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Abstract

The accuracy of rainfall predictions in the EPA’s BASINS (Better Assessment Science Integrating Point and
Nonpoint Sources) decision support tool is affected by the sparse meteorological data contained in BASINS. The
objectives of this study were improvement of using the entropy theory to supplement the precipitation data are sig-
nificant when the watershed’s meteorological station is either far away or not in a similar climatic region. When the
station is nearby, using entropy theory to supplement the precipitation data produces similar results. And this study
assessed the improvement of stream flow prediction of the Hydrological Simulation Program-FORTRAN (HSPF)
model contained within BASINS using the hourly precipitation estimates in Feitsui reservoir watershed. Our results
demonstrated consistent improvements of daily stream flow predictions in Feitsui reservoir watershed when pre-
cipitation data was incorporated into BASINS. Our analyses also showed that the stream flow improvements were
mainly contributed by entropy theory to supplement precipitation data; partially due to the constraints of current
BASINS-HSPF settings. However, entropy theory to supplement precipitation data did improve the base flow predic-
tion. The entropy theory method showed 10.17 to 25.51 percent less error than the Thiessen polygon method and
Arithmetic to supplement the rainfall data. And used entropy theory supplement the rainfall data to simulate stream
flow that RMSE values between 58 and 182. This study demonstrates entropy theory to supplement precipitation has
the potential to improve stream flow predictions, thus aid the water quality assessment in the nonpoint water quality

assessment decision tool.

Keywords: Hydrological simulation program FORTRAN; BASINS;
Entropy theory; Precipitation

Introduction

The Environmental Protection Agency (EPA) developed the
BASINS (Better Assessment Science Integrating Point and Nonpoint
Sources) decision support tool to assess water quality over large range-
sized watersheds. The BASINS includes Hydrologic and water quality
modeling with the Hydrological Simulation Program-Fortran (HSPF)
models. HSPF involves managing large volumes of data [1]. So the
accuracy of rainfall data in the BASINS decision support tool is affected
by the sparse meteorological data contained in HSPF [2]. The erosional
capacity of rainfall is an important natural factor because it represents
a natural environmental constraint on land use and management
[3]. The rainfall data are most important input for the simulation of
watershed, instream, and water quality processes such as when using
the HSPF model [4].

Effective watershed management strategies depend on the accuracy
of the model results. To improve the accuracy of these results, a
reconstruction of historical rainfall over a watershed is required.
Muzylo [5] reviewed physically based rainfall interception models
to supplement rainfall data. Dhanya [6] used a nonlinear prediction
method for chaos identification and prediction. Mehrotra [7] used
a stochastic modeling framework for multisite generation of daily
rainfall in the generated rainfall sequences. The influence of rainfall
spatial variability on the hydrological responses of watersheds has
been a recurrent theme in hydrological research [8]. Chang [9] used
fuzzy theory to simulate the precipitation; a membership function was
applied to represent the relationship between areas lacking rainfall
records and areas with rainfall gauges. Chen [10] used fuzzy sets to
incorporate objective and subjective uncertainties to address water
resources redistribution. Assessments of average annual precipitation

and percentage weighting are necessary for hydrological for various
water resources [11-13]. The accuracy of the modeling results greatly
depends on the model parameters and the estimated input data. Radar
approaches offer a good spatial description of precipitation but do not
predict precipitation quantities with sufficient accuracy.

The entropy theory is a measure of the uncertainty associated
with a random variable [14,15]. Zou [16] used an entropy method
to determine the weights of evaluating indicators for water quality
assessment. Agrawal [17] used the entropy method combined with
the PDM model (Probability-Distributed Model, PDM ) to modify the
rainfall parameter. Chen [18] used entropy to determine the optimum
number and spatial distribution of rain gauge stations in catchments.
The Shannon entropy is a measure of the average information
uncertainty associated with a random variable [19]. Sonuga [20]
applied the entropy principle to analyze rainfall and runoff. Maruyama
[21] used Shannon’s information entropy theory to assess disorders
in intensity and apportionments of monthly rainfall over the period
of one year in a given area. Deepak [17] used maximum entropy to
develop a model to estimate weekly and monthly runoff for the
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catchment of the Matatila Dam in India. Kottegoda [15,22] used an
entropy model for the evaluation of variability in daily rainfall. This
study was improvement of using the entropy theory to supplement
the precipitation data, because accurate rainfall data are important for
model calibration, such as HSPF. BASINS were developed to promote
better assessment and integration of point and nonpoint sources in
watershed and water quality management.

