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By Bruce A. DeVantier,' and Arlen D. Feldman,2 Members, ASCE 

ABSTRACT: Geographic information systems (GIs) provide a digital representa- 
tion of watershed characteristics used in hydrologic modeling. This paper sum- 
marizes past efforts and current trends in using digital terrain models and GIs to 
perform hydrologic analyses. Three methods of geographic information storage are 
discussed: raster or grid, triangulated irregular network, and contour-based line 
networks. The computational, geographic, and hydrologic aspects of each data- 
storage method are analyzed. The use of remotely sensed data in GIs and hydrologic 
modeling is reviewed. Lumped parameter, physics-based, and hybrid approaches 
to hydrologic modeling are discussed with respect to their geographic data inputs. 
Finally, several applications areas (e.g., floodplain hydrology, and erosion predic- 
tion) for GIs hydrology are described. 

The use of computers in hydrologic analysis has become so widespread 
that it provides the primary source of data for decision making for many 
hydrologic engineers. Since so much of hydrology is linked to processes at 
the earth's surface, the connection to the topographic, computer-based 
methodology known as the geographic information system (GIs) is a pre- 
dictable step in the evolution of hydrologic engineering. As with many other 
exercises in computer representations of reality, applications of GIs  for the 
purpose of aiding hydrologic modeling are subject to the skeptical classi- 
fication of "interesting toys." The purpose of this review is to delineate and 
assess the progress made in the development of GIs applications in hy- 
drology. 

Geographic information systems link land cover data to topographic data 
and to other information concerning processes and properties related to 
geographic location. When applied to hydrologic systems, nontopographic 
information can include description of soils, land use, ground cover, ground 
water conditions, as well as man-made systems and their characteristics on 
or below the land surface. Description of topography is called terrain mod- 
eling, and because of the tendency of surface water to flow downhill, the 
hydrologic importance of terrain modeling is clear.. While maps have been 
the most common historical form of representing topography, the advent 
of digital maps in GIs  provides an alternate method of storing and retrieving 
this information. The amount of digital data required to accurately describe 
the topography of even small geographic regions make GIs a memory in- 
tensive and computationally intensive system. Even so, there is adequate 
GIs software available for mainframe, mini- , and microcoputers. The char- 
acteristic that differentiates a GIs  from general computer mapping or draw- 
ing systems is the link to the information data base. Once the data base is 
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constructed, correlations between different pieces of information can be 
examined easily through computer-generated overlay maps. For hydrologic 
modeling purposes, there is generally an extra step of generating hydrologic 
parameters that are dependent on data-base information. This hydrology- 
GIs link is a significant complicating factor, because it involves complex 
empirical or physics-based relations. 

Hydrologic application's' of GIs's have ranged from synthesis and char- 
acterization of hydrologic tendencies to prediction of response to hydrologic 
events. While the underlying assumption of any GIs application is that the 
data base of information is available, the acquisition and compilation of the 
information is hardly a trivial exercise. Often, appropriate data is only 
available in map form, so that even with modern digitizing hardware and 
software the process is labor intensive. The payoff comes from the multiple 
ways in which the data can be used once it is made digitally accessible in a 
GIs. Thus, it is clear that the potential value of application of GIs to 
hydrologic modeling and assessment justifies the continued study of this 
technology. It is less clear however to what degree a GIs can replace current 
activities now strongly dependent on engineering judgment. Many of the 
limitations of present GIs capabilities are more related to limitations of 
data collection and reduction and current hardware capabilities, than to the 
software architectures used for GIs data handling. Based on current progress 
in these areas, the optimism of those involved in development of hydrologic 
applications of GIs appears justified. 

Topographic Data 
One of the capabilities of a GIs most important to hydrologic applications 

is the description of the topography of a region. Techniques used in the 
computer description of topography are called digital elevation models 
(DEM's). Some spatial information is not directly described by elevation, 
and can be described as topologic data. Topologic data define how the 
various pieces of the region are connected. Topology can be described as 
the spatial distribution of terrain attributes. DEM and GIs representations 
of topologic data are part of the general grouping of digital terrain models 
(DTM's). An example of hydrologic topology is the collection of lines de- 
scribing a stream network. Another is the collection of points delineating 
subregions of a watershed. Both forms of information are related to to- 
pography, but may be defined in a topological sense based on the topo- 
graphic portion of the GIs data base. 

