or a thunderstorm on radar.
In the western United States, one of the greatest causes ofwildland fire is lightning. AWIPS
brings the capability of overlaying observed lightning-strike data with satellite or radar imagery,
allowing forecasters to pinpoint locations and intensities of thunderstorms producing new fires or
producing downburst winds to aggravate existing fire situations. Of special concern are dry
thunderstorms, which are those that generate lightning but little rain due to lack of moisture in
the lower atmosphere. AWIPS enables forecasters to utilize model soundings and time-height
cross sections for depicting moisture layers that may be sufficient to generate thunderstorms, but
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too high for good wetting rains to reach the ground. Time-height cross sections of temperature
are useful in determining the expected times of frontal passages. Dry cold fronts are a concern
since they may result in increased wind and sudden directional changes, creating hazardous
conditions on fires in progress.
Strong winds are a concern to fire weather forecasters, and even a greater concern when coupled
with low humidity. AWIPS provides forecasters with the ability to display expected surface
humidities along with anticipated wind speeds and directions to pinpoint areas that may have the
greatest potential for hazardous fire-fighting conditions, or locations that might experience more
active overnight burning than normal. AWIPS forecast products are also useful as a crew
management tool, helping to determine rotations and rest schedules of fire fighters. Finally, the
Redding office has also utilized the satellite fog product experimentally to show nighttime fire
behavior and intensity.

Conclusions
The NWC is recognized as a national leader in support of GACC operations. Weather-data
display and distribution needs at NWC are best met with the acquisition of AWIPS or AWIPSlike technology, as currently being tested at the GACC in Redding. The rationale is to not only
effectively meet the NWC operational fire weather support requirements, but also to more
effectively integrate NWS meteorologists into NWC operations seasonally. The NWS
meteorologists are already familiar with AWIPS, thus eliminating the need to learn and maintain
proficiency on another weather system upon arrival at NWC.
The USDA's Forest Service plans to deploy additional personal computer-based AWIPS systems
to GACCs in the West over the next few years. Locations being considered include the office in
Riverside, California, the fire lab in Missoula, Montana, and the NWC in Portland, Oregon. The
USDA's AWIPS is a valuable tool that greatly increases efficiency in an operational or research
meteorological environment, and does so at fraction of the cost of its NWS counterpart. Sharing
tools and technology across agency boundaries is sensible, saves time and money, and appears to
be the wave of the future.
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Abstract
Case studies are presented which illustrate how agrometeorological data have been integrated
into three biophysical simulation models. Australian Rainman performs statistical analyses on
point-based meteorological data. Whopper Cropper presents output and analyses from precomputed mode ling of broad-acre crops (wheat and cotton), which were done at discrete
locations using point data. The Aussie GRASS project uses a pasture simulation model that
utilizes interpolated grids of biophysical and meteorological data. The input data requirements
of the three models are discussed and also the problems associated with data assimilation.

Introduction
The efficient mode ling of agricultural and natural resource systems has long been recognized as
being important in the development of sustainable management practices. While sophisticated
simulation tools have been constructed, model development is almost invariably hindered by the
availability of quality data sets needed for testing and validation. Furthermore, many existing
models cannot be readily implemented, as the necessary input data may not be available for the
exact geographic location of interest.
Agrometeorological models utilize data which may be broadly classified into two types: (I)
point data, based upon observational records, and (2) interpolated data, which are commonly
derived by spatial interpolation of the aforementioned point data. If neither point nor
interpolated data are available, it may be possible to utilize mean data sets, depending on the data
sensitivity of the model in question. The compilation of interpolated and point data sets has been
described in Jeffrey et al. (2000).
This paper illustrates the techniques used to integrate a number of different data sets into three
simulation models. The first system that is described uses meteorological point data. The
second system is a point mode ling application that utilizes an ensemble of pre-computed
simulation results. Finally, a spatial modeling application is presented using both meteorological
and biophysical data sets.

Australian Rainman
Australian Rainman (Clewett et al. 1999) was developed to provide users with seasonal rainfall
forecasting information that would assist in the management of climatic risks and opportunities.
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The package is presented as a compact disc that contains historical rainfall records, plus a suite
of analytical tools, reference material for understanding Australia's climate variability and a set
of interactive tutorials regarding management of climate risk.
Data Integration
An archive of observational monthly rainfall data is included in the CD distribution. Continuous
records are available at approximately 3,900 locations. Missing data were estimated via spatial
interpolation of normalized monthly rainfall.
The package performs user-specified analyses on the available data, for example, how the
Southern Oscillation Index (SOl) patterns affect the probabilities of receiving certain amounts of
rainfall from the available 100-year rainfall distribution. To ensure that the package remains
relevant and that recent rainfall events are considered, an Internet-based mechanism was
developed to facilitate updating of the monthly rainfall archive. Update files are generated each
month and stored on a web server which users access via an Internet URL address that is hardcoded in the package. Users may download the rainfall update file either independently, or from
within the Rainman program.
Future Directions
Work is in progress to produce a module for Rainman that will contain data and tools for
seasonal forecasting of streamflow. Stream catchments have been identified and flow
information is being evaluated using interpolated daily rainfall surfaces.
A version of Rainman has been developed which uses international data sets. The generalized
prototype is fundamentally different to the Australian version in that it uses raw observational
data records which may contain missing data. While the limitations imposed by missing data can
be somewhat overcome by the construction of continuous data sets, such records are not yet
widely available. In the absence of continuous records, the prototype version still allows some
access to the power of Australian Rainman.

Whopper Cropper
Whopper Cropper (Nelson et al. 1999) is a software tool designed to apply crop systems
modeling and seasonal climate forecasting to crop management. It differs from other crop
analysis packages in that it focuses on management outcomes rather than farming system inputs.
Agricultural managers often seek meteorological information to assist them in complex
managerial decisions, e.g., what crop, what variety, how much area to plant, how much fertilizer.
However, meteorological data alone may not be sufficient to evaluate the outcomes that are most
important. Consequently, Whopper Cropper was designed to estimate crop yield given different
management options and varying climatic conditions. The package enables users to manipulate
and view a wide range of crop management options, and to evaluate likely outcomes given
current seasonal climate forecasts.
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Input Data
Whopper Cropper is a database of pre-computed output from the Agricultural Production
Simulator (APSIM) (McCown et al. 1996) with an easy-to-use graphical interface that facilitates
time series, probability and diagnostic analyses. The database was generated from an ensemble
of APSIM simulations with varying initial conditions and management options over 16 regions
in eastern Australia. The APSIM model requires biophysical data such as soil type, plant
available water, crop type, etc., and daily time-step meteorological data. The latter consist of
rainfall, maximum and minimum temperature, solar radiation, pan evaporation and vapor
pressure.
Future versions of Whopper Cropper will include a facility to simulate distributions of gross
margins, using Monte Carlo simulation to combine distributions of yield and price for each crop
management option.

Aussie GRASS
The Australian Grassland and Range/and Assessment by Spatial Simulation (Aussie GRASS)
project (Carter et al. 1999) is based upon the use of a spatial simulation model to estimate
pasture growth and condition. The quantitative assessment of the condition of grass lands is
difficult due to the complexity of biophysical systems and also the high spatial and temporal
variability in resources and climate.
Land degradation can occur during periods oflow pasture production, typically a drought, where
high pasture consumption caused by over-stocking causes loss of perennial grass tussocks and
reduces the cover on the soil surface. Reduced surface cover leads to erosion and the subsequent
loss of soil water capacity and nutrients causes further loss of productivity. Reduced grass
growth also leads to fewer opportunities to occasionally renovate the pasture by burning.
Overgrazing of palatable grass species and a reduced frequency of burning can lead to increase
in weed grasses, forbs and woody weeds in the pasture sward which in turn further reduces
overall productivity. Therefore, the impact of grazing animals, land system capability and
climate must be considered when attempting to evaluate land degradation hazard potential.
When data on animal numbers and pasture growth are combined, one can simulate important
indices regarding sustainable resource use, such as pasture utilization, surface cover, soil loss
rate and grass basal area.
The pasture growth model utilizes several different types of biophysical and meteorological data.
Spatial data sets are required and the input data is usually stored at 0.05° resolution on regular
grids which span continental Australia. Daily meteorological data including rainfall, minimum
and maximum temperature, radiation, pan evaporation and vapor pressure are required. All
gridded data were derived by spatial interpolation of observed data and the interpolation
procedures used have been described elsewhere (Jeffrey et al. 2000). The spatial model runs on
a daily time step and can be potentially run from the 1890s to 12 months into the future.
Therefore it is quite computationally intensive, and a Cray SVl supercomputer runs the
simulation.
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The compilation of biophysical data sets was challenging as most data had been recorded for
different purposes and at different times. The reconstruction of summary data into spatial data
sets was made more difficult by the fact that many of the data sets were collated by various state
organizations from all around Australia.
In the following sections we provide brief notes regarding the compilation of several biophysical
data sets.

Soils and Pastures
Soil boundaries were taken from the Atlas of Australian Soils and a unique numeric code was
assigned to each soil type. In Queensland, the pasture map was created using the Queensland
land assessment data (Weston et al. 1981; Tothill and Gillies 1992) data sets to produce a raster
grid with some 43 pasture communities. An additional 3 groups representing lakes, sugar cane
and broad-acre cropping were derived from remotely sensed data.

Tree Basal Area Layer
A fundamental feature that distinguishes between the typically non-deciduous Australian trees
and grass is that the greenness of trees persists an on inter-seasonal basis while grass has
significant intra-seasonal variation. The grass dries out and yellows during the winter months.
This feature was used to derive a tree layer by analysis of Normalized Difference Vegetation
Index (NDVI) imagery derived from National Oceanic and Atmospheric Administration
(NOAA) satellite data. The analysis calculated the mean and coetlicient of variation for each
pixel in a time series of 44 NDVI images. These two values were classified to create a grass/tree
mask and within the tree areas, a regression between mean NDVI and tree basal area was used to
produce the tree layer.

Stocldng Rate Rasters and Calculation of Total Grazing Pressure
The Aussie GRASS model calculates total grazing pressure using data on domestic stock, feral
animals (e.g. goats and rabbits) and native herbivores (e.g. kangaroos). Domestic stock numbers
are provided by the Australian Bureau of Statistics on an annual basis. Data on other animals
contributing to the total grazing pressure are used where available, although they are generally
very limited, both temporally and spatially.

Fire
Fire removes most of the standing biomass and it is essential that the impacts of fire on biomass
are incorporated into Aussie GRASS in order to prevent gross errors in the model outputs. A
system for deriving maps of active fires and fire histories from remotely sensed NOAA data is
currently under development.

Model Output
One of the core aims of the Aussie GRASS project is the near-real time assessment of the
condition of grasslands within Australia. However, the simulation model has the additional
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capacity to predict biomass production up to six months in advance. A predictive capability such
as this can be used to protect agricultural regions by providing an advanced warning of possible
episodes of land degradation. The climate prediction is based on the correlation between the
Southern Oscillation Index (SOI) and rainfall. Stone et al. (1996) reported that the behavior of
the SOI over a period of two months could be used to partition Australia's rainfall into one of
five conditional climatologies. These are known as phases and loosely describe the SOI as being
consistently positive, consistently negative, consistently near zero, rapidly rising, or rapidly
falling. Given the SOI phase for the current period, one can identify all proceeding years which
had the same phase. The pasture production model is then run using all daily climate data from
1889 to present, plus a variable number ensemble of six-month climatologies of daily data, taken
from the previously identified analogue years. Depending on the phase and time of year, the
ensemble can have between 8 and 24 members. Using the ensemble of model predictions (one
for each analogue year), one can then compute the probability of exceeding median pasture
growth over the next three to six months, the probability of encountering low pasture availability
combined with high levels of pasture utilization by grazing animals and the probability of feed
deficits occurring.

Discussion
Three software tools have been described which assist resource managers through the provision
of climate risk management information. The algorithms underlying each product differ
considerably, but in each case the output information is derived from an archive of
meteorological and biophysical data. The Rainman and Whopper Cropper packages both use
point-based data sets that are provided with the software distributions. The Aussie GRASS model
is significantly different in that it uses spatial data sets, as opposed to point records. Simulation
is usually undertaken using high-resolution grids spanning the Australian continent, which
requires significant computational resources.
When developing a large-scale spatial simulation product, one must consider how raster data are
to be manipulated. Generally the user will select either the convenience of a geographic
information system (GIS), or the efficiency of explicitly doing explicit spatial simulation in a
third generation language (3GL) like FORTRAN or C. A GIS will support spatial modeling
using a mixture of point, polygon and raster data sets. Internally, these data are usually reduced
to a common set of small polygons, each containing a single attribute. The efficiency of a GIS
approach must be considered with the knowledge that the addition or removal of a single data
point will result in an entirely different set of polygons being generated. The computational
effort required to calculate a new set of polygons for each daily data set may be unacceptable.
The requirement for using daily meteorological data by the Aussie GRASS pasture model means
that continual and ever-changing complexity is imposed on all physical point locations, which
make the classic use of a simple GIS modeling approach too difficult.
Manipulating raster data explicitly in a 3GL can have significant computational advantages. In
particular, the relative efficiency of the 3GL approach will increase with the number and
complexity of data operations required. Furthermore, data input/output can be optimized. This
latter point can be a critical factor in models which have large data requirements.
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The data input/output requirements of the Aussie GRASS model required that it be written in a
3GL with pre-computed raster input data. However, model output can be read by a GIS if
further complementary processing such as map production is required.

Conclusion
The integration of agrometeorological data into three software models has been described. All
systems aim to improve the sustainable management of agricultural and natural resource systems
through the provision of management information based on quality data sets. The models
present a variety of applications from point-based data analysis, point-based simulation and
continental scale spatial simulation.
Integrating agrometeorological data into biophysical models requires a significant investment in
human and computer resources. It is expected that benefits arising from the improved
management of our natural resources will become apparent in the near future and more than
justify the investment in data integration.
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Abstract
The rapidly growing world population, the need to greatly enhance agricultural productivity and
the alarming extent of environmental degradation constitute a triple global challenge for the 21st
century. Although soil degradation may not appear to threaten global food supply, the effects of
degradation at national and sub-national level on food availability for the rural poor, on
agricultural markets, and agricultural income are significant.
The traditionally published information on soil resources, mostly in the form of soil maps,
reports and complementary soil analytical tabular data are difficult to interpret by non-soil
scientists. There is a growing demand to improve the interaction and communication between
producers and users of soil information. The demand for soil information now and in the future
is for better georeferenced, computerized baseline data on soil and terrain resources, not only as
a service for global action programmes related to global change issues and global food
production predictions, but also for policy issues at national level.
The internationally endorsed Land Resources Information System for Assessment and
Monitoring (SOTER) is a joint programme of the Food and Agriculture Organization of the
United Nations, the International Soil Reference and Information Centre, the International Union
of Soil Science, and the United Nations Environment Programme.
SOTER provides an orderly arrangement of natural resources information through the creation of
a computerized database containing available attributes on physiography and soils linked with a
polygon database through a geographic information system. SOTER contains separate files on
climate, vegetation and land use. SOTER provides the baseline for assessment of the potential
productivity of the land and the status, risk and rate of soil degradation. SOTER can promote
action to conserve or rehabilitate the land and improve our understanding of global climate
change.

Introduction
The intense and increasing pressure on land and water resources, leading to their degradation and
pollution, and ultimately leading to loss of productivity, calls for an approach that strengthens the
awareness of the users of land and water resources of the dangers of inappropriate management.
Such an approach would also strengthen the capability of national soil/land resources institutions
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to deliver standardized, reliable and up-to-date information on land resources in an accessible
format for a wide audience.
The rapidly increasing world population (80 million people annually), the increasing deficit in
aggregate cereal output (from 80 million tons in 1988 to almost 250 million tons in 2020) as
predicted by IFPRI (1994), and the alarming extent of soil degradation (1.9 billion ha ofland) as
quoted by the World Resources Institute (WRI 1992) on the basis of studies of the International
Soil Reference and Information Centre, ISRIC (Oldeman et al. 1991) are the central themes for
the international and national agendas of policy makers and agricultural research organizations.
Primary data on soil and terrain as well as on other environmental resources form the baseline for
the development ofland utilization and for assessing and monitoring land resources. Similarly to
climate and weather information, the need for the collection, storage, analysis, and dissemination
of soil-related information is essential to develop sustainable strategies for agricultural
production. Contrary to climate, human beings are not aware of the importance of soils, because
"soils are hidden under their feet. and because they cannot use them in the way they use biota,
water, and air" (Blum and Ruellan 1998). However, soils play an important role in food
production, in the storage and flow of water, and in their function as sink and source of
greenhouse gases. Soils can buffer toxic substances, albeit to a certain level, but can also release
toxic substances as a result of changing conditions.
Scherr and Yadav (1996) make a strong plea for the development of geographically referenced,
computerized information systems that can collect, store and analyze data on natural and socioeconomic resources, and that can disseminate, in "user-friendly" format, information about the
range of available options and techniques for different types of soils, climate and farming
systems.
Throughout the last two decades, the FAO-Unesco Soil Map of the World at a scale of 1:5
Million, developed over a 20-year period and published in 10 volumes with 19 map sheets (FAO
1972-1981 ), has been used for a variety of needs. This map became a useful tool to assess
desertification, to establish complementarity between areas with different land-use potential, to
assess potential production-supporting capacities, and to develop a framework for land
evaluation.
The emergence and evolution of information sciences provided new sets of tools for collection
and storage of soil and terrain information. It also led to a proposal for the development of a
World Soils and Terrain Digital Database (SOTER) at scale 1:1 Million, endorsed by the XIIIth
World Congress of Soil Science held in Hamburg in 1986.
In 1987 the United Nations Environment Programme (UNEP) asked ISRIC to develop
procedures for a world soils and terrain digital database at scale 1:1 Million, and to subsequently
test these procedures in a pilot area in Latin America.
The SOTER guidelines, developed in close cooperation with the Food and Agricultural
Organization ofthe United Nations (FAO) and International Society of Soil Science (ISSS), and
the results of a pilot area for SOTER, covering portion of Argentina, Brazil, and Uruguay, were
discussed and approved by the ISSS working group on Digital Mapping of Global Soil
Resources at the XIVth World Congress of Soil Science held in Kyoto in 1990.
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In 1993 the SOTER Procedures Manual was published as a FAO, ISRIC, ISSS, UNEP document
in English, French and Spanish. A second, slightly revised edition was published in 1995 (Van
Engelen and Tin-tiang 1995). The SOTER approach discussed in the following section is based
on the SOTER Procedures Manual.

The SOTER Approach
Natural resource data are traditionally presented in paper format; i.e. maps and accompanying
reports. The use of technical jargon makes this information hard to access for non-specialists.
Moreover, lack of standardization in the data hinders exchange of information and use of
standard interpretative methods. Printed information often becomes rapidly out of date and new
data are only included when sparse funds allow for revised maps.

SOTER stores data at different levels of detailed information on soil and terrain resources in such
a way that these data can be assessed and combined immediately and easily. These data can be
analyzed from the point of view of potential use, in relation to food requirements, environmental
impact and conservation. SOTER can assist international, regional and national environmental
agencies to become more customer-oriented and active in the distribution of knowledge of the
environment to many users.
The SOTER Mapping Approach
The methodology of mapping ofland characteristics originated from the idea that land (in which
terrain and soil occur) incorporates processes and systems of interrelationships between physical,
biological and social phenomena evolving through time. This idea was developed initially in
Russia and Germany (landscape science) and became gradually accepted throughout the world.
SOTER has continued this development by viewing land as being made up of natural entities
consisting of combinations of terrain and soil individuals.
Underlying the SOTER methodology is the identification of land areas with a distinctive, often
repetitive, pattern oflandform, lithology, surface form, slope, parent material, and soil. Tracts of
land distinguished in this manner are named SOTER units. Each SOTER unit thus represents one
unique combination of soil and terrain characteristics.
The methodology has been developed for applications at a scale of 1:1 Million and has been
tested successfully in pilot areas in North and South America. Nevertheless, the methodology
also is intended for use at larger scales associated with the development of national soil and
terrain databases. A first testing of such a detailed database was carried out in Sao Paulo State of
Brazil at a scale of 1:100,000 (Oliviera and Van den Berg 1992). The SOTER methodology also
lends itself well to the production of maps and associated tables at scales smaller than 1:1
Million.

SOTER Source Materials
Basic data sources for the construction of SOTER units are topographic, geomorphological,
geological and soil maps at a scale of 1:1 Million or larger (mostly exploratory and
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reconnaissance maps). In principle, all soil maps that are accompanied by sufficient analytical
data for soil characterization according to the revised FAO-Unesco Soil Map of the World
Legend (FAO 1988) can be used for mapping according to the SOTER approach. Seldom,
however, will an existing map and accompanying report contain all the required soil and terrain
data. Larger scale (semi-detailed and detailed) soil and terrain maps are only suitable if they
cover sufficiently large areas. In practice, such information will be mostly used to support
source material at smaller scales.
SOTER uses the I: I Million Operational Navigation Charts and its digital version, the Digital
Chart of the World (DMA 1992), for its base maps. Although it aims at eventual world wide
coverage, the SOTER approach does not envisage a systematic mapping programme, and hence
does not prescribe a standard block size for incorporation in the database.

Associated Data
SOTER is a land resource database. For many of its applications SOTER data can only be used in
conjunction with data on other land-related characteristics but SOTER does not aspire to be able to
provide all these data. Nevertheless, to obtain a broad characterisation of tracts ofland in terms of
these complementary characteristics, the SOTER database does include files on climate, vegetation
and land use. The former file is in the form of point data, that can be linked to SOTER units
through GIS software. Vegetation and land use information is, on the other hand, provided at the
level of SOTER units. However, it should be stressed that for specific applications, information on
these characteristics should be obtained from specialized databases such as a climatic database.
This also applies to natural resource data (e.g. groundwater hydrology) and socio-economic data
(e.g. farming systems) which do not form part of the SOTER database.

SOTER Database Structure
In every discipline engaged in mapping of spatial phenomena, two types of data can be
distinguished:
I)

Geometric data, i.e. the location and extent of an object represented by a point, line or
surface; and topology (shapes, neighbours and hierarchy of delineations).

2)

Attribute data, i.e. characteristics of the object.

