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When rainfall spatially varies, complete rainfall data for each region with different
rainfall characteristics are very important. Numerous interpolation methods have
been developed for estimating unknown spatial characteristics. However, no inter-
polation method is suitable for all circumstances. In this study, several methods,
including the arithmetic average method, the Thiessen Polygons method, the tra-
ditional inverse distance method, and the modified inverse distance method, were
used to interpolate precipitation. The modified inverse distance method considers
not only horizontal distances but also differences between the elevations of the re-
gion with no rainfall records and of its surrounding rainfall stations. The results
show that when the spatial variation of rainfall is strong, choosing a suitable inter-
polation method is very important. If the rainfall is uniform, the precipitation esti-
mated using any interpolation method would be quite close to the actual precipita-
tion. When rainfall is heavy in locations with high elevation, the rainfall changes with
the elevation. In this situation, the modified inverse distance method is much more
effective than any other method discussed herein for estimating the rainfall input
for WinVAST to estimate runoff and non–point source pollution (NPSP). When the
spatial variation of rainfall is random, regardless of the interpolation method used
to yield rainfall input, the estimation errors of runoff and NPSP are large. More-
over, the relationship between the relative error of the predicted runoff and pre-
dicted pollutant loading of SS is high. However, the pollutant concentration is af-
fected by both runoff and pollutant export, so the relationship between the relative
error of the predicted runoff and the predicted pollutant concentration of SS may be
unstable.

Key Words: Non-point source pollution (NPSP); Precipitation interpolation; Runoff;
Watershed management; WinVAST.
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1964 Chang, Lo, and Yu

INTRODUCTION

The sustainable use of water resources and watershed management are signifi-
cant issues that have been discussed in many works. Some hydrology and water
quality models have been developed to predict how much rainfall is transferred
to water resources. The input parameters and data required for such models
usually exhibit spatial variation even in a small watershed. The accuracy of
the input data for the models can seriously influence the modeling results.
Therefore, the absence of spatial varying information is a large obstacle to
the development of models. In particular, an incomplete understanding of the
spatial variation of rainfall can result in much uncertainty in the calculations
of runoff and water quality,[1] even though small-scale spatial variations of
rainfall can cause large variation of the simulated runoff.[2] The uncertainty in
modeling associated with the use of the rainfall records obtained using only one
gauge may be serious and cannot be ignored.[3] Accordingly, some model frame-
works, through the design of sub-basin divisions or grid inputs, allow users to
input information separately for each partition to represent the spatial varia-
tion in a watershed. However, gauging stations, incorporating rainfall gauges
and flow gauges, for example, cannot be established all over a watershed, so
limited monitored data must be used to interpolate unknown information to
describe the actual condition in a watershed.

Numerous interpolation methods for estimating rainfall are available, but
no method is suitable for every circumstance.[4] Rainfall characteristics and
watershed conditions can affect the choice of interpolation method. Interpola-
tion errors can have serious effects, especially on spatially distributed models.[5]

The optimal interpolation method, the Kriging method, and the weighted
mean method, among others, are commonly used to estimate precipitation and
analyze the spatial variation of rainfall. Certainly, if detailed data have been
obtained, interpolation is simpler. However, if the monitored data are too few,
then interpolation methods that do not need complicated data must be chosen.
Among the commonly used interpolation methods mentioned above, the opti-
mal interpolation method and the Kriging method, are very limited, because
they depend on complex and complete data.[6,7] If the rainfall gauges are inad-
equate, these methods yield great uncertainty. On the contrary, the weighted
mean method is more flexible, because the weightings of data from surrounding
rainfall stations can be adjusted.