Topologic Data 
While topographic data fit within the general classification of topologic 

data, there are significant hydrologic attributes not related to land surface 
elevation. The more obvious of these are catchment areas, flow lengths, 
land slope, surface roughness, soil types, and land cover. These attributes 
help to describe the ability of a region to store and transmit water. Djokic 
and Maidment (1991) have applied a GIs in conjunction with an expert 
system to urban drainage, and a significant aspect of the study is the handling 
of the effects of man-made modifications to terrain. Topographic data for 
an urban drainage network relate to the direction of movement of water, 
and the hydrologic attributes relate to the mode of transmission. 

Some topologic attributes are tied to the concept of a watershed unit. 



The most basic of these is the description of the watershed boundary. Given 
a drainage point, the topography alone can be used to define those areas 
that should drain to the point. Average slope and drainage path networks 
are related, topographically derived, topologic attributes. Speight (1980) 
gives a more complete list of topographically derived attributes. These at- 
tributes are useful in determiningwatershed attributes such as time of con- 
centration, flow potential energies, and flow attenuation. The sorting and 
manipulation capabilities of a GIs are well suited to extracting such attri- 
butes. The following sections describe several common approaches that have 
been applied to terrain modeling for hydrologic applications. 

Raster or Grid-Based Data 
The first applications of GIs in hydrologic modeling utilized grid cell or 

raster storage of information (Pentland and Cuthbert 1971). Fig. 1 is a 
representation of this approach to grid data representation. The grid is made 
up of regularly spaced lines, and the enclosed area of each rectangle is 
described in terms of its center coordinates. If the terrain is thought of as 
a visual image with the dots having various colors and intensities similar to 
a computer video screen, the use of the term raster image used for grid data 
as well as computer screen images is easily understood. The use of raster 
representation of terrain is a logical result of the large data base of DEM 
data available through the U.S. Geologic Survey and the National Carto- 
graphic Information Center. An example of a widely used raster-based GIs 
is the geographic resource analysis support system (GRASS) of the U.S. 
Army Corps of Engineers ("Geographic" 1991). Some GRASS applications 
have been made to watershed analysis (Hastings 1990). 

It is important to note that there may be different grid scales for different 
attributes of the terrain, although following the scale of the available data 
is the obvious first choice. Fbr attributes that are largely homogeneous, the 
use of the rigid resolution necessary for a DEM would require the storage 
of large amounts of redundant data. The reduction in data storage from the 
use of several grid scales comes at the cost of the complexity of translation 
between the scales to relate the data. Furthermore, as noted by Moore et 
al. (1991), the grid resolution necessary to resolve the elevation of the most 
coarse terrain of a region dictates the scale. Nearby smooth terrain will have 
unnecessary detail in its description. 

FIG. 1. Grid Representation of To- FIG. 2. TIN Representation of To- 
pography pography 



An inherent problem in hydrologic modeling with grid DEM data is the 
production of nonphysical depressions due to noise in the elevation data 
affecting interpolation schemes used to describe variation in elevation be- 
tween raster points. The result is an unwanted termination of drainage paths 
in pits. The problem is particularly acute for relatively flat areas. O'Cal- 
laghan and Mark (1984) and Jenson (1991) have demonstrated techniques 
for locating and removing depressions in gridded DEM data. The situation 
is complicated however by the existence of naturally pitted topography, 
sometimes called pothole regions. The methods are sufficiently flexible to 
allow accurate flow path delineation even with filling of real depressions. 

Triangular Irregular Networks 
An alternate approach to producing DEM's relies upon determination of 

significant peaks and valley points into a collection of irregularly spaced 
points connected by lines as shown in Fig. 2. The lines produce a patchwork 
of triangles known as a triangular irregular network (TIN). Most typically 
the triangles are treated as planar facets, but smoother interpolation is 
possible. The problems of depressions and interrupted drainage paths are 
partly avoided with a TIN as the path of water movement follows the slope 
of a plane or flows down the edge between two triangles. Due to the fact 
that triangle networks from points are nonunique, several algorithms have 
been developed to produce them from sets of points. The most widely used 
is known as Delauney triangulation (Lee and Schacter 1980) based on a 
principle of maximizing the minimum angle of all triangles produced by 
connector lines to nearest neighbor points. Christensen (1987) developed 
methods to circumvent poor representation of nearly equivalent elevations 
for the method, making accurate elevation representation more reliable. 
One of the main TIN systems available commercially is A RCIINFO (1991). 