These two types of data are present in the SOTER database. Soils and terrain information consist
of a geometric component, which indicates the location and topology of SOTER units, and of an
attribute part that describes the non-spatial SOTER unit characteristics. The geometry is stored
in that part of the database that is handled by geographic information system (GIS) software,
while the attribute data are stored in a separate set of attribute files, manipulated by a relational
database management system (RDBMS). A unique label attached to both the geometric and
attribute database connects these two types of information for each SOTER unit (see Figure I, in
which part of a map has been visualized in a block diagram). The overall system (GIS plus
RDBMS) stores and handles both the geometric and attribute database.
A relational database is one of the most effective and flexible tools for storing and managing
non-spatial attributes in the SOTER database (Pulles 1988). Under such a system the data is
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Figure 1. SOTER units, their terrain components (tc), attributes. and location.

stored in tables, whose records are related to each other through the specific identification fields
(primary keys), such as the SOTER unit identification code. These codes are essential as they
form the links between the various subsections of the database, e.g. the terrain table, the terrain
component and the soil component tables. Another characteristic of the relational database is
that when two or more components are similar, their attribute data need only to be entered once.
Figure 2 gives a schematic representation of the structure of the attribute database. The blocks
represent tables in the SOTER database and the solid lines between the blocks indicate the links
between the tables.

Geometric Database
The geometric database contains information on the delineations of the SOTER unit. It also holds
the base map data (cultural features such as roads and towns, the hydrological network and
administrative boundaries). In order to enhance the usefulness of the database, it will be possible
to include additional overlays for boundaries outside the SOTER unit mosaic. Examples of such
overlays could be socio-economic areas (population densities), hydrological units (watersheds) or
other natural resource patterns (vegetation, agro-ecological zones).

Attribute Database
The attribute database consists of sets of files for use in a relational database management system.
The attributes of the terrain and terraio component are either directly available or can be derived
from other parameters during the compilation of the database. Only for horizon data, attributes can
be distinguished as mandatory or optionaL
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Many of the horizon parameters of the soil component consist of measured characteristics of which
the availability varies considerably. However, there is a minimum set of soil attributes that are
generally needed if any realistic interpretation of the soil component of a SOTER unit is to be
expected. Therefore their presence is considered mandatory. Other soil horizon attributes are less
importance and their presence in the database is considered optional. It is imperative that, in order
to preserve the integrity of the SOTER database, a complete list of mandatory attributes is entered
for each soil component. Optional attributes are accepted by the database as and when available.
In case mandatory data are not available for some of the quantifiable attributes, SOTER will allow
expert estimates to be used for attributes of the representative profile. Measured and estimated
values of the representative profile will thus be stored separately.
All mandatory and optional attributes for the soil component, as well as all other non-spatial
attributes of the SOTER units, are listed in Table 1. The listing for the soil component attributes
is compatible, but contains some additional items, with the data set that is stored in the FAOISRIC Soil Database (FAO 1989).

SOTER and Climate
Climatic data forms an inseparable part of the basic inventory of natural resources. Nevertheless,
climate is treated separately from the SOTER database as the climate data are not directly linked
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to the SOTER units. Climate data are based on point observations only and the link with the soils
and terrain information exists by means of the geographical location of these points. The SOTER
Table 1. Non-spatial attributes of a SOTER unit.

TERRAIN
1 SOTER unit_ ID
2 year of data collection
3 map_ID
4 minimum elevation
5 maximum elevation

6 slope gradient
7 relief intensity
8 major landfonn
9 regional slope
10 hypsometry

TERRAIN COMPONENT

TERRAIN COMPONENT DATA

14 SOTER unit_ID

15 terrain component
number
16 proportion ofSOTER
unit
17 terrain component
data_ID

18 terrain component data_ID
19 dominant slope
20 length of slope
21 form of slope
22 local surface form
23 average height
24 coverage
25 surface lithology

SOIL COMPONENT

HORIZON(*= mandatory)

33 SOTER unit_ID
34 terrain component
number
35 soil component number
36 proportion of SOTER
unit
37 profile_ID
38 number of reference
profiles
39 position in terrain
component
40 surface rockiness
41 surface stoniness
42 types of
erosion/deposition
43 area affected
44 degree of erosion
45 sensitivity to capping
46 rootable depth
47 relation with other soil
components

63 profile_ID*
64 horizon number*

PROFILE
48 profile_ID
49 profile database_ID
50 latitude
51 longitude
52 elevation
53 sampling date
54\ab_ID
55 drainage
56 infiltration rate
57 surface organic matter
58 classification FAO
59 classification version
60 national classification
61 Soil Taxonomy
62 phase

11 dissection
12 general lithology
13 permanent water surface

65 diagnostic horizon*
66 diagnostic property*
67 horizon designation
68 lower depth*
69 distinctness of transition
70 moist colour*
71 dry colour
72 grade of structure
73 size of structure elements
74 type of structure*
75 abundance of coarse
fragments*
76 size of coarse fragments
77 very coarse sand
78 coarse sand
79 medium sand
80 fine sand
81 very fine sand
82 total sand*
83 silt*
84 clay*
85 particle size class
86 bulk density*
87 moisture content at various
tensions
88 hydraulic conductivity
89 infiltration rate
90pH H20*
91 pH KC\
92 electrical conductivity
93 soluble Na+
94 soluble ea++
95 soluble Mg++
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26 texture group non-consolidated parent material
27 depth to bedrock
28 surface drainage
29 depth to groundwater
30 frequency of flooding
31 duration of flooding
32 start of flooding

96 soluble K+
97 soluble er98 soluble so4-99 soluble HC0 3100 soluble eo3-101 exchangeable ea++
102 exchangeable Mg++
103 exchangeable Na·1
I04 exchangeable K+
105 exchangeable AI+++
106 exchangeable acidity
107 eEe soil*
108 total carbonate equivalent
109 gypsum
110 total carbon*
111 total nitrogen
112 P20s
113 phosphate retention
114 Fe dithionite
115 AI dithionite
116 Fe pyrophosphate
117 AI pyrophosphate
118 clay mineralogy

climate files are intended for multiple applications of the soils and terrain database. Monthly
data are considered sufficient for most of the (small scale) applications.
Attribute data for the climate database of SOTER should be derived, if possible, from existing
computerized databases, e.g. WMO (CLICOM), FAO and CIAT. Data from these databases can
be imported through an ASCII file interface. Care should be taken on the units of measure.
Data from point observations are extracted from meteorological datasets and consists of climate
station particulars (climate station ID, name, latitude, longitude, altitude) and mean monthly
climate data. The various climate characteristics are arranged in several groups (rainfall;
temperature; radiation; humidity; wind; adverse weather events; evaporation; evapotranspiration)
and its importance is indicated as mandatory, desirable, or optional. When a mandatory
characteristic is missing, the station should not be included in the database. Mandatory monthly
climate data are: total precipitation; minimum and maximum temperature; radiation or sunshine
hours; vapour pressure or relative humidity. Desirable monthly climate characteristics are
number of rainy days (at least 1 mm of precipitation); mean wind velocity at 2 m during 24 hour
period. All other climatic characteristics are optional. For each characteristic, the first and last
year and the number of years in the observation period are entered in the database. Table 2 gives
an example of a climate table for a climate station (Posedas, Argentina).

STAT. SR DATA

F~YR

L-YR YRS JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC ANNUAL

AR21

06

RAIN

1901

1980

80

141

148

139

146

131

127

97

99

143

189

134

149

1643

AR21

07 RDAY

1951

1980

30

9.6

9.3

9.3

8.3

8.3

9.6

9.3

9.3

11.0

10.6

7.6

8.6

110.8

AR21

01 TEMP

1951

1980

30

26.2

25.8

24.3

20.7

18.1

16.5

15.6

17.3

18.8

20.9

23.3

25.7

21.1

AR21

01

1951

1980

30

19.7

19.4

18.2

14.8

12.5

11.5

10.0

11.0

12.8

14.7

16.5

18.8

15.0

AR21

01 TMAX 1951

1980

30

32.7

32.2

30.4

26.6

23.6

21.5

21.2

23.6

24.8

27.1

30.1

32.6

27.2

AR21

01

VAPP

1951

1980

30

24.2

24.5

32.0

19.3

17.5

15.9

14.2

14.7

16.5

18.5

19.7

21.8

19.2

AR21

01

WIND

1951

1980

30

1.5

1.7

1.5

1.5

1.7

1.7

2.0

2.0

2.0

2.0

1.7

1.7

1.8

AR21

01

PETP

1951

1980

30

149

125

105

69

45

32

41

63

74

104

138

161

1109

TMIN

Table 2. Example of various kinds of climatic data recorded for a climate station
(Posedas, Argentina)

Current Status of SOTER Databases
SOTER databases have been developed at various scales and in different regions of the world.
Latin America, Central America and the Caribbean were selected by FAO, UNEP and ISRIC to
be covered by a 1:5 Million SOTER database as their maps sheets had the highest priority in
updating. Contributions came from national soil survey institutes and were technically
coordinated by ISRIC and the first version has recently been finished. A 1:1 Million SOTER
database is available for Uruguay and the northern part of Argentina.
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Recently a SOTER database for Central and Eastern Europe has been completed in a ISRIC-FAO
project at a scale of 1:2.5 Million in close collaboration with the national soil institutes.
Together with the European Union Soil Database, it will form the basis for an update of the 1:5
Million Soil Map of the World. Hungary has a national SOTER database at a scale of 1:500,000.
For the Asian part of Russia, and for Mongolia and China, the terrain part of a SOTER database
and the soil classification information at a scale of 1:5 Million has been compiled by a joint
IIASA-FAO project. In South and Southeast Asia the terrain information of SOTER has been
completed at a scale of 1:5 Million. Jordan and Syria have operational SOTER databases at a
scale of 1:500,000.
In Africa several efforts are under way to compile national SOTER databases as parts of a
continental one. A 1:2 Million version has been made for Tanzania while a 1:1 Million scale
version of Kenya has also been completed. Recently, a 1:1 Million version of South Africa was
prepared. Initiatives for national databases are being taken in additional countries (e.g. Zambia,
Zimbabwe).
In the United States the state soil survey database (STATSCO) of Michigan State University has
been converted into a SOTER database to investigate possibilities of creating a national SOTER
database.
Although SOTER has initially been designed for use at a scale of 1:1 Million, the methodology is
now also applied at larger scales. A first testing of such a detailed database was carried out in
the Sao Paulo State of Brazil at a scale of 1:100,000 and in Argentina and Uruguay. SOTER is
also used to construct a natural resources information system for the study ofland degradation in
areas in Egypt, Lebanon and Syria at scales between 1:100,000.and 1:50,000.

In various regions, SOTER databases have been compiled at scale of 1:250,000 to 1:100,000,
first as a test of the applicability of the methodology, later as an operational activity, e.g. in
northern Ethiopia, southern Benin and in western Niger.

Applications of SOTER Databases
SOTER has had many applications which are briefly sururnarized here. The importance of water
erosion in the process of land degradation has led to the development of a SOTER application
that assesses the erosion risk. A computer programme has been designed using existing soil
erosion models, e.g. the Universal Soil Loss Equation and the Soil Loss Estimation Model for
Southern Africa, that can compute the relative erosion losses by SOTER units. The programme,
named SWEAP (Van den Berg and Tempel1995), uses terrain and soil data from the SOTER
database at scales of 1:1 Million or greater. Climate and land use data are to be taken from the
same database. The model has been applied in various countries where SOTER databases were
available.

A SOTER-based automated procedure for qualitative land evaluation was developed. This
procedure was created in the Automated Land Evaluation System (ALES, Rossiter 1990). ALES
allows land evaluators to build their own knowledge-based system with which they can compute
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the physical and economic suitability of map units on the basis of the Framework of Land
Evaluation developed by FAO in the 1970s. The use of this model within the SOTER database
(Mantel 1995) produces an application that allows for a quick separation of potentially suitable
from non-suitable SOTER units for the intended land use, indicating constraints to different kinds
ofland use. Several land utilization types (LUTs) have been implemented in the model, ranging
from rain-fed cultivated maize and sorghum under low technology and input levels in Kenya to
rain-fed cultivated wheat under medium technology and input levels in Uruguay and Argentina.
These LUTs are characterized by 11 land use requirements and are evaluated by "matching" land
use requirements with the corresponding land qualities.
The impact of erosion on productivity of a land use system, given the variability in natural
conditions (e.g. soils, landform and climate) has been studied (Mantel and Van Engelen 1997) in
three countries with a SOTER database, situated in two regions; South America (Uruguay and
part of Argentina) and East Africa (Kenya). This application linked land evaluation with water
erosion models and a crop growth simulation model (WOFOST, developed by Van Diepen et al.
1989). The study areas are characterized by different types of land use and occur in highly
varying agro-ecological conditions. A chain of models has been used to study the impact of
erosion on crop production now and in the future. Soils and terrain attributes have been analyzed
in various models and were linked to a geographical information system, permitting spatial
analysis. For each mapping unit suitable for the land use, the potential yield before and after an
erosion scenario of 20 years was calculated. The impact of change in soil properties, influencing
crop performance, induced by removal of topsoil through sheet erosion, has been analyzed in this
study. In the two countries in Latin America the soil erosion affected mostly the physical
properties of the soils, resulting in 25 to 50 percent decline in potential yields. In Kenya the
largest yield reduction was mainly due to loss in soil fertility.
The vulnerability of the soils to certain pollutants, e.g. various heavy metals, has been assessed
in Central and Eastern Europe on the basis of data from a 1:2.5 Million SOTER database (in
press).
In Indonesia, a SOTER database at scale 1:50,000 has been used in forestry management, e.g. in
assessing the erosion risk after clearing, as a tool for forest management zonation and
establishing priority zones for bio-diversity conservation (Mantel et al. 1999).

Conclusions
As a consequence of increased population pressure and the scarcity of unreclaimed land
physically and socio-economically suitable for cultivation, there will be increasing pressure on
all sectors of society to utilize the existing cultivated areas as efficiently as possible and on a
sustainable basis.
To effectively develop and implement programmes on food sufficiency, land use optimalization,
bio-diversity conservation and land degradation control, policy makers require information on
the extent and quality ofland related potentials and constraints.
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There is, however, a growing concern that natural resources information is underused in decision
making by policy makers, extension services, and land-use managers. There is an urgent need
for better interaction and communication between land resources information providers and
external information users. Existing land and soil classification methodologies with their
corresponding jargon are in part responsible for this lack of communication.
The lack of a system that can store and analyze natural resource information has in many
countries, until now, been one of the most important constraints to the solution of fundamental
problems and to the efficient use of resources. This has been felt both by the countries
themselves, and by aid donors frustrated at the meager results from their contributions. As stated
by the World Bank in its World Development Report 1992: "ignorance is a serious impediment
to finding solutions. Countries can reap large returns from investments in basic environmental
data collections" (World Bank 1992). Internationally, scientists and decision makers
increasingly recognize that land resources must be preserved for future generations. By
implication, this means that due attention and support must be given to the development of
improved environmental systems.
Support from national government agencies and financial support of the donor community are
essential. The Science Academy Summit (Madras, 1996) urged world leaders to reverse the
global trend of disinvestments in agricultural research and development, convinced that such
short-sighted policy can only have tragic results. A national natural resource conservation and
enhancement strategy will be fundamental to a national food security system. "High priority
must go to combating soil degradation and deforestation and to restore degraded land" (IFPRI
1996).
ISRIC, as a world data center for soils, has formulated its long-term strategy along the same
lines: "Contributing to the challenge of providing sufficient food for the growing world
population, while preserving the biophysical potential of natural resources and minimizing
environmental degradation."
SOTER can provide the key soil and terrain attributes needed to assess the potential productivity
of the land and the status, risk and rate of soil degradation, to develop action to conserve or
rehabilitate the land, and to improve our understanding in global climate change.

References
Blum, W.E.H. and A. Ruellan. 1998. Foreword in Preserving Soils for Life, Proposal for a
"Convention on Sustainable Use of Soils." Schriftenreihe zur Politischen Okologie,
band 5. French, English, Spanish, German ed. Okom Verlag, Miinchen.
DMA. 1992. Digital chart of the world. U.S. Defence Mapping Agency.
FAO. 1988. Soil Map of the World, Revised Legend. World Soil Resources Report 60. FAO,
Rome.
FAO. 1989. FAO-ISRIC soil database. World Soil Resources Report 64. FAO, Rome.

95

FAO-Unesco. 1972-1981. Soil Map of the World 1:5,000,000. Unesco, Paris.
IFPRI. 1994. World Supply and Demand Projections for Cereals, 2020. A Vision for Food,
Agriculture and the Environment. Brief 2. IFPRI, Washington.
IFPRI. 1996. Uncommon Opportunities for Achieving Sustainable Food and Nutriton Security.
Brief 37. IFPRI, Washington.
Mantel, S. 1995. The automated land evaluation system applied to SOTER, with an example
from West Kenya. Working Paper and Preprint 95/03. ISRIC, Wageningen
Mantel, S. and V.W.P. Van Engelen. 1997. The Impact of Land Degradation on Food
productivity. Case Studies of Uruguay, Argentina and Kenya. Report 97/01. ISRIC,
W ageningen.
Mantel, S., J. Samsudin and G.R. Tyrie. 1999. Inventory of site qualities for forest management
planning, pp. 383-396 in Y. Laumonier, et al. (eds.) International Conference on Data
Management and Modelling Using Remote Sensing and GIS for Tropical Forest Land
Inventory. European Union, Rodeo International Publishers, Jakarta. ·
Oldeman, L.R., R.T.A. Hakkeling and W.G. Sombroek. 1991. World map of the status of
human-induced soil degradation: an explanatory note, 2nd revised edition. ISRIC,
Wageningen.
Oliveira, J.B. and M. Van de Berg. 1992. Application of the SOTER methodology for a semidetailed survey ( 1:1 00,000) in the Piracicaba region (Sao Paulo, Brazil). SOTER
Report 6. ISSS, Wageningen.
Pulles, J.H.M. 1988. A model for a soils and terrain digital database. Working paper and
preprint 88/8. ISRIC, Wageningen.
Rossiter, D.G. 1990. ALES: A Framework for Land Evaluation using a Microcomputer, p. 720 in Soil Use and Management, Vol. 6.
Scherr, S.J. and S. Yadav. 1996. Land Degradation in the Developing World: Implications for
Food, Agriculture and the Environment to 2020. Discussion paper 14. IFPRI,
Washington.
Van den Berg, M. and P. Tempel. 1995. SWEAP, A computer program for water erosion
assessment applied to SOTER. Documentation version 1.5. SOTER Report 7. ISSS,
W ageningen.
Van Diepen, C.A., J. Wolf, H. Van Keulen and C. Rappolt. 1989. WOFOST: A simulation
model of crop production. Soil Use and Management 5:16-24.
Van Engelen, V.W.P. and W. Tin-tiang (eds.). 1995. The SOTER Manual.
FAO/ISRIC/ISSSIUNEP, Wageningen.
96

World Bank. 1992. World Development Report 1992: Development and Environment. Oxford
Univ. Press.
WRI. 1992. Forest and Rangelands, p. 111-127 World Resources 1992-1993, Section 8. World
Resources Institute, Washington.

97

98

USDA Soil Geographic Data and Products- County to Continental Scales
Sharon W. Waltman and Ron F. Paetzold
National Soil Survey Center, Lincoln, Nebraska
Gary Schaefer
National Water and Climate Center, Portland, Oregon
Natural Resources Conservation Service, U.S. Department of Agriculture

Abstract
The three kinds ofUSDA soil geographic data products available for use in the work of
agrometeorological and crop modelers, such as drought prediction, are soil climate monitoring,
soil observation/measurement, and soil maps with associated estimated properties/interpretations.
Soil climate monitoring consists of hourly measurements for moisture and temperature generally
at 1-meter depths for 125 sites in 35 states and territories. The period of record for most is 1995
to present. These data are distributed via the Internet. Soil observation/measurement data are
generated from soil samples taken from horizons described in pits excavated to a depth of about
2 meters. Approximately 27,000 U.S. observation/measurement sites called pedons were
analyzed between 1940 and the present. An additional 1,000 pedons were analyzed for other
countries. Over 75 percent of these pedons are geo-referenced. Fifty to 60 of the possible 170
standard chemical, physical, and mineralogical analyses were performed on most pedons. These
data are distributed via CD-ROM and the Internet. Digital soil maps and their associated
estimated properties/interpretations are available at three levels of generalization: detailed soil
surveys (SSURG0-1: 12,000-1 :62,500), general soil maps (STATSG0-1 :250,000), and major
land resource area (MLRA-1:3,500,000-7,500,000). Over 900 county SSURGO datasets are in
formats suitable for use in Geographic Information Systems (GIS) and can be downloaded
through the Internet at no charge. National collections ofSTATSGO data are available on CDROM with GIS browsing software and also for download on the Internet. Interactive MLRA
map images with textual descriptive narratives are also available via the Internet.

Introduction
The United States Department of Agriculture has inventoried and published soil surveys for over
a century. This work continues today within the Natural Resources Conservation Service
(NRCS) as part of the Soil Survey Program (http://www.statlab.iastate.edu/soils/soildiv). The
National Cooperative Soil Survey program is sustained by a cooperative partnership among
federal, state, local, and private sectors, with NRCS providing federal leadership. This
partnership has produced a wealth of soil knowledge traditionally published in hardcopy county
soil survey publications and research reports for the United States. Over the last half decade, this
knowledge has become more readily available in digital form, with the advent of data standards
(OMB 1990) and Internet access. This short paper describes the nature of these digital data, their
distribution to the public, and suggestions for improved use of soil geographic data for
agrometeorological and crop growth models, especially in regional and national assessments for
drought prediction. There are three kinds ofUSDA Natural Resources soil geographic data
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products: soil climate monitoring, soil observation/measurement, and soil maps with associated
estimated properties/interpretations.

Soil Climate Monitoring
The USDA Natural Resources Conservation Service maintains a soil climate database. Included
in the database are measured values of soil temperature and moisture as functions of depth and
time. These data are available through the National Water and Climate Center (NWCC) home
page at http://www.wcc.nrcs.usda.gov.
The data consist primarily of hourly measurements collected from the various USDA NRCS Soil
Temperature and Moisture Team projects. The soil at each station has been described and
characterized and is also available from this web site. The Soil Temperature and Moisture Team
manages more than a dozen projects consisting of about 125 soil climate monitoring stations in
35 states and the U.S. Virgin Islands (Figure 1). Many of the projects are cooperative ventures
with other governrnent agencies and universities.
Dataloggers are used to collect data automatically at hourly intervals. Soil temperature and
moisture measurement depths depend on the nature of the project and the soil conditions, but
generally measurements are made to at least 1 meter (Figure 2). Other climatic variables often
monitored include air temperature, relative humidity, wind speed and direction, solar radiation,
barometric pressure, precipitation, soil redox potential, and water-quality variables, such as
turbidity, pH, 0 2 content, electrical conductivity, and temperature (Table 1). About 80,000
measurements are collected per day, or more than 30 million per year. Some stations have been
operational since 1990. Most, however, have been installed after 1995. Data from many of the
stations are transmitted directly, in near real time, to computers in the National Water and

Real· lime Sites

e

Non Real·lime Sites

D State Avai lable
D State Not Available
Figure 1. Soil Climate Analysis Network (SCAN) monitoring sites.
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Figure 2. Soil moisture versus precipitation plot for Vance, Mississippi USA.
Parameter
Measured

Description

Precipitation
Air Temperature
Relative Humidity

Storage type gage.
Collected by a shielded thermister.
Collected by a thin film capacitancetype sensor.
Collected by a propeller type
anemometer.
Collected by a pyranometer.
Measured by a silicon capacitive
pressure sensor.
Measured using a snow pillow device
and a pressure transducer.
Measurement is by a sonic sensor.
Collected by a dielectric constant
measuring device. Typical
measurements are at 2", 4", 8", 20", and
40" where possible.
Collected by an encapsulated thermistor.
Typical measurements are at 2", 4", 8",
20", and 40" where possible.

