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ABSTRACT: Traditionally in the application of hydrologic/water
quality (H/WQ) models, rainfall is assumed to be spatially homoge-
neous and is considered not to contribute to output uncertainty. The
objective of this study was to assess the uncertainty induced in
model outputs solely due to rainfall spatial variability. The study
was conducted using the AGNPS model and the rainfall pattern
captured by a network of 17 rain gauges. For each rainfall event,
the model was run using the rainfall captured by each rain gauge,
one at a time, under the assumption of rainfall spatial homogeneity.
A large uncertainty in the modeled outputs resulted from the rain-
fall spatial variability. The uncertainty in the modeled outputs
exceeded the input rainfall uncertainty. Results of this study indi-
cate that spatial variability of rainfall should be captured and used
in H/WQ models in order to accurately assess the release and
transport of pollutants. A large uncertainty in the model outputs
can be expected if this rainfall property is not taken into account.
(KEY TERMS: agricultural hydrology; water quality; modeling;
output uncertainty; spatial variability; AGNPS.)

INTRODUCTION

Rainfall is a key input for all hydrologic/water
quality (H/WQ) models because it activates flow and
mass transport. Accurate input of rainfall in time and
space is crucial for modeling runoff and transport of
non-point source pollutants using H/WQ models. Even
though the importance of spatial variability of rainfall
in simulating runoff was recognized more than three
decades ago (Osborn and Reynolds, 1963; Osborn and
Keppel, 1966; Rodda, 1967; Dawdy and Bergman,
1969), the assumption of uniform rainfall is still
applied in modeling the hydrologic behavior of water-
sheds (Goodrich et al., 1995). Consequently, a single
rainfall depth either measured at one gauge location,

or averaged from a few gauges is input in the models.
Troutman (1983) suggested that, in rainfall-runoff
modeling, an input error is present when measure-
ment from only a small number of gauges are used
when a more extensive network might be necessary to
accurately describe rainfall pattern. Rudra et al.
(1993) noted that failure to consider the spatial vari-
ability of rainfall may lead to serious errors in pre-
dicted results.

A hydrologic model can be mathematically repre-
sented as

O=fLPt)+e (1)

where Q is an n x k matrix of hydrologic responses to
be modeled, f is a collection of functional relation-
ships, ] is an n x m matrix of inputs, P is a vector of p
parameters, t is time, ¢ is an n x k matrix of errors, n
is the number of data points, k is the number of
responses, and m is the number of inputs (Haan,
1989). Errors in modeling results obtained from Equa-
tion (1) can be classified into two groups (Troutman,
1983): (a) errors within the model structure with cor-
rect inputs and parameters, and (b) errors due to
erroneous inputs and/or parameters. This research
focuses on the input errors. The input of interest is
rainfall depth. The outputs considered are runoff vol-
ume, total sediment yield, sediment-attached N, and
sediment-attached P transport. A correct input means
that the true rainfall pattern is known at every point
within the watershed. A rainfall event observed by
only one gauge or a few gauges gives an input error
when a dense network of rain gauges are needed to
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give an adequate representation of rainfall over the
watershed (Troutman, 1983).

With increasing environmental problems, the objec-
tives are also changing from mainly quantitative to
qualitative aspects. Hence, the requirements and pur-
poses of runoff calculations and the necessary rainfall
input are also changing (Berndtsson and Niem-
czynowicz, 1988). In H/WQ modeling, we are not sole-
ly interested in the peak flow and runoff volume. In
order to increase the prediction accuracy of models, it
becomes very important that the spatial variability of
rainfall and its effect on runoff as well as water quali-
ty parameters are studied.

The overall objective of this research was to study
the uncertainty induced in H/WQ model outputs sole-
ly due to spatial variability of rainfall. This will help
isolate this source of model output uncertainty from
other sources.

Most of the studies conducted to examine the effect
of spatial variability of rainfall on H/WQ processes
have focused primarily on runoff volume, time to peak
runoff, and peak runoff rate predictions (e.g., Dawdy
and Bergman, 1969; Wilson et al., 1979; Seliga et al,,
1992; Corradini and Singh, 1985; Obled et al.,, 1994;
Troutman, 1983; Hamlin, 1983; Faures et al.,, 1995;
Shah et al., 1996). Information on the effect of rainfall
spatial variability on transport of sediment and nutri-
ents is limited. Young et al. (1992) reported a first
approximation of the deviations of runoff volume and
sediment load caused by varying the spatial distribu-
tion of rainfall input to the AGricultural Non-Point
Source (AGNPS) pollution model. They found that in
one case total N loss was four times more and the
total P loss and sediment yield were five times
greater than the estimates obtained from an average
uniform rainfall. This study was limited by the fact
that the authors had captured spatial rainfall vari-
ability using a synthetic storm. Hamlin (1983) men-
tioned that the synthetic storm may not model the
patterns and amount of real rainfall adequately. In a
similar study, Luzio and Lenzi (1995) applied the
AGNPS model to a watershed in Northern Italy.
Rainfall erosion index and sediment yield were
increased by more than 20 percent and total N and
total P loads were increased by more than 17 percent,
when a spatially variable rainfall was used.