As with raster methods, scales of representation for attributes other than 
elevation need not be the same as the TIN. In addition, the triangle-based 
representation can be a subset of a more general polygonal description of 
attribute regions. The areal design and planning tool (ADAPT) was one of 
the first TIN applications (Grayman et al. 1975) of GIs to a hydrologic 
problem. While the application was aimed at predicting water quality and 
sewer flows, the extensions to more purely hydrologic problems (Jett et al. 
1979) were reported shortly thereafter. One of the most useful characteristics 
of a TIN for hydrologic system is the ability to define streams in terms of 
triangle boundary segments. This allows a more continuous description of 
stream paths and networks in conjunction with the topography. By com- 
parison, grid data tend to produce zig-zag meandering paths for streams on 
upslope portions of a watershed. 

Vector- or Contour-Based Line Networks 
The third major form of representing topography is contour line mapping. 

The contours can be represented digitally as a set of point-to-point paths 
(vectors) of a common elevation as shown in Fig. 3. When an entire map 
is stored in this digital form it is called a digital line graph (DLG). Most 
commercially available GIs's have the ability to transform between DLG's, 
grid DEM's, and TIN DEM's, but as noted by Moore et al. (1991) contour- 
based methods require an order of magnitude more data storage, so that 
the transformation is typically from DLG's to the other forms. Moore et 
al. (1988) have developed hydrologic applications using contour lines along 
with an orthogonal set of intersecting lines describing steepest descent to 



FIG. 3. Contour-Based Representation of Topography 

divide the mapped region into quadrilaterals. The chief advantage of the 
approach is that an important hydrologic attribute (steepest descent path) 
is inherent in the resulting data structure. 

Data for a GIs can be collected from ground surveys, digitizing existing 
maps, digitally recprded aerial photography, satellite imaging data, or com- 
binations of these. A problem of the scale of accuracy arises whet1 these 
data are used in combination, so there is a disincentive to mix them. Aerial 
photography is the oldest of techniques for determining topology from a 
remote location. This has the ability to produce DEM data accurate to 
0.03% of the altitude of photography (Kelly et al. 1977). Satellites have 
been used for several decades for remote sensing, and the potential for 
applications in hydrology were quickly recognized ("An Assessment" 1974). 
Brooner et al. (1987) have described the many hydroiogically significant 
parameters that can be obtained through remote sensing. including land 
cover, vegetation properties, thermal and moisture indices, snow cover, and 
imperviousness. Most of these are obtained through satellite imagery. How- 
ever, not all information from satellites is imagery. Satellites are often used 
for communication of hydrologic data from land-based sensors to analysis 
centers. This data can be entered into a GIs with little processing, while 
imagery requires considerably more processing. 

In a series of studies aimed at evaluating the role of remote sensing in 
hydrologic modeling, NASA (Peck et al. 1983; Johnson et al. 1982; Peck 
et al. 1981) evaluated the limitations remotely sensed data places on hy- 
drologic models and vice versa. The emphasis was placed on attributes 
evaluated from satellite data as areal averages. Such attribute data is typ- 
ically used in models that describe hydrologic response in terms of watershed 
units that can be significantly larger than the resolution of the satellite data 
that can be as small as 10 m. These models have been categorized as lumped 
parameter models. Kovas (1991) notes the importance of additional data 
collection, especially when a GIs  is used for urban hydrology. The technique 
of enhancing the GIs  terrain description by use of kinematic global posi- 
tional system (GPS) units is described. GPS allows accurate location of 
hydraulic control points such as curbs and valves, and can greatly improve 
the ability of the GIs and hydrologic model in prediction of flow paths in 
an urban setting. 



Brooner et al. (1987) note that laser and gamma-ray technology can also 
be used to remotely acquire information useful to hydrologic modeling. 
These techniques are useful for water body bed delineation and for surface 
moisture levels, respectively. Radar, a tool long used for meteorologic pur- 
poses, now shows promise for real-time sensing of the spatial and temporal 
distribution of precipitation. This capability will be especially useful for flood 
forecasting. The primary hydrologic use would be in tracking rainfall, how- 
ever since GIs's were not originally envisioned as a time series data-base 
tool, they are not optimally suited for handling time varying data. This is 
an area where further development could enhance GIs utility. 

