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preferential flow (Kung & Donohue, 1991; Kung & Lu, 1993). Multispectral
scanning satellite data including the high spatial resolution data of SPOT and
Landsat thematic mapper (TM) digital imagery have been used to diagnose gen-
eral salinity problems (Everitt et al., 1977; Csillag et al., 1993; Rahman et al.,
1994), differentiate general textural variation (Agbu et al., 1990b), and delineate
subsurface flow systems such as recharge and discharge areas (Bobba et al., 1992;
Obyedkov & Zektser, 1993). '

Any attempt to model NPS pollutants with directly measured input and
parameter data beyond a few thousand hectares is virtually impossible. At this
scale, conventional means of measuring transport-related data are too burden-
some and remote measurement techniques are currently too unreliable. The
inability of remote measurement techniques to meet the demand for spatial input
data by NPS pollutant modelers has resulted in the development of transport para-
meter estimation methods. Estimation methods include the development of trans-
fer functions and the establishment of effective parameters.

Transfer functions relate more readily available or easy-to-measure soil
properties often assembled during soil surveys to more complex, difficult-to-
measure transport parameters that are needed for simulation. The most common
of these pedo-transfer functions (PTFs) has as arguments basic soil data (e.g., par-
ticle-size distribution, bulk density, and organic C content) and yields as a result
the water retention function or the unsaturated hydraulic conductivity function
(Bouma & van Lanen, 1987). Two subdivisions of PTFs are made: class and con-
tinuous. A class PTF predicts the hydraulic characteristics of a textural class,
whereas a continuous PTF predicts the hydraulic characteristics using actual mea-
sured soil data (Wosten et al., 1995). Generally speaking, class PTFs are cheap
and easy to use, but their accuracy is limited. As an alternative to measured field
data, the spatial distributions of input data and parameters have been estimated
with the use of soil survey data in conjunction with a continuous PTF approach
and applied to a solute transport model (Petach et al., 1991). A recent functional
evaluation of PTFs for the estimation of soil hydraulic properties, however, has
shown that greater than 90% of the variability of simulations for a map unit was
due to variability in the estimated hydraulic parameters using the PTFs (Vereeck-
en et al., 1992).

'The algorithms in a deterministic model are often based on an understand-
ing of processes at the scale of laboratory soil columns where such characteris-
tics as hydraulic conductivity and soil water retention are well known. When
applied to field scales, these characteristics are measured at numerous points in
the field. It is assumed that within a particular model element the parameter is
constant (i.e., continuum assumption); however, as the element size increases the
assumption that a parameter is representative of the whole element becomes
questionable. This is because the spatial variability is too great to be represented
by a single value. In fact, even though in principle it should be possible to take
enough measurements to determine the distribution of each parameter, the prac-
ticality of obtaining the required number of measurements makes it infeasible;
consequently, the parameter values are often effective parameters that result in
the observed input-output relationship. Effective parameters represent the
input—output relationships, but the internal estimates of transport by the model
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are simply values that, at the scale of integration, provide satisfactory estimates
of the transport process and are not true reflections of the actual behavior or the
manifestation of a physically measurable quantity (Grayson et al., 1993).

Klemes (1986) very succinctly addressed the problem of the measurement
of field-scale hydrologic variables in the statement “. . . the search for new mea-
surement methods that would yield areal distributions, or at least reliable areal
totals or averages of hydrologic variables such as precipitation, evapotranspira-
tion, and soil moisture would be a much better investment for hydrology than the
continuous pursuit of a perfect massage that would squeeze the nonexistent infor-
mation out of the few poor anemic point measurements . . .”

In many or even most instances, limited resources do not permit the mea-
surement or even estimation of needed input or parameter data. In these instances,
the use of existing soil databases is crucial. Reviews of some of the soil databas-
es (e.g., SSURGO, STATSGO, and NATSGO) available within the USA have
been provided by Reybold and TeSelle (1989), Lytle (1993), and Nielsen et al.
(1996, this publication); however, most of these databases do not meet minimum
data requirements for many of the distributed-parameter models used for NPS
pollutants in the vadose zone nor do they provide useful statistical data concern-
ing the soil properties (Wagenet et al., 1991). Bouma (1989) insightfully recog-
nized the need for a reevaluation of the types of information collected in soil sur-
veys to meet the quantitative requirements of environmental and agricultural
management models.