Wind Speed and
Direction
Solar Radiation
Barometric
Pressure
Snow Water
Content
Snow Depth
Soil Moisture

Soil Temperature

Table 1. Standard Soil Climate Analysis Network (SCAN) site configuration.
Climate Center in Portland, Oregon, via meteor burst radio or cell phone. Data from some
stations are manually collected from the dataloggers and electronically transmitted to the
NWCC. At some of the extremely remote sites, data are collected only once each year. SCAN
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data may be applied to: monitor drought development and trigger plans and policies for
mitigation; soil classification; engineering applications; input to global circulation models;
develop new soil moisture accounting and risk assessments; verify and groundtruth satellite and
soil moisture model information; and predict the long-term sustainability of cropping systems.

Soil Observation and Measurement
The USDA NRCS manages the National Soil Survey Laboratory Characterization Database.
Presently, the database contains data for about 28,000 individual soil sampling sites, also called
pedons (three-dimensional soil body). About 8,000 of these sites also have textual soil profile
descriptions. About 1,000 of these pedon sites are located in other countries. These data were
observed or measured starting in the 1940s through the present. About 75 percent of these sites
are geo-referenced for the U.S.
NRCS scientists and National Cooperative Soil Survey (NCSS) partners at universities, state
agencies and other federal agencies sample these pedons. Many NCSS University laboratories
also maintain pedon data collections in addition to the NRCS holdings.
Sites are usually selected to represent a central concept of a soil series. A soil series is the lowest
category in the U.S. System of Soil Taxonomy. It is a conceptualized class of soil bodies on the
earth's surface with more restrictive limits than higher taxa. Soil series serve as the means to
transfer soil information and research knowledge from one soil area to another. About 50-60
analyses of the possible 170 analyses performed by the National Soil Survey Laboratory are
required for soil taxonomic classification. These are performed for about 6 soil horizon samples
per pedon site and often include: particle size distribution (percent sand, silt, and clay), rock
fragment content, pH, organic carbon, bulk density, cation exchange capacity, water retention
curves (field capacity, wilting point), mineralogy, calcium carbonate equivalent, heavy metals,
and many others (USDA 1996). More information about National Soil Characterization
Laboratory Pedon data are available via the Internet at
http://www.statlab.iastate.edu/soils/ssl/natch_data.html. This site allows the viewer to
interactively retrieve standard laboratory reports for individual pedon sites or place an order for
the CD-ROM which contains data through 1997 in ASCII file format as well as and an Access
database (see Table 2). Pedon browsing software for the Access database is available from the
National Soil Survey Laboratory in Lincoln, Nebraska USA by sending email to
Thomas.Reinsch@usda.gov.

Soil Maps and Estimated Properties
Digital soil maps and their associated estimated properties/interpretations are available at three
levels of generalization: detailed soil surveys (SSURG0-1: 12,000-1 :62,500), general soil maps
(STA TSG0-1 :250,000), and major land resource area (MLRA-1 :3,500,000-7,500,000). Over
900 county SSURGO datasets are in formats suitable for use in Geographic Information Systems
(GIS) and can be downloaded through the Internet at no charge. National collections of
STATSGO data are available on CD-ROM with GIS browsing software and also for download
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on the Internet. Interactive MLRA map images with textual descriptive narratives are also
available via the Internet.

TABLE
ACID
CFRAG
CHEMC
CPHYS
DB
H20
METHOD
MMSC
MN TYP
PHYS
PSZ
SALT
SITE
SMPL
SUIT
SUIT2

TAX
TH_SEC
TOT_EL
WI;>ISP

Table descri tion
Chemistry - generally run on acid samples
Coarse fra ment data.
Calculated chemistry data.
Calculated physics data.
I Bulk density data
Water content data
I Method codes for the data
Miscellaneous miner~-'-d-"atc.;;a_ _ _ __
Amounts of minerals
Miscellaneous physics data.
I Particle size data
Chemistr - enerally run on salt sampl~
Site (pedon) information
Sample (horizon) information
Suitability ratings of pedons
Suitabili t:ype definitions for pedons.
Taxonomy data
Thin section data
j Total element=al:::d=ca_t_a________

I

·1

Water dispersible particle size data

Table 2. Name and descriptions of Access tables in the
Pedon Characterization Database CD-ROM (USDA, 1997)
Figure 3 illustrates the USDA Agroecological hierarchical relationship among soil geographic
data products, soil map order, degree of generalization, map scale, and the conceptual models
(soil landscape model, soil taxonomy, etc.) that link these products together (Lytle, DJ. 1999).
Pedon measurement/observation data represent a scale of 1: I and the least amount of
generalization (Figure 4). The pedon data is extrapolated in space through a conceptual model of
soil-landscape relationship, generally at the soil series level and represents the first level of
generalization at scale less than I: 12,000. Soil components (series) are further extended in the
landscape through detailed soil maps, known as the Soil Survey Geographic Database (USDA
1995) or SSURGO in their digital form. SSURGO represents a greater level of generalization
and scales between 1:12,000 and 1:62,500 (Figure 5). SSURGO is further generalized into the a
soil map product !mown as State Soil Geographic Database (Lytle et al. 1996; USDA, 1994a;
1994b) or STATSGO in its digital form. STATSGO is generally prepared at a scale of
I :250,000 and is available for all U.S. states and Puerto Rico. The Common Resource Area
(CRA) and Major Land Resource Area (USDA 1981; USDA 1997) (MLRA) generalized soil
map products occupy scales between 1:1,000,000 and 1:3,500,000 respectively and are
commonly used for state and national resource assessments. Common Ecological Region (CER)
is a multi-agency product that correlates three U.S. federal small scale ecoregion/major land
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resource area maps for improved communication among disciplines
(http :Ilwww .statlab. iastate. edu/soi ls/nssc/geography .html).

CER.-l.VILR...A...-CR.A
A.g:roeco1ogica.1 :H:ie:ra:rchy
Co::w:n.:n1o:n.. Eco1ogical..
Region.. (CER.)

\

l.Yiajo:r ~d.
Re•o~e..A.rea.

(l.YI:J::....RA)

\

Order 5+

:x:., y
Figure 3. USDA agroecological hierarchy diagram illustrating the relationship among soil
geographic data products, soil map order, degree of generalization, map scale and the conceptual
models (soil landscape model, soil taxonomy, etc.) that link these products together. Common
Ecological Region (CER) is a multi-agency product that correlates three U.S. federal small-scale
ecoregion/major land resource area maps for improved communication among disciplines.
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Figure 4. Photograph of typical residual limestone soil profile (Opequon-Hagerstown complex,
3-8 percent slopes), rock hammer is about 25 cm (10 inches) in length. Opequon soils are
classified as Lithic Hapludalfs, clayey, mixed, mesic. The effective rooting depth for Opequon
soils is less than 50cm (20 inches) and the available-water holding capacity is less than 75mm (3
inches) making it an example of a drought vulnerable soil.

NAliJRAI. RESOURCES CONSERVA110N SERVK:~;

ARCHIVED SSURGO

Figure 5. Status of archived digital Soil Survey Geographic Database (SSURGO) for September
19, 2000. Please visit http://www.ftw.nrcs.usda.gov/ssur_data.html for current status
information .
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Figure 6 illustrates the soil map and estimated properties data structure for SSURGO and
STATSGO products. SSURGO GIS ready products are available via CD-ROM and Internet at
http://www.ftw.nrcs.usda.gov/ssur_data.html. STATSGO GIS ready products are available via
CD-ROM and the Internet at http://www.ftw.nrcs.usda.gov/stat_data.html. Interactive MLRA
maps and textural narratives may be viewed at http://www.essc.psu.edu/soil_info/soil_lrr. Future
soil geographic data delivery strategies using an Internet-accessible Soil Data Warehouse are
described in Figure 7.

Figure 6. Digital soil map and estimated properties general table structure (SSURGO,
STATSGO) (Miller and White, 1998).
USDA- Natural Resources Conservation Service
Soil Data Warehouse 2001-2002
Public interactive g<ograp hlc quuy

National Soil Infotmation System

Digital MallS w/ Attributes
ETL ~ Extraction, Transformation, Load
ETD = Extraction, Transformation, Distribute

Figure 7. Conceptual model for USDA Natural Resources Conservation Service Soil Data
Warehouse 200 1-2002 for government and public data distribution.
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Figure 8. Generalized landscape groups for potential crop growth with urban centers (Soil
Survey Staff 2000), illustrating use of STATSGO data in a national soil resource assessment.

Examples of national soil assessments using the STATSGO product are provided in Figure 8.
Generalized landscape groups for potential crop growth based on the Soil Ratings for Plan
Growth (SRPG) model (USDA 2000) are shown in Figure 9. Soil root zone available water
holding capacity are based on rules outlined in the SRPG model.
North American soil mapping is underway in cooperation with Agri-Food Canada and INEGI
researchers in Mexico for the North American Soil Characteristics Dataset for Climate and
Hydrology Applications (NOAM-SOIL) (Waltman and Miller 1999). Products will be similar to
a STATSGO value-added product called the CONUS-SOIL (Miller and Whitel998).

Conclusion
National and continental geographic summaries of soil properties such as soil root zone available
water holding capacity (Figure 9) have only recently been completed or are nearing completion
and have the greatest potential for use by agrometeorologists in refining national and continental
predictive models for drought and other applications. Sharing these data products with other
disciplines is the goal of the United States National Cooperative Soil Survey.
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Figure 9. STATSGO based soil root zone available water holding capacity using methodologies
outlined in the Soil Rating for Plant Growth model (Soil Survey Staff 2000). Droughtvulnerable landscapes generally have less than 100mm (4 inches) root zone available water
capacities.
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Abstract
The Food and Agriculture Organization (FAO), the largest specialized UN agency, manages
various databases, including worldwide agricultural statistics, worldwide data on climate, soils,
plant and animal diseases and environmental satellite imagery. The global community has
unrestricted access to the databases through the World Agricultural Information Centre.
Information management of agricultural-related databases is used to organize and link
information to facilitate user access, provide systems for visualizing information and provide
decision-support systems at the national level to help achieve food security through use of
information. FAO plays a central role in developing applications software for agrometeorology
and remote sensing, particularly to support early v;arning systems for food security. However,
FAO also has developed a wide range of applications software for agricultural information
management, in which soils and crops data management can also be performed. Given this
background, this paper briefly describes four groups of software that make use of those databases
to extract soil and crop data for different purposes. Some considerations on file standardization
precede the main topics.

Introduction
Recognizing that knowledge is a basic tool for agricultural 1 development, FAO not only
promotes the direct transfer of skills and technology through field projects, but also undertakes a
variety of information and support services. Computer databases are maintained on topics
ranging from fish marketing information to trade and production statistics and records of current
agricultural research.
FAO's Geographic Information System (GIS) provides data on soils, vegetation cover and other
aspects of land use. Satellite imagery is among the many tools used by the Global Information
and Early Warning System on Food and Agriculture (GIEWS) to monitor conditions affecting
food production and to alert governments and donors to any potential threats. The information
gathered by FAO is unrestricted and made available to the global community through modern
technology such as the Internet. The World Agricultural Information Centre (WAI CENT) is
F AO's strategic inter-departmental programme on information management and dissemination.

1 As per FAO basic texts, the word agriculture includes crop agriculture, livestock husbandry, forestry and fisheries.

111

W AICENT provides a corporate information platform for the acquisition, updating and
dissemination ofF AO information. Using state-of-the-art technologies, W AI CENT facilitates
the exchange of information within the organization, its decentralised offices and Member
Nations. To ensure that information reaches the widest possible audience, including those
without Internet access, alternative formats are used to distribute information, such as CD-ROM,
diskette and print (Figure 1). The most important FAO database, FAOSTAT, is the on-line and
multilingual global agricultural database containing over 1 million time-series records, including
national statistics of area and production data. An exhaustive list of the FAO databases and of
statistical and geographical information is provided in Annex 1.
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Figure 1. W AICENT information platform.

Concerning the applications software for agricultural information management, FAO certainly
continues to play a central role in developing computer programmes to support the "Early
Warning Systems for Food Security" (EWSs). EWSs monitor all aspects of food availability,
from production and imports to storage and consumption. The methodology used is based on the
historical analysis of agroclimatic data, crop characteristics, meteorological parameters, remote
sensing data and their computation using GIS, and the monitoring of on-going cropping seasons for
yield forecasting. In developing these applications, a great role has been taken by the
Agrometeorology and Artemis Groups of the FAO Environment and Natural Resources Service
(SDRN). The Artemis Group is responsible for the management of the real-time low-resolution
satellite imagery. Over recent years, these two groups have participated in the development of a
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number of software packages and databases that are in the public domain and they are accessible at
the METART Internet site http://metart.fao.org/.
However, due to the very wide spectrum of activities in which FAO is involved, many other
applications have been developed for agricultural information management in which crops and
soils data are an essential component.
According to the scope of each application in the final product, the user can either retrieve
required information from a database or input the user's own data for a specific site. Soil and
crop data, together with agroclimatic and remote sensing data, can provide information not only to
FAO's technical staff but also to the scientific community for a wide range of applications such as:
•
•
•

•
•

•
•
•

Estimation of potential productivity of a region and comparison with the actual productivity in
order to understand the technical, economic and social constraints to increased productivity;
Inventory of natural resources such as length of growing period; water availability; water, solar
and wind energy; biomass, and their spatial and temporal variability;
Calculations of soil erosion, loss of soil fertility, laud degradation in terms of soil fertility and
soil loss, forest and grassland ecosystem degradation, crust formation, leaching of nutrients and
soil salinization;
Identification of new crop management techniques and agrometeorological strategies for
improved application of information on the climatic factors and their annual variability;
Planning land reclamation projects on the basis of climate and soil patterns to improve the
utilization of natural resources, and limit the constraints of adverse conditions both on a local
and on a regional basis;
Planning reforestation, windshelter, trees or hedges to control wind erosion and microclimate
and increase wood availability as fuel;
Improving the lmowledge of ecophysiology of main crops of economic interest to develop
more tolerance to thermal and water stress;
Evaluation of the impact of C0 2 on agricultural production.

Concerning crop data, the user would have information on: (i) phenology, (ii) ecophysiology, (iii)
morphology and (iv) management. For soils data, several physical and chemical characteristics of
soils and their spatial variability are relevant for agroclimatic applications, such as: (i) depth, (ii)
texture and structure, (iii) water characteristic curve describing the moisture/potential relationships,
(iv) thermal conductivity and diffusivity, (v) water conductivity and (vi) organic matter. Also,
although the soil chemical data cover a range of elements, for most modeling purposes, information
on soil organic matter status and the initial nitrogen, phosphorus and potassium levels in the surfaceto-30cm soil depth are usually required. With regard to the management of crops and soils data in
particular, four main groups of FAO applications software can be distinguished:
•
•
•
•

Agrometeorology utilities, including crop water balance models: FAOINDEX, FAOMET and
CROPWAT;
Agricultural and environmental databases: CPSZ and AGDAT;
Plants environmental databases: ECOCROP-1 and ECOCROP-2;
Soils databases and related applications: Digital Soil Map of the World and Derived Properties
and Multi-lingual Soil Database WORLD-SO TER.

113

Standards
One ofFAO's main routine tasks is to facilitate the development and adoption of standards and
guidelines to improve the effectiveness of programmes in agricultural development and food
security worldwide. The adoption of standards is fundamental to ensure quality, accessibility,
usefulness and timeliness of agricultural information. Standardization has been applied mainly to
agrometeorology and remote sensing applications software in order to accommodate different
operational practices in each country such as different time intervals (days, pentads, weeks ... ) used
to report crop and weather data. Standardization considerably reduces the necessary software
development and training. File and data management and analysis (processing) can be treated
separately. Two important steps towards standardization were the promotion, by WMO, of I 0-day
intervals ("dekads") for operational agrometeorology, and the Climate Computing (CLICOM)
project.
Standardization applies to both file names and "styles." The "style" includes: (i) file structure, i.e.
the way in which the information is arranged in the file; (ii) format, i.e. the type of coding (ASCII,
binary, etc); (iii) contents, i.e. the type of data: rainfall, camel prices, NDVI...; and (iv) auxiliary
information, like the standard code for "missing data." A sample of a file naming conventions and
styles used by FAO in the agrometeorology applications software are provided in Annexes 2 and 3,
respectively.

FAOINDEX
FAOINDEX, developed by FAO-Agrometeorology Group of Environment and Natural Resources
Service, is a simple weather-based crop monitoring software based on the FAO crop-specific soilwater balance deriving several parameters which are then subsequently used for crop monitoring
and forecasting. The derived parameters include crop actual evapotranspiration (ETA), surplus or
deficit of water, and the FAO water requirement satisfaction index (WRSI), expressing the
percentage of crop water requirements. More details can be found in the standard publication by
Fn3re and Popov (1986).
The programme's outputs, from soil moisture content to ETA, are written to files where they are
further processed for crop monitoring and forecasting purposes. Input files (as ASCII text) are
prepared with commonly available standard software (spreadsheet or text editor). The programme
uses dekads as the time-step and all calculations are performed up to the end of the crop cycle.
Missing rainfall and potential evapotranspiration (PET) values are systematically replaced by the
corresponding normal.
Crop parameters include planting date, cycle length from planting to maturity, water-holding
capacity and effective rainfall. These parameters are taken from a crop inputs file which allows the
user to experiment with different soil water capacities or planting dates. The crop coefficients can
be read as "built-in" in the programme or the user can list all the crop coefficients in the same file as
the other crop parameters. In the first option, crop-specific coefficients to estimate crop water
requirements cannot be modified by the operator, but they are listed in the TXT format output file.
The procedure followed for the calculation is presented by Gommes (1983) and the absolute values
are taken from Doorenbos and Pruitt (1984) and Doorenbos and Kassam (1986).
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Concerning soil characteristics, the only parameter taken into consideration is the soil water-holding
capacity, which is usually defined as the difference between "field capacity" (the water content of a
water-saturated soil after the excess has been drained off) and the water stored in the soil at the
"permanent wilting point." It is a parameter empirically derived from field observations or
laboratory tests.

FAOMET
FAOMET, developed by FAO-Agrometeorology Group of Environment and Natural Resources
Service, (1993) performs a series of calculations 2 which are frequently required in
agrometeorological operations. The "statistical options" include the interpolation of missing data,
rainfall probabilities with the incomplete gamma distribution, correlation analysis and the
identification of trend changes in yield series. The four "agrometeorological options" are the
calculation of day and night temperatures from the extremes, the estimation of dekad normals from
monthly normals, the new standard FAO recommended Penman-Monteith reference crop
evaporation (FAO 199la) and growing season characteristics.
The length of the growing period (LGP), as defined by the FAO Agro-Ecological Zones
methodology (AEZ), is the period (in days) during a year when precipitation exceeds half the
potential evapotranspiration, plus a period required to evapotranspire an assumed 100 mm of water
from excess precipitation stored in the soil profile.
The LGP is a useful concept tor calculating agricultural potential. It can be used as a criterion for
classifying areas and for approximately determining crop cycle lengths. Calculation of the
growing period is based on a simple water balance model, comparing precipitation with PET, using
monthly values. This utility obtains specific information on a "normal" growing period, start and
end of the growing period and the length of the hnmid period.

CROPWAT
CROPWAT, developed by FAO-Water Resources, Development and Management Service, is an
application software for irrigation planning and management. Its main functions are: to calculate
reference evapotranspiration, crop water requirements and crop irrigation requirements; to
develop irrigation schedules under various management conditions and water supply schemes; to
estimate rainfed production and drought effects; and, to evaluate the efficiency of irrigation
practices.
CROPWATis a practical tool to help agrometeorologists, agronomists and irrigation engineers to
carry out standard calculations for evapotranspiration and crop water-use studies, and, more
specifically, the design and management of irrigation schemes. It allows the development of
recommendations for improved irrigation practices, the planning of irrigation schedules under
varying water supply conditions, and the assessment of production under rainfed conditions or
deficit irrigation.

2 FAO MET implements most ofthe algorithms given in FAO (1983).
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CROPWAT, developed in MS-DOS and MS- Windows, uses a revised method for estimating
reference crop evapotranspiration, adopting the approach of Penman-Monteith as recommended
by the FAO Expert Consultation held in May 1990 in Rome (FAO 199la).
These estimates are used in crop water requirements and irrigation scheduling calculations.
Calculations of crop water requirements and irrigation requirements are carried out with inputs
of climatic and crop data. Standard crop data are included in the program and climatic data can
be obtained for 144 countries through the CLIMWATdatabase.
Crop characteristics, used for calculations of water requirements, can be entered by the user or
retrieved by existing default files. They are: planting date, length of the individual growing
stages, crop factors, rooting depth, allowable depletion and yield response factor. For rice, some
supplementary crop data can be entered. They include: length of nursery period, length ofland
preparation, nursery area, land preparation depth and percolation rate.
Soil parameters used by CROPWATinclude: total available soil moisture content, initial soil
moisture depletion, maximum rooting depth and maximum rain infiltration rate. By providing
these soil characteristics, the user can define a description of soil type for a specific site.