Rainfall-Runoff Models 
Prediction of surface runoff is one of the most useful hydrologic capa- 

bilities of a GIs system, The prediction may be used to assess or predict 
aspects of flooding, aid in reservoir operation, or be used to aid in the 
prediction of the transport of water-borne contaminants. The types of models 
that have been applied with a GIs will be classified as lumped parameter, 
physics based (implying full spatial distribution and modeling for runoff 
related attributes), or some combination of the two. 

Lumped Parameter Models 
The basic unit of a lumped parameter model is normally taken to be a 

subbasin of the total watershed being considered. Each subbasin is taken 
as a hydrologic response unit, so that a11 attributes must be averaged or 
consolidated into unit-level parameters. The distinction between lumped 
parameter and distributed models is not as clear as might be desired, because 
the subbasin may be taken to be arbitrarily small. Furthermore, the point- 
by-point descriptions of processes such as infiltration, interflow, and 
~verland f l ~ w  are sometimes modeled as separately contributing processes 
in a subbasin. In this way, processes in complex terrain are modeled phys- 
ically as simple plane (or square bin) processes occurring separately from 
each other. The U.S. Army Corps of Engineers hydrologic model HEC-1 
(HEC-1 Flood 1990) is an example of a model classified here as a lumped 
parameter model, but can effectively operate as a distributed model through 
small subbasins and/or kinematic wave routing options. Several authors have 
cited GIs applications of HEC-1. Berich (1985) describes a raster-based 
system that is suited for application of satellite terrain data and has been 
tested on two lumped parameter models, namely HEC-1 and the Soil Con- 
servation Service's TR-20 model ("An assessment" 1965). Both applications 
utilize SCS runoff curve number estimation from raster data describing land 
use and soil type. Schmidt et al. (1987) and Warwick et al. (1991) also 
describe GIs application of HEC-1. The latter describes integration of HEC- 
1 with the GIs, but significant user interaction is still required. Cline et al. 
(1989) describe the application of the microcomputer graphics software 
Auto-CAD and HEC-1 in what they call a watershed information system 
(WIS). The WIS performs many of the same functions as a standard GIs, 
although additional computer code was generated to extract model param- 
eters and prepare HEC-1 input files. 

Ragan and White (1985) and Fellows (1985) describe application of a grid 
cell data system in conjunction with the SCS TR-55 lumped parameter 
model. The system includes watershed delineation, and the latter was de- 



veloped to be able to easily translate satellite data to the parameters nec- 
essary for the model. The emphasis of Ragan and White is on demonstration 
of a personal computer application of a GIs hydrology system. The concept 
of region growing is applied to extact watershed boundaries by examining 
drainage paths over grid elevation :.. .. data. 

Physics Based Models 
The lumped parameter model applications cited use empirical approaches 

to describe the runoff phenomenon. In comparison, a physics-based model 
uses some form of balance equation defined at all points to model runoff 
flows. The most common approach is the application of the Saint Venant 
equations of shallow water flow, which conserve water momentum and 
volume. When interflow is considered, Darcy's law of porous medium flow 
is used. When applied to a two-dimensional surface, these balance equations 
are second order partial differential equations in time and space which must 
be solved by approximation methods. The solution approach is generally 
dictated by the form in which the data is stored. For example, grid data 
lends itself to application of finite difference methods, while TIN data is 
better suited to finite element methods. 

Although not applied in a true GIs system, Li et al. (1977) describe the 
application of the kinematic wave approximation for shallow water equa- 
tions in a finite element solution to overland flow routing. The segmentation 
of the terrain data and the input information necessary to predict local runoff 
rates pointed toward the utility of applying a GIs. Vieux (1991) has applied 
a finite element solution of the kinematic wave equation in conjunction with 
a TIN, but the elements are much larger than the TIN triangles. Vieux 
describes the difference between distributed and lumped modeling in terms 
of the scales of the physical process and modeling. When the model uses 
an element smaller than the size of the scale of the physical process, it is 
described as distributed, and when the scale of the model is of the scale of 
the process (the whole watershed), it is called a lumped model. This de- 
scription highlights the subjectivity of suck classifications, because it might 
rightfully be claimed that the scale of the process of overland flow is even 
smaller than the TIN triangles. 