Uncertainty

Error is inherent, unavoidable, and sometimes undetectable in environmen-
tal modeling. The existence of various errors reflects upon the uncertainty and
therefore the reliability of model predictions. Uncertainty has a significant prac-
tical implication. Uncertainty poses doubt about or affirms the use of predictive
outputs as a basis for policy guidance and action. Commonly, uncertainty analy-
sis quantifies the uncertainty of an important decision or policy variable that is
estimated by a mathematical model. In contaminant fate and transport modeling
uncertainty analysis estimates the reliability of the cumulative distribution of
model outputs so that decisions can be based on the probability that concentra-
tions of pollutants will exceed an established regulatory threshold level.

There are several potential sources of uncertainty. Uncertainty can be due
to model errors resulting from characteristic simplification of the complexities of
the actual processes being described by the model. Uncertainty may arise because
- the model does not capture the natural variability in a parameter or variable, both

~ in space and in time. Uncertainty also may result because the techniques for mea-
suring or estimating the value are inexact.

The propagation of error by models is evaluated with sensitivity analysis
while causes of prediction error are assessed with error or uncertainty analysis
methods. Unlike sensitivity analysis which considers the sensitivity of the model
output to slight changes in an input parameter or variable, uncertainty analysis
considers the inherent uncertainty in model input data and the subsequent effect
this uncertainty has on model prediction. A number of uncertainty methods have
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been developed and applied specifically to hydrologic and water resource prob-
lems (Dettinger & Wilson, 1981; Beck, 1987; Schanz & Salhotra, 1992; Summers
et al., 1993). Recently, Loague et al. (1989, 1990) and Zhang et al. (1993a) used
uncertainty analysis specifically for deterministic transport models in the vadose
zone.

Methods for estimating the uncertainty of model predictions from deter-
ministic models generally fall into two major categories: Monte Carlo methods
and first-order variance propagation. Monte Carlo simulations (see Zhang et al.,
1993a; Bobba et al., 1995) involve the repeated sampling of the probability dis-
tribution for model parameters, boundary conditions and initial conditions; and
the use of each generated set of samples in a simulation to produce a probability
distribution of model predictions. Monte Carlo simulations are computationally
intensive, particularly if the contaminant transport model is numerically complex.
An alternative approximate technique, the Rackwitz—Fiessler method, can be
used when computation times prohibit the use of Monte Carlo simulation
(Veneziano et al., 1987; Schanz & Salhotra, 1992). First-order variance propaga-
tion methods such as First-Order Second-Moment (FOSM) analysis require the
calculation of a deterministic output trajectory for the model followed by the
quantification of the effects of various small amplitude sources of output uncer-
tainty about the reference trajectory (Burges & Lettenmaier, 1975; Argantesi &
Olivi, 1976). The application of FOSM analysis is limited to simple models that
are continuous with respect to model parameters and time. Furthermore, FOSM
approximation deteriorates when the coefficient of variation is >10 to 20%,
which, of course, is common for soil properties in solute transport modeling
(Zhang et al., 1993a).

‘The problem with the use of generalized rather than measured data has been
the associated uncertainties. Loague (1994) concluded in his uncertainty analysis
of potential groundwater vulnerability simulations with a simple index-based
model that the uncertainty in the data was so great that the resulting maps of
potential groundwater vulnerability and leaching assessment were actually best
used as guides for data collection strategies rather than the purpose of environ-
mental impact assessment for which they were intended. In spite of this fact, there
has been a proliferation of deterministically-derived GIS-based groundwater vul-
nerability maps at regional scales that use soil survey data as input data.