CPSZ Database
3

The IGAD Crop Production System Zones ( CPSZ) database brings together information on
physical environment, agronomy, livestock and occurrence of biotic and abiotic hazards to
agricultural production. One of the main purposes of the CPSZ database is to interface statistical
data by administrative units with geo-referenced physical, agronomic and livestock data. For
planning purposes and to ensure the compatibility with other background data (such as
demography and agricultural statistics), the information is presented according to geographic units
largely following administrative boundaries. The region is subdivided into 1,220 homogeneous
map units, which correspond to administrative units, or subdivisions thereof, whenever steep
ecological gradients occur. These map units constitute the basic elements in the database. For
each of the map units, up to 502 variables describing the physical and biological environment, as
well as the prevailing agricultural practices (including livestock) have been assembled. Based on
the above-mentioned variables, 44 relatively homogeneous CPSZ were defined using mainly
statistical clustering techniques.
The CPSZ describe actual farming in the region, not potential crop zones. The main subdivisions
are: (i) arid and hyper-arid areas, (ii) marginally productive lowland, (iii) productive lowland, (iv)
marginally productive highland, (v) productive highland and (vi) irrigated areas. Class (i) covers
mainly desert and pastures. Additional subdivisions of classes (ii) to (v) are according to the main
crops grown, the number of growing periods and other environmental characteristics. The CPSZ
Database Viewer software (Figure 2) gives the user a more direct access to the actual data. In
addition to displaying the mapped data on the screen, it also permits data extraction for further
processing. The CPSZs represent homogeneous zones in terms of agro-ecological conditions and
current distribution of agricultural land use.
3 Inter-government Agency on Development is composed of Djibouti, Eritrea, Ethiopia, Sudan, Uganda, Kenya and
Somalia.

116

LEOEHD

Ott-s.m .. id
DSubtY&d
DHu.id

Lon: 38.99
Lat: 02.87

SE-tt.. s_,i t

Figure 2. LGP characteristics as extracted by the CPSZ database.

The definition of CPSZs is based on crop climatic adaptability characteristics and current
occurrence of crops. Basic elements for the definition of CPSZ are:
•
•
•
•

Dominant crops including information on cropping pattern, crop management calendar and

frequency of occurrence and severity of invasion/infestation of major pests and diseases;
Cropping density (cultivation intensity);
Agroclimatic conditions including thermal regime and frequency of occurrence and severity
of climatic hazards;
Soil and terrain conditions including soil fertility, readily available soil moisture and terrain
slope characteristics.

Soil and terrain information of the CPSZ map units is included in the physical environment data
matrix. An assessment of selected soil and terrain properties was made for soil mapping units
occurring in each CPSZ. Soil data were extracted from the Soil Map ofthe World (FAO 1990). A
GIS attribute file was constructed for each CPSZ that contains a code number, the extent of soil
mapping units occurring in it, the proportional extent of each soil map unit in the CPSZ, and the
total extent of the CPSZ. This data file was used to analyze the composition of each soil map unit
in terms of topsoil texture, dominant slope and soil phase.
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Based on established relationships between soil properties, soil classification unit names and other
factors (texture, slope, phase), algorithms were developed in order to estimate the proportional
extent of the following attributes in each CPSZ map unit (Nachtergaele and Zanetti 1993):
•
•
•
•

Maximum readily available soil moisture storage capacity,
Terrain slope,
Inherent soil fertility,
Potential waterlogging and ponding risk.

Further analysis of the data by CPSZ map unit resulted in the following parameters:
•
•
•
•
•
•

Weighted average maximum readily available soil moisture (mm/m),
Standard deviation of maximum readily available soil moisture,
Inherent soil fertility class (relative occurrence of low, medium and high fertility),
Weighted average terrain slope (percent),
Standard deviation of terrain slope (percent),
Potential waterlogging/ponding hazard (percentage occurrence of total area).

AGDAT Database
AGDAT, developed by FAO-Agrometeorology Group of Environment and Natural Resources
Service, is a set of sub-national agricultural data in Africa to be used as background information
for crop monitoring purposes by the FAO Agrometeorology Group. The data collection started
in the early 1990s, and it adopts the years 1986-1990 as the reference period. The database also
includes some demographic data, environmental information such as topography, climate and
NDVI (Normalized Difference Vegetation Index as measured by NOAA polar satellites), as well
as a qualitative description of current cropping patterns based on the other data. AGDAT
contains the proper database as well as the software for displaying and exporting data (Figure 3).
The data in the AGDAT database refer mostly to the sub-national administrative units, the names
of which include province, region, district, prefecture, wilaya, woreda, etc. AGDATprovides
information on area and population data, as well as agricultural "statistics" on coarse grains,
roots and tubers, pulses, maize, sorghum, millet, rice, wheat, cassava, taro and yams, white
potatoes, common bean, groundnuts and cotton. Additional information includes topography,
annual rainfall, monthly temperature, monthly NDVI, potential biomass and cropping typology.
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Figure 3. Maize yield as extracted by the AGDAT database.

ECOCROP-1
ECOCROP-1, developed by FAO-Land and Water Development Division, is a tool to identify
p lant species for given environments and uses. The database contains basic crop environmental
information and permits the identification of 1,7 10 plant species of economic importance whose
most important climate and soil requirements match the information on soil and climate entered
by the user. It also permits the identification of plant species for defined uses. It can be used as
a library of crop environmental requirements and it can provide plant species attribute fi les on
crop environmental requirements to be compared with soil and climate maps in agro-ecological
zoning databases or geographical information system (GIS) map-based display.
The database is designed to facilitate the comparison of 12 to 20 different environmental
requirements of crops across different groups of species or across species of different use, and it
can be used in all parts of the world (Figure 4). The database includes arable crops, grasses,
trees and other plant species with economic uses. ECOCROP-1 primarily holds information
about the climate and soil requirements and uses of plant species, but it also provides a range of
other information, such as a brief description of the species, common names in different
languages and possible yields. It gives textual information about land use planning and about the
interaction of environmental factors and the influence of these factors on plant growth.
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Figure 4. Schematic chart ofECOCROP- 1.

ECOCROP-1 allows the user to perform the following tasks:
•
•

•
•

•

Identify suitable crop or tree species for a specified environment;
Enter information about local climate and soil conditions, such as temperature, rainfall, light
soil texture, depth, pH, salinity and fertility. ECOCROP-1 then identifies the plant species
with key climate and soil requirements that match the data entered;
Identify crop or tree species for a defined use;
Specify one or more uses (ECOCROP-1 identifies according to selected plant species uses
for food, fodder or pasture, green manure, energy, fibre, timber, paper pulp, shelter and
shade, industrial purposes, erosion control, omamentals and many other uses);
Use ECOCROP-1 as a checklist or library to look up the optimum and minimum- maximum
ranges of crop environmental requirements for 1,7 10 species.

ECOCROP-2
ECOCROP-2, developed by FAO-Land and Water Development Division, is a tool to record,
organize, compare and use crop response studies to environmental and management factors. The
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database holds crop response information for varieties of 20 crops of worldwide economic
importance. ECOCROP-2 is designed as a library of studies on crop responses in relation to
environmental and management factors.
It has been created to provide information for crop modeling and is intended especially as a tool
to help researchers and scientists record, organize, handle and retrieve their own experimental
findings and specific information on plant species of interest to them. The crop files follow the
DSSAT (Decision Support System for Agrotechnology Transfer) format and are therefore widely
applicable. The database holds information on varieties of 20 crops of worldwide importance.
Each crop file contains on average 200 to 220 separate crop environmental response studies or
data sets extracted from 40 to 50 sources. The user can select certain environmental or
management factors and crop responses, for which the information can be displayed in the form
of response curves or in tabular form (Figure 5).

ECOCROP-2 allows the user to perform the following tasks:

•
•
•

To find environmental response information for 20 crops of global importance;
To find information for crop modeling, including the facility to graph the plant responses;
To record, organize and compare additional crop response information.

HOW TO USE
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Shade
Irrigation
>Growing period

SOIL
'> pH
> Salinit)
.,. Water cap arity

SOIL
MANAGElVIENT
> Fertilizer
> Drainage

Sparin~:

GROWTH
PLANT PROCESS

Figure 5. Schematic chart of ECOCROP-2.
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Soil Databases and Related Applications
There are two basic types of soil data: soil profile data and soil maps. The first is a list of
observable and analytical parameters at a given point and time. It is representative of an area of
only a few square metres, known as a pedon. Soil maps are constructed using data from a large
number of profile descriptions. The mapping process uses a variety of information and
interpretative models, including topography, vegetation and an understanding of soil-forming
processes. Maps are spatial representations in which the fundamental soil properties, which are
continuous on the ground, are combined into discrete classes.
There is only one map which covers the entire land surface of the world at a resolution appropriate
to problems to be tackled at continental, regional and global scales, namely the 1:5 million scale
FAO/UNESCO Soil Map of the World. It was published during the 1970s in 18 sheets and the
legend forms the basis for the FAO soil classification system. In 1996, FAO produced its own
raster version which had the finest resolution with a 5' x 5' cell size (9 km x 9 km at the equator)
and which had a full database completely corresponding to the paper map in terms of soil units,
topsoil texture, slope class and soil phase. The present version of the Digital Soil Map of the
World (DSMW), developed by FAO-Land and Water Development Division, published on CDROM, (FAO 199lb) contains two types of files: (1) DSMWmap sheets and (2) derived soil
properties files with images derived from the Soil Map of the World.
The DSMW consists of ten map sheets: Africa, North America, Central America, Europe, Central
and Northeast Asia, Far East, Southeast Asia and Oceania. The maps are available in three
different formats: one vector format (ARC!INFO Export) and two rastcr formats called ERDAS and
IDRISI (or flat raster) formats. The DSMW contains direct information on the composition of each
mapping unit in terms of the soil type that is dominant, associated or included, the topsoil texture of
the dominant soil type (three classes: coarse, medium and fine), the slope of the unit (three classes:
0-8 percent, 8-30 percent and> 30 percent) and the eventual soil phase present (saline, sodic, depth
phases, etc.).
The Derived Soil Properties files consist of interpretation programs and related data files. Included
are programs that interpret the maps in terms of agronomic and environmental parameters such as
pH, organic carbon content, C/N ratio, clay mineralogy, soil depth, soil and terrain suitability for
specific crop production, soil moisture storage capacity and soil drainage class. The output is
given in the form of maps and data files, which can be stored for later retrieval. Special country
analyses can be made for specific soil inventories, problem soils and fertility capability
classification for every country in the world. The output is in tabular form. Also included are
maps of classification units of the World Soil Reference Base units and topsoil distribution, which
can facilitate the teaching of soil science. In addition there is a soil database developed specifically
for environmental studies on a global scale, which includes soil moisture storage capacity, soil
drainage class and effective soil depth.
Another important application software for soil data management is the Multi-Lingual Soil
Database (SDBm), developed by FAO-Land and Water Development Division. This is a database
tool useful for storage of primary soil information assembled at national level, or data collected in a
soil survey at sub-national and local level. SDBm data are used in the computerized AEZ land
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evaluation systems. They are useful to soil scientists, agricultural extension officials and
enviromnental modellers.
SDBm is a collection of program languages incorporated into a menu-based interactive user
interface to enter data and manage the database. The coding system used in the database conforms
to FAO Guidelines for Soil Profile Description. Data storage is greatly facilitated by the
multilingual function which provides "assist menus" in English, French and Spanish. Options for
simple statistical analysis include calculation of weighted averages or dominant values of selected
variables by soil unit, depth range and group of soil profiles and graphic presentation of soil
analysis data, such as pie chart image of relative percentages of variable groups of attributes in a
given soil profile. SDBm has been used to create a global soil profile database linked with the
FAO digitized soil map of the world. SDBm is being used by soil and land use planning
institutions in various countries.

The SOTER, developed jointly by FOA-Land and Water Development Division and ISRIC, (SO
for Soil, TERfor Terrain) program provides an orderly arrangement of natural resource data in
such a way that these data can be readily accessed, combined and analysed from the point of view
of potential use and production, in relation to food requirements, enviromnental impact and
conservation. Fundamental in the SOTER approach is the mapping of areas with a distinctive,
often repetitive pattern of landform, morphology, slope, parent material and soils at 1: I million
scale (SOTER units). Each SOTER unit is linked through a geographic information system with a
computerized database containing, in theory, all available attributes on topography, landform and
terrain, soils, climate, vegetation and land use. In this way, each type of information or each
combination of attributes can be displayed spatially as a separate layer or overlay or in tabular
form. The SOTER concept was originally developed for application at country (national) scale and
national SOTER maps have been prepared, with the assistance of the International Soil Reference
and Information Centre (ISRIC). The original idea of SOTER was to develop this system
worldwide at an equivalent scale of I: I million scale in order to replace the paper Soil Map of the
World. More information is available from the website athttp://www.isric.nl/SOTER.htm.

Conclusions
Some of the agroclimatic applications software developed by FAO have been presented. Due to
the wide range of activities in which FAO is involved, the scope of these is very broad. Five
groups of software can be distinguished, from purely agrometeorological purposes to the more
general crop enviromnental response. The main problem is that, among these applications, data
format also differs and therefore data exchange is not an easy task. The potential offered by GIS
has sometimes compounded the problem instead of simplifying it as the developer has the
tendency to introduce a new data format for the specific application without any relationship with
existing formats. Most of the recommendations made during the Expert Consultation held in
Rome in 1995 on the "Coordination and Harmonisation ofDatabases and Software for
Agroclimatic Applications" (FAO 1995) still have to be implemented. This is due to the lack of
coordination among the groups that have the major management responsibility for each of the four
databases; climate, crops, soils and remotely sensed data. Most of agroclimatic applications
software developed worldwide are intended for research purposes and only a few (mainly
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developed by FAO) are oriented towards the operational users, such as the national
agrometeorological services in developing countries.
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Annex 1: FAO Databases, Statistical and Geographical Information
This list is current as of April 11, 2000. It does not include GIS databases available at FAO
Regional Offices and at country level GIS projects. Information about the availability of the
maps in various formats and contact persons can be found at:
http://www.fao.org/W AI CENTIF AOINFO/SUSTDEV/Eidirect/gis/EigisOOO.htm, while the
following URL provides information about the availability of the maps on CD-ROM:
http://www .fao.org/AG/AGL/lwdms.htm.

Global Datasets
1.

Digital Soil Map of the World
Digital Soil Map of the World and Derived Soil Properties in ARC/INFO Format (separate coverages for
each continent). Also available in IDRISI and ERDAS imaging format. The derived soil properties maps
include many images in IDRISI format, such as soil pH, soil moisture storage capacity, organic carbon,
specific problem soils, etc.

2.

Source:

FAO/UNESCO

Scale:

5,000,000

FAO World Soil Resources

Simplified Soil Map of the World with 28 classes.

3.

Source:

FAO

Scale:

25,000,000

Distribution of Major Soil Types
33 maps, derived from the Digital Soil Map of the World and using the lUSS Reference Classification
(WRB), showing the global distribution of the following soil types: Acrisols, Albeluvisols, Alisols,
Andosols, Arenosols, Calcisols, Cambisols, Chernozems, Cryosols, Durisols, Ferralsols, Fluvisols,
Gleysols, Gypsisols, Histosols, Kastanozems, Leptosols, Lixisols, Luvisols, Nitisols, Phaeozems, Planosols,
Plinthosols, Podzols, Regosols, Solonchaks, Solonetz, Umbrisols and Vertisols.

4.

Source:

FAO

Scale:

25,000,000

Soil Organic Carbon Pool
Derived from the FAO/UNESCO Digital Soil Map of the World (DSMW). (Separate coverages for each
continent).

5.

Source:

FAO

Scale:

5,000,000

World Food Summit Maps
A series of 19 maps depicting national statistics for the following food security indicators: chronic undernutrition, population growth, dietary patterns, dietary energy supply, vitamin A deficiency, economic
importance of agriculture, food production growth, food production growth/person, growth in yield 196365 to 1993-95, irrigated land, water utilization intensity, lummn-induced soil degradation, fish as food,
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forests and other woodlands, import dependency, rural and urban population, role of Trade, refugees and
food aid.
Source:

FAO

Scale:

25,000,000

Developing World
1.

World Climate and Length of Growing Period
Length of Growing Period, LGP (in days) and Major Climatic Zones.

6.

Source:

FAO

Scale:

10,000,000

Coastal Lowlands of the Developing World
Seven files covering South America, Central America, Africa, the Near East, South Asia, South East Asia
and Far East Asia. Polygon features depicting eolian or wave-built sediment bodies (including beaches),
tidal flats, coastal plain, low lying fluvitile areas, swampy areas (mangrove and non-mangrove) and sebkha
or extremely saline fluvitile areas. Line features depicting the 200m bathymetric contour, coral reef and
sandy beaches. Digitized in 1995 from original manuscripts at scales ranging between 1:3800000 and
1: 10000000.
Source:

FAO

Scale:

5,000,000

Nutrition Profiles for 40 Countries

7.

Country Profiles prepared to date: Argentina, Bangladesh, Belize, Bhutan, Bolivia, Brazil, Burkina Faso,
Cambodia, Chad, China, Chile, Colombia, Costa Rica, Ecuador, Ethiopia, Fiji, Guinea, Haiti, India,
Indonesia, Jamaica, Laos, Malaysia, Mali, Mauritania, Morocco, Myanmar, Nepal, Niger, Pakistan, Papua
New Guinea, Paraguay, Peru, Senegal, Sri Lanka, Togo 1 Uruguay, Venezuela, Vietnam and Zimbabwe.
Source:

FAO

Scale:

Various national scales

Africa Datasets
2.

Sub-national Boundaries of Africa (1999)
Updated version of the Sub-national Boundaries of Africa, as of June 1999. Contains first and second level
boundaries for all countries and third level for some.

3.

Source:

FAO

Scale:

Various national scales

Sub-national Boundaries of Africa (1993)
Administrative map of Africa clipped with coast line, and contains water bodies, double-lines rivers and
islands.
Source:

Various

Scale:

Various national scales
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4.

Road Network of Africa
Road network of Africa, prepared for the Desertification Assessment 1985.

s.

Source:

FAO

Scale:

5,000,000

Hydrological Basins of Africa
Hydrological Basins of Africa, with major basins and sub-basins, derived from USGS topographic data,
March 2000.

6.

Source:

USGS/FAO

Scale:

5,000,000

Hydrological Basins of Africa
Hydrological basins of Africa (primary and secondary), prepared for the Desertification Assessment 1985.

7.

Source:

FAO

Scale:

5,000,000

Major Rivers of Africa
Major Rivers of Africa (with RNK ~ 2), prepared for the Desertification Assessment 1985.

8.

Source:

FAO

Scale:

5,000,000

Rivers of Africa
Africa rivers (all), prepared for the Desertification Assessment 1985.

9.

Source:

FAO

Scale:

5,000,000

Geomorphology of Africa
Coverage of the morphological regions of Africa, prepared for the Desertification Assessment 1985.

Source:

FAO

Scale:

5,000,000

10. Soil and Terrain Database for Northeastern Africa
Soil and terrain Database and Crop Production Zones for I 0 conntries in northeastern Africa, also attributes
for other themes. Countries covered are Burnndi, Djibouti, Egypt, Eritrea, Ethiopia, Kenya, Rwanda,
Somalia, Sudan and Uganda.

Source:

FAO/ISRIC

Scale:

I ,000,000 - 2,000,000

11. Physiographic Map of Africa
Physiographic map of Africa, according to SOTER principals.
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Source:

FAOIISRlC

Scale:

5,000,000

12. Cities of Africa
Cities of Africa, prepared for the Desertification Assessment 1985.
Source:

FAO

Scale:

5,000,000

Asia Datasets
13. Physiographic Map of Asia
Physiographic map of Asia (in three coverages; Near East, South East and Far East Asia).
Source:

FAO/ISRlC

Scale:

10,000,000

14. Problem Soils of Asia
Dominant and Secondary Soil Constraints, derived from the FAO/UNESCO Digital Soil Map of the World.
Source:

FAO

Scale:

5,000,000

15. Sub-national Boundaries of Asia
On generalized version of 1999 dataset with full coding.
Source:

FAO

Scale:

Various national scales

16. Soil and Physiographic Database for North and Central Eurasia
Soil and Physiographic Database for North and Central Eurasia.
Source:

FAO

Scale:

5,000,000

Latin America and Caribbean Datasets
17. Sub-national Boundaries of South and Central America
Published on the SOTER CD-ROM
Source:

CIAT

Scale:

5,000,000
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18. SOTER database for Latin America and the Caribbean
Soil and terrain information for Latin America and the Caribbean at I :5000000. Incorporates national level
data which has been completed since the production of the Digital Soil Map of the World in the 1970's.
Information is stored and linked according to SOTER principals.
Source:

FAOIUNEP/ISRIC/CIP

Scale:

5,000,000

19. Vegetation Map of South America
Vegetation map of South America, prepared by Universite Paul Sabatier, originally in raster format.
Source:

Universite Paul Sabatier/FAO

Scale:

5,000,000

National Level Datasets
20. SOTER database for Tanzania
Soil and terrain database for Tanzania.
Source:

FAOIUNEP/ISRIC/LIP

Scale:

2,000,000

Databases and Statistical Information
One of the functions of FAO is to collect, analyse, interpret and disseminate information relating
to nutrition, food, agriculture and fisheries. The central unit within FAO that deals with
statistical databases is the World Agricultural Information Centre (WAI CENT). WAICENT 's
main database is called FAOSTAT.
FAOSTAT is an on-line and multilingual database currently containing over 1 million timeseries records covering international and national statistics in the following areas: production,
trade, food balance sheets, food aid shipments, land use and irrigation, forest products, fishery
products, population, fertilizer and pesticides and agricultural machinery.
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Annex 2: File Naming Conventions for Agrometeorology Applications Software
The file names follow the IGAD Regional Early Warning System rules, of which the sub-set which
applies to FAOINDEX follows. Please note that this is only a partial description required for the
use of the FAOINDEX software. For more details, refer to IGAD, 1992. The eight characters of
the file name are:
ccusyytp
• cc is a two-letter country code from the international ISO recommendation listed in Annex 4.
For Liberia, cc would become LR and all Liberian files would be LRutyyna;
•

u is a geographic unit code, for instance W for weather stations. All files used or produced by
FAO INDEX use this value for u; thus all data from Liberian weather stations in files start with
LRW;

•

s is an alphabetic identifier taken from the list hereunder when the type of data (t, the 7th
character in the name) is 0, i.e. crops. P (Pasture or range-land) is used in one of the standard
output files ofFAOINDEX, but not in the inputs. The value X means, according to the context,
either undefined, general or inapplicable.