Silfer et al. (1987a, 1987b) have used a TIN in the finite difference solution 
of the kinematic wave and Darcy flow equations in their TINFLOW system. 
The TIN facets are analyzed in a preprocessing algorithm to prepare a flow 
network of one-dimensional (l-D) flow pipes, and then the l-D forms of 
the governing equations are solved simultaneously for the separate seg- 
ments. In a similar approach, Hong and Eli (1985) describe the framework 
of a model to be applied to a fully 2-D TIN, but only test it on a cascade 
of l-D planes. Eli (1990) expands on the concept and applies the cellular 
automata computational concept to predefine drainage paths. The iterative 
technique is based on nearest neighbor interactions, which orders drainage 
paths to take advantage of massively parallel computational algorithms. 

The l-D flow network discretization approaches just described can be 
applied to kinematic wave routing over connected planes, because the as- 
sumptions inherent to the kinematic wave equations require that flow always 
be in the direction of the principal slope. This was described initially by 
Onstad and Brakensiek (1968). Moore et al. (1991) apply this concept with 
a contour-based vector DEM to predict overland and interflow runoff flow 
components. The computational element is a quadrilateral bounded by 
neighboring contour lines on two opposite sides, and closed by flow stream- 



lines on the other two sides. An alternate method based on minimum dis- 
tance between adjacent contour lines is used for defining the quadrilateral 
sides for ridge areas. The alternate methods are necessary due to the errors 
introduced by treating streamline segments as straight lines. 

Hybrid Models 
Some of the reported models do not fit conveniently in classifications of 

lumped parameter or physics based. For example, Johnson (1989) describes 
a model that allows choice of lumped parameter or distributed modeling. 
Djokic and Maidment (1991) use a TIN system to describe urban drainage 
in terms of tube networks. The overland flows are approximated in terms 
of fixed transit times (times of concentration). This approach allows con- 
venient flow linking to storm sewers and gutters specific to urban hydrology. 

The CEQUEAU of Charbonneau et al. (1975) solves balance equations 
on a subbasin scale to predict runoff. Terrain data is stored in a grid format 
and is used to develop input parameters for the physics/empirical model. 
O'Loughlin (1986) describes a contour-based system that uses surface sat- 
uration tendencies to predict runoff. Both of these two previous models 
include descriptions based on physics, but they do not use fully 2-D dis- 
tributed balance equation description. 

General Indices 
In some cases complete rainfalvrunoff response need not be described to 

provide the necessary hydrologic engineering information. General indices 
of the tendency to produce runoff may be sufficient. Decision making can 
be based on simple maps of terrain properties. It is in these applications 
that GIs methods can be most quickly and efficiently applied. Further, the 
map data produced can be saved for future use in actual rainfall runoff 
prediction if they are stored in a form appropriate to the model to be used. 

Imperviousness 
A recent trend toward storm sewer fee assessment has led to the meed 

for an objective measure of relative contributions to flows from different 
urban properties. Allen (1991) and Williams and Rosengren (1991) describe 
the application of GIs methods as a basis for fee assessment. The main 
criterion is the percent of impervious area of the property. They made no 
actual runoff computations. . 
Natural Land Cover / 

When remotely sensed data is brought into a GIs, information about 
vegetation and other natural cover can be extracted by examining the spec- 
tral print of the region. Duchon et al. (1990) use this approach along with 
temperature data to prepare input for a monthly water budget model. They 
found that subdivision by land cover type produced better model results 
than those subdivided according to subbasins. It is important to note that 
the land cover maps produced for this study could also be used for single 
event runoff studies. Such maps are also useful in community development 
and planning. Kilgore and Katz (1991) note however, that differences as 
high as 30% were observed between land cover-derived and subbasin-de- 
rived SCS curve numbers from distributed data. 

Watershed Delineation and Stream Networks 
The information gained in the process of determining the path of runoff 

and the limits of a watershed is useful in both hydrologic and water quality 



terms. Several systems have been developed for these purposes, with the 
end result of the GIs manipulations being watershed boundaries and stream 
paths. As described previously, Fellows (1985) describes a raster-based pro- 
cess called region growing .used to extract water path data. Jones et al. 
(1990) use a TIN system and steepest descent and ascent to delineate drain- 
age boundaries, and determine flow paths and stream networks. The TIN 
is particularly suited to steepest descentlascent because of the uniform slope 
along each triangle facet. 

