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Abstract Pollution loads discharged from upstream
development or human activities significantly degrade
the water quality of a reservoir. The design of an
appropriate water quality sampling network is there-
fore important for detecting potential pollution events
and monitoring pollution trends. However, under a
limited budgetary constraint, how to site an appropriate
number of sampling stations is a challenging task. A
previous study proposed a method applying the
simulated annealing algorithm to design the sampling
network based on three cost factors including the
number of reaches, bank length, and subcatchment
area. However, these factors are not directly related to
the distribution of possible pollution. Thus, this study
modified the method by considering three additional
factors, i.e. total phosphorus, nitrogen, and sediment
loads. The larger the possible load, the higher the
probability of a pollution event may occur. The study
area was the Derchi reservoir catchment in Taiwan.
Pollution loads were derived from the AGNPS model
with rainfall intensity estimated using the Thiessen
method. Analyses for a network with various numbers
of sampling sites were implemented. The results
obtained based on varied cost factors were compared
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and discussed. With the three additional factors, the
chosen sampling network is expected to properly
detect pollution events and monitor pollution distribu-
tion and temporal trends.
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Introduction

Reservoirs are vital water sources in Taiwan and
significantly influence the livelihood of the society
and national economy. However, the reservoir water
quality is suffering adverse impacts from the non-point
source (NPS) pollutants generated from upstream
development and activities accelerating eutrophication
and silting of the reservoir to affect the normal water
use and increase the cost of water treatment. Establish-
ing a proper water quality sampling network in a
reservoir catchment is therefore essential for monitor-
ing pollutant loads, distribution and events.

This study focuses on searching for an optimal
spatial distribution of sampling sites in the upstream
catchment of a reservoir. Various issues must be
evaluated for determining the locations of water
quality sampling sites. As described by Dixon and
Chiswell (1996), the selection of sampling sites
should consider information goals, indicators, data
analyses, etc. In general, the numbers of sampling
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sites is limited by the available budget and cannot be
widely and densely distributed. Dixon et al. (1999)
also indicated that the cost involved in the subsequent
investigation to find the source of a detected pollution
event should be considered in determining proper
sampling sites. Sanders et al. (1983) pointed that
location is the most critical factor in designing a
sampling network. Therefore, how to determine
appropriate locations for installing an effective and
representative sampling network is a research chal-
lenge. Sharp (1971) used the Shreve stream order
number (Shreve 1967) and a successive division
algorithm to find topologically optimum sampling
sites. There were also some other related researches
reported, but most of them had not applied an
optimization-based approach (Warry and Hanau
1993; Loftis et al. 1991; Whitlach 1989; Lettenmaier
et al. 1984; Sanders et al. 1983; Lettenmaier 1978;
Lettenmaier and Burges 1977). Although some other
researches had applied optimization models to deter-
mine the locations of sampling sites, the identification
capability to locate the source of a detected pollution
event is still not considered (Strobl et al 2006; Icaga
2005; Ning and Chang 2002, 2004, 2005). As
described by Dixon et al. (1999), the method proposed
by Sharp (1971) may not be capable of locating the
optimal placement of sampling sites. Dixon et al.
(1999) thus proposed a siting method based on the
simulated annealing (SA) algorithm, graph theory,
and a geographical information system. The cost
function of their optimization model is formulated
based on the expected cost for obtaining the informa-
tion subsequent to detecting the water quality problem
at a sampling site. Three cost functions they proposed
are derived from the ratios of the number of reaches,
upstream bank length, and subcatchment areas,
respectively. However, these three ratios are not
directly related to the pollution distribution character-
istics. Sampling sites should be available for hot spots
where the critical water quality is likely to occur,
although sampling sites for other areas in a catchment
are also required to avoid information bias.

Pollution loads originate from point or non-point
source pollutants in a catchment are carried by runoff
from storm events. In this study, the rainfall spatial
variation is analyzed by using the Thiessen method
(Lebel et al. 1987; Thiessen 1911). The Agricultural
Non-Point Source Pollution (AGNPS) (Young et al.
1987) model is applied to simulate and estimate the

@ Springer

distributions of total phosphorus, total nitrogen, and
sediment. Based on the three pollutant distributions,
three new cost functions are formulated. The model
with the new cost functions is solved using the same
SA algorithm for determining the locations of water
quality sampling sites in Derchi reservoir catchment.
Comparisons with results obtained from different cost
functions including the three ones used by Dixon et al.
(1999) are made and discussed.