Another important issue in the study of rainfall
spatial variability is the size of watershed under con-
sideration. Even though the importance of spatial
rainfall pattern on runoff generation has been report-
ed at various spatial scales ranging from less than a
hectare to tens of square kilometers for urban and
rural watersheds (Dawdy and Bergman, 1969; Jacobi
and Dawdy, 1973; Osborn et al., 1979; Beven and
Hornberger, 1982; Troutman, 1983; Berndtsson and
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Niemczynowicz, 1988; Michaud and Sorooshian, 1992;
Faures et al., 1995; Goodrich et al., 1995), information
about the effect of rainfall spatial variability on pre-
dicted runoff and water quality is limited for relative-
ly larger watersheds. A limited number of gauges
were used to capture rainfall spatial variability in
these studies. Since rainfall spatial variability can be
expected to increase with an increase in the water-
shed size, the results reported in the literature may
not be applied to larger watersheds where a large
number of gauges may be available to measure rain-
fall patterns. This study attempts to quantify the
uncertainty in the predicted water quantity and qual-
ity due to rainfall spatial variability when applied to
a relatively larger watershed (159 km2) with a dense
network of rain gauges (17).

METHODS
Site Description

This study was conducted on Little Washita basin
having a total area of 610 km2. This basin is located
in Southwest Oklahoma and is a tributary to the
Washita River (Figure 1). The watershed has a typical
continental climate, characterized as moist subhumid
with average annual precipitation of 750 mm. The
Natural Resources Conservation Service (NRCS) has
extensively surveyed the soils in the watershed and
have classified 64 different soil series. Within the soil
series, 162 different soil phases have been mapped to
reflect differences in the characteristics that affect
land uses. Land cover is primarily rangeland, winter
wheat, woodland and summer crops each accounting
for 63, 20, 12, and 4 percent of the area, respectively.
Impervious areas and water bodies each, comprise
less than one percent of the total area. A detailed
description of the soils, topography, geology, and cli-
mate of the watershed can be found in ARS (1991).
The U.S. Department of Agriculture, Agricultural
Research Services (USDA-ARS) operates a network of
48 recording rain gauges, known as Micronet. A sub-
watershed, known as Cement watershed, was delin-
eated from the Little Washita basin and was used in
this study. A network of 17 Micronet rain gauges
located within and around the Cement watershed was
used to capture the rainfall. The location of the
Cement watershed and the Micronet Stations used
are shown in Figure 1. The total area of the Cement
watershed is 159 km2,
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Figure 1. Location of Little Washita Basin, Cement Watershed
and the Macronet Stations Used in this Study.

Model Description

The AGNPS model was used to assess the effect. of
spatial variability of rainfall on model outputs. The
model simulates surface runoff, sediment and nutri-
ent transport from a single rainfall event. Basic model
components include hydrology, erosion, and sediment
and chemical transport. The nutrients considered are
nitrogen (N) and phosphorus (P). In addition, trans-
port of chemical oxygen demand (COD) and pesticides
are also considered. Pollutant transport is subdivided
into soluble pollutants and sediment-attached pollu-
tants. Point sources of water, sediment, nutrients,
and COD from animal feedlots and springs also are
considered. The model can generate water quality
characteristics at intermediate points throughout the
watershed network.

The model operates on a geographic cell basis that
is used to represent upland and channel conditions.
The entire watershed of interest is divided into
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square cells having homogeneous soil and land use
conditions. All watershed characteristics and inputs
are specified at the cell level. Surface runoff and
potential pollutants are routed through cells from
watershed divide to the outlet in a stepwise manner
and model output at any point between cells can be
examined. Generally, the model requires 20 different
input informations for each cell. Qutput includes
watershed area and cell size, storm precipitation and
erosivity, runoff volume and peak flow rate at the
watershed outlet, and area-weighted erosion, both
upland and channel. The model also estimates sedi-
ment delivery ratio, mean sediment concentration,
and total sediment yield for each of five sediment par-
ticle size classes. More details about the model can be
found in Young et al. (1987, 1989).