A raster DEM is used by Bevin et al. (1991) to extract hillslope flow 
paths using a flow path index. The index is based on the upflow area (con- 
tributing area) and local slope. The authors point out that this index ap- 
proach has inherent assumptions of quasi-steady conditions and ground 
water tables roughly mirroring the topography. Tarboton et al. (1991) apply 
a contributing area accumulation method to grid data to define channels 
according to a threshold number of contributing grid cells. The data ma- 
nipulation is greater than with TIN methods, and depression filling was also 
required. It shouId be realized however, that there is a significant data base 
of grid data, and that TIN's are often constructed originally from gridded 
data. This means that often significant data manipulation is necessary before 
the TIN approaches may be applied. TIN's can also be readily developed 
from land survey data. 

The prediction of runoff history may be only one component of prediction 
of the results of watershed runoff. The runoff can cause erosion, flood 
damage, and transport contaminants. Often the accuracy of the runoff model 
is dictated by the accuracy required by a model secondary to the hydrologic 
model. The resolution of the DEM also can be determined by necessary 
accuracy of the end model. The following published studies are examples 
of end uses of GIs hydrologic predictions. The applications cited are in- 
dicative of the range of possibilities, but the list is by no means exhaustive. 

Floodplain Management and Flood Forecasting 
A grid cell data bank was used by Davis (1978) to assess flood damage 

using HEC-1 and the profile program HEC-2. Polygon data was used, but 
it was converted ti, grid cell format before application. Water quality and 
erosion modeling were also considered in the framework of a flood event. 
Murphy and Hoegberg (1991) also use a GIs for flood damage assessment, 
but the emphasis is on continuing management. Thus, single event simu- 
lation is less important and general indices are of greater use. DLG data 
was used because it was the most accurate available data bank. 

A somewhat different form of flood flow prediction is used in the process 
of flood forecasting. In forecasting, the emphasis is on real-time prediction 
of flood conditions. Tao and Kouwen (1989) describe a grid-based technique 
of flood forecasting which allows a choice of distributed modeling or lumped 
parameter modeling. The grid size is rather large (10 x 10 km), but a 
satellite image data base is averaged over the grid scale, which accomplishes 
a preliminary form of parameter lumping. VanBlargan and Schaake (1987) 
use the grid data and a kinematic wave model to predict flood events. A 
finite difference approach is used to solve the kinematic wave equations for 
both overland flow and channel routing. 



Erosion Prediction/Control 
Using a TIN and the kinematic wave equation, Eli and several investi- 

gators (Eli et al. 1980; Eli and Paulin 1983; Eli 1981) applied GIs meth- 
odology to surface mined lands. The universal soil loss equation (USLE) 
was used to predict erosion. The USLE does not require runoff information, 
only information conceming soil, land cover, rainfall intensity, and topo- 
graphic properties. Therefore the USLE predicts erosion potential, but the 
kinematic yave and erosion predictions are used together to determine 
suspended sediment loads. In this way, it is clear that erosion prediction 
and water quality prediction are linked. It is indicative of the simplicity of 
determination of parameters for the USLE from GIs data that there are 
few citations of its use in open literature. It should be realized that erosion 
potential prediction is a practical and widely applied GIs operation. Gupta 
and Solomon (1977) do not use the USLE, but they employ a combination 
of empirical and physics based modeling in their river sediment discharge 
model. The grid cell system is shown to be superior to simpler techniques 
when ungaged watersheds are considered. 

Water Quality Prediction/Control 
Air and water are the primary carriers for contaminants in the terrestrial 

environment. Any form of moving water is a potential transporter of pol- 
lution. The movement is potentially good in that it can disperse contami- 
nants; but no matter why information is needed about contaminant move- 
ment, knowledge of the magnitude and temporal distribution of flow is 
necessary for accurate prediction of the movement. The prediction of move- 
ment of distributed surface contaminants known as nonpoint pollution is 
one of the applications most amenable to GIs's, and several researchers 
have reported their development. DeBarry (1991) uses DLG topographic 
data and polygonal desccption of soil and ground cover information in a 
pollution assessment system. General estimates of potential for pollutant 
export from each watershed were computed rather than time varying pre- 
dictions, because the system was developed as a planning tool and single 
event estimates were not as important as long-term trends. Lee and Terstriep 
(1991) developed a GIs interface for the agricultural nonpoint source pol- 
lution model (AGNPS) (Young et al. 1987). AGNPS is a grid cell, single 
event model that predicts erosion, suspended sediment, and other quality 
parameters. Young et al. (1987) report relatively good flow prediction agree- 
ment and poor quality agreement in their validation run. They highlight the 
need for calibration of their model. Vieux (1991) has developed a TIN 
nonpoint modeling system using a finite element solution of the kinematic 
wave equation. An interface to AGNPS using lumped parameter hydrologic 
modeling is described, but it is not clear whether it was applied to the output 
of the finite element model. 