GIS

General Background

A GIS is defined by Goodchild (1993) as a “general-purpose technology for
handling geographic data in digital form with the following capabilities: (i) the
ability to preprocess data from large stores into a form suitable for analysis (refor-
matting, change of projection, resampling, and generalization), (ii) direct support
for analysis and modeling, and (iii) postprocessing of results (reformatting, tabu-
lation, report generation, and mapping).” In the context of NPS pollutant model-
ing, a GIS is a tool used to characterize the full information content of the spa-
tially variable data required by solute transport models. GIS is characterized by
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~its capability to integrate layers of spatially-oriented information. The advantages

of GIS in its application to general spatial problems include “the ease of data
retrieval; ability to discover and display information gained by testing interac-
tions between phenomena; ability to synthesize large amounts of data for spatial
examination; ability to make scale and projection changes, remove distortions,
and perform coordinate rotation and translation; and the capability to discover
and display spatial relationships through the application of empirical and statisti-
~ cal models” (Walsh, 1938).

The use of geographic information systems in environmental modeling has
proliferated over the past two decades. In its infancy GIS was primarily used to
create inventories of natural resources; however, during the past 10 to 15 yr
~ analysis and modeling applications with GIS have become more prevalent, espe-
 cially in the environmental assessment arena. The principal benefit of coupling

~ GIS to environmental models is to enable the models to deal with large volumes

of spatial data that geographically anchor many environmental processes. This is
especially true of hydrologic processes. GIS applications to hydrologic modeling
have been used in the past most widely and effectively by surface hydrologists,
~ and to a lesser extent by groundwater hydrologists for non-point source pollutant
- applications. Only within the past decade have soil scientists begun to use GIS as
a tool in data organization and spatial visualization of NPS pollution model sim-
ulation. Recently, emphasis has been placed upon the application of GIS to
groundwater and vadose zone related NPS pollutant problems.

Coupling GIS to a Model

Currently, no GIS has the data representation flexibility for space and time,
~ together with the algorithmic capability to be able to build process-based models
internally; consequently, environmental models and GIS must be coupled. Cou-
pling can range from loose to tight coupling. A loose coupling involves a data
transfer from one system to another. The GIS is used to preprocess data or to
make maps of input data or model results. A majority of the applications found
in the literature represent this approach because it requires little software modifi-
cation. Only the file formats and the corresponding input and output routines,
usually of the model, must be adapted. In a tight coupling the data management
is integrated into the system. Characteristically a tight coupling will provide a
common user interface for both the GIS and the model, and the information shar-
ing between the respective components is transparent. An example of a tight cou-
pling of a hydrologic model is RAISON (Lam & Swayne, 1991), which brings
together a GIS, hydrologic models, spreadsheet, and expert system. The tightest
coupling is an embedded or integrated system where the GIS and the model rely
upon a single data manager. The coupling of software components is within a sin-
gle application with shared memory rather than sharing files and a common inter-
face. Embedded systems require a substantial amount of time and money fo
develop, and are usually constraining when changes are needed. Lo
Nyerges (1993) cites four steps in coupling a model to a GIS: (i) descrip-
tion of the data transformations required between the data representation con-
structs, (ii) specifying software to export and import between the constl'_uct__s',._c.li__l'
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determining whether the software can run without intervention, and (iv) setting
up the transfer as bidirectional.

Model

General Background

Mathematical models integrate existing knowledge into a logical frame-
work of rules, equations, and relationships to quantify how a system behaves
(Moore & Gallant, 1991). They range from simple empirical equations such as
linear regression equations to sets of complex differential equations. Models
incorporate descriptions of the key processes that determine a system’s behavior
with varying degrees of sophistication; however, a “good model must not only
produce accurate results, but must do so for the right reasons” (Klemes, 1986).
Hillel (1986) points out four principles that should guide model development:
parsimony, modesty, accuracy, and testability.