Each crop is also identified by a number (I =maize, etc.) used as input in the crop files:

Cod

Nr

CROP

M

I

Maize

L

2

Bulrush millet

T

3

Tef

B

4

Haricot beans

w

5

Wheat

s

6

Sorghum

F

7

Finger millet

R

8

Rice, flooded

u

9

Rice, upland

E

10

ETP

p

Range land

X

Undefined, general
or inapplicable
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•

•

yy are the years to which the data set belongs (two first digits, i.e. 75 for 1975). "XX" is used
when a specific year is inapplicable, for instance for normals;
p (standing for pre-process) can take the value A for actual data, N for normals and X for
undefined as above. For instance, 1935 Liberian water satisfaction indices for maize would be
clearly identified by LRWM35IA;

•

t represents the "type" of the data 15 and may take the following values (note that all values are
dekadal):

Type

Parameter (4)

0

Crop data, qualified by s

R

Rainfall (mm)

E

Potential evapotranspiration (mm)

I

FAO water satisfaction Index (percent)

u

Water surplus or deficit (mm)

s

Soil moisture (mm)

In practice, to run FAOINDEX, it is necessary to replace, in the filenames below, cc by the
actual country code, yy by the current years' value (89, 90, 91...) and s by the appropriate crop code:
ccWXyyRA.DAT
ccWXXXRN.DAT
ccWXyyEA.DAT
ccWXXXEN.DAT
ccWsyyOA.DAT

current dekad rainfall
dekad rainfall normal
current dekad potential evapotranspiratitm
normal dekad potential evapotranspiration
crop parameters of current year

The user has to prepare the files above, but 6 output files are created by FAOINDEX in DAT
format:
ccWsyySA.DAT
ccWsyyTA.DAT
ccWsyyiA.DAT
ccWsyyUA.DAT
ccWsyyXA.DAT

soil water storage in millimetres
(crop) actual evapotranspiration
(crop) water satisfaction index
(crop) soil water surplus/deficit
summary file with all parameters

4 Additional elements can be coded in this system: A, average maximum temperature; C, cold cloud duration; D sunshine
duration in hours per day (average over the dekad); F, sunshine fraction (0-1); H, water vapour pressure (kPa); M, minimum
temperature; N, number of rainy days; B, average temperature; Y, relative humidity (%); W, average wind speed (m/s); V,
NDVI.
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ccWRyyOA.DAT

variation of "Range-land index"

Note that extension .DAT is used only as an example. The programme accepts either DAT or PRN.
In addition, one of the output files is in format free text (tables, etc):
ccWkyyOX.TXT

plain text detailed output tables.
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Annex 3: File Style for Agrometeorology Applications Software
The IGAD files are ASCII files with the following general structure:
one title line
one line with V variable names
L lines with an optional label and V data items
where characters (as opposed to numbers) can be quoted or not, and the items on each line can be
separated by spaces or commas. The "comma separated, quoted character string" is also known as
MAILMERGE format. The two files below are thus equivalent:

Mali 1990, Sorghum
WSI
Kayes
Bafoulabe
Diema
Kenieba
Kita

YLD

95.8
92.6
88.7
98.8
95.5

Lon

LAT

14.5
14.0
14.5
13.0
13.5

758
843
792
760
787

-11.0
-10.0
-19.5
-11.1
-9.5

"Mali 1990 Sorghum yield''
"", "WSI","YLD", "LAT", '1 Long"
"Kayes",95.8,758,14.5,-ll
"Bafoulabe",92.6,843,14,-10
"Diema",88.7,792,14.5,-9.5
"Kenieba",98.8,760,13,-ll.l
"Kita",95.5,787,13.5,-9.5

Empty lines or lines containing only commas are ignored, and so are spaces in excess of l between
data or variables; character strings must imperatively contain no spaces nor commas, as spaces or
commas are used as separators between items. Variable names and line labels must start with an
alphabetic character. WMO station numbers, for instance, should not be given as 60.135, but
X60.135 orWM0-60.135.
The first line is any text to identity the contents of the file. The second line identifies the variables
contained in the columns. Again, variable names must not contain spaces. Thus, do not use
Normal PET, but rather NormaiPET, PET(normal), Normal-PET ...
Programmes assume that the number of data items in lines 3 onwards is the same as on line 2.
For instance, if line 2 lists 4 variables, as above, all data items in excess of 4 will be ignored. If,
on the other hand, a data line contains insufficient data items, the programmes reading the file
should issue a warning and either skip the record or stop altogether. Each line may also begin
with an optional string of characters which contain a line identifier (the line label), typically
station names.
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Abstract
Since 1988, the Food and Agriculture Organization of the United Nations (FAO) has been using
data from low-resolution satellites to monitor rainfall and vegetation conditions over large areas.
These data are provided operationally in near-real time through the FAO Africa Real Time
Environmental Monitoring Information System (ARTEMIS). Primary users of ARTEMIS data are
the FAO's Global Information and Early Warning System (GIEWS), the FAO Emergency Centre
for Locust Operations (ECLO) and the FAO Agrometeorology Group. Originally, the focus of
ARTEMIS was on Africa and the system provided Cold Cloud Duration and Estimated Rainfall
Images derived from the METEOSAT satellite and NDVI images from the NOAA-AVHRR
sensors. Over the past few years ARTEMIS has increased its geographic coverage, as well as its
range of products. Since 1998, the system includes imagery at resolutions between 1 and 8 km,
with global coverage. A variety of image software applications for display and analysis have
been developed in tandem with the ARTEMIS data products. These are now widely used in both
developed and developing countries and, in particular, at several national and regional
organizations involved in early warning for food security. Both image data and software tools
are fully PC compatible and do not require specialized hardware.

Introduction
Accurate and up-to-date information on food supply and demand are essential components of
early warning for food security and planning of famine mitigation scenarios. Within the Food
and Agriculture Organization of the United Nations (FAO), the collection, analysis and
dissemination of this kind of information is handled by its Global Information and Early
Warning System (GIEWS), which was established in the wake of the world food crisis of the
early 1970's. GIEWS aims to provide policy-makers and relief organizations with the most upto .. date information available on all aspects of food supply and demand, and provides warnings
of imminent food crises, so that timely interventions can be planned and undertaken.
As part of its activities, GIEWS monitors the condition of food crops in all regions and countries
of the world and information is gathered on all factors that might influence planted area and
yields. In many drought-prone countries, there is a lack of continuous and reliable infonnation
on agro-meteorological and crop conditions. In lieu of direct field observations, satellite remote
sensing provides a low cost alternative for monitoring large areas in near-real time. The satellite
systems used are characterized by a low spatial and high temporal resolution. The provision of
satellite information to GIEWS is handled by the ARTEMIS system of the FAO Environment and
Natural Resources Service (formerly Remote Sensing Centre).
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Real-Time Environmental Monitoring Information System (ARTEMIS)
In the field of environmental monitoring, remote sensing imagery is managed by ARTEMIS.
Since August 1988, ARTEMIS has been operationally receiving, processing, archiving and
disseminating low-resolution remote sensing imagery in support ofFAO's programmes on early
warning for food security, migrant pest control and disease control. The ARTEMIS system was
implemented by FAO in close cooperation with NASA Goddard Space Flight Center, USA, the
National Aerospace Laboratory (NLR) of the Netherlands and the University of Reading, U.K.
with funding support from the Government of the Netherlands.
ARTEMIS is now fully operational and supported by the FAO Regular Programme. ARTEMIS
supports the operational monitoring of seasonal growing conditions and vegetation development
over Africa, based on hourly Meteosat and daily NOAA-AVHRR data, for use in early warning
for food security and desert locust control. This includes routine distribution of ARTEMIS
images, containing information about rainfall and vegetation activity, by electronic means to
users at FAO Headquarters and at regional and national levels. FAO continues to support the
establishment and improvement oflocal reception and processing systems using low-resolution
environmental satellites, including the development of improved interpretation techniques and
user-friendly analysis software.
ARTEMIS system has a direct reception capability for digital transmissions from METEOSAT
satellite. In addition, images recorded by the GOES and GMS satellites and relayed through
METEOSAT are received every three hours. The METEOSAT system is operated by
EUMETSAT. GOES system is operated by the U.S. National Oceanic and Atmospheric
Administration (NOAA). GMS system is operated by the Japanese Space Agency (NASDA) and
the Japan Meteorological Agency (JMA).
ARTEMIS uses Meteosat-based products, such as the Cold Cloud Duration (CCD), to estimate
ground rainfall and the NOANAVHRR-based assessments of vegetation cover, such as the
Normalized Difference Vegetation Index (NDVI), for operational monitoring of crop conditions
to supply to the FAO Global Information and Early Warning System (GIEWS). Assessment of
crop growing conditions and related food production outlook is based on agrometeorological
observations combined with remote sensing and other relevant socio-economic information.
Other users include the FAO Emergency Centre for Locust Operations (ECLO), which uses
ARTEMIS products to monitor potential breeding areas of Desert Locust over the Sahara desert,
and the FAO Agrometeorology Group.
In order to expand the capabilities of the ARTEMIS system in support of food security, crop
forecasting, locust control, animal health, water resources management and forestry applications,
FAO, in cooperation with the European Commission through its Space Applications Institute of
the Joint Research Centre (JRC), and now through a project funded by EU, has implemented a
routine flow of globall-kilometre resolution VEGETATION data from the SPOT -4 satellite.
FAO is presently negotiating a formal agreement with NASA for the development of the use of
earth observation data from the TERRA satellites. Similar discussions are ongoing with
EUMETSAT and ESA concerning the future Meteosat Second Generation (MSG) and
ENVISAT satellite missions, respectively.
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ARTEMIS archive contains products derived from four different series of satellites by a number
of processing centres and are available at daily, 10-daily, and monthly intervals. They can be
seen at http://metart.fao.org where some agrometeorological products and tools are also
available. The data sets that are available now are given in Table I.
Continent/Product:

Source:

Africa:
• Cold Cloud Duration
• Estimated Rainfall
• Interpolated Est. Rainfall
• NDVI- GAC
• NDVI- HRPT
• NDVI-HRPT
• NDVI- VEGETATION

FAO-ARTEMIS
FAO-ARTEMIS
NOAA/FEWS
NASA-GSFC/FEWS
Centre AGRHYMET
DMS-Zimbabwe
SPOT/JRC

7.6km
7.6km
7.6km
7.6km
lkm
2km
!km

•

Asia/Pacific:
Cold Cloud Duration

Univ. ofHawaii/JMA

•

South/Central America:
NDVI-GAC

Global
NDVI- VEGETATION

0

Update

Start

Africa
W/E Africa
Africa
Africa
W. Africa
S. Africa
Africa

Daily
Dekadal
Dekadal
Dekadal
Dekadal
Dekadal
Dekadal

1988
1988
1995
1982
1997
1997
1998

5km

Asia/Paci:fic

Daily

1996

NASA-GSFC

8km

SIC America

Dekadal

1982

SPOT/JRC

lkm

Global

Dekadal

1998

Resolution

Coverage

Table I. Data sets in the ARTEMIS archive.

Data Analysis Techniques
The image data described in the previous section can be used in various ways to extract
information on crop growing conditions and, through that, provide an indication of expected
yields and production. The imagery can be used directly for this analysis, or can be used as input
into models. However, it should be noted that within the work of the GIEWS, several
information sources in addition to remote sensing are used to determine the status of food crops
for a given growing season. Other sources, including ground-based reports, are used with the
imagery as part of an approach known as "convergence of evidence." Some of the techniques
that can be applied follow:
•

Quantitative information is derived through agrometeorological models (Gommes, Snijders
and Rijks, I 998). These models have been developed using station-based information on,
among others, observed rainfall. ARTEMIS imagery can be used in two different ways here:
directly, as input to the model, when there are gaps in the ground-based set of data.
Estimated rainfaii imagery can be used, for instance, as a surrogate for observed rainfaii.
indirectly, as an aide to the spatial interpolation of results derived from mode ling
of point-based observations, by taking into account the spatial information provided
by, for instance, CCD or NDVI imagery.

•

Visual analysis of image series. A sequence of images covering an area can provide
important information on the performance of the growing season. CCD imagery wiii show
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clearly the arrival and retreat of the inter-tropical cloud belt. Much of this kind of analysis is
done throughout the growing season and can be complemented by the creation of difference
images, whereby the current, real-time image is compared to, for instance, the same period of
a drought year, or the average. However, while this approach gives all the spatial details, it is
difficult to identify the temporal behavior.
•

Time series analysis. A very illustrating technique is to extract NDVI or CCD values for
certain zones (for instance provinces) and to plot the current season and the average or a
previous year as time series. Both normal and cumulative curves are used. This technique
allows an easy identification of zones that have below-normal vegetation development or
rainfall. Although this visualizes very well the time component of the imagery, the spatial
component has been reduced to only one zone.

•

Clustering of image series. An approach to integrate both the time and space components of
an image series is through a multi-temporal classification. The clustering of the temporal
profiles of all image pixels can be done using directly the image values, a "zoning" approach,
or by using the difference with a reference data set, a "monitoring approach." The result of
such analysis is an image indicating the areas with similar temporal behavior. Contrary to
the two previous techniques, this approach is only applicable towards the end of the growing
season.

•

Statistical methods using NDVI imagery. Researchers have investigated the relation between
NDVI behavior and biomass productivity, in particular for grasslands. Within FAO this is
currently not used, also because the relation with, for instance, crop yield, is difficult to
establish and often accompanied by a variation that can be higher than the normal year-toyear variation of average yield over a country or province.

Software Tools
Commercially available software packages for the display and analysis of satellite derived
images have been found difficult to use with the images available through ARTEMIS. The main
reason is that these packages offer the "classical" types of analytical procedures used for satellite
data, with multi-band imagery and "false-color" composite displays. The ARTEMIS images, on
the contrary, are multi-temporal, single-band and single theme. Furthermore, most packages did
not support the geographic projection used for the original Africa images. This situation led to
the development of custom-made software. The most successful was IDA (Image Display and
Analysis), that was initiated by the USAID-FEWS project. IDA was designed for early warning
and developed to run on almost any DOS-based PC and made widely available in the public
domain. The fact that no investment in special hardware was required made IDA very popular,
in particular in developing countries, and the proliferation of IDA has been such that its file
format (an 8-bit line/pixel image with a 512 byte header) is now used as a de-facto standard.
Several tools have been developed by, or with involvement of FAO, for processing of satellite
derived images. Many of the tools are available free at the FAO FTP site: FTP.FAO.ORG,
Subdirectory SDRN. Among all, this paper will present:
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•
•

•

WinDisp: a Windows/NT evolution of the IDA program. Builds upon the same functionality
as IDA, but extended among others with many graphical and vector functions.
SED!: the "Satellite Enhanced Data Interpolation" module of WINDISP. A program that
allows interpolation of point data (e.g. data from rainfall gauging stations) with satellite
images (e.g. CCD) as background reference. The interpolation is based on the assumption
that a positive relationship exists between the point data and the satellite data (Hoefsloot,
1995).
ADDAPIX: a PC based program for multi-temporal classification of image series on a pixelby-pixel basis (Griguolo, 1996).

WinDisp
WinDisp is a public domain, easy-to-use software package for the display and analysis of
satellite images, maps and associated databases, with an emphasis on early warning for food
security. WinDisp was originally developed for GIEWS. It allows the user to:
•
•
•
•
•
•
•
•

Display and analyze of satellite images,
Compare two images and analyze trends in a time-series of images,
Extract and graph trends from a number of satellite images such as during the growing
season for comparison with other years,
Compute new images from a series of images,
Display tabular data in map format,
Build custom products combining images, maps and specialized legends,
Write and execute batch files to an automate routine,
Build a customized project interface for providing users with detailed menus of available
data for a country or a specific area.

WinDisp was developed as the map and image display module of the GIEWS workstation,
permitting GIEWS economists to analyze, integrate and overlay digital map and satellite data in
common windows on their desktop PCs. It was designed to make the display and analysis of
satellite images, maps and associated databases as simple as possible. WinDisp is an essential
component of the GeoWeb System (http://geoweb.fao.org/) which is a Web-based application that
allows custom access to various information used by GIEWS analysts to assess the crop and food
supply situation for all countries in the world.
The database of the GeoWeb System includes: maps (administrative boundaries, rivers, roads,
cities); crop maps (main and all growing areas for the main crops of some countries, planting and
harvesting calendars); thematic maps allowing mapping of statistical data (population and crop
production) by administrative region; satellite images, including Cold Cloud Duration (CCD) for
Africa and Asia, normalized difference vegetation index (NDVI) for Africa and SPOT-vegetation
images for the whole world; satellite images statistics (only for some african countries, allowing
display of a time series of the average values ofCCD orNDVI images over defined zones of the
country; crop calendars.
WinDisp is often termed the successor to the Image Display and Analysis (IDA) software. IDA was
developed in the mid-1980s by the USAID Famine Early Warning System (PEWS) Project. IDA
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has been used extensively within the early warning community for the analysis of low resolution,
high frequency satellite imagery in near real-time. WinDisp has evolved from an MS-Windows
based image display tool for viewing IDA images in Versions 1.0 and 2.0, to a fully functional,
multilingual, image analysis and map display software tool for early warning in its current version.
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Figure 1. WinDisp 4.0 screenshot.

FAO enhanced the capabilities of WinDisp which resulted in the current Version 3.5 to support
multilingual versions of the menus and on-line help files as part of the effort to distribute the
Workstation to other early warning units in non-English speaking countries. A multi-lingual
dictionary currently allows the user to choose between English and French versions of the software.
The dictionary can also be adapted for other languages. Currently all WinDisp menus, the on-line
help, and reference documents are now available in English, French and Spanish. The multi-lingual
dictionary can be modified to support other languages. WinDisp 4.0 offers new functions with
respect to Version 3.5 including on-screen digitizing, the use ofESRI Shape files as a vector file
format, and far greater options for developing, automating and customizing map and image legends.
Software, manual and data can be downloaded free from:
http://www.fao. org/W AICENT /faoinfo/ economic/ giews/ englishlwindisp/windi sp .htm
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Satellite Enhanced Data Interpolation
The Satellite Enhanced Data Interpolation (SED!) method originates from the FAO Harare
based Regional Remote Sensing Project. It sought to assist the interpolation of rainfall data
gathered at station level with the Meteosat cold cloud duration images received from the FAO
ARTEMIS Project. At a later stage the method was applied to other parameters as well (e.g.
potential evapotranspiration and altitude, crop yields and NDVI).
The concepts of this interpolation method have already been described, although deviations exist
from the basic idea. A comparable method called co-kriging is applied mainly to geology and
ground water studies. SED! is a simple and straightforward method for "assisted" interpolation.
The method can be applied to any parameter of which the values are available for a number of
geographical locations, as long as a 'background' field is available that has a negative or positive
relation to the parameter that needs to be interpolated. Three requirements are a prerequisite for
the successful application of the SED! method:
1. The availability of the parameter to interpolate as point data at different geographical
locations (e.g. rainfall, potential evapotranspiration, crop yields).
2. The availability of a background parameter in the form of a regularly spaced grid (or field)
for the same geographical area (e.g. CCD, NDVI, altitude).
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3. A relation between the two parameters (negative or positive; rainfall/CCD is positive,
PET/altitude is negative). A Spearman rank correlation test can reveal whether a relation
exists, and how strong this relation is.
The SED! method yields the parameter mentioned under the first point as a field. The
calculation can be influenced by setting a number of input parameters. Rainfall data are gathered
on a dekadal basis. Plotted on a map this could give the following picture:
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Figure 3. Rainfall (mm) for Zimbabwe second dekad of January 1991.

The geostationary METEOSAT satellite makes infrared temperature pictures of the earth every
half hour. In tropical regions, it can be assumed that areas with temperatures lower than about
minus 40 degrees Celsius are covered with rain clouds. The cumulated number of hours in a
dekad with this low temperature is called "Cold Cloud Duration" (CCD). It is represented as an
image. An image is a regular structure with rows and columns, like a chessboard. The building
blocks of the image are called "pixels." A pixel represents one data value. Pixels can be
assigned a color depending on the value they represent. Below is an example, represented by
gray shading in the black and white version.
The relation between rainfall and CCD is a positive one. In other words: high rainfall values
generally coincide with high CCD values. The SEDI process is done in three steps:
1.
2.
3.

Extracting values from the image and calculating the ratio of point and image values.
Gridding the ratios to form a regularly spaced grid.
Multiplying grid with image to obtain estimated image.
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Figure 4. Cold Cloud Duration image for Zimbabwe, second dekad of January 1991.

Step 1: Extracting values from the image and calculating the ratios. For every point value
in the input rainfall data, a value can be extracted from the CCD image. The SED! method will
find the pixel that coincides with a rainfall station and extract the pixel value. In some cases the
value of one pixel does not give satisfactorily results . Therefore the SED! software allows the
user to extract the values of more than one pixel from the image, and take its average as image
value for the station (Figure 5) .

•

•

Station

Station

Figure 5. Extracting 5 or 9 pixels per point value.

For every station a rainfall value and a CCD value are now given. The Spearman rank
correlation coefficient (using the rainfall/CCD data pairs) yields a positive value. This means the
relation between rainfall and CCD is positive (as to be expected). The ratio between rainfall and
CCD value is now calculated as shown in the following table:
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Table 2. Calculating the ratios.

Should the relation have been negative, the ratio would have been calculated as follows:
Station Value
HighestPossiblePixelValue- Fixe/Value

Step 2: Creating a regularly spaced grid from the ratios. The second step constitutes of the
creation of a grid from the irregularly spaced ratios:

.
.

. .
. .
.

)

.
Figure 6. Creating the ratio grid.

The ratio grid is created with the inverse distance method with a weighting power of 2. The
software allows the user to set:
(i)
(ii)
(iii)

The distance between the grid lines. A low distance creates an accurate, dense grid,
while a high value creates a coarse, less accurate and more general grid.
The number of stations per grid point determines the number of stations included in the
calculation of a point in the grid matrix.
The maximum radius for interpolation determines whether a value is calculated for a
point in the grid matrix. If the number of stations around this gridpoint within this radius
is higher than the specified number of stations, a value is calculated. Otherwise the
gridpoint is assigned a missing value, and the resulting image will be 'empty' at that
particular point.
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Step 3: Creating the SEDI image. The last step encompasses the creation of the SED! image.
The process is simple. By multiplying the grid (step 2) with the background image, an estimate
for the value to interpolate is obtained. In terms of rainfall and CCD: a rainfall image is obtained
by multiplying the ratio grid with the background image.

--

X
GRID
Ratio

Background image
Cold Cloud Duration

SEDI image
Rainfall image

Figure 7. Creating the SEDI image from ratio grid and background image.

