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Commentary: Linking Environmental
Models with Geographic Information
Systems for Global Change Research

Abstract

To effectively analyze the spatial variation inherent in Earth
systems, it is essential to integrate the spatial database
structures of GIS into the environmental modeling process.
This coupling has been attempted using process models in
climate, hydrology, biogeochemical, and ecosystem dynam-
ics, but there are a number of technical and theoretical ob-
stacles to overcome before this integration can be fully
effective in global change research. This commentary identi-
fies key areas of research involving this integration, and ob-
stacles which limit its success, including data sources, data
formats and compatibility, costs, GIS functionalily, comput-
ing speed, and the level of communication between the mod-
eling and GIS communities. Recommendations for short-term
solutions to these problems emphasize improving the trans-
ferability of data between existing systems. Long-term solu-
tions suggest changing the way models are designed and
how GIss store and process their data.

Introduction

Social and technological activities throughout the world con-
tribute to rapid and potentially stressful changes in the envi-
ronment. These changes profoundly affect generations to
come, Human land-use practices in agriculture, forestry, in-
dustry, transportation, and residential development have sig-
nificantly altered our terrestrial and marine ecosystems, Over
the past few decades humans have witnessed a proliferation
of pollution and waste, acid precipitation, loss of tropical
forests, degradation of soils, and loss of species diversity in
both plants and animals. Human activities have also contrib-
uted to increasing concentrations of greenhouse gases in the
atmosphere and to stratospheric ozone depletion, which may
alter our climate.

Global environmental change is an issue of international
concern, especially as it affects human habitability. Many
less developed nations, where the local environment is se-
verely stressed, are most affected. World organizations, such
as the International Geosphere-Biosphere Programme (IGBP)
and the World Climate Research Programme (WCRP), were es-
tablished to support interdisciplinary research on global en-
vironmental issues. In cooperation with the I1GBP, WCRP, and
other international forums, the U, 8. Global Change Research
Program (USGCRP) was established by Public Law 101-606 in
1990 (U.S. Congress, 1990). This interagency committee is
charged with developing national and international policies
related to global and regional environmental issues. The
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USGCRP addresses this task with four streams of research ac-
tivities: Earth observation and information management,
process research, integrated modeling and prediction, and as-
sessment,

GIS technology is integrated into each of the four USGCRP
activities, To effectively analyze the spatial variation inher-
ent in Earth systems, the environmental modeling commu-
nity is using spatial databases in existing GIS programs.
However, this is not a simple operation. The integration of
modeling and GIS technology requires transdisciplinary
skills, and few organizations have sufficient expertise in both
complex process modeling and GIS technology (Nyerges,
1993). Inexperience in coupling process models with GIss
could potentially lead to misuse of the technology (Moore et
al., 1993). GIS technology provides valuable tools for global
change modeling. The spatial overlay capability of a GIS
makes it possible to integrate varied sources of data within a
single system. These spatially referenced data sets may be
manipulated and queried to produce new information that
was not previously entered into the system. Resulting data
may be displayed in hard copy or soft copy as maps, statis-
tics, or text.

Unfortunately, there are still a number of technical and
theoretical obstacles to overcome before the coupling of GIS
technology with environmental process models can be con-
sidered fully effective in global change research.

U.S. Global Change Research Priorities

The major share of global change research taking place in the
United States is funded under the direction of the USGCRP,
which budgeted 1.372 billion dollars for these activities in
fiscal year 1993 (CEES, 1992a). The USGCRP addresses signifi-
cant uncertainties in knowledge concerning the natural and
human-induced changes occurring in the Earth's life-sustain-
ing environment. To fulfill this goal, the USGCRP focuses on
four interconnected scientific objectives:

® Documenting global change (observations and data and in-
Jormation management) through the establishment of an inte-
grated, comprehensive, and long-term program of observing
and analyzing Earth system change on global scales, includ-
ing data and information management;

® Understanding of key processes (process research) through a
program of focused studies to improve knowledge of the
physical, chemical, biological, geological, and social
processes that influence and govern Earth system behavior
and the effects of global changes on natural systems and hu-
man health and activities;

® Predicting global and regional environmental change (inte-
grated modeling and prediction) through the development
and application of integrated conceptual and predictive Earth
system models; and
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® Assessing and synthesizing the state of scientific, technical,
and economic knowledge and implications of global change
(assessment) to support national and international policy-
making activities that cover the broad spectrum of global and
regional environmental issues and to provide guidance for
determining research priorities of the USGCRP (CEES, 1992b).