This article discusses several weighted mean methods for interpolating
rainfall, including the arithmetic average method, the Thiessen Polygons
method, the traditional inverse distance method, and the modified inverse
distance method. The objective of this study was to compare the runoff and
non–point source pollution (NPSP) simulation results for various rainfall in-
puts obtained using these selected interpolation methods.
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Relation to Runoff and Non–Point Source Pollution 1965

METHODS

Weighted Mean Methods
Predicting the watershed response to a given rainfall event often requires

a knowledge of the average precipitation in a watershed over a specified
duration.[8] Rainfall can vary greatly over a large geographical area.[9] Three
methods are commonly used to estimate average precipitation over an area:
arithmetic average, isohyetal, and Thiessen Polygons methods.[8,9] In this study,
the arithmetic average and Thiessen Polygons methods were used to interpo-
late unknown precipitation and estimate the average precipitation in an area.
Additionally, the inverse distance method is useful for estimating precipitation.
The traditional and modified inverse distance methods, of which the latter con-
siders the effects of both horizontal distances and the difference between the
elevations of two locations, are discussed.

All these methods belong to the weighted mean methods for interpolating,
because the unknown precipitation and average precipitation can be calculated
after deciding the weighting factors for each rainfall gauge. The basic calcula-
tion is given by

Pp =
N∑

i=1

(Wpi · Pi) (1)

where Pp is the average precipitation in topographic basin p, Pi is the precipi-
tation at rainfall gauge i within or surrounding this area, Wpi is the weighting
factor for rainfall gauge i, and N is the number of rainfall gauging station within
or surrounding this area, that is, the number of available and considered rain-
fall gauges.

The arithmetic average method is a simple approach that uses an arithmetic
mean of point rainfalls obtained from available rainfall gauges. Restated, all
the available gauging stations, within or surrounding the study area, have the
same weighting factors. This method is effective if the gauges are uniformly
distributed and individual variations are not far from the mean rainfall. How-
ever, it may be unsatisfactory over large areas in which the rainfall distribution
is variable.[8,9] It is calculated by

Wpi = 1/N (2)

Pp =
N∑

i=0

Wpi Pi =
N∑

i=1

Pi/N (3)

The Thiessen Polygons method can also be used to calculate the average
precipitation. This method adjusts for the nonuniform distribution of the loca-
tions of the gauging stations by attempting to determine the area of influence.
The ratio of the area of influence of a station in the topographic basin to the total
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1966 Chang, Lo, and Yu

area of the topographic basin is a weighting factor to be applied in calculating
the average value. Connecting lines are drawn between each pair of rainfall
gauges. Then, perpendicular bisectors are drawn to form polygons around each
gauge. The area of each polygon is determined and is called the control area. A
weighted area is determined by

Wpi = Ai/A (4)

Pp =
N∑

i=0

Wpi Pi =
N∑

i=1

Ai

A
Pi (5)

where Ai is the area of polygon i within the study area and A is the total
area.

The inverse distance method is very popular for interpolating precipitation.
In this method, the horizontal distances between the areas with unknown pre-
cipitation and all the rainfall gauges determine the weighting factors.[10] Our
previous work found that adjusting the order of the distances in the inverse
distance method can improve the accuracy for estimating precipitation.[11] The
weighting factor is defined as

Wpi =

(
1

dm
pi

)
(

N∑
i=1

1
dm

pi

) (6)

Pp =
N∑

i=0

Wpi Pi =
N∑

i=0

(
1

dm
pi

)
(

n∑
i=0

1
dm

pi

) Pi (7)

where dpi is the horizontal distance between the center of area p in which the
precipitation is unknown and rainfall gauge i and m is the order of horizontal
distances. Similarly, after determining the weighting factors, the average pre-
cipitation can be calculated. In this study, the order of horizontal distances was
given by 2, which is the most general value for the value of m.

The modified inverse distance method considers the effect of not only hor-
izontal distances but also the difference between the elevation of a location
without rainfall records and the locations of surrounding rainfall stations. The
weighting factors for each neighboring rainfall gauge are determined by the
effect of the horizontal distances and the differences between the elevations.
The effects are combined by multiplication. The basic calculation is listed as
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Relation to Runoff and Non–Point Source Pollution 1967

follows:

Wdpi =

(
1

dm
pi

)
(

N∑
i=1

1
dm

pi

) (8)

Whpi =

(
1

hn
pi

)
(

N∑
i=1

1
hn

pi

) (9)

Wpi = Wdpi · Whpi =

(
1

dm
pi

)
(

N∑
i=1

1
dm

pi

) ·

(
1

hn
pi

)
(

N∑
i=1

1
hn

pi

) (10)

Pp =
N∑

i=0

Wpi Pi =
N∑

i=0

WdpiWhpi Pi =
N∑

i=0

(
1

dm
pi

)
(

n∑
i=0

1
dm

pi

)
(

1
hm

pi

)
(

n∑
i=0

1
hm

pi

) Pi (11)

where hpi is the elevation difference between the center of area p in which the
precipitation is unknown and rainfall gauge i and n is the order of elevation
differences. The orders of horizontal distances and elevation differences are
adjustable. Genetic algorithm was used to minimize the difference between
estimated precipitation and actual precipitation to get optimal values for m
and n.