One of the limitations of the AGNPS model, like
most H/WQ models, is that it does not allow the input
of spatially variable rainfall depths. The model was
modified to input rainfall and energy intensity at the
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cell level. The modifications were based on the work
done by Grunwald and Frede (1997) at the USDA-
ARS National Soil Erosion Research Laboratory, West
Lafayette, Indiana. The input files for AGNPS were
prepared using a GIS-based WATERSHEDSS, a
GRASS-AGNPS modeling tool developed by Osmond
et al. (1997). Input GIS layers required by the model-
ing tool were prepared in a raster format using a 30m
cell resolution. The cell size used in AGNPS modeling
was 200 m,

Description of the Rainfall Events and Data Set

Rainfall data for the Micronet stations at five
minute intervals were obtained from USDA- ARS.
Daily stream flow data, in cubic feet per second, were
obtained from US Geological Survey. A total of nine
rainfall dates (March 27, 1996; March 28, 1996; April
21, 1996, April 23, 1996; May 31, 1996; June 1, 1996;
July 9, 1996; July 10, 1996; and October 27, 1996)
were selected for the study. The criteria used in
selecting rainfall dates was the magnitude of the rain-
fall. Only relatively larger rainfall events were select-
ed because of their importance in erosion and
transport of sediment and nutrients from agricultural
watersheds. The surface runoff volume for each rain-
fall event was obtained by separating base flow from
total flow using the method outlined by Kim and
Hawkins (1993). It was not possible to separate the
base flow from total flow for the following rainfall on
each day because several days elapsed as the runoff
volume was occurring: March 27 and 28, 1996; April
21 and 23, 1996; May 31, 1996, and June 1, 1996; and
July 9 and 10, 1996. The total rainfall for the two
days was considered as one rainfall event and was
used in the analysis. Thus, the total number of rain-
fall events considered was five. The events are indi-
cated by the first day of the event. Antecedent
moisture conditions used in CN calculations were

characterized by considering rainfall preceding five
days to each event and the method described by Haan
et al. (1993).

The outputs considered were runoff volume, total
sediment, sediment-attached N and sediment-
attached P transport at the watershed outlet. The
model parameters were calibrated before the model
was run to assess output uncertainty due to the spa-
tial variability of rainfall. Grid-based rainfall depths
were captured using 17 Micronet rain gauges and the
Thiessen polygon method. This spatially variable
rainfall, for each event, was considered as the ‘true’
rainfall pattern. AGNPS was calibrated for CN using
the observed ‘true’ rainfall and runoff volume by
adjusting the individual cell curve numbers either
all upward or downward by a constant percentage
until predicted runoff volume equaled observed runoff
volume. All other parameters were calibrated based
on the observed watershed characteristics.

The only observed data were the rainfall and runoff
volume. No measured water quality or sediment data
were available for this watershed. Total sediment,
sediment-attached N, and sediment-attached P were
obtained by running the model using calibrated
parameters and the ‘true’ rainfall pattern for each
event. These outputs were considered as the
‘observed’ values for further analysis. Characteristics
of the rainfall, runoff, sediment, and nutrient data for
all events are shown in Table 1.

AGNPS was run using the rainfall measured at
each gauge location, one at a time, assuming that the
rainfall depth was uniform across the watershed. The
calibrated parameters were fixed for each event. This
gave 17 sets of output for each rainfall event. The
variability in the model outputs induced by the spa-
tial variability of rainfall, for each event, was termed
the output uncertainty. It was quantitatively
described using Average Error (AE), Relative Error
(RE), Standard Error (SE), and Coefficient of Varia-
tion (CV). These error statistics can be defined as

TABLE 1. Observed Rainfall, Runoff and Simulated Sediment, and Nutrient Values.

Total
Rainfall Rainfall Runoff Sediment® Sediment-N* Sediment-P*
Date (mm) (mm) Mpg) (kg/ha) (kg/ha)
March 27, 1996 33 0.5 242 0.07 0.03
April 21, 1996 25 0.8 443 0.10 0.06
May 31, 1996 83 3.0 3395 0.53 0.27
July 9, 1996 64 15 2367 0.39 0.20
October 27, 1996 23 0.3 68 0.02 0.01

*Simulated using spatially variable true’ rainfall pattern and calibrated parameters.
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where P; is the predicted value, O is an observed
parameter value, O is the mean of the observed data,
andn (i = 1,23, .. .,n)is the number of data pairs. In
this case, since the observed value of parameter is
fixed for each event, O is equal to O. The average
error quantifies parameter variability in the units of
O and P (e.g., kg, m/m, mg/L). In order to compare the
parameters having different units, RE was used. The
standard error, SE, and the coefficient of variation,
CV, are numerical indicators of the variability in pre-
dicted data.