Within these guidelines, seven interdisciplinary science
elements provide a framework for proposal reviews and re-
search projects. These elements in order of priority are (1)
climate and hydrologic systems, (2) biogeochemical dynam-
ics, (3) ecological systems and dynamics, (4) Earth system
history, (5) human interactions, (6) solid Earth processes, and
(7) solar influences (CEES, 1992a). Nearly half of the 1993
global change budget was allocated to the first science ele-
ment (climate and hydrologic systems), which was identified
by the international global change community as having the
highest priority. Approximately 90 percent of the global
change appropriation was divided among the three highest
priority elements: climate and hydrologic systems, biogeo-
chemical dynamics, and ecological systems and dynamics.

Another area of the USGCRP relating to the advancement
of GIS technology is the development of data and information
management systems to support the wide range of data from
space and ground-based observations. The USGCRP has a con-
tinuing commitment to producing and preserving high-qual-
ity, long-term global or regional data sets and data exchange
standards; to making data accessible; and to maintaining low
cost data for research purposes (CEES, 1992b),

Environmental Process Modeling Activities
Understanding the physical processes that shape our Earth
system can help slow the negative effect humans have had
on the environment in recent decades. Predictive modeling
helps to incorporate descriptions of key processes that mod-
ulate the Earth system’s behavior with varying degrees of so-
phistication (Moore et al., 1993). A modeling framework can
also provide a basis for evaluating predictive scenarios. This
section offers a brief sample of process models relating to the
USGCRP's highest priority science elements—climate and hy-
drologic systems, biogeochemical dynamics, and ecological
systems and dynamics. Many of these models were examined
at the "First International Conference/Workshop on Integrat-
ing GIS and Environmental Models,” held in Boulder, Colo-
rado, 15-18 September 1991. Steyaert (1992; 1993) offers a
brief overview of the objectives and activities of this confer-
ence, and also reviews many environmental simulation mod-
eling activities in progress,

Atmospheric models range from general circulation
models, which simulate global climate changes, to small-
scale boundary models representing near surface conditions
over very small areas. Most atmospheric models consist of a
set of differential equations that describe external forcing and
the response of the atmosphere to that forcing (Lee et al.,
1993). To solve these equations, both initial and boundary
conditions must be provided. Accurate characterization of
the land surface (albedo, canopy structure, roughness, evapo-
transpiration, and soil hydrologic properties) is important for
correctly initializing these models. Currently, there is no
comprehensive global data set providing that land characteri-
zation at the required level of detail. Remotely sensed data
and interpolated field site data could be incorporated into a
GIS to enhance some atmospheric models. The Simple Bio-
sphere model, which simulates the exchange of sensible and
latent heat, demonstrates this interaction between vegetation
and the atmosphere (Sellers et al., 1986; Xue et al., 1991).
This model uses a list of physical and biophysical properties
of land cover (bare ground, shrub dominated, grassland, sa-
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vanna, and forest) that must be described spatially (Schimel,
1993). These models demonstrate that human induced spa-
tial or temporal modifications to the landscape can have a
major affect on local climate variations (Lee et al., 1993).

Hydrologic models are defined as mathematical repre-
sentations of water flow on some part of the land surface or
subsurface environment (Maidment, 1993). Because a GIS can
provide a representation of the land surface, there is an ob-
vious connection between the two technologies. Hydrologic
maodeling techniques, however, have developed quite inde-
pendently of GIS technology, primarily because of the spa-
tially explicit nature of these models. Only recently have
attempts been made to integrate GIS data manipulation capa-
bilities into hydrologic models. Previously, a GIS was used
mostly as a retrieval system for topographic data. Maidment
(1993) presents an excellent review of hydrologic models and
the possibility of coupling them with GIss.