Model for Runoff and NPSP Simulation
Runoff is important hydrological information used in efficiently providing

the lack of water or heavy flood. If runoff increases extremely rapidly, water
in streams may not be able to be driven out. In that situation, the rainfall is
not transferred to a water resource, so such a circumstances may detrimentally
affect people’s health and wealth. Also, the transportation of water over ground
removes material such as soil and pollutants. If the water that carries soil
and pollutants flows into a reservoir, it affects the quality of the water in that
reservoir, causing, for example, eutrophication and silting, which have recently
become critical problems.

In this study, the WinVAST model was applied to predict runoff. The
WinVAST is a collection of computer programs developed for simulating
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1968 Chang, Lo, and Yu

stormwater runoff, NPSP, and pollutant transportation. It is an event-oriented
model that can be applied to multiple catchment basins. WinVAST combines
widely used techniques, which involve calculating rainfall abstractions, gener-
ating overland flow hygrographs, estimating flood routing from upstream sub-
basins through downstream sub-basins, computing NPSP wash-off from sub-
basins, simulating routing pollutants, and predicting the condition through
selected best management practices.[12,13] WinVAST treats multicatchment
basins as a tree-view structure, so a complex representation of the entire catch-
ment basin can be easily generated.

Case Study
Synthetic data are useful in overcoming the limitations on measured

data.[14,15] Figure 1 presents the synthetic case area designed in this work.
The case area has 10 sub-basins, each of which has an area of 2 km2. The
length of the main stream in each sub-basin is 2000 m. All the land is used
as forest, and the average slope is 5%. The curve number for the forest is 70.
The general pollutant loading of SS in forest is 0.15 kg/ha/day. Four rainfall
events with different distributions were designed. Rainfall event “a” is uniform
rainfall. Spatial variation applies to rainfall events “b,” “c,” and “d.” The spatial
variation of rainfall event “b” changes with the elevation. Restated, a higher
elevation is associated with greater precipitation. The heavy precipitation of
rainfall event “c” is mainly in the downstream subbasins. Moreover, the spatial

Figure 1: Synthetic case area with 10 sub-basins.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
T
a
i
w
a
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
0
5
:
3
3
 
1
6
 
D
e
c
e
m
b
e
r
 
2
0
0
8



Relation to Runoff and Non–Point Source Pollution 1969

variation of rainfall event “d” is random. Restated, heavy rainfall is not regional
and does not vary with the topography.

All the rainfall data in each sub-basin represent the rainfall characteristics
in that region. Based on this assumption, if the rainfall records are complete,
then the predicted runoff and pollutant export can be regarded as the actual
output. Rainfall data were assumed to be absent for sub-basins 2, 3, 5, 6, 7, and
10, so the rainfall records for sub-basins 1, 4, 8, and 9 were used to interpolate
the unknown precipitation.

RESULTS AND DISCUSSION

Various rainfall events, including uniform rainfall and spatially varying rain-
fall, are discussed herein. Figures 2, 3, and 4 presents the hydrographs, the
pollutant concentrations of SS, and the pollutant loadings of SS at the outlet,
respectively. When the rainfall distribution is uniform, such as in the case of

Figure 2: Hydrographs at the outlet in these four rainfall events through different rainfall
input estimated by several interpolation methods.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
N
a
t
i
o
n
a
l
 
T
a
i
w
a
n
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
0
5
:
3
3
 
1
6
 
D
e
c
e
m
b
e
r
 
2
0
0
8



1970 Chang, Lo, and Yu

Figure 3: Profiles of the pollutant concentration at the outlet in these four rainfall events
through different rainfall input estimated by several interpolation methods.