The variability in the rainfall amounts observed by
17 rain gauges for each event was quantified using
Equations (2) through (5). Here P, is the rainfall
observed at the gauge i, O is the average rainfall for
the area, and n is the number of gauges used to cap-
ture the rainfall spatial variability.

RESULTS AND DISCUSSION
Rainfall Spatial Variability

The characteristics of the rainfall observed by
17 Micronet rain gauges are shown in Table 2. The
average rainfall ranged from 19 to 78 mm for the five
events. The CV ranged from 0.11 to 0.64. The smallest
and largest CV and RE were observed for the rainfall
on May 31, 1996, and October 27, 1996, respectively.
The SE was smallest for the rainfall on March 27,
1996. For the watershed, 13 rain gauges were used in
the Thiessen polygon method to capture the ‘true’
rainfall pattern. The area-weighted rainfall in Table 2
is based on the Thiessen polygon method. The aver-
age rainfall was obtained from all of the 17 gauges.
The average rainfall and the area-weighted rainfall
were different for all events. Inclusion of additional
gauges that were in the vicinity of the watershed but
not a part of the Thiessen polygon network introduced
a bias in the average rainfall estimates. In actual con-
ditions, it is not uncommon to have a rain gauge
located outside the watershed of interest. As the num-
ber of rain gauges available to estimate the area-
weighted rainfall increases, this bias can be expected
to decrease,

The isohyetal map of map of rainfall depth for the
storm on October 27, 1996, over the Little Washita
basin as recorded at 42 Micronet stations is presented
in Figure 2. The rainfall depth varied from zero to 45
mm. The rainfall pattern observed over Cement
watershed for the events on May 31, 1996, and Octo-
ber 27, 1996, are shown in Figure 3. Note that the
rainfall, when measured as CV and RE was least and
most heterogeneous in nature on these two dates,

TABLE 2. Spatial Variability of Rainfall.

Rainfall Date
Statistic March 27, 1996 April 21, 1996 May 31, 1996 July 9,1996  October 27, 1996
Average (mm) 32 26 78 69 19
AW. Avg.2 (mm) 33 25 83 64 23
Range (mm) 1841 17-50 57-95 31-137 0-45
Avg. Error® (mm) 6.35 7.15 6.47 27 9.34
Rel. Errorc 0.2 0.27 0.08 0.39 0.51
Std. Errord (mm) 7.95 9.08 8.87 31.6 1.7
CV 0.25 0.35 0.11 0.46 0.64
Number of Gauges 13 16 17 17 17
8Area weighted average.

bAverage error.
cRelative error.
dStandard error.
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Watershed boundary

Rainfall depth, mm

Figure 2. Ischyetal Map of Rainfall Depth that Occurred on October 27, 1996, Over Little Washita Basin.

respectively (Table 2). A large variation in the cumu-
lative rainfall depth over the area is evident for the
two watersheds on both dates. For the Cement water-
shed, the rainfall spatial variability, and the direction
of the rainfall depth gradient is different for the two
events. Traditionally, rainfall is measured at a few
gauges (possibly only one). Often, these gauges are
not located within the basin of interest. In an ideal
condition, where the density and distribution of
gauges are adequate, rainfall depth can be estimated
with sufficient accuracy at any point in the basin by
using a spatial interpolation technique. Unfortunate-
ly, this ideal condition rarely exists. Depending upon
the location of the gauge within the watershed, a
large variability in the observed rainfall depth can be
expected (Figures 2 and 3). This will result in a large
output variability.

JAWRA

Model Output Uncertainty

The effect of rainfall spatial variability on model
outputs is shown in Table 3. For all rainfall events,
variability in the measured rainfall resulted in vari-
ability in the model outputs based on a fixed set of
parameters. Four of the five events analyzed had
rainfall at some of the gauge locations too small to
predict any significant runoff, sediment, and nutrient
transport at the watershed outlet (Table 3). The range
in CV in estimated runoff volume, total sediment, sed-
iment-attached N, and sediment-attached P was 0.5-
2.29, 0.43-2.4, 0.36-2.15, and 0.37-2.17, respectively.
The smallest CV in the modeled outputs was obtained
for rainfall on May 31, 1996 (Table 3), which was most
uniform in nature. The largest CV in output resulted
on October 27, 1996 (Table 3), from the most heteroge-
neous rainfall. The range of SE for runoff volume,
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(A) Event 5/31/96

Watershed boundary

Rainfall depth, mm

6 0 6 km
P —

(B) Event 10/27/96

Watershed boundary

Rainfall depth, mm

Figure 3. Isohyetal Map of Rainfall Depth that Occurred on May 31, 1996, and October 27, 1996, Over Cement Watershed.
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TABLE 3. Output Uncertainty Induced by the Spatial Variability of Rainfall.