Theoretically, if all essential parameters and variables of the predominant
transport processes are known for every point in a soil system, then a mechanis-
tic model of solute transport can be applied with confidence. Practically speak-
ing, this is unlikely and has spawned an interest in stochastic models of solute
transport. Nevertheless, all initial attempts at modeling NPS pollutants with GIS
have used one-dimensional deterministic models and assumed that the spatial het-
erogeneity of the transport parameters and variables could be characterized by
delineating map units assumed to be spatially homogeneous. Of course, the level
of homogeneity of a given map unit depends entirely upon the degree of accura-
cy of measurement or estimation, and the uncertainty associated with that accu-
racy. The use of deterministic transport models with GIS has been justified on
practical grounds based upon availability, usability, widespread acceptance, and
the assumption that a heterogeneous medium macroscopically behaves like a
homogeneous medium with properly determined parameters and variables.

GIS-Based Models for NPS Pollution Estimation

Deterministic, GIS-based, distributed-parameter models were initially
applied to the assessment of NPS pollution of surface water resources. Poiani and
Bedford (1995) recently presented a cursory review of GIS-based NPS pollution
models emphasizing surface applications. Numerous hydrologic-water quality
models of runoff and soil erosion have been used with a GIS to determine surface
sources of NPS pollutants from watersheds (Pelletier, 1985; Potter et al., 1986;
Oslin et al., 1988; Sivertun et al., 1988; DeRoo et al., 1989, 1992; Rudra et al.,
1991; Bhaskar et al., 1992; Drayton et al., 1992; Joao & Walsh, 1992; Tim et al.,
1992; Walker et al., 1992; Wolfe, 1992; He et al., 1993; Heidtke & Auer, 1993;
Levine et al., 1993; Mitchell et al., 1993; Warwick & Haness, 1994), agricultur-
al areas (Hopkins & Clausen, 1985; Gilliland & Baxter-Potter, 1987; Hession &
Shanholtz, 1988, 1991; Panuska & Moore, 1991; Hamlett et al., 1992; Lee &
White, 1992; Geleta et al., 1994; Tim & Jolly, 1994) and urban areas (Smith &
Brilly, 1992; Smith, 1993; Ventura & Kim, 1993). In addition, several ground-
water models have been coupled to a GIS to simulate water flow and/or NPS pol-
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 lutants in aquifers (Kernodle & Philip, 1989; Baker & Panciera, 1990; Hinaman,

1993: Roaza et al., 1993; El-Kadi et al., 1994; Darling & Hubbard, 1994). Inte-
~ grated surface and groundwater hydrologic models have been coupled to a GIS
with the vadose zone either grossly simplified or completely ignored (Powers et
~al,, 1989; Ross & Ross, 1989; Ross & Tara, 1993; Preti & Lubello, 1993). GIS
also has been coupled to a simple functional model of recharge to map a region-
al assessment of relative potential recharge to the Floridan aquifer (Boniol et al.,
1993).

Historically, three general categories of deterministic models have been
coupled to GIS to estimate NPS pollution in the vadose zone: regression models,
index models, and transient-state solute transport models. Regression models
have generally used multiple linear regression techniques to relate various soil
- properties or conditions to groundwater vulnerability or to the accumulation of a
~ solute in the soil root zone (Corwin et al., 1988, 1989; Corwin & Rhoades, 1988).

Index models refer to those models generally used to assess potential groundwa-
ter pollution hazard with some calculated index generated from either a simple
functional model of steady-state solute transport (Merchant et al., 1987; Khan &
Liang, 1989; Evans & Myers, 1990; Halliday & Wolfe, 1991; Rundquist et al.,
1991) or a steady-state mechanistic model (Wylie et al., 1994). Transient-state
solute transport models include both stochastic and deterministic models capable
of handling the movement of a pollutant in a dynamic flow system. The most
recent progress has occurred in the coupling of transient-state solute transport
models to GIS (Bleecker et al., 1990; Petach et al., 1991; Corwin et al., 1993a,b;
~ Tiktak et al., 1996, this publication; Vaughan et al., 1996, this publication).