Materials and Methods
Shannon entropy theory

Shannon [23] developed the theory of informational entropy and
introduced entropy as a measure of information. In this study, we used
entropy theory to explain rainfall variability. In this study objection

space D (D= (dz] )mn dij is the distance between rain gauge 1

and rain gauge j as shown in Eq. (1). hij is the distance in elevation
as shown in Eq. (1-1). In this study, there are six rainfall stations in the
Feitsui reservoir watershed , so the Eq. (1) was 6x6 matrix (m=6:n=6).

d, dy .. d,
d, d e  d

D)= - m
dln dZn dmn
hll h21 “ee hml
h., h .. h

D(hy=|"* " 2 (1-1)
hln h2n hmn

Before using the entropy method values of attribute P,-J must
be calculated by using Eq. (2). i] is the probability mass function of

outcome jj shownin Eq. (2). hz] is the distance in elevation shown in
Eq. (2-1). sz contains both horizontal and vertical distances, the latter
representing elevation. When two rainfall stations are close by, their
rainfall conditions would be similar, whereas if two rainfall stations are
far apart, their rainfall conditions are more likely to be different.
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ij - m ]—, yeee
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2
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In this study, horizontal and elevation values change the affect the
weights of the rainfall stations. Where dz is the distance between rain
gauge I and rain gauge j . Eq. (2) shows that d can be changed to
h where h;; jj is the distance in elevation between rain gauge I and
ram gauge J . p istheorder of the horizontal parameter, and ¢ is the
order of the elevation parameter. Traditional methods assign weights

of either zero or one. Using the entropy theory to supplement the
rainfall data, increased p values and ¢ values control the attribute
Pij . The values of the exponents P and ¢ control the horizontal and
elevation parameters. When exponents P and ¢ are incorporated
into equation (2), the equation becomes Eq. (3) and Eq. (3-1).
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Shannon (1948) defined the entropy, H for a set of probabilities
Pij as in Eq. (4). In this study, we focus on the problem of recovering
and processing information. The entropy theory can be written
explicitly as shown in Eq. (4).

H; Z log— j=12,.n @
Combining Eq. (3) and Eq. (4) results in Eq. (5).
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The Shannon (1948) definition of entropy weight values is obtained
from Eq. (6), which defines the weight ( W, ). By studying the elements
in a set, horizontal distances and elevation differences affect the
probability of rainfall. Weights are subject to the range 0 < H, <1.

_1-H

Z(l H)

where W; is the rainfall weight.

This study used the weighted average method as defined by Eq. (7).
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Rainfall data were simulated by substituting the definition of entropy
weight in Eq. (6) into the Eq. (7).

it represents the observations, and ¥ represents the simulated
values. The f value is the rainfall series.

m

Substitute Eq. (6) into Eq. (7) to obtain Eq. (8).

m
Y=§:&t7f——— ®)
)

Because the rainfall data supplement not only with horizontal
distance of the rainfall g station, but also with elevation was an
important influence factor, therefore, this study used the entropy
theory and combines the fuzzy theory estimation precipitation. As
a result, it is more rational to make the weight of every precipitation
station rain fall materials assign.

Fuzzy theory

The fuzzy method utilizes membership functions to describe
standards in relation to different uses. The fuzzy membership function
was used in this paper to illustrate the relative importance of each
rainfall gauge station in the Feitsui reservoir watershed. This method
has been shown to be capable of finding a solution that achieves
the optimal balance between the two objective values, namely the
membership function of horizontal distance and elevation. Their
membership functions are separately defined by Eq. (9) and Eq. (10),
where d and /i are the order of horizontal distances and the order
of elevation differences, respectively [24]. A description of the class
of optimization method based on the entropy theory of using a fuzzy
weight function follows.