Biogeochemical models are often coupled with atmos-
pheric and hydrologic models. An example is the Forest-BGC
(biogeochemical cycling) model (Running et al., 1987). The
Forest-BGC model uses a leaf area index and, when in moun-
tainous terrain, can incorporate 30-metre digital elevation
model data. Models of the Forest-BGC class generally require
daily weather data with a low temporal resolution but a high
spatial resolution. Another biogeochemical model, named
CENTURY, is used in determining net primary production and
in tracing carbon and nitrogen cycles while drawing informa-
tion from a GIS (Schimel, 1993).

Not all ecological models are suitable for GIS applica-
tions, Many ecological models are only concerned with the
temporal aspects (processes that are independent of adjacent
landscape units) of ecological processes (Hunsaker et al.,
1993). With the technological tools now available to ecolo-
gists, there is an increase in the coupling of terrestrial plant
models and freshwater and marine models with GIS technol-
ogy. Baker (1989) and Hunsaker et al. (1993) discuss various
ecological models with the potential of incorporating spatial
landscape components.

Examples of Linking GIS Technology with Process
Modeling
Dangermond (1993) states that, while GIS technology has
been used extensively in both the environmental field and in
modeling, it has not been used very often for modeling in the
environmental field. This is not meant to infer that the many
environmental applications that use a GIS cannot be consid-
ered as modeling. There are other typologies on the nature of
GIS models (Peuquet, 1984; Wheeler, 1988; Tomlin, 1990).
Dangermond refers to the direct linking of GIS technology
with existing atmospheric or terrestrial process models.
Burrough et al. (1988) indicates that, to successfully link
models and GIS’s for quantitative land resources assessment,
the following points need to be considered:

For the Models:

e What are the basic assumptions and methods?

e At what scale or organizational level is the model designed to
work?

e What data are needed for control parameters?

e What data are needed to feed the model?

e Under what conditions are certain control parameters or in-
put data more important than others?

e How are errors propagated through the model?

For the GISs:

® Are the right data available at the correct spatial scale and
level of generalization?
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® Are there sufficient good data to create a finite element sub-
strate when required?

® Are data available for calibrating and validating the model?

® If data are not available, could surrogates be used instead?
How should they be transformed?

® How should a user be made aware of the intrinsic quality of
the results of modeling?

® Is information available on data quality and errors?

® If the results are not good enough, should the GIs suggest al-
ternative data or alternative models to the user?

One recent effort to integrate GIS technology and hydro-
logic process modeling links the SWRRB simulation model
with a decision support system (Arnold and Sammons,
1989). A library of georeferenced hydrologic, soil, and
weather related parameters provides data to fuel the SWRRB
model, which simulates water resources of rural catchment
basins. Hession et al. (1987) and Sharnhollz et al. (1990)
were successful in linking the FESHM model with digital ter-
rain data using commercial GIS packages. Panuska et al.
(1991) also were able to integrate terrain data into an agricul-
tural nonpoint source pollution model (AGNPS) at a local
scale.

The most widely known example of a regional scale
model for assessing vulnerability to ground water pollution
is DRASTIC (Aller, 1985), the Environmental Protection Agen-
cy’s risk assessment and planning tool. The DRASTIC model
performs a weighted and summed index of factors influenc-
ing ground water contamination, including depth to ground
water (D), net recharge rate (R), the aquifer media (A), soil
characteristics (S), topography (T), impact of the vadose zone
(1), and hydraulic conductivity of the aquifer (C). The sim-
plicity of these weighted parameters makes the DRASTIC
model particularly well suited to GIS use, yet its relation-
ships are not based on any explicit physical laws, as is the
case with most environmental process models.

Beller et al. (1991) and Stutheit (1991) introduced a pro-
totype for a temporal GIS, developed with the cooperation of
1BM and Colorado State University, which couples a commer-
cial GIS package with ecological and atmospheric models.
This prototype is being used to incorporate multitemporal
AVHRR normalized difference vegetation index data from the
U.S. Geological Survey's land-cover characteristics database
(Loveland et al., 1991; Sturdevant et al., 1991) with existing
parameters to determine the strength of relationships be-
tween climate and the year-to-year variability of net primary
production in grassland areas.