ADDAPIX
ADDAPIX is a menu-driven collection of programs that carries out the various steps of an
analysis aiming at clustering pixel-by-pixel a time series of regularly collected images. Each
pixel is represented by the series of its values: pixels with globally simi lar cycles are assigned to
the same class. The output is an IDA or WinDisp compatible classified image, where all pixels
belonging to a class are assigned the same value (color).
Pixel-by-pixel clustering a set of images (or two related sets, as is the case with monitoring) is a
way to extract the essential information from an extremely large amount of data, allowing the
information to be transmitted in a synthetic and easy-to-understand way. The difference between
a pattern recognition and a constructive classification should be clearly understood. In both
cases the object is to reduce the overwhelming number of patterns (profiles, behaviours ... )
characterizing the focused statistical units (pixels) to a limited number of types (classes, groups,
clusters ... ). In pattern recognition, these target types objectively exist, or have been defined prior
to the classification, and the technique is aimed at deciding to which ideal type a given unit is
more similar (recognition). In the case of a constructive classification the types, representatives
of the average features of the classes issued by the procedure, are a result of the computation, a
construction of the method itself (hence the term constructive).
The input images are suitably merged and the merged database fi le is submitted to a principal
components analysis. The principal components (PCs) are saved both numerically and - on
user's request- as images in IDA fonnat for displaying. A file containing a user-chosen number
of highly explanatory PCs, selected by the user, is passed on to a non-hierarchical clustering
analysis. Then the classified image is shown on the screen and the mouse is used to display
graphically the profile of any pixel at will, together with the profile of its class for comparison.
This is a fast and impressive way to browse through a very large merged database by means of
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an synthetic image. This can also be done without going through the clustering phase, provided
the image files have been previously merged within the package.
In ADDAPIX, an unsupervised exploratory approach has been assumed. In the resulting
partition the most frequent groups of similar patterns are singled out as classes, while rare
patterns are assigned to the most alike class where they can sometimes appear as outliers,
behaving quite differently with respect to the class' average profile. Depending on the nature of
the input images and on how they are pre-processed, ADDAPIX can operate pixel-by-pixel for
both zoning or monitoring.
When interpreting the results of an NDVI-based zoning analysis, the user should keep in mind
that the value taken by the NDVI in a pixel is an indicator of the local vegetation activity,
weighed with the rate of vegetation-covered soil. This means that a low cycle could derive from
the presence of suffering vegetation, but also from very healthy vegetation covering for any
reason only part of the pixel. Land use/cover information should be considered for an accurate
interpretation.
In a monitoring analysis, the clustering is based on a high number of pixel-by-pixel comparisons
between current (i.e., concerning the season to be monitored) and reference NDVI values. In
principle, each pixel's vegetation cover rate can be the same in the two series, and the uncertainty
mentioned above should not influence the outcome. Yet, reference values actually represent the
situation at a past time (or its average over a past time interval), and some changes in land
use/cover (desertification, erosion, irrigation, urbanisation ... ) might have occurred in the
meanwhile, influencing the calculations and somehow affecting interpretation. This does not
appear a severe problem, especially if the reference series is updated every year, skipping less
recent years when the series is sufficiently long.
Figure 8 shows the procedures available in the ADDAPIX zoning menu: they are usually run
sequentially. The core consists of a principal components analysis (ACOMPIX) followed by a
non-hierarchical clustering (NGPIX). Some other procedures allow the user to merge the input
images (PREPDAT A); to BOUND or SELECT the pixels to be clustered according to various
options and to examine graphically the detailed behaviour of each pixel (DISPLAY).
In monitoring mode, the series of images relative to the season to be monitored or assessed (in
short, "the current season") and the corresponding "reference" images - relative to the same area
and the same time units and representing the situation assumed as "normal"- are separately
merged, reconstructed and smoothed when appropriate. The DIFFER utility is then run to
compare, pixel by pixel, the current and the reference series: according to the user's choice, for
each pixel and each time unit the absolute or the percentage differences are saved and submitted
to the clustering chain. Pixels with similar performance over time should be assigned to the
same class. The output partition can be examined with the DISPLAY utility: for each pixel, the
current and the reference profile, the difference profile and the average profile of the class to
which it belongs can be simultaneously displayed.
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PREPDATA

Merges suitably a temporal sequence of
images

(optional) selects the region(s) to which to
restrict the clustering procedure

Principal Components Analysis of the table
pixels x time variables

Non-hierarchical Clustering of Pixels

Converts any partition computed by NGPIX
into a classified image for DISPLAY

Displays profiles of pixels and classes
in graphic form

Selects only pixels belonging to some
classes for further processing

Figure 8. The program chaining for zoning mode in ADDAPIX.

147

Series of images relative to the
current season

Matching series of reference images
representing "normality"

crops a desired window
from all images
merges input images,
reconstructs, smoothes
selects geographical areas

Computation of Etbsolute or
percentage drtferences
per pixel HJ'Id time unit

Principal Components Anolysis
non~hiereJJchical

Clustering
of active pixels

converts. partitions into
classified images

display profiles of pixels and
closses in graphic form

Figure 9. The program chaining to perform a monitoring or an assessment analysis.

A new MS Windows version of ADDAPIX is under development. The current MS-DOS version
has been used, among others, for some zoning analyses such as the preparation of the IGADD
CPSZ Electronic Atlas (FAO, 1995). An example of the monitoring mode of ADDAPIX is given
below.
Every year, the F AO-GIEWS prepares a preliminary assessment of the cereal production in
Western Africa. It is based on a wide range of sources, including a joint GIEWS and CILSS
crop assessment mission. The SDRN ARTEMIS and AGROMET groups prepare for the
assessment an analysis of satellite and station derived data. The current examples illustrates the
use of the satellite derived data. For the 1999 analysis the monthly NDVI images were
compared with the 1982-97 average images. Basically it consisted of a clustering of time
profiles ofNDVI differences into 4 classes. The resulting classified image was than imported
into WinDisp, to add a legend and annotation, and to prepare a printable image. The resulting
image is shown in Figure 10.
The analysis clearly showed that the 1999 season performed rather well. Class 2 indicates areas
where the NDVI values were slightly above normal throughout the season, indicating an early
start and a late ending of the season. Classes 3 and 4 indicate areas where the season started as
normal, but there was a prolonged rainy season towards the end. In grey, class 1, those areas are
indicated where the season behaved as normal. These include not only the Sahara, but also
considerable areas in the south.
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Vegetation Index - Difference between
1999 and the 1982-'98 average. Classified

Figure 10. Classified image using NOAA-GAC NDVI data.

Conclusions
A general overview of technical capabilities of ARTEMIS group has been provided with a
particular reference to its archive of remotely sensed environmental satellite images and main
software applications developed for image display and analysis. Three software applications have
been presented: WinDisp, SED! and ADDAPIX. It is important to stress the effort made to
standardize the data format to be compatible with other kind of GIS or mapping applications
distributed commercially. This effort continues in parallel for regularly updating of the ARTEMIS
datasets archive and for developing software applications.
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Abstract
The specific features of applications for agribusiness and agrometeorology based on remote
sensing data are analyzed from the point of view of corresponding software availability. The
general description of shortcomings and limitations are given and some recommendations on
improving the situation are presented.

Introduction
Software to process remote sensing data specifically for the benefit of agriculture and
agrometeorology is insufficient. A primary reason is that a variety of different satellites have
been designed for navigation, television, communication, meteorology, and astronomy in
addition to the satellites for military purposes. None of these satellites were designed, built and
put into operation with a specialized emphasis on agriculture. From the very first launches of
satellites, much speculation has been made about the huge benefits that agriculture would receive
from utilization of remotely sensed data. An analysis of some reasons why these expectations
were never realized and a short description of the current possibilities will be presented in this
paper.
A comprehensive review of all obtainable software is beyond the scope of this report. Moreover,
the objective of the summary is not to select the best package but to develop the guidelines for
national meteorological services and recommendations for software developers. Some of the
principal requirements will be described and the available software programs will be reviewed,
emphasizing if and how well they meet the essential demands of agricultural uses.

Key Features of Remote Sensing Data Applications to Agriculture
There are several significant features of the applications of remote sensing data to agriculture and
agrometeorology. This application involves a complex technology (a consequence of
procedures, actions, etc.) as opposed to a simple calculation program, or algorithm. The product
that is valuable for end users can only be prepared if every step in the process works properly
and the procedures have adequate information support. Remote sensing data and products
derived from them provide valuable guidance for specific applications. For example, in crop
forecasting remote sensing data are used primarily for crop state evaluation and/or estimation of
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crop areas. This information, together with crop yield data derived from models or crop surveys,
can produce reliable crop production estimates.
The strengths and weaknesses of remote sensing data are discussed in many books and manuals
(see, for example, http://earth.fhda.edu). The relevance of the remote sensing data to agriculture
parameters can be derived only on the basis of experimental and theoretical relationships
between the spectral or spatial reflectivity or emissivity (or some functions of them, for example,
so called vegetation indices) and traditional features of crops, such as leaf area indices, bio-mass
and yield. While the knowledge base has expanded, these relationships are still not fully
understood.
A number of problems have been resolved during the last 30 years. However, there are still
many questions which are very important to agriculture that need to be studied. For example,
within-field variations in crop yield can not be explained easily, but an understanding of the
1
underlying processes is of significant importance for precision farming practices. Soil moisture
content is another important issue. Despite dozens of projects, the accuracy of soil moisture
estimation based on remote sensing data is not adequate for monitoring, modeling and
operational purposes. Evaluations for 1998 were given in Virchenko (2000). The two last years
brought no revolutionary breakthrough. Information on microwave applications is available at
http://meted.ucar.edu/ist/poes2.
Products derived from remote sensing data are not in wide use because they do not generally
meet the principal demands of prospective users in agribusiness. A very good description of
agribusiness needs in developed countries and the available remote sensing solutions are given in
Peake et al. 1998 prepared for the EC. The sophisticated algorithms require a significant set of
additional data, such as soil and digital elevation maps, agroclimatic characteristics of cultivated
species, and radiative properties of earth surfaces and the atmosphere.
The problems with utilization of this new technology may be countered with the advantages of
new, unique products. Even the most conservative farmers accept such products if they are
accurate and cost-effective. In this regard, the experience of MARS program is very
representative case (details are available at http://mars.aris.sai.jrc.it).
Another principal feature of any working application of remote sensing data to agriculture is that
it is a unique technology and it may be practically unfeasible to transfer the application
technology to other countries. The singularity of the particular solution is due to the number of
undocumented modules, procedures and "know-how," a diverse set of information sources and
specific needs and demands of end-user communities.
Furthermore, there is no common understanding on the strategy of processing remotely sensed
data for agribusiness benefits. In one approach, data are processed at large specialized centers.
A second approach processes data at decentralized locations with equipment brought almost to
end users. My intent is not to discuss the advantages and limitations of the above two
approaches, but to emphasize the particularities of the corresponding.

1

Precision farming is the concept of managing each part of a large field differently and in the most effective way
(Peake et al. 1998)
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Remote Sensing Data Processing Technology
Appropriate processing procedures depend, of course, on the specific application, but in general
consist of the following:
•
•
•
•
•

corrections;
pattern recognition or labe ling, i.e. detection of the object of interest on the image;
transformation of radiative properties into agronomic or agrometeorological parameters;
preparing the output product;
applying procedures and utilities such as viewers, converters, communication and
manipulation tools, considered together with geographical information systems.

There are no problems with geometric or radiometric correction. A comprehensive description
of any corresponding algorithm is available from any standard manual on the processing of
remote sensing data (see http://www.w3.org/Vl/). The users, without any specific requirements,
could rely on preprocessed data. Providers of remote sensing data guarantee at least the first
several levels of data processing described in Table 1 below. The description of corresponding
algorithm is usually available but the software itself is not usually available.
Degree of
processmg

Brief description of output product quality

Level 0

Reconstructed, unprocessed data at full resolution; all
communications artifacts have been removed

Levell

Level 0 data that has been time-referenced and annotated with
ancillary information, including radiometric and geometric
calibration coefficients, and geolocation information

Level2

Derived geophysical variables at the same resolution and location
as the Level 1 data

Level3

Variables mapped on uniform space-time grids, usually with some
completeness and consistency

Level4

Model output or results from analyses of lower level data
Table 1. Standard degrees of processing for remote sensing data.

The problems with atmospheric correction are compounded with preferences and traditions for
the given country or national meteorological services. But all these problems are common to
satellite meteorology and the acceptable corrections for agrometeorology solutions exist, as a
rule.
The next stage, pattern recognition or labeling, is very important. A good introduction to
relevant topics and problems with examples on agriculture is found in publications of Landgrebe
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(1998a, 1998b). It is impossible here to list even the most interesting approaches and results, but
two of them are noteworthy. The first one is transphenomenal property ofhyperspectral remote
sensing data. The techniques developed for multispectral data with conventional dimensionality
(of the order of 4 to 15 spectral bands) could not be simply applied to hyperspectral data (50 or
more spectral bands), because two or three dimensional conceptual truths may not be the basis
for conclusions in higher dimensional space. One of the results of Landgrebe is given in Figure
1 below (Landgrebe 1998a). This is the function of the mean recognition accuracy vs.
measurement complexity. The more bands one uses and the more brightness levels in each band,
the greater the measurement complexity.
The result shown is for the two-class case, and in this figure, the two classes are assumed equally
likely. The parameter, m, is the number of training samples used (for curves from the bottom to
the top it is equal to 2, 5, 10, 20, 50, 100, 200, 500, 1000, and, the infinity, respectively). A
perhaps unexpected phenomenon is observed here in that the curve has a maximum. Too many
spectral bands or too many brightness levels per spectral band are undesirable from the
standpoint of expected classification accuracy.
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Figure 1. Mean recognition accuracy vs.
measurement complexity for the finite training case.

The second result is that for most high dimensional data sets, lower dimensional linear
projections have the tendency to be normal, or a combination of normal distributions, as the
dimension increases (Landgrebe 1998a). That is a significant characteristic of high dimensional
data that is quite relevant to its analysis.
The corresponding software, MultiSpec @package was developed in Purdue University
(Landgrebe and Biehl 1999). This package, available as a freeware tool, is a very good and rich
example of the current stage in elaborating pattern recognition software for vegetation
monitoring. Acquaintance with the commands, options and documentation of the last version of
MultiSpec@ could be considered as an essential step in selecting and evaluating any package
with similar functionality.
The problem of detecting pixels contaminated by cloud is of great importance for some
technologies, especially for those based on low resolution satellite data. This problem is between
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the correction and labeling steps and it is solved through calculating the so-called thermal indices
and subsequently applying classification or segmentation procedures. The resulting cloud mask
is a very useful auxiliary image. Unfortunately, both the program modules and the real
coefficients from the corresponding threshold schemes are often inaccessible.
The describing stage is the core of the discussed technologies. This is the retrieval of the
agronomic and agrometeorological parameters from the multispectral digital satellite images or
from sets of such images. A particular technology could take into account any combination of
following processes and phenomena: spatial distribution of incoming radiation, surface
illumination, surface relief, spatial distribution of plants, architectonic of plant and its changes
during growth, optical properties of canopy and parts of plant, optical property changes due to
growth, stresses and diseases, optical properties of soil, and its changes due to precipitation or
fertilization. For every listed item it is possible to find dozens of books, models, and even
software programs, but they are all independent or stand-alone tools. From the software
standpoint, the quantity of available packages is significantly greater at this stage when
compared to the previous stages. This is due to the necessity to bear both in mind and in
calculation all processes directly and indirectly affecting the images of interest.
This stage is where the data, models and programs from different sources or technologies can be
combined, or fitted to each other. The satellite data would then be calibrated with ground truth
measurements, and, at the end, the radiative properties would be transformed into agronomic or
agrometeorological ones.
The next stage, i. e. preparing the output product, is also the very technology-dependent and
corresponding software is not readily available.
The situation is very different, however, for the procedures and utilities of the common
character. Almost every package dealing with remote sensing data could perform a lot of
standard format operations. For example, even a low-cost image processing system CHIPS from
Denmark (http://www.geogr.ku.dk/chips/index.htm) could import and auto-detect multiple
HRPT formats, including NOAA lB, ESA Sharp, Dartcom, Quorum, BURS Block, Data Tools,
ASDA, Dundee and Timestep.
A lot of useful links to web sites relevant to remote sensing data processing can be found at
http://www.geog.nottingham.ac.uk/-mather/useful_links.html. The file contains the following
section: atmospheric correction; canopy reflectance models; data acquisition; software to read
image data; image processing; mapping and plotting tools, including visualization; mathematical
and statistical routines; pattern recognition including neural networks; software depositories,
collections, links, etc.; resources for programmers (including tutorials) (C, DOS, Fortran, HTML,
Java, UNIX, VRML, Windows); searchable software databases including libraries and guides;
software distribution centers; and links to other sites.
With respect to GIS, that is quite an independent area with its own language, traditions, journals,
conferences, as well as software tools. Practically, any GIS package meets the needs of the
analyzing technologies to manipulate both satellite and auxiliary data.
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Shortcomings, Limitations and Recommendations
Progress in hardware development has closed the gap between the performance of modem
personal computers (PC's) and workstations. Now the technology to process and to interpret
remote sensing data for the benefit of agribusiness in any given country could be successfully
designed and put into operation with the utilization of PCs. The number and quality of freeware
and shareware tools is increasing. Even big firms and companies have opened the source code
for their own packages. The U. S. firm, ImageLinks, in collaboration with federal agencies and
Florida Tech, is developing open source software for satellite image processing and mapping.
The details and some archives can be received from http://www.remotesensing.org. The
importance of freeware and shareware tools may be that they allow the user to test them to
improve their understanding of what the user really needs before purchasing more expensive
packages.
The current software packages, especially commercial ones, include hundreds of built-in
procedures and options. That results in a huge volume of on-line help systems and
corresponding documentation. An ordinary user may not have enough time to carefully study all
aspects of a given package. Consequently, the user may exploit only a small percentage of the
package's capabilities. The user may not be able to fulfill the desired action without knowledge
of the necessary procedure.
Despite the quantity of help information, its quality may not be satisfactory. For example, there
might he an exhaustive explanation for simple and obvious questions and only a few words about
the more difficult problems. The help systems are often not revised or improved, but it is
possible to include in them the hyperlink on web site(s) with any detailed description.

Conclusions
One of the reasons why remote sensing data are not widely used in agribusiness is the paucity of
specialists with deep knowledge both in agriculture and in remote sensing (Peake et al. 1998).
This conclusion partly coincides with one of the objectives from the Strategy to Improve Satellite
System Utilization developed within the Commission for Basic Systems by the Expert Team on
Satellite Systems Utilization and Products (ET -SSUP) (EGM 2000). It was decided to
strengthen training satellite system utilization through developing a so-called virtual laboratory
and virtual resource library. The details and descriptions are given in the Final Report ofEGM,
2000 and other documents ofET-SSUP.
It may be useful for the Commission for Agricultural Meteorology (CAgM) to participate in the
above project through organizing and maintaining a special section in the virtual laboratory and
virtual resource library devoted to agricultural meteorology and agriculture.

The Commission for Basic Systems plans to work with WMO Members to encourage the
development of web-based tutorials and computer-based modules which deal with improved
utilization of satellite data for potential use within the virtual laboratory. The CAgM's experts
could be involved in developing either some chapters in the relevant manuals or corresponding
manuals themselves.
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The ET -SSUP also envisages developing revised specification for the low-cost satellite ground
receiving station. The previous specification does not contain anything relevant to
agrometeorology .and agriculture. The rich experience in crop state monitoring with remote
sensing data is worth including in the new specification together with corresponding software.
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Abstract
The U.S. Agency for International Development Famine Early Warning System (FEWS) project
has been processing, analyzing and archiving a multitude of data types relevant to food security
issues in Africa since the late 1980s. Data types include satellite images and derived products,
digital (vector) map data and tabular data. The FEWS project uses these data in a convergence
of evidence approach to define areas with populations at risk of food insecurity. OperationallOday data are provided to FEWS staff in Africa in near-real time. FEWS data are archived at the
U.S. Geological Survey's EROS Data Center, and are also made available to the general user
community via the Africa Data Dissemination Service (ADDS) Internet server.

Introduction
The Famine Early Warning System Network (FEWS NET) is a U.S. Agency for International
Development (USAID) activity that performs food security analysis for extensive areas of subSaharan Africa. FEWS NET is an information system designed to help decision makers prevent
famine and other food-insecure conditions in sub-Saharan Africa. To this end, FEWS specialists
in the United States and Africa assess crops and rangeland conditions for early indications of
potential crop failures, and monitor flood risk conditions via a hydrologic stream flow model.
Ground information is gathered from available sources, but for many countries data are
unavailable or of uncertain quality. Even for countries with the best data-gathering facilities,
there are inaccessible parts of their territory where food security problems can go undetected
using only the available ground data. For these reasons, FEWS relies on remotely sensed data to
supplement ground information (Hutchinson 1991). The products presently used include 10daily, or "dekadal" (World Meteorological Organization 1992), normalized difference vegetation
index (NDVI) and rainfall estimate (RFE) images. Products derived from these satellite images
include start-of-season (SOS), length of growing period (LGP), moisture index (MI), water
requirements satisfaction index (WRSI), basin excess rainfall maps (BERMs), and stream flow
hydrographs. The two remote sensing tools have proven effective in identifying problem areas,
and users find it valuable to have the information from two independent satellite sources.
Monitoring rain-fed agriculture and flood risk conditions are two essential FEWS activities,
especially where seasonal rains are highly variable in both space and time. A late start to the
growing season can be one of the principal factors contributing to poor production of staple
crops like millet, sorghum, and maize. Although NDVI and RFE images provide valuable
information regarding the status of the agricultural growing season, value-added products such as
SOS, LGP, and crop-specific WRSI provide additional information regarding the potential for
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drought-induced food-insecure conditions. Furthermore, since most PEWS specialists are not
trained in remote sensing, derived products explicitly mapping a key agricultural variable, like
SOS, are desirable because they more directly address the concerns of food security analysts.