Output Values for Rainfall Dates

Output Statistic March 27, 1996 April 21,1996 May 31, 1996 July 9,1996  October 27, 1996
Runoff Volume (mm) Observed 0.51 0.76 3.05 1.52 0.25
Average 0.51 1.02 2.03 1.52 0.25
Range 0-1.27 0-6.1 0.25-4.32 0-9.14 0-1.52
cv 0.75 1.56 0.5 1.84 2.29
SE 0.51 1.52 1.52 2.54 0.51
RE 0.67 1.15 0.41 1.27 1.09
Total Sediment (Mg) Simulated* 242 443 3390 2370 68
Average 282 267 2760 2450 93.4
Range 0-621 9-1610 398-5420 0-13580 0-802
Ccv 0.76 1.54 0.43 1.65 2.4
SE 211 436 1320 3930 219
RE 0.75 0.82 0.3 1.23 1.82
Sediment-N (kg/ha) Simulated* 0.07 0.1 0.53 0.39 0.02
Average 0.07 0.067 0.44 0.34 0.02
Range 0-0.13 0-0.29 0.1-0.75 0-1.60 0-0.17
Ccv 0.71 1.29 0.36 1.47 2.15
SE 0.04 0.09 0.18 0.48 0.04
RE 0.59 0.73 0.25 1.01 14
Sediment-P (kg/ha) Simulated* 0.03 0.06 0.27 0.2 0.01
Average 0.03 0.03 0.22 0.17 0.01
Range 0-0.07 0-0.15 0.04-0.37 0-0.81 0-0.08
Ccv 0.7 1.24 0.37 1.47 2.17
SE 0.02 0.04 0.09 0.25 0.02
RE 061 0.72 0.26 1 1.36

*Simulated using spatially variable ‘true’ rainfall pattern and calibrated parameters.

total sediment, sediment-attached N, and sediment-
attached P was 0.51-2.54 mm, 211-3930 Mg, 0.04-0.48
kg/ha, and 0.02-0.25 kg/ha, respectively. For all out-
puts the smallest SE in rainfall resulted in the small-
est SE in outputs. The SE in estimated output
increased with an increase in rainfall SE. The same
result is evident with RE. The smallest RE in output
occurred on May 31, 1996, and was associated with
the rainfall having the smallest RE.

Coefficient of variation and RE in estimated out-
puts were larger than the corresponding CV and RE
in rainfall for all events. This shows that the uncer-
tainty in estimated runoff, total sediment, sediment-
attached N, and sediment-attached P using a single
rainfall depth, as measured by CV and RE, can be
expected to exceed the input rainfall uncertainty. A
similar result was reported by Faures et al. (1995) on
a small watershed (< 5 ha). This has an important
implication for parameter estimation during model
calibration if a single rain gauge is used to measure
input rainfall. If the spatial homogeneity of rainfall is
assumed during the parameter estimation process,
the variation in the modeled outputs could be
mistakenly attributed to the model shortcomings. The
results of this study show that even for physically-
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based distributed parameter models, an output uncer-
tainty will result if the spatial variability of rainfall is
not taken into account.

In general, a larger range in input rainfall values
in a single event resulted in a larger range in modeled
runoff volume, total sediment, sediment-attached N,
and sediment-attached P transport. When compared
with the observed output values, a large variability in
the estimated output is evident for all events for both
watersheds. All of the events, except on May 31, 1996,
had rainfall measured by at least one gauge which
was too small to produce any significant output. Rain-
fall input error, measured as CV and RE resulted in
magnified output errors with a fixed set of parame-
ters. Estimated output varied from few folds to sever-
al orders of magnitude when compared with the
observed outputs.

Bias in Modeled Output due to Rainfall Spatial
Variability

Biases in the modeled runoff volume, total sedi-
ment, sediment-attached N, and sediment- attached P
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are shown in Table 4. The bias is represented as a
percent deviation of average output from the observed
output. The modeled average outputs are the average
of 17 outputs, each corresponding to one rainfall at a
time. The positive values of the bias represent the
underestimation and negative values represent over-
estimation of the modeled output compared to the
observed outputs.

TABLE 4. Bias in Modeled Outputs Due to
Rainfall Spatial Variability.

Rainfall Total
Date Runoff Sediment Sediment-N Sediment-P
Mar. 27, 1996 0 -16 0 0
Apr. 21, 1996 -31 40 40 33
May 31, 1996 4 19 17 15
July 9, 1996 0 -4 15 15
Oct. 27, 1996 0 -37 0 0

In general, a bias in input rainfall resulted in a
bias in modeled outputs. The biases in modeled runoff
volume, sediment-attached N, and sediment-attached
P were significant for all outputs for at least one
event and ranged from 0 to 40 percent. The bias in
the predicted results can be expected to decrease with
an increase in the number of rain gauges to capture
the rainfall pattern.