The first applications of GIS for assessing the impact of NPS pollutants in
the vadose zone occurred in the late 1980’s. Corwin et al. (1988), Corwin and
Rhoades (1988), and Corwin et al. (1989) delineated areas of salinity accumula-
tion in the vadose zone by coupling a GIS of the Wellton—Mohawk Irrigation Dis-
trict to a phenomenological model of salinity development. GIS also has been
used for assessing groundwater pollution potential by coupling to a weighted-
index site assessment method such as DRASTIC or Seepage or others (Merchant
et al., 1987; Evans & Myers, 1990; Regan, 1990; Halliday & Wolfe, 1991;
Munnink & Geirnaert, 1991; Rundquist et al., 1991; Hendrix & Buckley, 1992;
Richert et al., 1992; Zhang et al., 1993b; Hammen & Gerla, 1994; Kellogg et al.,
1994; Smith et al., 1994); and to simple index-based models such as Rao et al.’s
(1985) Attenuation Factor model (Khan & Liang, 1989), Shatfer et al.’s (1991)
NLEAP model (Wylie et al., 1994; Shaffer et al., 1996, this publication), and
Meeks and Dean’s (1990) Leaching Pesticide Index model (Pickus et al., 1993).
All of these approaches, however, assume steady-state conditions. Furthermore,
the DRASTIC index has been shown to be uncorrelated with the movement of
pesticides into and through the soil, and neglects differences in adsorption, solu-
bility and degradation of different pesticides under different climatic and soil
management regimes (Banton & Villeneuve, 1989). Subsequently, Bleecker et al.
(1990), Petach et al. (1991), Corwin et al. (1993a,b), and Scott et al. (1994) used
transient-state solute transport models coupled to a GIS to assess the leaching
potential of some common NPS agricultural chemicals under dynamic flow con-
ditions; however, the work of Bleecker et al. (1990) and Petach et al. (1991) did
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not use field measurements of input parameters and variables to calibrate their
model LEACHM, nor did Scott et al. (1994) for Nofziger and Horsby’s (1986)
CMLS piston-displacement model of pesticide transport. Rather, the input data
were generalized from sources such as Soil Conservation Service soil survey
maps. Hutson (1993), Hutson and Wagenet (1993), and Bleecker et al. (1995)
have expanded upon the previous work of Petach et al. (1991).

The experimentation and associated spatial data to test the results of these -
GIS-based NPS pollutants models have been essentially nonexistent. Corwin et
al. (1989) provided a traditional nonspatial statistical analysis of measured and
predicted results by separating a data set of measured soil root zone salinities into
two subsets; using one data set for model development and calibration, and the
other for model validation. The resultant statistical analysis showed a linear
regression between measured and predicted values with a slope of 1.0 and y-
intercept of zero, but an R? = 0.80. This is one of the few such evaluations. Typ-
ically most models used to simulate NPS pollutants have not been rigorously val-
idated. For example, rating maps of soil nitrate leaching potential have been cre-
ated using LEACHM-N and NLEAP by Khakural and Robert (1993). Both mod-
els were tested but only using data from a lysimeter study (Khakural & Robert,
1993). Rogowski (1993) compared simulated spatial distributions of recharge
flux based on actual measurements of hydraulic properties to simulations based
on soil survey data. Considerable discrepancies were found. Even though the
comparison was not a validation of the recharge model, it did question the relia-
bility of simulations based solely on soil survey data or solely on measured data.
Nevertheless, actual data has the advantage that spatial correlations and cross cor-
relations can be examined that can introduce a measure of confidence into the
GIS-based predictions (Rogowski, 1993). The most significant studies to evalu-
ate the potential reliability of using GIS-based NPS pollutant models with non-
measured input data (i.e., input data estimated from pedo-transfer functions or
obtained directly from soil survey data) have come from uncertainty studies con-
ducted by Loague and colleagues (Loague et al., 1989; Loague & Green, 1990;
Loague et al., 1990; Loague, 1991; Loague, 1994). Loague and colleagues ulti-
mately showed that the “best use of the regional scale chemical leaching assess-
ments based upon modeling approaches as simple as index methods is for guid-
ing data collection strategies” (Loague, 1994).