Mathematically, let U= {dlpdlza----dmn} be a universal set
of objects d , where d is the variable of horizontal distances, and

V= {h11>h12> ------ hmn} be a general set of objects h , where h is
the variable of elevation. Then, fuzzy sets Y 4 in U and Y, p in V are
defined as in Eq. (9) and Eq. (10).

Y, ={d.u, (d)f vd cU ©)
Y, = {h,uYh (h)} VheV (10)

where Uy, (d ) is called the membership grade of d in Uy,

, the membershlp function of horizontal distances, which represents
the relative importance of each surrounding rainfall gauge due to the
effect of horizontal distances. Uy &l? is the membership grade of
hinu Y, > the membership function of elevation differences, which
shows the relative importance of each vicinal gauge station based on
the effect of differences in elevation. The rainfall stations in the control
area are the high effect coefficient weight of the rainfall stations. The
value of the membership function ¥ varies from 0 to 1 and represents

the degree of importance and influence from non-membership to full-
membership. U Y, (d) and u Y, (h) are by definition the control area
of the watershed shown in Flgure 1 and are set by the conditions shown
in Eq.(11) and Eq.(12).

1 0<d<d,,

WD asa, o
1 0<h<h,,

SO s 12

In this study, we combined the horizontal and elevation factors
to establish the scale. These membership functions are significant and

define the composite fuzzy set as W :{zu,zlz, ...... zmn'} . The

corresponding rainfall station fuzzy set is shown in Eq. (13), where
uy (z) is the membership grade of z in ¥ . The membership degree
of horizontal distances is combined with the membership degree of
elevation differences, so Uy (2) can be redefined as:

Y= {Z,uY (z)} VzeW (13)

The above equations are combined to further define these
membership functions and to represent the integral effect of horizontal
distances and elevation differences. The resulting equation is shown as
follows: the membership function uy( ) is a function of Uy (d)
and uY (h) as defined in Eq. (14).

uy(2) = uy(d, h) (14)

Because Uy (d ) and U ¥, (h) have the same characteristics, we
use the square root of the sum of the square of Uy (d) and Uy (h)
, as shown in Eq. (15).

ty (d. 1) = Juy, (d)” +uuy ()’ 1s)

Substituting Eq. (15) in Eq. (6) gives the entropy weight as shown
in Eq. (16). Furthermore, the substitution of Eq. (16) into Eq. (4) uses
weight mean to simulate precipitation as shown in Eq. (17) and then a
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Figure 1: Rainfall gauge stations in the Feitsui reservoir watershed.
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fuzzy set H ; that can be defined as:

m
N uy (d;i, b ]
H; =z - 79~ log
i=1
uy (dyhy)
; uy (dy>hy)
m
D uy(dy,hy)
i=1
Jj=12..n (16)

The estimated precipitation can then be estimated by:

HSPF model

This study first supplement the hourly rainfall data in Feitsui
reservoir watershed and input the simulate data to the Hydrological
Simulation Program-FORTRAN (HSPF) evaluates improvement of the
daily flow prediction. The HSPF simulates the hydrologic and associated
water quality processes. The model simulates the time response of the
watershed based on the hydrologic. Calibration is an iterative process
used in establishing the most suitable values for some model parameters.
The HSPF model is a physical model that incorporates GIS data [25].
Bicknell [25] is simulating land surface and subsurface hydrologic
and water quality processes. Root mean square error (RMSE) was
used to determine the accuracy of the estimated results. The utility of
this quantitative model was that it could demonstrate the accuracy of
the observed and simulated values. The smaller the simulated values,
the closer the values were to the actual observed values. The RMSE
equation is shown in Eq. (18), which provides a better indication of the
capability of the model simulation.

m

Z(Y—Xﬁ )

RMSE = || =L t=12..7 (18)

T

where T=aggregate number, ¥ =simulative data, X, =field data.