Satellite Images and Derived Products
Dekadal normalized difference vegetation index (NDVI) images are produced for PEWS NET by
the NASA/Global Inventory Monitoring and Modeling Studies group (Los et al. 1994). The data
are 10-day maximum-value composites in the Albers equal area projection, with a pixel
resolution of 8 km (Figure 1). Processing techniques eliminate pixels with temperature less than
285 K (presence of clouds) and viewing angle greater than 42 degrees. Channel 1 (red) and
channel 2 (near-infrared) radiances are normalized by Lambert cosine law to the case of solar
zenith angle of zero, and NDVI is calculated using the resulting values according to the formula:
NDVI = (r2- r1) I (r1 + r 2), where r 1 and rz are the normalized radiances for channels 1 and 2.
Corrections for sensor degradation and atmospheric contamination (e.g. Mt. Pinatubo and El
Chichon volcanic eruptions) are applied to the NDVI values according to a technique described
by Los (1993) that uses an extensive desert target as reflectance standard. The historical archive
for these data covers the period 1982- 2000 (current).
Remotely sensed estimates of rainfall in the form of RFE images are produced for PEWS NET
by NOAA's Climate Prediction Center (Herman et al. 1997). The RFE are prepared on a 0.1degree grid from thermal infrared images from Meteosat, the European geostationary satellite
(Figure 2). Meteosat images, acquired every 30 minutes, are used to identify areas of cold cloud
top temperatures (less than 235K). The duration of these temperatures over a dekad is used to
make an initial estimate of convective rainfall. Then, dekadal rainfall totals from stations that
report electronically through the WMO Global Telecommunication System (GTS) are used to
remove bias from the cold cloud estimates. Finally, areas of "warm cloud" rainfall, associated
with urography, coastal areas, and frontal activity, are estimated from analysis fields ofNOAA's
operational Global Data Assimilation System (GDAS) (Kanamitsu 1989). Fields of wind
direction, relative humidity and a digital elevation model are used to identify these areas of nonconvective lifting and condensation. The historical archive for these data covers the period
1995-2000 (current).
A common agrometeorological indicator used to estimate the beginning of the growing season is
a simple supply/demand ratio, which we refer to as the moisture index (MI). The MI is
determined by: (P + S)/PET, where Pis dekadal rainfall (mm), S is available soil moisture
(mm), and PET is dekadal potential evapotranspiration (mm). As a stand-alone product the
dekadal MI images provide additional and quantified information concerning moisture available
for crops, enhancing the information provided by the RFE images. In order to calculate the
dekadal MI on a spatial basis, the RFE images are used directly for P, as are PET grid values
computed from the GDAS analysis fields. A simple bucket model is used to calculate a new
value of S for each dekad, i, wherein: Si= Si- I + P- PET, subject to the constraint
0 s; Si s; WHC. Moisture in excess ofWHC is assumed to be lost as runoff or drainage out of the
first I 00-cm layer of soil. Dekadal MI images are available for 1997- 2000 (current).
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Figure 1: NASA NDVI image for the 1st dekad of October 2000, derived from NOAA-A VHRR
sensor, prepared by USGS/EROS Data Center.

161

Average Monthly ~ipitation ~ximu~ RFE Data Jun.1995-.JuL2000)*

mm

300
<400
SXI

7IXI

Figure 2: Average monthly precipitation, from 1995-2000 NOAA (Meteosat) RFE time series,
prepared by USGS/EDC.

GDAS analysis fields, generated every 6 hours, are used to estimate dekadal PET on a spatial
basis using the Penman-Monteith equation (the formulation of Shuttleworth (1992) for reference
crop evaporation is used). Fields used include air temperature, atmospheric pressure at the
surface, wind, relative humidity, and radiation (long wave, short wave, outgoing, and incoming).
PET is computed for each day, and appropriate sums are made to obtain dekadal totals.
The spatial variation of soil water holding capacity (WHC) is characterized using the FAO
Digital Soil Map of the World (FAO 1994). The scale ofthe original mapping is 1:5,000,000,
and the soil polygons carry attributes that include an estimate of easily available water capacity
in the upper 100 cm, based on soil physical characteristics. These values were adopted for
calculation of soil moisture conditions. The FAO soil map has been rasterized at a scale that
matches the 0.1-degree RFE grid.
Because of the critical impact of start of season (SOS) on food security, it is a valuable leading
indicator for use by early warning systems. However, SOS information is rarely available from
ground sources in a timely manner for all areas where there are potential food shortages.
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Operational PEWS remote sensing products, including vegetation index and rainfall estimate
images, show promise for filling this gap.
SOS may be derived by several different methods. We have developed methods using both
NDVI and RFE for SOS calculation. Currently we employ two methods for operational SOS
calculation, both of which use the RFE as input, namely, rainfall accounting and moisture index
threshold. The simplest method for estimating SOS dekad is that using the rainfall accounting
approach. Applying this method, SOS is identified by processing the RFE dekadal time series
imagery for the growing season. On a per-pixel basis, rainfall threshold criteria (AGRHYMET
1996) were applied to the RFE values. Beginning several dekads in advance of the usual SOS,
each pixel is tested to identify the first dekad in which at least 25 mm ofrain fell. To test for
failed plantings, the next two dekads' rainfall must total at least 20 mm. If it does not total 20
mm, testing for the SOS dekad resumes. The result is a grid in which each cell's value is the
dekad number of the SOS (the range from I through 36 defines a full year of dekads, from the
beginning of January to the end of December, with exactly three dekads per month (WMO
1992)).
The moisture index (MI) threshold method uses the ratio defined above to determine SOS. For
each pixel, the first dekad during the rainy season for which MI exceeds 0.5 (Frere and Popov
1986; Gommes et al. 1996) is identified to determine potential SOS. In many cases MI
fluctuates just above and below 0.5 early in the growing season, making designation of the SOS
dekad ambiguous. Thus, an additional requirer.1ent, that the subsequent dekad have at least I 0
mm of precipitation, was added to the SOS algorithm. This makes the estimation of SOS dekad
more stable. These criteria are applied to each pixel to get SOS grids for dekadal MI images.
The water requirement satisfaction index (WRSI) is an indicator of crop performance based on
the availability of water to the crop during the growing season. WRSI is calculated as the ratio
of seasonal actual evapotranspiration (AET) to the seasonal crop water requirement (WR). AET
is the difference between seasonal WR and seasonal deficit. The seasonal deficit is calculated
using a simple bucket model, similar to the method used for the moisture index. WR is
calculated as follows: WR = Kc * PET, where Kc is the crop coefficient, and PET is potential
evapotranspiration. A water deficit is calculated every dekad as the difference between the
amount required by the crop and the amount that was supplied.
Calculation ofWRSI requires SOS and end-of-season for each model grid. These values are
used to define the length-of-growing-period, and subsequently the crop coefficient function, for
each grid. At a given period of the growing cycle, the sum of deficits and total water
requirements are used to calculate the WRSI for each grid. A case of no deficit will provide a
WRSI of 100 percent, indicating no yield reduction related to water stress. A WRSI value of 50
percent is considered as a crop failure condition. Digital maps of WRSI are provided to PEWS
on a region-by-region basis, dependent upon the growing period (Figure 3).
Excess precipitation and flooding can adversely affect food security through reduced crop
production and disrupted transportation and market systems. Efforts have focused on new
methods of analyzing the spatial and temporal patterns of precipitation to identify these
situations. USGS EROS Data Center has developed methods for spatial integration of the RFE
product over topologically linked river basins derived from a 1-km digital elevation model.
These accumulations are compared with long-term average values to derive a flood risk score.
163

Cartographic products with color-coded basins and drainage networks are produced to highlight
areas with high scores. Comparison of these products with reports from disaster relief agencies
and the press shows that situations of prolonged heavy rainfall associated with flooding and the
disruption of human activities are revealed (e.g. the disastrous floods in Kenya and Somalia in
late 1997, and in Mozambique in early 2000).

Sahel of Africa~ FAO WRSI for Millet, 2000
through Dekad 28 (September 20)
Based on Moisture Accounting Estimates of SOS and EOS
as of dekad 26 of 2000, modified to current dekad

extended to EOS with average rainfall

FAO w-.er Requirement
Slltlllfa;tlon Index
<50 FattLre

~

50-69 Poor
00.:{'9 Mediocre
B0-94 Average
95-99 Good
100 VeryGood

Figure 3: Water requirements satisfaction index for millet for the Sahel region, 2000. WRSI is
extended through the end of the growing season using long-term mean values for precipitation
and potential evapotranspiration.

The basin excess rainfall maps (BERMs) provide flood information in two associated maps - the
catchment map and the stream map. The catchment map highlights sub-basins (out of
approximately 3,000 across the continent) receiving above-average precipitation for the dekad by
color coding the relevant polygons (Figure 4). The relative scale uses both total rainfall and total
cumulative rainfall over a sub-basin for the dekad/season, divided by the same variable for longterm average conditions. The greater the ratios, the higher the score. The stream map highlights
reaches of river receiving above-average amounts of dekadal precipitation according to a similar
scoring system. The difference is that a reach of river may receive rainfall from a much larger
upstream area than that of the sub-basin polygon in which it lies. Thus, a sub-basin may not be
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highlighted because only light rain is occurring locally, while the reach of river passing through
it is highlighted, due to heavy rains !n upstream catchments.
Basin Excess Rainfall Map -Catchments
Febmary Dekad 3 2000

Figure 4: Basin excess rainfall map for 3rd dekad of February 2000, portraying potential flooci
situation due to heavy rainfall in southern Africa.
The FEWS hydrological model was developed by the USGS EROS Data Center to provide a
continuous simulation of stream flow, on a daily time step, for nearly 3,000 basins on the African
continent (e.g. mean basin area for the southern Africa region is approximately 5400 km 2 • The
model is a physically-based catchment-scale (semi-distributed) hydrologic model. It consists of
a GIS-based module for model input and data preparation, and the rainfall-runoff simulation
model. The rainfall-runoff model comprises a soil water accounting module that produces
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surface and sub-surface runoff for each sub-basin, an upland headwater basins routing module,
and a major river routing module.
The runoff prediction module conceptualizes the soil as composed of two main zones: (a) an
active soil layer where most of the soil-vegetation-atmosphere interactions take place, subdivided
into two layers; and (b) a groundwater zone. The active soil layer is divided into an upper thinsoillayer where evaporation, transpiration, and percolation occur, and a lower layer where only
transpiration and percolation occur. The runoff producing mechanisms considered in the model
are surface runoff due to precipitation excess (including direct runoff from impermeable areas of
the basin), and rapid subsurface flow (interflow), and baseflow. The three linear reservoirs are
for surface runoff, rapid sub-surface flow, and groundwater routing. For routing in the main
river reaches, a nonlinear formulation of the Muskingum-Cunge channel routing scheme is used.
Important data sets required by the model include:
1. USGS HYDROlK database (http://edcdaac.usgs.gov/gtopo30/hydro), a derivative of the
USGS digital elevation database (http://edcdaac.usgs.gov/gtopo30/gtopo30.html);
2. USGS global land cover characteristics database (http://edcdaac.usgs.gov/glcc/glcc.html);
3. FAO digital soil map of the world (http://www.fao.org/ag/agl/agll/prtsoil.htm);
4. NOAA rainfall estimates (10-day version available at
(http://edcintl.cr.usgs.gov/adds/data/data.html);
5. PET derived from GDAS climate fields.
The HYDROlK data provide basin boundaries and stream networks that form the spatial
framework of the model. These elements carry identification numbers that embed topological
(upstream-downstream connectivity) information in the digits- thus the need for complex
linkage tables that add to the computational burden is avoided. Grid cell resolution for
HYDROlK data is I kilometer. The FAO soil map provides characterization of the hydraulic
properties of the earth's surface that is required to compute the water balance within a basin. Its
original scale is I :5,000,000. The RFEs are calculated on a 0.1 degree latitude/longitude grid,
approximately 10-km resolution. They provide the estimates of gross precipitation input to each
basin. Model outputs are hydrographs of daily simulated stream flow, and are updated daily.
The utility of the hydrograph traces lies in their ability to illustrate trends in river flow magnitude
and persistence.

Digital (Vector) Map Data
Digital (vector) map data for Africa have been collected by the PEWS project since its inception.
The primary data available are the administrative boundaries for most sub-Saharan countries. In
some countries, digital maps are available for the 3'd and 41h level administrative unit, where 1st
level is the country boundary (Figure 5). All administrative units have been vertically integrated
to allow manipulation within GIS software. Datasets also include geographic information layers
such as roads, crop use intensity, vegetation cover, etc. Countries that have hosted PEWS field
representatives are better represented in the digital map data category that other African
countries. All data are available for download from the ADDS server.
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Figure 5: Digital (vector) map of 4 levels of administrative units, Niger.

Tabular Data
The FEWS project has collected tabular data for agricultural statistics, rainfall, and market
prices, specifically for use with the data managers developed by the project. All tabular
databases are available via the African Data Dissemination Service (ADDS) server.

AGMAN (agricultural database manager) is designed to facilitate the archiving, analysis and
presentation of agricultural production data. Its capabilities include the organization and storage
of essential agricultural production statistics for any given reporting unit, crop, or time period.
Data are available for the following countries: Burkina Faso, Chad, Ethiopia, Kenya, Mali,
Mauritania, Niger, Somalia, Sudan, Zambia and Zimbabwe. More information and data are
available via the ADDS server at: http://edcintl. cr.usgs.gov/adds/tools.php3.
RAINMAN (rainfall database manager) is an easy-to-use method for compiling and updating a
dekadal (10-day) rainfall database. With current and historical rainfall data, RAINMAN can
produce graphs, charts, and tables of averages, accumulations, comparisons and estimations of
rainfall which can be viewed on the screen, captured in a file or printed as hardcopy. Data are
available for the following countries: Burkina Faso, Chad, Eritrea, Ethiopia, Kenya, Malawi,
Mali, Mauritania, Niger, Sudan, Uganda, Zambia and Zimbabwe. More information and data are
available via the ADDS server at: http://edcintl.cr.usgs.gov/adds/tools.php3.
PRICEMAN (price database manager) is a price management, analysis and presentation
software program. It allows quick graphic presentation of prices so that current prices can be
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visualized and compared to recent and previous years. Data are available for the following
countries: Burkina Faso, Chad, Eritrea, Ethiopia, Kenya, Malawi, Mali, Mauritania,
Mozambique, Niger, Rwanda, Somalia, Sudan, Tanzania, Uganda, Zambia and Zimbabwe.
More information and data are available via the ADDS server at:
http://edcintl.cr.usgs.gov/adds/tools.php3.
SPACEMAN (image database manager) is an image statistics data manager. It is designed to
facilitate the archiving, analysis and presentation of image statistic data. Its capabilities include
the organization, storage and analysis of image statistics over a period of time (Figure 6).
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Figure 6: Analysis ofNDVI and RFE using Spaceman. The analysis is accessible via the Internet.

Conclusions
The EROS Data Center of the U.S. Geological Survey has served as the official archive for all
FEWS data since the beginning of the project. The Center archives dekadal satellite image
products from NASA and NOAA, dating from 1982 and 1995, respectively, and has developed
10-day products relevant to food security issues in Africa that are derived from the base image
products, i.e. NDVI and RFE. The Center also maintains an archive of digital map data (in
patiicular, administrative boundaries) for all of sub-Saharan Africa, as well as tabular data for
agricultural production statistics, rainfall data and market/commodity price data. All data are
made readily available for download via the ADDS server at: http://edcintl.cr.usgs.gov/adds.
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Abstract
This paper examines some of the opportunities and challenges in using weather and climate data
in multi-process models of crop production systems. Climate data alone have limited value to
decision makers but models which quantify the impact of climate and weather on crop
production systems can provide useful information for decision support. Widespread access to
PCs has contributed to the development a number of models of crop growth which account for
the effect of weather, soils and management on yield. Examples include the Decision Support
System for Agrotechnology Transfer (DSSAT) models and the Erosion Productivity Impact
Calculator (EPIC). This paper will use sample applications to focus on some of the problems of
acquiring the agrometeorological data required by multi-process models. The problems include
issues of spatial and temporal resolution, compatibility of point climate data and with soil data,
the availability of crop data for calibration and testing and the general issue of data quality. A
further issue is the format of agrometeorological data and the ease with which they can be
accessed by simulation models.

Introduction
Access to PCs and increases in computer power have increased the interest of agricultural
meteorologists in mathematical models of crop production systems (Monteith 2000).
Hoogenboom (2000) provides a comprehensive review of the contribution of agrometeorology to
the development and application of crop production models. Current widely used modelling
systems include the Decision Support System for Agrotechnology Transfer (DSSAT) (Tsuji et al.
1994) and the Erosion Productivity Impact Calculator (EPIC) (Sharpley and Williams 1990a &
1990b). Interdisciplinary teams of researchers support these models. They provide detailed
documentation and online help is available.
The focus of this review will be on agrometeorological data requirements to run a multi-process
model and on the challenge of acquiring the input data and parameters in a format which can be
used by the models. It has been noted that multi-process models require input data, data for
calibration and testing as well as data for the analysis of component processes. Modellers face a
lack of quality data as well specific data such as solar radiation and relative humidity. The
quality of data can be affected by a lack of uniformity in collection methods and standards. An
additional problem is low spatial and temporal resolution. The biggest challenge in attempting
to use a multi-process model is assembling the required data
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Description of Selected Multi-process Models and Applications
Decision Support Systems for Agrotechnology Transfer (DSSAT)
DSSAT includes the following families of crop models: cereal models for maize, wheat, rice,
sorghum, barley and millet; grain legume models for soybean, peanut, dry bean, and chickpea;
root crop models for cassava and potato, as well as models for sugarcane, tomato, sunflower and
pasture (Tsuji et al. 1994). The crop growth and yield models respond to weather, soil water
holding and root growth characteristics, cultivar, planting dates, water management, nitrogen
management and row spacing/plant population. DSSAT is supported in part by the International
Consortium for Agricultural Systems Applications (ICASA). The DSSATfamily of models has
been applied to decision support problems at the field level, at the regional level and at the
national level (Hoogenboom 2000).

Erosion Productivity Impact Calculator (EPIC)
EPIC is an example of a widely used model, which simulates the impact of many processes. The
model includes physical components for simulating growth and yield of most grains and forage
crops as well as evapotranspiration, runoff, nutrient balance, soil erosion and pollutant transport
and an economic component for assessing the cost of erosion and for determining optimal
management strategies (Sharpley and Williams 1990a & 1990b). A single crop-growth model is
used for simulating all crops where each crop has unique values for the model parameters. The
current version of the model along with documentation can be downloaded from the Internet.
EPIC has been calibrated and applied to model crop rotations in southern France (Cabelguenne
et al. 1990). It has been used to simulate yield response to irrigation (Cabelgnenne et al. 1997).
The EPIC model has been used to evaluate soil erosion on the Canadian Prairies (Kiniry et al.
1995; Izaurralde et al. 1997). EPIC has been used extensively to model the effects of climate
variability and change. A methodology for assessing regional agricultural consequences of
climate change was developed and applied to the Missouri-Iowa-Nebraska-Kansas (MINK)
region (Rosenberg 1992). Izaurralde et al. (1999) used EPIC to model the effects of moderate
and strong 'Los Nifios' on crop productivity in North America.

Data Requirements

Meteorological Data
The DSSAT simulation models of growth, development and yield require daily weather data.
The EPIC model also uses a daily time step. Meteorological data for these models frequently
include daily total solar radiation, daily maximum and minimum air temperature and daily total
precipitation. Although the models require daily data as inputs, some of the variables are
interpolated to calculate hourly values (Hoogenboom 2000).

The EPIC model requires wind speed and relative humidity to estimate potential evaporation
using the Penman method. Wind speed is also required for wind-induced erosion. If daily
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precipitation, maximum and minimum air temperature and solar radiation are available, they can
be entered. Otherwise, a weather generator can be used for simulating precipitation,
temperature, radiation, relative humidity and wind. Climatological data required to generate
daily data include: 10-year frequency 0.5-hour rainfall, 10-year frequency 6.0-hour rainfall,
number of years of0.5-hour.rainfall record, average monthly maximum and minimum air
temperature, monthly standard deviation of maximum and minimum air temperature, average
monthly precipitation, monthly standard deviation of daily precipitation, monthly skew
coefficient for daily precipitation, monthly probability of wet day after dry day and wet day after
wet day, average number of days of rain per month, monthly maximum 0.5 hour-rainfall for
period of record, monthly average daily solar radiation and monthly average relative humidity.
The wind data required for wind erosion estimates include average monthly wind velocity and 16
monthly wind direction components. EPIC includes algorithms to estimate values that are not
available. In addition, some of the data may be omitted if they are not required for the selected
algorithms.
Other Agrometeorological Data
The DSSAT and EPIC crop models require for each soil horizon, the permanent wilting point,
field capacity, and saturated water content. These can be estimated from the percentage sand,
silt and clay, bulk density and organic matter. The classification and texture of a soil are used to
estimate runoff curve number. The crop models also require crop management information.
This includes tillage, planting date, row and plant spacing, planting depth, residues, irrigation
management, fertilizers, chemical applications and cultivar selection. Harvest information as
well as information on diseases, pests and weeds may also be entered.
Data Input Formats
Very often different models may require very similar data input but in a totally different format.
Although models such as EPIC provide user-friendly interfaces to help with the preparation of
input files, they cannot readily read files from other programs or soil and climate archived data.
This has lead researchers to write software programs to read data from a number of sources in
different formats and write files in a format that meets model specifications. More consideration
to developing general-purpose tools to deal with this problem would be a useful contribution.
For example, it would be useful if one could easily take basic data and generate input for a
number of common models to facilitate model comparisons.