Quality predictions for urban hydrology have become of increasing im- 
portance as stormwater quality regulations have toughened. Cowden (1991) 
describes a two part approach to a stormwater/wastewater quality manage- 
ment system. The input for the quality model is prepared by the GIs, 
downloaded to a microcomputer, and then the model predictions are made. 
The results from the quality model are then uploaded back to the system 
in GIs format. Kruzich (1991) outlines the use of a GIs in urban quality 
modeling, but also cites applications in groundwater contamination source 
delineation and discharge permit tracking. 



Drainage Utility Implementations 
Drainage utility applications were discussed earlier (Allen 1991; Williams 

and Rosengren 1991) in describing the general index of percent impervious- 
ness. The data base required is not as extensive as other applications, be- 
cause no runoff modeling is performed. More detail might be justified if 
the systems could be used for other purposes such as urban water quality 
management. Then part of the cost of constructing the data base could be 
defrayed. 

Grid Cell Data Banks 
The Hydrologic Engineering Center (HEC) has played an important role 

in the development of computer methods in hydrology. Standard application 
of HEC-developed software can sometimes require extensive manipulation 
of map data to prepare input for the programs. Some of the earliest work 
by HEC related to GIs hydrology involved development of a systematic 
methodology for automating the data preparation process (Guide Manual 
1978). The raster-based organization chosen was called a grid cell data bank. 
Techniques for use of satellite data, for conversion of polygon data to grid 
format, and for use of commercially available software to manipulate and 
convert the data were discussed. Maintenance and support requirements for 
the data base were also described. 

The grid cell data bank approach was used in the development of software 
for the extraction of hydrologic parameters called HYDPAR ("Application 
of '  1983). An application toward the prediction of runoff for the Pennypack 
Creek watershed ("Pennypack Creek" 1978) was used to demonstrate ca- 
pabilities. Watershed and subbasin delineation was not automated, but unit 
hydrograph information was derived using GIs techniques. Display capa- 
bilities common to GIS platforms were also included. 

HEC-S AM 
Another offshoot of the grid cell data bank methodology was HEC spatial 

analysis methodology (HEC-SAM) ("Flood Mitigation" 1980). The new 
capabilities included use of satellite imagery and links to more extensive 
GIs data banks. The end products still used a grid cell approach. HEC- 
SAM was developed as a forecasting and planning tool, and has been applied 
in a number of U.S. Army Corps of Engineers studies ("Application of '  
1986). 

Remotely Sensed Data Manipulation 
At about the same time HEC was developing grid cell data bank methods, 

work was also being performed to assess the usefulness and appropriate role 
of satellite imagery in GIs  hydrology. An initial assessment ("An Assess- 
ment" 1974) was aimed at application with HEC computer programs. A 
later study focused on the more generic application of determination of land 
use classifications from satellite data ("Determination o f '  1979), but veri- 
fication was still performed with HEC-1. More recently, HEC commissioned 
a report from the Earth Satellite Corp. (Brooner et al. 1987) assessing 
present and future uses of remotely sensed data in hydrologic modeling. 
The report detailed how new technologies could be applied in the deter- 
mination of land cover, snow cover, precipitation estimates, and surface 
water distribution. 



HECIADAPT 
HEC contracted with the University of California at Davis ("Application 

of '  1991) to investigate the application of a TIN GIs link with HEC-1. In 
previous work with W. E. Gates and Assoc. (Contract Report 1982), HEC 
had obtained the ADAPT TIN software system for use with HEC-1. An 
interface program linking HEC-1 with ADAPT (dubbed HECAD) was 
developed by Walter Grayman as a part of that W. E. Gates contract. The 
TIN triangles were manually determined, but in principle could have been 
extracted from a DEM data base if that were available. HECAD prepares 
input to HEC-1 by calculating uniform loss functions from the distributed 
values of soil type and land cover, as well as accounting for overland flow 
and channel velocities in terms of roughness and slope. The model was 
applied to both an urban and a nonurban basin, and provided accurate 
predictions. The approach was not compared to previous grid cell data bank 
predictions. It does however provide an alternate technique to previous 
HEC grid-based approaches. 