Barriers to Integrating GISs and Process Modeling

GISs were originally designed as a tool to support decision
making for land-use planning. The dramatic growth of the
GIs industry has generally been spurred by demands for in-
formation management capabilities rather than spatial analy-
sis and modeling functions (Goodchild, 1991). The major
success of GIS technology is because of its capability for map-
ping the Earth’s surface and for supporting simple queries.
Commercial development of GIs software and hardware must,
because of financial necessity, support the demands of its
majority of users (Dangermond, 1993).

Because of the complex nature of geographic data, GISs
rely on more elaborate configurations than do most other in-
formation systems or statistical programs. A GIS must support
varied graphics oriented hardware peripherals (digitizers,
scanners, and plotters) and have a database structure sophis-
ticated enough to handle large volumes of data (including
imagery) while referencing each data record to a specific geo-
graphic location. Coincidentally, the design and program-
ming of efficient algorithms to perform geographic operations
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have added to the complexity of GIS programs (Goodchild,
1991). There are many things that a GIS is designed to do —
but it cannot do every task at the same level of efficiency as
specialized “reduced task” programs (statistical and simula-
tion modeling packages). No current GIS package has both the
structural flexibility for handling spatial and temporal data
and the algorithmic flexibility to build and test process
models internally (Nyerges, 1993).

There are several obstacles that continue to hinder the
coupling of GIS technology with environmental process
models. These obstacles are in the categories of (1) data
sources and formats, (2) GIS functions, and (3) modeling
methods.

Data Sources and Formats

® Accuracy (locational, categorical, and sampling) of data. The
quality of many data sets is unknown, leading to the inability
to assess or define uncertainty in models.

e Availability of pertinent data. Multitemporal modeling needs
time-series data layers (land cover, soils, and field data),
which could be nonexistent, costly to produce, or not techni-
cally feasible to produce at prescribed levels of detail. There
is a lack of coordination for archived digital data, especially
al global scales.

® Scale or resolution of data. Data are often collected or stored
at levels of detail that are inadequate for use as parameters
for environmental models.

® Transferability of data between programs or systems.

GIS Functions

® Multitemporal analysis. Very little has been done to incorpo-
rate the dimension of time (an integral part of process model-
ing) into GIS data structures or operations.

e Three-dimensional analysis and visualization. GIS's incorpo-
rate point, line, and area cartographic primitives and allow Z-
values as attributes (2.5-dimensional), but do not have suffi-
cient volumetric operations to model three-dimensional Earth
processes.

e Interpolation and extrapolation algorithms. There is a need
for greater variety, accuracy, and efficiency in spatial algo-
rithms used in interpolating point samples, especially when
many data layers are used in a single model.

e Mathematical and statistical functions. GIS programs do not
excel at statistical analyses or complex mathematical rela-
tions required by most environmental process models.

e Import and export capabilities. The spatial data transfer tools
found in many GIS packages are inadequate for linking a GIS
with analytical and modeling software or other database sys-
tems.

e Speed of computing. Because of the program overhead re-
quired for manipulating data in its spatial form, GISs are slow
compared with other statistical or modeling systems. The
time needed for running complex models may be prohibitive.

® User interface. Modelers are often faced with learning and
tolerating an unfamiliar (and potentially unfriendly) system
to process their models.

Modeling Methods

e Failure to incorporate the spatial context of the natural envi-
ronment into models, or neglecting the influence of adjacent
landscape units upon natural processes.

e Inadequate calibration of models or misinterpreting the de-
gree of influence some parameters (especially spatial) might
have on model results.

e Lack of understanding of GIs technology and its components,
its capabilities, and its limitations.

@ Shortage of adequate data that can be structured into an ac-
ceptable format to be processed in a GIS.

e Resistance to changing methods to include new technology
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or redesign the parameters or functions of the model to match
the processing medium.