Results and Discussion

As stated previously, the Feitsui reservoir watershed is located in
northern Taiwan and has a drainage area of 303 km2. There are six
rainfall stations in the Feitui reservoir watershed, namely Pinglin,
Shisangue, Feitsui, Jiugionggen, Bihu and Taiping. Table 1 lists the

horizontal distances and elevation differences between the rainfall
gauge stations in the Feitsui reservoir watershed. The location of these
six rainfall gauge stations is shown below in Figure 1. And there are
three rivers in the Feitsui reservoir watershed, namely Bai-Shih river,
Jingualiao River, and Daiyujiyue River. There are six rainfall stations
in Feitsui reservoir, and we used five rainfall stations to estimate other
rainfall data and simulate flows and No-point pollution. The principal
conclusions of this study are as follows.

The arithmetic average method and the Thiessen polygon were
used to simulate the precipitation. The data generated by the arithmetic
average method were compared with the data generated by the entropy
method. Therefore, the entropy of the weight variables and the entropy
of the different probability distributions could be developed to deal
with rainfall values for many rain gauge stations. Table 2 summarizes
the percent error generated by the three methods. The rainfall data
simulation was performed for the time period 01/01/2007-31/12/2007.
Using the entropy method by RMSE were 1.52, 1.28, 1.98, 1.27, 1.81,
and 1.91 at the Pinglin, Shisangue, Feitsui, Jiugionggen, Bihu and
Taiping rainfall stations, respectively, and are shown in Figure 2.

The main effects of the order of the distances in the entropy
method, the variable “ p ” in formula (3), are rainfall characteristics
and horizontal distances between rainfall stations and the locations
of the stations. The results show that the value of the variable “ p ”
is close to 8 for the Feitsui rainfall stations, between 8 and 9 for the
Jiugionggen and Bihu rainfall stations and between 13 and 24 for the
Shisangue, Pinglin and Taiping rainfall stations. As shown in Figure 1,
the Feitsui rainfall stations are located near towns and the variability
and roughness of the topography is less than in the area surrounding
the Pinglin and Taiping rainfall stations. Hence, the values of the
variable “ P ” are more uniform and not as extreme.

Table 3 shows that use of the arithmetic average method on
precipitation interpolation usually causes larger RMSE than any other

Rainfall station ‘Pinglin Shisangu | Feitsui | Jiugionggen  Bihu | Taiping
Horizontal distance (m)

Pinglin 0

Shisangu 6729 0

Feitsui 14011 7760 0

Jiugionggen 7654 3684 6769 0

Bihu 6468 11558 | 17007 10317 0

Taiping 12377 | 18883 | 26382 19953 12514 0
Elevation differences (m)

Pinglin 0

Shisangu 320 0

Feitsui 8 328 0

Jiugionggen 168 152 176 0

Bihu 176 144 184 8 0
Taiping 250 70 254 82 74 0

Table 1: Horizontal distances and elevation differences between rainfall stations in
the Feitsui reservoir watershed.

Rainfall station Entropy weights P q
Pinglin 0.168 15 24
Shisangu 0.170 24 1
Feitsui 0.168 9 1
Jiugionggen 0.165 8 25
Bihu 0.165 9 25
Taiping 0.164 13 24

Table 2: Estimates of the statistical parameters.
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methods, and the Thiessen polygon method is usually not the optimal Arithmetic | Thiessen | Entropy Error Error
method to truly describe rainfall spatial variation. The results also Rainfall Gauge arithmetic and | Thiessen and
indicate that the entropy method is more suitable than the arithmetic Station g RMSE | RMSE  RMSE  entropy (% | entropy (%
average method and the Thiessen polygon method to describe the spatial difference) | _difference)
variation of rainfall. The analytical data show that the estimated error Pinglin 232 2.34 1.52 20.74 21.10
in the precipitation generated by the entropy method was considerably Shisangu 1.92 1.94 1.28 19.90 20.53
reduced.; the error percentages at the rainfall gauge stations were Feitsui 242 245 1.98 1017 10.72
between 10 and 25, respectively, and were lower than those obtained Jiugionggen 2.14 2.14 1.27 2547 2551
from the arithmetic average method and Thiessen. When the entropy Bihu 249 251 181 15.67 16.11
theory was used in conjunction with fuzzy theory to predict rainfall, Taiping 243 247 191 1213 12.94

it enabled an even more accurate assessment or determination of the
potential availability of water resources. The proposed method can
be successfully applied to reassess the rainfall of the Feitui reservoir
catchment. Inherent limitations to the method involve the use of
rainfall records for supplement rainfall data.