Relative Errors in Modeled Outputs due to Rainfall
Spatial Variability

Relative errors in modeled outputs are shown in
Table 5. For each event, the maximum and minimum
relative errors represent a set of 17 outputs, each cor-
responding to the rainfall observed at one of the
Micronet stations. The maximum relative errors in
predicted runoff volume, total sediment, sediment-
attached N, and sediment-attached P were 6.74,
10.74, 6.5, and 6.2, respectively, for all events ana-
lyzed. The maximum relative error in runoff volume
occurred at gauge location 163 on April 21, 1996. The
rainfall relative error was maximum at this site for
all events analyzed. The maximum relative error in
total sediment, sediment-attached N, and sediment-
attached P occurred at the gauge 133 on October 27,
1996. This gauge also observed the maximum rainfall
relative error and the maximum rainfall depth for
this event,
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TABLE 6. Relative Errors in Modeled Outputs
Due to Spatial Variability of Rainfall.

Relative Error
Rainfall Date Output Maximum Minimum
March 27, 1996 Runoff Volume 1.42 0.16
Total Sediment 1.57 0.15
Sediment-N 1 0.17
Sediment-P 1.13 0.12
April 21, 1996 Runoff Volume 6.74 0.04
Total Sediment 2.64 0.07
Sediment-N 1.89 0
Sediment-P 1.81 0.06
May 31, 1996 Runoff Volume 0.91 0.03
Total Sediment 0.88 0.07
Sediment-N 0.81 0.04
Sediment-P 0.82 0.05
July 9, 1996 Runoff Volume 5.39 0.16
Total Sediment 4.73 0.17
Sediment-N 3.09 0.14
Sediment-P 3.05 0.13
October 27, 1996 Runoff Volume 3.47 0.38
' Total Sediment 10.74 0.29
Sediment-N 6.5 0
Sediment-P 6.2 0.24

The smallest relative errors in runoff volume, total
sediment, sediment-attached N, and sediment-
attached P were 0.03, 0.07, 0, and 0.05, respectively.
The corresponding rainfall relative errors were 0.03,
0.29, 0.29, and 0.29, respectively. The minimum rela-
tive error in runoff volume occurred on May 31, 1996,
at gauge 153. The rainfall relative error at this gauge
location was not minimum for the event. The smallest
relative error in total sediment, sediment-attached N,
and sediment-attached P occurred at gauge 155 on
April 21, 1996. Here again the rainfall relative error
at this gauge location was not minimum. For this
watershed, the minimum rainfall relative error did
not result in the minimum output relative error. For
example, a rainfall relative error very close to zero
was observed at gauge 154 on April 21, 1996. Howev-
er, this rainfall did not produce the minimum output
relative error. A gauge-observed rainfall greater than
the area-weighted rainfall was needed to get the mini-
mum output relative error. This may have been due to
the non- linearity of the model under consideration.
Assuming that the output modeled by Equation (1) is
non-linear in terms of input I, and parameters P, the
average response of the non linear systems will not be
equal to the average of the responses evaluated at
average input and parameter values. Mathematically
it can be represented as
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O*#f(I*, P 1) (6)

where O* is the modeled average output, I* is the
average input values, and P* is the average parame-
ter values. In other words, the expected value of the
output is not equal to the functional relationship of
the expected values of the input variables.

Similar relative errors in the model outputs are
reported in a limited number of studies conducted
using spatially variable rainfall inputs. Faures et al.
(1995) reported that even for a very small watershed
(< 5 ha), spatial variability in input rainfall could
translate into a large variation in the modeled runoff.
The CV in runoff rate was found to range from 0.02 to
0.65 when five model outputs were obtained using
input from one of the five recording gauges, one at a
time. Goodrich et al. (1995) reported a relative varia-
tion in modeled runoff volume up to 0.43 when two
gauges were used independently as input for a runoff
model in three small catchments 0.4 to 4.4 ha in size.
Shah et al. (1996) found the relative errors in runoff
volume to range from 0.01 to 0.16 for a 10.6 km?2
catchment in the United Kingdom. The errors were
observed to increase with an increase in the rainfall
spatial variability.