Recommendations
Integrating GIS technology with process modeling requires
finding the common ground between those who believe GIs
technology solves all problems and process modelers who
view GIS technology as merely a toy. Scientists must be will-
ing to cooperate across disciplinary boundaries to under-
stand the Earth’s global environment. Berry (1993) observes
that “the GIS community must become familiar with the
process modeler’s requirements and incorporate more mathe-
matical functionality in their GIS products. On the other
front, the modeling community must ... become familiar with
the conditions, considerations and capabilities of the tech-
nology.”

The following suggestions are addressed to those who
have a role in “bridging the gaps” between GIS technology
and process modeling of the Earth’s environment:

For modelers:

® Recognize the spatial pattern of Earth surface phenomena as
an important function of process.

® Develop ecological models that incorporate the influence of
adjacent landscape units.

e Refine techniques of performing field studies regarding the
spatial and temporal variability of landscape processes. Eval-
uate if existing models produce valid results.

e Investigate ways to scale up from localized process models to
more aclively use remotely sensed satellite data or other digi-
tal data sets already available.

® Increase development of multiresolution or “nested” models
to more effectively capture the influence of human-induced
spatial and temporal variability on global processes.

® Communicate with GIS vendors to make them aware of mod-
eling needs.

For GIS developers:

e Improve data structures to more efficiently handle multitem-
poral data, not as simply multiple snapshots of time, but as a
seamless transition or trend.

® Improve three-dimensional capabilities with algorithms de-
signed to depict volume (as opposed to 2.5-dimensional sur-
faces).

® Incorporate faster processing technologies into hardware and
software, reducing turnaround time for model results.

® Support realtime interactive manipulation of model data to
see how the alteration of model parameters may affect the re-
sults.

e Display dynmic modeling with continuous animation.

e Improve methods and algorithms for data interpolation and
extrapolation from point samples, image rectification, scale
changes, vector-raster conversions, and data transformations.

e Develop natural language expert shell interfaces to assist mo-
delers in using GISs.

e Improve links between different database models (spatial re-
lational and object-oriented).

® Develop easier and more efficient data import and export ca-
pabilities by implementing spatial data transfer standards and
incorporating expert systems technology, facilitating data in-
put and allowing seamless transfer of data to and from ana-
lytical and modeling packages.

® Provide the means for defining accuracy or uncertainty of in-
dividual data elements; then make an “audit trail” of those
figures through subsequent GIS operations or transformations.

e Improve algorithms for geometrical operations (area calcula-
tion, perimeter, shape, and volume) and develop methods for
computing relationships between objects based on their ge-
ometry.

® Develop data structures with stronger relational associations.
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Assign new attributes to objects based on hoth existing attri-
butes and complex mathematical rules (models often use dif-
ferential equations or other mathematical functions to
measure the strength of relationships).

@ Support and promote less expensive GIS alternatives (public
domain software or cp data storage).

For data producers:

® Implement accepted standards in spatial data format, accu-
racy, and transferability.

® Improve spatial accuracy of field data by incorporating global
positioning satellite technology.

® Provide a statement regarding data accuracy and uncertainty
and methods of data collection and compilation with every
data set distributed.

® Support various data archives and a directory system to ac-
cess information about available data sets (i.e., meta data).

® Improve automated methods for converting remotely sensed
data into digital land-use and land-cover information.

® Test and enhance existing land characteristic databases.

This is an ambitious list of suggestions for the long-term
integration of GIS technology with environmental process
models. Some of these goals may appear to be dreams, with
little likelihood of reaching fruition. GIS technology may not
be able to surmount these technical obstacles within the next
few years. However, GIS technology is already capable of per-
forming many functions (storing and retrieving spatially ref-
erenced dala, doing layer comparisons and neighborhood
operations, and supporting simple queries). The strength of
simulation modeling programs is their ability to process
mathematical functions in an efficient manner. For a short-
term solution, it may be appropriate to emphasize the rela-
tive strengths of these systems and place the highest priority
on developing import and export “hooks” or links to transfer
data between components (Goodchild, 1991; Nyerges, 1993).
This coupling of GIs with statistical and modeling programs
would benefit global change research and encourage the de-
velopment of further links.
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