From the previous discussions it is clear that GIS's have been effectively 
used in a variety of hydrologic applications. However the cost of imple- 
menting a GIs can be significant, especially when the cost of data collection 
and manipulation is considered. Thus, it is best when the data base can be 
shared for several related purposes. For example, a GIs data base assembled 
for flood forecasting could also be of use in nonpoint pollution monitoring. 
Unfortunately, the organizations interested in these two activities are dis- 
tinctly different, and should they decide to invest in GIs technology, it is 
not likely that they would wish to have a data base not custom oriented to 
their application. When one considers the many potential end applications 
of a GIs, from hydrologic predictions to regional resource management, 
some sort of interorganizationail effort will be necessary to share the costs 
and benefits of a GIs. 

Part of the problem in acceptance of GIs methodology in hydrology for 
other than research purposes is tied to the customized nature of many of 
the applications. Another more troubling reason for lack of acceptance is 
the lack of clear evidence of the superiority of GIs results to more traditional 
methods. To the hydrologic engineer, there is little difference in the tedium 
of hand measurements from U.S.G.S. maps and digitking the same infor- 
mation. Computer manipulation of remotely sensed data removes the te- 
dium aspect, but the inaccuracies of interpreting spectral data again leads 
to the question of superiority to standard manual data entry methods. The 
question can only be resolved through a broad based validation study. In 
the U.S. such studies have only been successful when undertaken by a 
federal agency. A study of such a large scope will not likely be undertaken 
until GIs hydrology becomes more widely used in the field. 

There is also a lack of consensus with regard to the various GIs and 
hydrologic models applied. Grid, polygon, and vector representations have 
been shown to each have unique positive aspects. Physics based hydrologic 
models have not been shown to be intrinsically better than lumped parameter 
model for runoff prediction. The improved detail of so called distributed 
models leads to its own problems. Even though GIS's can accurately resolve 
spatial variation in terrain attributes, there is question as to the validity of 
applying hydrologic models at that scale. Woodward and Cronshey (1990) 
note this fact in discussing the grid-based curve number determination meth- 



ods of White (1989). They note that SCS curve numbers were developed 
from evaluation of small, relatively uniform attribute watersheds, and that 
uniform rainfall was assumed. Fully distributing the conditions creates con- 
ditions where movement of water from one part of the watershed to another 
can significantly affect the runoff distribution. Furthermore interflow effects, 
not important when parameters are lumped and rainfall is uniform, can 
become important to spatial variability when they are not. 

Physics-based models are also subject to the same problems of spatial 
resolution as the lumped models. Rainfall, infiltration and runoff detail in 
a model should, in the optimum, reflect the resolution provided by the GIs. 
If surface and subsurface flows are modeled, then their interdependence 
can also be important. Freeze (1972) and Smith and Hebbert (1983) have 
discussed the physics of these processes, and when considered in a GIs 
model system, their addition complicates the analysis of the model, however 
the added complexity appears warranted if other processes are resolved in 
the same spatial detail. One of the most important of these other processes 
is the spatial distribution of rainfall. For some regions, an assumption of 
rainfall uniformly distributed in time and space is a very crude approxi- 
mation. Infiltration is a mechanism for spatial redistribution of rainfall, and 
so when it is considered, realistic spatial resolution of rainfall should also 
be attempted. Better spatial and temporal definition of rainfall will soon be 
available via the new NEXRAD radar systems. 

The future of GIs applications for hydrologic modeling is not obviously 
evident, but it is clear that there is considerable interest in exploring the 
limits of emerging computer technology. While current GIs applications in 
hydrology are primarily work station based, future technology may bring 
GIs to the desktop. With less limitation from computing power, the focus 
of future advancements may be improved data collection, expanded data 
bases, and advances in numerical modeling approaches. Education will also 
play a key role in the future success of the methodology. Education will 
have to emphasize not only the meehanisms of GIs usage, but also the 
application of GIs to hydrologic analysis. Recent graduates in science and 
engineering have greater computer literacy than past generations. Whether 
their numbers and training will be sufficient to allow general use of GIs in 
hydrology is yet to be determined. GIs will have "arrived" in hydrology 
when it is viewed as merely another analysis tool. 
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