Young et al. (1992) applied a spatially variable
modeled storm on a 6500 ha watershed. The maxi-
mum relative errors in runoff volume, sediment yield,
total N, and total P transport predicted by AGNPS
were found to be 0.85, 3.26, 3.29, and 5.15, respective-
ly. Luzio and Lenzi (1995) applied grid-based rainfall
values on a 77 km?2 watershed in Italy. The true rain-
fall pattern was captured using five rain gauges and a
spline method of interpolation. The authors reported
maximum relative errors in predicted runoff volume,
total sediment, total N, and total P as 0.08, 0.17, 0.21,
and 0.19, respectively, using the AGNPS model. The
main difference between our study and the research
reported by Young et al. (1992) and Luzio and Lenzi
(1995) is the size of the watershed and number of
gauges available to capture the rainfall spatial vari-
ability. The results reported by Young et al. (1992)
were based on modeled rainfall data. A modeled rain-
fall may not describe the patterns and amounts of
real rainfall adequately. The study of Luzio and Lenzi
was based on a small watershed with a small number
of gauges available to measure the true rainfall pat-
tern. In our study a larger number of rain gauges
were available to measure the true rainfall pattern.

The variability in the modeled runoff volume, total
sediment, sediment-attached N, and sediment-
attached P obtained in this study was significantly
larger than the variability reported by Faures et al.
(1995), Luzio and Lenzi (1995), and Shah et al. (1996).
This could have come from the larger size of the
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watershed studied in this research. This variability
can be expected to increase with an increase in the
watershed size because the rainfall variability
increases with watershed size and the rainfall input
error is magnified in the modeled outputs.

CONCLUSIONS

The variability induced in H/WQ model outputs
solely due to spatial variability of rainfall was
assessed using the AGNPS model and rainfall data
measured by 17 rain gauges in a rural watershed in
Oklahoma. The following conclusions were drawn
from the study:

1. In the application of H/WQ models, the assump-
tion of the spatial homogeneity of the rainfall may not
be valid.

2. Spatial variability of rainfall introduces uncer-
tainty into model outputs when uniformity of rainfall
is assumed.

3 Spatial variability of rainfall should be captured
and used in H/WQ models in order to accurately
assess the release and transport of pollutants. Since
rainfall is a driving force behind many kind of pollu-
tant release and subsequent transport mechanisms,
ignoring this property of rainfall in the application of
H/WQ models will put a limit on the accuracy of the
model results.

ACKNOWLEDGMENTS

This research was supported by the Oklahoma Agricultural
Experiment Station as a contribution to the Southern Regional
Research Project S-273. Appreciation is expressed to Dr. J. D. Gar-
brecht and Dr. P. J. Starks of the USDA-ARS at E! Reno, Okla-
homa, for giving permission to use data from the Little Washita
basin and the Micronet. Sincere thanks are extended to Mark Mor-
rissey and Mark Safer of the National Severe Storms Laboratory
for compiling the Micronet Rainfall data.

LITERATURE CITED

Agricultural Research Service (ARS), 1991. Hydrology of the Little
Washita River Watershed, Oklahoma. USDA Agricultural
Research Service Press.

Berndtsson, R. and J. Niemczynowicz, 1988. Spatial and Temporal
Scales in Rainfall Analysis - Some Aspects and Future Perspec-
tives. J. Hydrology 100:293-313.

Beven, K. J. and G. M. Hornberger, 1982. Assessing the Effect of
Spatial Pattern of Precipitation in Modeling Streamflow Hydro-
graphs. Water Resources Bulletin 18:823-829.

Corradini, C. and V. P. Singh, 1985. Effect of Spatial Variability of
Effective Rainfall on Direct Runoff by Geomorphologic
Approach. J. Hydrol. 81:27-43.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION



Quantifying Model Output Uncertainty Due to Spatial Variability of Rainfall

Dawdy, D. R. and J. M. Bergman, 1969. Effect of Rainfall Variabili-
ty on Streamflow Simulation. Water Resources Research 5:958-
966.

Faures, J., D. C. Goodrich, D. A. Woolhiser, and S. Sorooshian,
1995. Impact of Small-Scale Spatial Variability on Runoff Mod-
eling. J. Hydrology 173:309-326.

Goodrich, D. C., J Faures, D. A. Woolhiser, L. J. Lane, and
S. Sorooshian, 1995. Measurement and Analysis of Small-Scale
Convective Storm Rainfall Variability. J. Hydrology 173:283-
308.

Grunwald S. and H.-G. Frede, 1997. Using AGNPSm in German
Watersheds. GCTE-Conference (Global Change and Terrestrial
Ecosystems). Utrecht, April 14-17, 1997, Catena.

Haan, C. T., 1989. Parametric Uncertainty in Hydrologic Modeling.
Trans. ASAE 32(1):137-146.

Haan, C. T., B. J. Barfield, and J. C. Hayes, 1993. Design Hydrolo-
gy and Sedimentology for Small Catchments. Academic Press,
Inc., San Diego, California.