Spatial Aggregation Approaches
Models are most frequently developed with plot data, but applications may be at the field level,
at a regional level or at the national level. The challenge is to find valid methods of scaling up.
GIS simplifies the analysis and display of spatial information (Hartkamp et al. !999). Vectorbased GIS partitions the environment into polygons, while rastor-based GIS partitions the
environment into uniform grid cells.
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Vector-Based Approaches
Vector-based approaches have been used in a study designed to provide a tool to assess the
impact of government policy and programs on soil degradation on the Canadian Prairie region,
which includes the provinces of Alberta, Saskatchewan and Manitoba. The approach taken was
to use the EPIC model to predict the impact of a wide range of management and cropping
practices on the different soils, landscapes and climates within the region (Bouzaher et al. 1993;
Izaurralde et al. 1997).
The soil layer and landforrns data are specified on a soil landscape polygon. Local surface
landforrns had to be classified into slope and slope length classes. Soil texture was used to
assign the soils into one of four hydrologic groups. The minimum required data set for the EPIC
soil layer input variables include: layer depth, bulk density, sand content, silt content, soil pH
and organic carbon. This information is contained in the soil layer file.
The weather data were available at point locations across the region. This illustrates the problem
that the required data tend not to be compatible in the sense that the soil data were recorded on
an area! basis in contrast to the weather data recorded at station locations. In addition, only basic
data for precipitation and maximum and minimum temperature were available on a daily basis
for a large number of stations and a 31-year period of record. Monthly norrnals on a sparse
network of stations were available for solar radiation, relative humidity and wind.
Estimates of weather parameters were derived for agroecological resource areas (ARAs), which
are defined as natural landscape units that possess relatively unifom1 agro-climate, landforn1s,
soils and general agricultural potential (Kirkwood et al. 1993). The Thiessen polygon weighting
technique (Hayhoe and Williams 1982) or the nearest neighbor technique was used to derive
area! estimates of the weather variables. The weather data generator provided with EPIC was
used to generate the required daily values.
In order to capture the effect of more complex cropping systems, a set of 24 different crop
rotations was selected for the regional simulation based on expert opinion. The management
systems were constructed to represent typical systems used in the Prairie Provinces. To simplify
the simulations, standard dates were assumed for each operation. Nitrogen and phosphorous
application rates were based on recommended best practices. Conventional, reduced and no-till
systems were defined and simulated. Yield data were available from crop reporting districts and
limited data were available from experimental plots for model calibration (Kiniry et al. 1995).
At a regional scale, an analysis using environmental process models is still unmanageable
because of extensive simulations required to cover all the ranges of different soil, climate,
hydrology, management, crop and policy options. Consequently, a spatial sampling design was
used that retained the statistical validity of aggregation and extrapolation into the population. A
similar approach has been used to calculate the net flux of carbon from agricultural soils in
Canada (Smith et al. 2000). The sampling rate for Alberta and Saskatchewan was 10 percent
and for Manitoba was 30 percent.
More than 20,000 simulations were performed. An automatic input file builder and control
program was written to generate the input files, execute the EPIC simulations and extract
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pertinent output data from the standard EPIC output files. The data files were stored in a
relational database. The simulations were performed with the 31 years of weather data available
for each ARA.
According to the authors, EPIC's major strength was felt to be its comprehensive ability to
simulate the effects of water and wind erosion on soil productivity for a vast range of
management, cropping sequences, soil and climate combinations. The comprehensive structure
was also a weakness in the sense that the model required a large set of input data and multiple
disciplines for testing of the different submodels.
Rastor-Based Approach

Rastor-based approaches have been used for regional estimates of crop response to climate
change where climate elements are computed by general circulation models (GCMs). Easterling
et al. (1998) used this approach with EPIC to examine spatial scales of climate and soils
information for simulating wheat and maize productivity on the U.S. Great Plains. The goal was
to identify the spatial resolution of climate and soils data, which minimized the statistical error
between observed and modelled yields. The effect of progressive disagregation of climate and
soils data was examined beginning at GCM resolution (2.8° x 2.8°) and progressing to finer
resolutions of (0.9° x 0.9° or 79 km x I 04 km) and then (0.5° x 0.5°).
Observed daily values of maximum and minimum temperature and precipitation from
cooperative weather stations were used. Solar radiation, wind speed and relative humidity were
not available as daily values at all cooperative stations. A stochastic weather data generator was
used for daily values and the nearest neighbor criteria was used to assign values to each
cooperative station. The observed climate was the average of the weather stations that were
contained within a grid cell. Soils information was derived from the State Soil Geographic
database and representative fmms were used to characterize cultural practices. Yield data were
derived from the National Agricultural Statistical Service (NASS) county yield estimates. The
results indicated that the greatest increase in goodness-of-fit occurred in the disaggregation from
the GCM resolution to the (0.9° x 0.9°) resolution. Easterling et al. ( 1998) concluded that
averaging climate data over individual stations across 1o regions in the Great Plains and then
performing crop simulations is an effective scaling procedure. The explanation for this is that at
the GCM scale, precipitation occurs as frequent low-intensity events while disaggregation of the
climate data causes the distribution of precipitation to approach true properties. It is also likely
that averaging over space attenuates daily variability oftemperature (Hansen and Jones 2000).

On-Farm Management
PCYield is an example of a model developed for on-farm management (Hoogenboom 2000). It
is a simplified version of the DSSATsoybean model CROPGRO. It can be used to track a crop's
progress within a season or to compare potential performance of different varieties and planting
dates for a specific field. It can also be used as a tool for irrigation decision analysis. PCYield
requires that a farmer provides information on the latitude and longitude of the field, type of soil,
planting date, variety planted and irrigation. It requires current weather data and uses 10 years
of historical weather data from a local station for the remainder of the growing season.
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The required current weather data have been obtained from Weather Service International, Inc.
(WSI). WSI Inc. provides daily weather data at a 2 km grid level for the entire United States,
together with an 8-day forecast for minimum and maximum temperature and a 7-day forecast of
rain and radiation. They use coupled Dopplar radar and surface measurements for rainfall and
satellite and surface measurements for solar radiation and temperature. Weather data and
simulations are delivered via the Internet (Georgiev and Hoogenboom 1998).
Georgiev and Hoogenboom (1998) made a comparison of weather data and forecasts supplied by
WSI Inc. and data observed by the Georgia Automated Environment Monitoring Network. They
found good correlation with observed data except for rainfall amounts. The average absolute
error of predicted temperature was in the range of 1 to 3°C. The way future conditions were
considered was found to be very critical. Good seasonal weather predictions would improve the
certainty of yield estimates.

Discussion and Conclusions
The range of applications of multi-process models reviewed here confirms that there have been a
number of successful applications where models have provided useful assessment tools. At the
same time, it is recognized that they have occasionally failed to explain the year-to-year
variation in crop growth and yield. Monteith (2000) cites one example where a model provided
excellent correspondence between observed and estimated yield and another example where the
correlation between observed and estimated yields was not different from zero. Sadler et al.
(2000) found that for site specific modelling of corn, the CERES-Maize did not simulate yields
particularly well. The model appeared to lack sensitivity to high plant populations and nitrogen
levels. Hansen and Jones (2000) note that crop model predictions usually benefit from local
calibration of either model inputs or outputs. Inputs can be calibrated using nonlinear
optimization on a subset of the data and then the output can be validated on another subset of
observed data. Alternatively, model outputs can be corrected by a least-squares linear
correction. Hansen and Jones (2000) reason that simulations corrected with regression improve
predictions relative to simulations or regression alone.
A significant challenge in applying multi-process models relates to limitations in input data.
Data are limited both in the quality and the quantity that are available. More reliable yield data
at the appropriate spatial scale could improve parameter estimation and provide for more
extensive testing. For large area application, one is forced to look for data from soil surveys and
existing climatological networks to derive the required input. The number of stations available
as well as the period of record is frequently inadequate, especially for humidity, solar radiation
and wind. Even for precision agriculture applications, the lack of meteorological data, which
accurately represent the field location may be a limitation. For real-time applications there is a
requirement to extend the use of radar and remotely sensed data to provide better spatial
resolution of weather information.
The use of the Thiessen polygon method or the nearest neighbor to calculate area! averages does
not generally give the optimum results, particularly where there is a strong elevation or water
body effect. Other interpolation methods such as cokriging (Bogaert et al. 1995; Lapen and
Hayhoe 1998), thin plate smoothing splines (Hutchinson 1995) or PRISM (Daly et al. 1994)
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provide more optimum spatial interpolation results for climate data. Using a weather data
generator such as WXGEN, which has been shown to generate unrealistic extremes and fail to
maintain the correlation between variables, may contribute additional uncertainty (Wallis and
Griffiths 1995; Hayhoe 1998; Semenov et al. 1998). A further problem for regional applications
could be that most weather data generators do not account for spatial correlation (Hutchinson
1995; Wilks 1998).
Although it is important to check the accuracy of model estimates and to aim for the best
possible correspondence between measured and estimated data, it has been suggested that a
model's usefulness should be determined by whether or not it leads to the correct decision or to
selecting the right policy. In addition, one should not overlook the fact that current models
provide a useful learning tool in spite of their obvious limitations.
Hoogenboom (2000) suggests that there have been no significant advances in the development of
new crop simulation models during the last decade. He concluded that more effort is needed to
improve current models and to add the simulation of processes that are important for agricultural
practices in both developed and developing countries. An open source code policy and easy
exchange of crop models and modules will aid overall improvement of the models. There is a
requirement to develop improved standards and procedures for model calibration. Computer
software to read climate and soil databases and generate input files for selected models would be
a useful contribution.
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Abstract
Regulatory agriculture in the United States has as its mission the safeguarding of agriculture and
natural resources from exotic pests as well as the assurance of safe trade. A component of the
safeguarding and trade facilitation objectives is the development of risk analysis targeting
specific commodities, pathways or specific pest species. The analysis of risk in the realm of
regulatory agriculture is driven by climate. This article focuses on the methodologies and
supporting software that relate to agrometeorology. Agrometeorological components of risk
analysis may take many forms. Agrometeorology is a key risk factor used in crop insurance
programs; climate and weather data drive risk analysis used in crop production for yield
optimization: and climatology is key to assessing regulatory risk. This article emphasizes the
latter two applications associated with agrometeorology. It first describes some of the theoretical
foundations for risk analysis in production and regulatory applications, it then reviews data and
techniques, including software applications, which are key to applying the approaches discussed.
Two case studies are presented to illustrate risk management in two very different scenarios: first
the optimization of nitrogen and irrigation for cotton production using a simulation model and
second, the determination of regulatory risk associated with wheat trade using spatial analysis.
The second application deals with the determination of risk given that a commercially traded
crop may be associated with a disease. In this case, data management software utilities and
geographic information systems .. based spatial analysis represent important approaches to the
elucidation of risk.

Introduction
The characterization of climate is at the heart of agricultural risk analysis. This introduction
associates different areas of risk analysis to climatological issues. Despite the fact that the term
'risk' enjoys a degree of familiarity as part of our everyday lexicon what is meant by risk and
particularly climate-driven risk in agrometeorological applications may be complex. Three
specific kinds of applications of the concept of risk related to climatology are crop insurance
risk, crop production risk and trade-related regulatory risk.
The first area of risk analysis application is linked to the insurance and protection of production
stability; this is a policy-level application. In the United States, the Federal Crop Insurance
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Corporation (FCIC), a part of the U.S. Department of Agriculture's (USDA's) Risk Management
Agency (RMA), has the stated purpose of promoting "the national welfare by improving the
economic stability of agriculture through a sound system of crop insurance and providing the
means for the research and experience helpful in devising and establishing such insurance." The
insurance programs are a dynamic function of historical data on weather, production potential,
and forecast crisis or natural disasters (http://www.rma.usda.gov/aboutrma/fcic/index.html). In
addition to the insurance-linked activities at RMA, other agencies include climate-driven models
into their forecast activities in support of policy-making infrastructures. These agencies include
USDA's Foreign Agricultural Service and Farm Service Agency (FAS and FSA, respectively).
Production models use weather data as input and represent a second, unique area of strong
integration of a discipline with agrometeorology. This discussion emphasizes efforts in the
United States. USDA's Agricultural Research Service (ARS) is the Department's research arm.
On the federal side, ARS has had a long history of research in the area of crop simulation
software aimed at the improvement of production potential, strategic management and decision
support - including risk management - at many levels (e.g. Baker et al. 1972, Acock and Trent,
1991, Olson and Sequeira 1995a,b, Sequeira and Jallas, 1995). Important modeling efforts in the
United States outside the federal realm include the theoretical foundations established by
Gutierrez (1996), Sharpe (1977), de Reffye (1976, 1988,1991, 1993), and de Witt (1968) as well
as significant 'field-oriented' simulation modeling activity (e.g. Sterling et al. (1992), Stone et
al. (1987), Talpaz and Mjelde (1988), Boote et al. (1989)). Examples of the crop modeling
activity aimed at applications at the individual field (or management unit) level include models
such as CropSyst (Stockle et al. 1994)), the IBSNATproject ("CERES'' and later the "GRO"
models; e.g. Hoogenboom et al. 1992) and the many individual crop models that go beyond the
'CERES' types models, especially in terms of physiological detail and response to a variety of
production variables (e.g. the 'COTONS' and GOSSYMmodels; see Sequeira and Jallas, 1995).
One of the latter, COTONS, will be the focus of one of the two case studies addressing
production risk. This optimization application uses the CO TONS software, a crop growth and
development simulation model eo-developed by USDA and France's Centre Intemationale de
Recherche en Agriculture et Developpement (CIRAD). It illustrates a basic approach to
maximizing production over a range of climatic conditions and crop management alternatives.
The key to similar applications is a simulation model that accurately represents the response of
the crop to variable input.
The use of climatological characterization and climate-driven simulation models in a regulatory
agency will be illustrated with a second case study. Regulatory agriculture (also known as
"phytosanitary" issues, "quarantines" or "inspection-based quarantine activities") in the United
States has as its mission the safeguarding of agriculture and natural resources from exotic pests
as well as the assurance of safe trade. A fundamental component of the safeguarding and trade
facilitation objectives is the development of risk analysis targeting specific commodities,
pathways, or specific pest species. Activities of the Plant Protection and Quarantine division of
USDA's APHIS in safeguarding/trade facilitation activities will be discussed using
epidemiological, GIS-based spatial analysis.
Software that will not be further discussed here and which has been used to analyze risk in the
area of regulatory agriculture includes an Australian-developed climate-based, evaluation tool
called Climex1m (Anon. 1995) and @Risk'm (Palisades, Inc.). The Climex1m software is used to
182

assess the likelihood of establishment of potential pest species in new areas. Clime:>!m uses
indices which represent the degree of similarity for different areas. The indices are based mostly
on climatic records. The other commonly used risk assessment software product in regulatory
agriculture in the United States (but one which targets applications beyond the realm of
agriculture) is the @Rislcm (Palisades, Inc.) software. @Risk'" uses a very different approach
than Climex''" in that it uses probabilistic models and stochastic simulations to determine
aggregate likelihood for the occurrence of an event. The approach is to establish probabilities
associated with different model variables and to estimate probability distribution functions for
the variables that make up the model. Uncertainty in parameter estimates is managed by
associating distribution-dependent parameters, as appropriate. Stochastic sampling from the
distributions and the determination of the overall distribution (the result of mixing the individual
distributions according to the specific model will yield an overall final expression of pest
establishment likelihood (for the case of regulatory applications). In this latter example,
climatological characterizations are represented in estimated model probabilities or heuristic
estimates. Examples of @Risk'" applications can be found at www.aphis.usda.gov or requested
from the author.

A General Risk Model
The assessment of risk implies the identification of the risk factor, the estimation of the
likelihood of occurrence, and the evaluation of the outcome (NAS 1983; EPA 1992, 1996;
Ferenc 1997; Ahl1997; Roberts et al. 1997). The general risk model proposes that agricultural
risk is the combination ofthc probability of an undesirable event (a hazard such as a new pest's
establishment or the loss of a harvest) and the expected outcome from such an event. In the case
of the introduction of exotic pests (weeds, insects, diseases), the outcome of an unwanted
introduction/establishment is often clear: trade disruption and the potential for deleteriously
affecting production and/or quality. The negative outcome is even clearer when a harvest is lost
or yield is severely affected, as may be the case when considering production risk.

An Epidemiologically-based Regulatory Risk Analysis that Uses Spatial Analysis
This case illustrates a process to determine risks from potential new pests. This is a subset of
risks from any pest but its study is more straightforward and will provide a general framework to
understand the concept of risk at the policy level and also provides the fOlmdation for
understanding the management of crop risk using simulation models, which is addressed
subsequently. The discussion below uses 'probability' to mean probability or likelihood (the
latter may be a qualitative statement). The elements necessary to assess risk of pest
establishment (i.e, risk=f(P[hazard],E[ outcome]) as applied to a new crop pest are: probability of
entry, probability of survival in transit - these two elements are commonly studied together using
what is referred to as 'pathway analysis' -,probability of colonization and probability of spread.
Each of these elements must be studied in order to provide an indication of risk. For example,
the probability of pest entry given present trade interactions might be low; the probability of 'intransit' survival of a pest once it has entered might be high. The probability of infested crop
seeds reaching production areas, for example, might be assessed as extremely low.
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When qualitative descriptors such as those above are used, indices and risk ranking procedures
may be used to provide a unique and consistent measure of risk. Another alternative to
probabilistic and strictly heuristic methods is to use a multi-layering approach of relevant
epidemiological data. In this case data layers consist of crop phenology/physiological
status/production forecasts, meteorology, crop distribution, soil types, and others.
Epidemiologically, a high likelihood of pest outbreak occurs only if there is a coincidence in
time and space of crops in a susceptible stage, pests present in a virulent stage, micro and
macroclimatic conditions conducive to pest development, and time for these elements to interact
leading to pest outbreaks and crops suffering non-compensatory damage. The role of
agrometeorology and simulation models in this 'epidemiological' approach to assessing risk is
key. Simulation models are used to predict the timing of susceptible stages and climatological
characterizations identify the conditions (in space and time) that promote pest development.
Other key data layers include the distribution of the resource at risk (e.g. the host plant) and other
factors that contribute to a specific pest's establishment likelihood (e.g. soil type, elevation,
prevailing plant communities). The multi-layering approach mentioned before is facilitated by
the use of geographic information systems and this layering ability has been increasingly part of
the interfaces for simulation models (e.g. CropSyst, DSSAT).
The example developed here is a risk assessment for Karnal bunt, a disease of wheat. 'Risk
regions' were the ultimate objective of this study. These regions illustrate differential
expectations of epidemic occurrence over a large area (the entire North American continent).
Wheat susceptibility was determined by using a phenology model (a computer-based simulation
model to predict when different plant physiological events such as flowering occur).
Environmental conditions (climatology) were determined by analyzing weather patterns for 10 to
30 years. The weather data originated from 9,068 weather monitoring sites distributed over the
continental United States, 5,030 sites in Mexico and 630 sites in Canada. Pathogen inoculum
was assumed uniformly present. All necessary data types were integrated using a geographic
information system.
Whether climatic conditions prevalent in a given region (represented by the 10 to 30 years of
weather data) were conducive to disease development was determined by evaluating which
regions had conditions appropriate for pathogen development during wheat production periods.
The weather conditions appropriate for Karnal Bunt development include a relatively cool
regime (maximum temperatures between 14 and 20deg C) and an elevated humidity or repeated
rainfall. The periods of susceptibility for the plant were determined by using the wheat
phenology model to predict when anthesis occurred (as a function of planting date and weather)
in the different regions.
Where an intersection of host presence, anthesis forecast and weather conditions conducive to
the disease was noted, a region of significant likelihood of colonization was determined (Figure
1). A categorization of the probability of colonization into 'high,' 'medium,' and 'low' areas
was determined comparing climatic conditions to the optimal for the Kamal bunt disease. A
further mapping of these 'iso-likelihood of colonization' regions over productivity maps (with
conservative assumptions ofpropagule entry/survival in the pathway) provided a final
assessment of risk.
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Winter Wheat
Temperatures over period 4115 -4130
overlaid on predicted anthesis during same period
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Figure 1. Identification of risk regions; polygons indicate areas with susceptible wheat present;
light shading indicates favorable weather conditions.

Production Risk Management using a Cotton Simulation Model
The assessment and management of risk at the field or farm level is better understood than the
epidemiological approach above and has been studied for a long time. Doll and Orazem (1984)
provide a useful overview for the crop production framework. However, the use of crop
simulation models as elements of production risk analysis is not common as a feature of fieldlevel models. The notion of risk for crop production is based on the notion of expected utility as
defined by economists.
The expected utility of some action 'a l ' during a state of nature 'theta!' is:
E(Utility al) = P(thetal)U(al,thetal).
If a producer wanted to maximize his profit (the default assumption for this simplistic case)
given different possible actions, he would consider several actions such as:
E(Utility al) = P(thetal)U(al ,thetal) + P(theta2)U(al,theta2), where theta! and theta2 are two
different 'nature' (say, weather) scenarios. Utility functions can be built with different
probabilities and associated outcomes to help in decision-making.
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The procedure of selecting an optimal action is similar to managing weighted sums where the
forecast yield or profit (or expected utility) given an action (e.g. lOO kg of Urea at planting) is
weighted by the likelihood of one weather scenario (warm May) vs. another (cold May). The
role of the model is to provide the expectations under different actions. The role of
meteorological data is to provide the likelihood of one state of nature vs. another. Clearly, a
simulation model must accurately represent the physiological behavior of the crop under variable
conditions. Further, the input data that drives the model must characterize the key conditions
that result in different growth and production outputs. Thus, data and model forecasts provide
the foundations for the assessment and management of risk. Note that in these discussions, the
monetary outcome of an action is the same as the utility associated with that action. However, it
is acknowledged that that is just one special case, since there are many non-monetary measures
of outcome.
Figure 2 shows a generalized simulation-driven curve to optimize profit (in this case) as a
function of changes in management factors ("action a" in the equation below). The likelihood of
scenario n is usually represented by an estimation of the probability of occurring of a given
weather pattern. This is the kind of automated tool represented in the GOSSYM-COMAX and
CO TONS product and it is a first approach towards risk management.
Simulation-driven expectation over variable environments =
E (Simulated_profit_action_x, scenario variable) = Simulated_Profit_action__y, scenario_a *
Likelihood of scenario a +
Simulated_Profit_action_y, scenario_b *Likelihood ofscenario_b +
Simulated_Profit_action_y, scenario_c *Likelihood ofscenario_c + ...
In order to broaden the concept of utility to incorporate the notion of risk, it is helpful to invoke
the example of two different actions. One action leads to a net utility of l 00 with a potential loss
of 1,000 and a second action has the same utility but with a potential loss of 0. Simple profit
maximization does not help differentiate and choose between the two actions (the utility is the
same), but a risk 'averse' manager would obviously also seek to minimize the likelihood of loss,
all other things being equal. The construction of utility functions based on manager preferences
(risk aversion, risk-neutral, risk-loving) is beyond the scope of this article but dates to a 1944
book by Neumann and Morgenstern. However, the foundation for these applications is
exemplified by the discussion above where with a straightforward estimation of utility assuming
risk-neutral manager, we use the concept of utility, simulation model output and meteorological
data to provide a foundation for the management of risk associated with different management
strategies.
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Figure 2. Generalized model of the use of crop simulation output to identify optimized
management strategies over variable environments.

Conclusions
The first model discussed both off-the shelf GIS software as well as support utilities. Both
1111
1111
Arc View as well as Mapinfo GIS software systems were used in different stages of the project
(note that any GIS system capable of managing standardized vector and raster-based data would
be adequate). Additionally, specific utilities and a very large weather database(> 12 million
records) describing more than 15,000 weather monitoring sites in North America were integrated
to standardize the different kinds of weather file formats as maintained by the different countries.
Further, these utilities allow for updating the characterizations of climate and customizing
periods of interest (e.g. dekads, daily averages, monthly averages) for any subset of stations in
the database. Finally, a wheat model available from ARS (Rickman et al. 1996) was used to
verify phenological timing.
The second model illustrated by the use of the cotton simulation software, GOSSYM, that is the
only field-oriented system to incorporate automated risk management tools. Other systems have
risk-management modules in development (e.g. CropSyst) . However, the level of application
discussed can be easily implemented using off-the-shelf spreadsheets or statistical packages
along with the output of a robust crop simulation model. Despite past efforts at standardization
of the file systems this goal has yet to be reached, which emphasizes the need for data
management utilities, especially for managing large data sets. The reason for the current
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diversity in file systems is largely linked to the kinds of processes represented in the models and
importantly, the manner in which the soil matrix is simulated.
An advanced topic in long-term selection of optimal strategies given changing environments is
the use of evolutionary algorithms to derive adaptive management strategies. Both neural
networks and genetic algorithms have been used in this area.
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