Figure 4: Profiles of the pollutant loading at the outlet in these four rainfall events through
different rainfall input estimated by several interpolation methods.
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Relation to Runoff and Non–Point Source Pollution 1971

rainfall event “a” stated above, the method used for interpolating unknown pre-
cipitation does not noticeably affect the estimated precipitation. Therefore, the
predicted runoff and the pollutant export of SS are the same using the estimated
precipitation obtained by any of these interpolation methods. When the rainfall
varies spatially, selecting a suitable method for interpolating precipitation is
very important.

Three spatially varying rainfalls—one that spatially varies with topogra-
phy, one regionally concentrated, and one varying randomly, rainfall events “b,”
“c,” and “d,” respectively—were specified. When the spatial variation of the rain-
fall is strongly related to the elevation, as in the case of rainfall event “b,” the
precipitation estimated using the modified inverse distance method is closer to
the actual rainfall than in other cases, so the predicted runoff and pollutant ex-
port are more accurate, because the modified inverse distance method considers
not only horizontal distances but also the differences between the elevations
of the location without rainfall records and the locations of the surrounding
rainfall gauges.

When the heavy rainfall is concentrated in some regions but these regions
are not all at high elevation, as for rainfall event “c,” the error in the pre-
dicted runoff and pollutant export can be approximated using the interpolated

Figure 5: Relation between estimation errors of predicted runoff and estimation errors of
predicted SS export. Relation 1, the relation between relative error of predicted runoff and
relative error of predicted pollutant concentration of SS; relation 2, the relation between
relative error of predicted runoff and relative error of predicted pollutant loading of SS.
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1972 Chang, Lo, and Yu

precipitation determined by any of the selected interpolation methods discussed
herein. Moreover, when the rainfall is randomly distribution, as in rainfall event
“d,” the spatial variation of the rainfall does not vary with any visible effect.
Under this kind of rainfall distribution, regardless of the interpolation method
used for estimating the precipitation, the error in the estimate of precipitation
is cannot easily be controlled or reduced. Therefore, the errors in the estimates
of the predicted runoff and pollutant export are also large.

The dilution substantially varies the concentration of the pollutant, po-
tentially affecting the body of water. Therefore, the relationship between the
relative error of the predicted runoff and that of the predicted pollutant load-
ing of SS, which is defined as relation 2 in Figure 5, is much stronger than
that between the relative error of the predicted runoff and the relative error
of the predicted pollutant concentration of SS, which is defined as relation 1
in Figure 5. The R-squared value for relation 2 is about 0.93; that of relation
1 is only 0.36. The curves of the hydrographs are similar to the profiles of the
pollutant loading at the outlet, but the trends of the pollutant concentration are
unstable.

CONCLUSION

The spatial variation of the rainfall in a watershed is critical information for
predicting runoff and NPSP. The precipitation must be interpolated when the
rainfall records are incomplete. The choice of the interpolation method depends
on the spatial distribution of the rainfall. The results are as follows.

1. If the rainfall is uniform, then the precipitations estimated by the inter-
polation methods selected herein are similar. However, when the spatial
variation of the rainfall is large, choosing a suitable interpolation method
for estimating unknown precipitation is very important.

2. When the spatial variation changes with the topography, the modified in-
verse distance method more accurately estimates precipitation than does
the arithmetic average method, the Thiessen Polygons method, or the in-
verse square distance method, perhaps because the former considers the
effect of the horizontal distances and the differences between the elevations
of each pair of locations.

3. When heavy rainfall is regionally concentrated, the predicted runoff and
pollutant export are approximate, regardless of the rainfall input estimated
by any of the interpolation methods discussed herein.

4. Regardless of which interpolation method is used to obtain the complete
rainfall input, the estimation error cannot be efficiently reduced when the
rainfall distribution is random.
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Relation to Runoff and Non–Point Source Pollution 1973

5. Dilution causes the relationship between the relative error of the predicted
runoff and that of the pollutant loading of SS to exceed greatly that between
the relative error of the predicted runoff and that of the pollutant concen-
tration of SS.
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