Hamlin M. J., 1983. The Significance of Rainfall in the Study of
Hydrological Processes at Basin Scale. J. Hydrology 65:73-94.
Jacobi, S. and D. R. Dawdy, 1973. The Relation of Rainfall Network
Density to Accuracy of Runoff Prediction in a Mountainous
Basin. World Meteorological Organization Publ. No. 326, Vol. 1.

WMO, Geneva, pp 214-218.

Kim, K. and R. H. Hawkins, 1993. Classification of Environmental
Hydrologic Behaviors in the Northeastern United States. Water
Resources Bulletin 29:449-459.

Luzio, M. D. and M. A. Lenzi, 1995. The Importance of Proper Rain-
fall Inputs for the Applicability of the AGNPS Model Integrated
with Geographic Information System at Watershed Scale. Pro-
ceedings of the International Symposium on Water Quality Mod-
eling, Orlando, Florida.

Michaud, J. and S. Sorooshian, 1992 Rainfall-Runoff Modeling of
Flash Floods in Semi-Arid Watersheds. Technical Rep. HWR 92-
030, Department of Hydrology and Water Resources, University
of Arizona, Tucson, Arizona.

Obled, C., J. Wending, and K. Beven, 1994. The Sensitivity of
Hydrological Models to Spatial Rainfall Patterns: An Evaluation
Using Observed Data. J. Hydrol. 159:305-333.

Osborn, H. B. and R. V. Keppel, 1966. Dense Rain Gauge Network
as a Supplement to Regional Networks in Semiarid Regions. In:
Symp. on Design of Hydrologic Networks, Quebec, Canada.
IASH Publication No. 68, University of Gent, Gentbrugge, pp.
675-687.

Osborn, H. B., K. G. Renard, and J. R. Simanton, 1979. Dense Net-
work to Measure Convective Rainfall in the Southwestern Unit-
ed States. Water Resources Research 15(6):1701-1711.

Osborn, H. B. and W. N. Reynolds, 1963. Convective Storm Pat-
terns in the Southwestern United States. Bull IASH 8(3):81-83.

Osmond, D. L., R. W. Gannon, J. A. Gale, D. E. Line, C. B. Knott,
K. A. Phillips, M. H. Turner, M. A. Foster, D. E. Lehning, S. W.
Coffey, and J. Spooner, 1997. WATERSHEDSS: A Decision Sup-
port System for Watershed-Scale Nonpoint Source Water Quali-
ty Problems. J. American Water Resource Association 33(2):
327-341.

Rodda, J. C., 1967. The Systematic Errors in Rainfall Measure-
ment. J. Inst. Water Eng., London, 21:173-177.

Rudra, R. P, W. T. Dickinson, and E. L. Von Euw, 1993. The Impor-
tance of Precise Rainfall Inputs in Nonpoint Source Pollution
Modeling. Transactions of ASAE 36(2): 445-450.

Seliga, T. A., G. Aron, K. Aydin, and E. White, 1992. Storm Runoff
Simulation Using Radar Rainfall Rates and a Unit Hydrograph
Model (SYN-HYD) Applied to GREVE Watershed. In: Am.
Meteor. Soc., 25th Int. Conf. on Radar Hydrology, pp. 587-590.

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION

Shah, 8. M. S, P. E. O’Connell, and J. R. M. Hosking, 1996. Model-
ing the Effects of Spatial Variability in Rainfall on Catchment
Response. 1. Formulation and Calibration of a Stochastic Rain-
fall Field Model. J. Hydrology 175:67-88.

Troutman, B. M., 1983. Runoff Prediction Errors and Bias in
Parameter Estimation Induced by Spatial Variability of Precipi-
tation. Water Resources Research 19(3):791-810.

Wilson, C. B, J. B. Valdes, and I. Rodriguez-Iturbe, 1979. On the
Influence of the Spatial Distribution of Rainfall on Storm
Runoff. Water Resources Research 15(2):321-328.

Young, R. A, R. S. Allesi, and S. E. Needham, 1992. Application of
a Distributed Parameter Model for Watershed Assessment. In:
Managing Water Resources During Global Change. American
Water Resources Association, pp. 107-115.

Young, R. A, C. A. Onstad, D. D. Bosch, and W. P. Anderson, 1989.
AGNPS: A Nonpoint-Source Pollution Model for Evaluating
Agricultural Watersheds. J. of Soil and Water Conser.
44(2):168-173.

Young, R. A, C. A. Onstad, D. D. Bosch, and W. P. Anderson, 1987.
AGNPS, Agricultural Non-Point-Source Pollution Model: A
Watershed Analysis Tool. U.S. Department of Agriculture, Con-
servation Research Report 35, 80 pp.

JAWRA