The purpose for coupling a GIS to a solute transport model is to provide
decision makers with a tool for attaining sustainable agriculture. Economic con-
cerns are as crucial a component in sustainable agriculture as environmental
impact. To account for economic concerns, Opaluch and Segerson (1991) have
incorporated a microparameter distribution model for simulating economic
responses to alternative agricultural management policies into a GIS. This
enables the development of aggregate farm management policy while maintain-
ing a focus on the site-specific aspect of groundwater contamination. The physi-
cal characteristics affecting pollution potential were summarized by a single sta-
tistic, a DRASTIC score; however, the relationship between pollution and such
factors as soil characteristics and management practices could have been deter-
mined with a number of other models (e.g., LEACHM or others).
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OVERCOMING THE INHERENT LIMITATIONS OF COUPLING
GIS TO A DETERMINISTIC MODEL

The coupling of GIS to deterministic models for simulating NPS pollutants
- provides a means of storing, manipulating, and displaying complex data effi-
ciently and cost-effectively beyond any previous approach. When GIS is coupled
to a deterministic model, the mapping capabilities of GIS greatly enhance the
time for data preparation and presentation; however, these GIS-related features
do not enhance nor do they diminish the fundamental applicability of the model
(Grayson et al., 1993). GIS does not by itself solve many of the problems related
' to the modeling of NPS pollutants including the temporal and three-dimensional
 measurement or estimation of essential transport-related parameters and vari-
ables; the uncertainty of these parameter or variable measurements and subse-

. ~ quent error propagation; the limitation of the current knowledge regarding basic
~ transport processes and how to conceptually model them, most notably preferen-

' tial flow; and the spatial scale dependence of solute transport processes. Each of
these problems is related to the complex spatial heterogeneity of soil and each

o _imposes a limitation on the modeling of NPS pollutants with GIS. Nevertheless,

many uninformed users are so seduced by the ease of data manipulation and inter-
polation within the GIS that a notion is created that a GIS can be used to gener-

 ate information (Vanderbroucke & Orshoven, 1991).

There are fundamental problems in the application of deterministic models,
 particularly physically-based mechanistic models, for practical predictions of

_ NPS pollutants at various georeferenced scales. These problems result from lim-
~ itations in the mathematical representations of complex transport processes in a

heterogeneous media, the lack of cost-effective parameter measurement meth-

- ods_instrumentation that are capable of establishing effective parameters at both
~ local and field scales, and a recognition of the reliability of the simulated output.

Beven (1989a) concluded that the development and application of deterministic
hydrologic models must take account of the need for “. . . closer correspondence
in scale between model predictions and measurements; closer correspondence
between model equations and field processes; and the rigorous assessment of
uncertainty in model predictions.” Decisions regarding the appropriate level of

~ sophistication in the simulation model must consider the scale at which the model

is being applied and the nature of the available environmental data at that scale.
Quantitative comparisons between different types of models using standardized
data is an important component of model selection. Measurement and monitoring
methods need to be compatible with the spatial and temporal scales being mod-
eled.

Hillel (1986) noted that, “Modelers often develop a vested interest in the
success of their own creations and hence are in constant danger of losing their
objectivity, like the mythic King Pygmalion who fell in love with his own
- Galatea.” This is nowhere more apparent than in the application of highly sophis-
ticated, parameter-intensive, deterministic-numerical models to NPS pollutant
problems where minimal data is available. Part of the problem lies in the notion
that sophisticated numerical models are better because of their increased com-
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plexity. In fact, model sophistication, and the intensity and accuracy of spatial
data must be compatible with the intended application of the model that dictates
the scale and accuracy requirements (Grayson et al., 1993). As pointed out in
papers by Wagenet (1993), and Wagenet and Hutson (1995, 1996) concerning
scale and hierarchical theory, most leaching models have been developed at one
scale, but are applied at a different scale. Generally, models are up-scaled, i.e.,
developed at the laboratory column scale and applied at the pedon, field, farm,
catchment, or regional scales. Conceptually, up-scaling of leaching models is
allowed “as long as model assumptions are made to condense the lower scale
dynamics into appropriate formulations of models that apply to higher hierarchi-
cal levels” (Wagenet & Hutson, 1996).