The hydrologic simulation was performed for the time period
01/01/2007-31/12/2007. For this time period, hourly data for the
flow were available from the hydrometric station of basin. In this
study, the calibration was performed manually for the time period
01/01/2007-31/12/2007 and the obtained parameters were used for
model validation for the time period 01/1/2007-31/12/ 2007. The first
step in the calibration process was the calculation of the hydrologic
parameters for basin, at the exit. The flow results obtained by using the
HSPF are compared to the field data in Table 4. The results obtained by
using the empirical hydrologic model for the hydrologic years 2007 are
in good agreement with the observed field data. Final results and the
reliability of the conceptual model. Based on these results, the average
annual flow in Bai-Shih river was estimated to be 6249 m®/year which
is in very good agreement with the observed value of 6818 m*/year
(error of 4%). The annual hydrologic mass balance for the system and
the Jingualiao River during the calibration time period was estimated
as follows. The Jingualiao River flow at the exit point of the basin outlet
was 1508 m®/year. The watershed estimated flow was 1283 m?*/year
(error of 15%). Daiyujiyue River was estimated to be 4854 m*/year. The
Daiyujiyue flow at the outlet point was 4937 m?*/year(error of 2%). In
order to compare the field data with the simulation results in Table 4.

During the flood of 2007 simulations phosphate-P concentrations
are shown in Table 5. Bai-Shih river, Jingualiao River, and Daiyujiyue
River the “R” values were 0.737, 0.771 and 0.81.Although the
simulations give generally good results, there are some discrepancies.
The simulated phosphate-P concentration values were 8592(kg/y),
1591(kg/y) and 5451 (kg/y)at the Bai-Shih river, Jingualiao River, and
Daiyujiyue River. More specifically, in order to improve the simulation

3 .
2.5 4
2
= . .
E 15 - B Arithmetic
~ 1 M Thiessen
Entropy
0.5 4
o Jd
S N > Q > &
& & © g & S
N <2 R
< S & &oo"v <
=
Rainfall stations
Figure 2: Relative estimated error of precipitation by several methods at each
rainfall station in the Feitsui reservoir watershed.

Table 3: Comparison of the percent error of precipitation between the observed
and simulated data, using RMSE.

River Obser\(/::;;;r; flows simulation flows (m/y) | RMSE
Bai-Shih river 6818 6561 182
Jingualiao River 1509 1283 159
Daiyujiyue River 4937 4854 58

Table 4: Comparison of the observation flows and simulation flows, using RMSE.

River simulation flows (m3/y) R simulation po* (kgly)
Bai-ShihRiver 6249 0.737 8592
Jingualiao River 1148 0.771 1591
Daiyujiyue River 4612 0.81 5451

Table 5: Values of R for the flow and simulation po*.

results and supplement the rainfall data and input the HSPF models
to simulate the flows and no-point pollution. As expected, the rainfall
data plays an important role regarding the final form of the hydrograph
and the agreement of the simulated hydrograph peaks to the observed
field data. The results obtained in the present study showed a very good
agreement with field measurements.

Conclusions

The aim of this study was the development of a framework to
model the hydrologic processes in a complex hydrogeological river
basin such as the Feitsui Basin. The framework model presented in
this study, in contrast to other integrated hydrologic models, takes into
consideration all the components that affect the rainfall process. The
main contributions of the present work includes the combination of the
HSPF model, the development of an supplement rainfall data model.
The above models can become useful to the hydrology developments
for a better description of the complex processes that take place in
the physical system. Future research should focus on incorporating
measurements of the natural rainfall properties of the particular region,
including duration and intensity, and their effects on precipitation
characteristics for the better management of water supplies.
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