The following pragmatic set of guidelines is suggested to maximize the
strengths and minimize the limitations of modeling NPS pollutants with deter-
ministic models coupled to a GIS. First, to minimize scaling problems the model
complexity and parametric data should be in agreement with the intended appli-
cation. Two basic steps can assist in establishing this agreement:

Step 1: Based upon the intended application determine the appropriate
scale (e.g., pedon, field, farm, catchment, regional, and global)
and the required accuracy of the simulated output.

Step 2: Select or design a model that is appropriate for the determined
scale so that all dominant transport processes are represented
while those processes that are no longer of significance within the
established spatial and temporal scales are ignored.

Second, to minimize the cost of expensive data collection perform a sensitivity
analysis to determine the most and least sensitive parameters or variables. The
most sensitive parameters or variables should be measured and the least sensitive
can be estimated. Third, perform an uncertainty analysis using Monte Carlo sim-
ulations or First Order Uncertainty Analysis to determine the reliability of the
simulated output. Maps of associated uncertainty will assist in avoiding the pit-
fall of false confidence created by the GIS visualizations. Finally, problems such
as inadequate representation of the transport processes and possible discrepancies
between measurement and model scale may mean that some calibration is
required. This should be regarded as a selective improvement process for initial
parameter estimates based upon discrepancies between observed and simulated
outputs. Great emphasis should be placed on physical reasoning to guide this
trial-and-error calibration. If calibration is necessary, then an estimation of uncer-
fainty can be made using Generalized Likelihood Uncertainty Estimation (see
Beven, 1989b; Binley & Beven, 1991).

CURRENT ADVANCES AND AREAS OF FUTURE STUDY

During the past half century the preponderance of solute transport models
for the vadose zone have not incorporated spatial processes, but rather have con-
sisted of one-dimensional, deterministic models. This situation can be traced to
three principal reasons: (i) the computational complexity of spatial processes, (ii)
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2 broad range of scaling problems, and (iii) the relative paucity of statistical the-
- gry and methods for dealing with spatial data. Though currently less formidable,
 these three barriers still linger; however, impending advances will significantly
" diminish or even eliminate their influence. Traditionally, simulations of data-par-
allel contingent processes, such as contaminant transport, have been performed
 on computers based on the sequential operation of the von Neumann architecture.
. The characteristic behavior of spatial simulation with its multiple contingently-
__ interacting scales and multiple temporally-nested processes will continue to pre-
_ sent a significant computational problem until the impending use of parallel
-'_"pr'ocessors attenuates imposed constraints. In addition, GIS has emerged as a
~ viable tool for dealing with spatially-related environmental problems. In fact, the
~ carrent trend in GIS software is for the user to be able to customize the GIS to fit
" the desired application. The recent introduction of GIS software such as
" ArcView! by ESRI' demonstrates the desire of commercial GIS software vendors
~ to provide the user with sufficient tools to develop their own application-orient-
_ ed GIS software within a desktop computer environment. The introduction of this
~type of software will undoubtedly hasten the future development of tightly-cou-
* pled, GIS-based models. Concomitantly, a sound theoretical approach for rescal-

. ing is essential for simulation models to effectively exploit the potentially data-

_ rich technologies of remote sensing and GIS. Currently, an active area of research
* concerns the scaling of data and processes to reflect varying degrees of spatial,
~ temporal, and functional resolution (Rosswall et al., 1988; King, 1991). Finally,
~ the development of statistical estimation and inference procedures dealing with
. spatial data has gained profound momentum (Ripley, 1988; Cressie, 1991; Jour-
~nel, 1996, this publication).
_ ' Three areas of intensified research are needed to enhance the capability of
~ modeling NPS pollutants in the vadose zone: (i) more cost-effective and efficient

~ methods and instruments for measuring transport parameter or variable data at an

increased resolution, (i) a knowledge of the uncertainties associated with the
 visualized results generated from transport models coupled to a GIS, and (iii) fur-
ther research into those mechanisms involved in solute transport in the vadose
zone that are not clearly understood (e.g., preferential flow).

Reliable and cost-effective approaches for measuring the spatial distribu-
tion of transport parameters and variables have not kept pace with developments
in solute transport modeling or GIS applications to NPS pollutants. The array of
instrumentation needed to measure all the parameters and variables in even the
simplest of transport models for the vadose zone is not available and in most
cases is not even on the drawing board. Because of this lag, the thirst for data
essential to model NPS pollutants has driven researchers to develop transfer func-
tions which utilize basic soil properties to derive sophisticated transport parame-
ters. This has resulted in a low level of success due to the extreme uncertainty
associated with the estimated transport data. The need for direct measures of
transport parameters and variables with remote instrumentation cannot be

1 Trade names and company names are included for the benefit of the reader and do not imply any
endorsement or preferential treatment of the product by the author or the USDA-ARS.
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stressed enough. The greatest progress needs to be made in the area of instru-
mentation.

Currently, GIS applications for the modeling of NPS pollutants have bur-
geoned to a point where generated maps of groundwater pollution vulnerability
and of solute accumulation in the vadose zone may be creating a false sense of
confidence in the information for nontechnical decision makers. The nontechni-
cal decision makers who rely upon the display maps of NPS pollution are visual-
ly seduced into accepting as absolute the boundary lines between innocuous and
toxic zones of contamination. This can lead to misguided decisions that may
unfairly discriminate against manufacturers of an acceptable product or practi-
tioners of an acceptable resource management strategy, while potentially over-
looking those products and individuals responsible for environmental degrada-
tion (Loague, 1994). As suggested by Loague (1994), associated maps of uncer-
tainties need to accompany pollution hazard assessment maps to reduce the risk
associated with decisions based upon models.

Even though the fate and movement of solutes in the vadose zone have
been intensively studied since the 1950s, there are still gaps in our understanding
of basic processes involved in solute transport within the vadose zone. In partic-
ular, the inability to model preferential flow poses a significant challenge to soil
physicists. It is well known that preferential flow can be responsible for the rapid
movement of usually small volumes of pollutants which are potentially high in
concentration. This can occur for both point or non-point sources. Preferential
flow can result in nearly a direct movement of the pollutant at its original con-
centration, though at a much reduced volume, from the soil surface to the ground-
water. It is this rapid movement of low volumes of a pollutant at high concentra-
tion that poses the greatest threat to groundwater systems.

SUMMARY

Because of the spatial heterogeneity of the earth’s surface and subsurface
soil, and the complexity of the processes involved in solute transport within the
vadose zone, a multidisciplinary approach is required to simulate the environ-
mental impacts of NPS pollutants upon soil and water resources from a local to a
global scale. The knowledge and information required to assess the impact of
NPS pollutants upon soil and water resources crosses several subdiscipline lines
including spatial statistics, remote sensing, GIS, hydrology, and soil science;
therefore, integrated methodologies are required.

The development of GIS-based deterministic models is a significant step in
the integrated environmental assessment of NPS pollutants; however, the prolif-
eration of GIS-based deterministic models for simulating NPS pollutants in sur-
face and subsurface soil and water systems is cause for both optimism and cau-
tion. Developing technologies, like GIS and remote sensing, are catalysts for
innovative approaches to heretofore unsolvable problems. If nothing else, new
technologies spawn innovation by inspiring unconventional applications of the
newly developed technology. GIS can serve as the catalyst to bring transport
modeling, data acquisition and spatial statistics into a self-contained package to
address NPS pollution problems. On a more pessimistic note, GIS can create the