Spatial variation of rainfall intensity

Nonpoint source pollutants are transported by runoff
from storm events and thus are highly correlated with
the rainfall intensity. There are 10 rainfall gauge
stations in the study area; the rainfall spatial variation
can be observed from the data monitored at these
stations. For those subcatchments without a gauge
station, their rainfall intensities are estimated using
the weighting method (Lebel et al. 1987) as described
below.

Let 7; denote the rainfall intensity at monitoring
station j, and the weight of station j for subcatchment
p is wy,, then the rainfall intensity in subcatchment p
is estimated by:

hy = Z Wp; h (1)
J
Where the weight, w,,, is determined by:
=& @)

Where a,,, is the area of subcatchment p overlapped
with the representative area covered by station j, and
a, is the area of subcatment p. The representative
area covered by a gauge station is determined by
using the Thiessen method (Thiessen 1911). All
points in the representative area of a gauge station
are closer to the station than any other stations.

Modeling simulation for pollution distribution
The AGNPS (Young et al. 1987) model is employed to

simulate the NPSP loading distribution in the studied
catchment. AGNPS is a physical- and grid-based



Environ Monit Assess (2008) 139:205-215

207

model developed for evaluating upstream land erosion
and water quality. In applying AGNPS, the catchment
is divided into numerous rectangular land grids and
parameters for each grid were collected on cover type,
soil hydrologic group, field slope length, manning
coefficient, coefficients used in the USLE equation,
soil condition, soil texture, fertilizer amount, fertilizer
incorporation, point source information, impound-
ment factor, channel indicator and slope, etc. The
data are collected from various geographical maps,
field investigations, and values suggested from previ-
ous research or the model manual.

Cost functions

Six cost factors are considered and formulated as the
objective functions of the optimization model for
selecting sampling sites. The first three cost functions
are adopted from Dixon et al. (1999) and the other
three are proposed in this study based on the pollutant
distributions estimated using the AGNPS model.
These cost functions are respectively described below.

REACH: The Ratio of The Number of Reaches

As described by Dixon et al. (1999) for this cost
factor, the occurrence probability for potential pollu-
tion, which is defined to be proportional to the ratio of
the number of reaches in a subcatchment to the total
number of reaches in the entire catchment, is
formulated as below:
m;

P = o (3)
where m; is the number of reaches in subcatchment i
and my is the total number of reaches in the entire
catchment. The cost function for this factor is
expressed as:

Ecost = ZPiEw, (4)

where E. is the expected cost; P; the probability that
the pollution source is in subcatchment #; E,, is the
expected additional effort required to locate the
source once it has been detected in subcatchment i.
Assuming a binary search of the upstream reaches for
locating the source, a good approximation of the
mean number of samples required for the detection is

log,m;. Therefore, the cost function can be formulated
as follows.

m;
Ecost = Z (m_0> IOmei (5)

Length: The ratio of the bank length

For this factor, the occurrence probability is assumed
to be proportional to the ratio of the bank length in a
subcatchment to the total bank length in the catch-
ment (Dixon et al. 1999) and is defined as:

L

p=
Ly

(6)
where L; is the upstream bank length in subcatchment
i and Lo is the total bank length in the entire
catchment. With the similar binary search assumption,
the cost function can be formulated as follows.

L;
Ecost = (L—) 10g2 mj (7)
0

AREA: The sum of subcatchment areas squared

For this factor, the occurrence probability is assumed
to be proportional to the subcatchment area, i.e. a
larger the area leads to a greater probability of the
pollution event; the expected effort required to locate
a source is also proportional to the area (Dixon et al.
1999). The cost function can be formulated as
follows.

Ecost = Zaiz (8)

where a; is the area of subcatchment i.
TP: Phosphorus loads

This cost factor is used to evaluate the pollution
potential based on the magnitude of the phosphorus
load generated from a subcatchment. The phosphorus
load in the upstream catchment of a reservoir is
primarily generated from distributed sources. The
effort required to identify the source is expected to be
proportional to the magnitude of the load as well as the
downstream drainage boundary length, pollution type,
and discharge frequency of a distributed source, e.g. an
agricultural cropping area. Since the determination of
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downstream drainage boundary lengths and other
factors of distributed sources is tedious, the expected
effort required to identify the source is assumed to be
proportional to the magnitude of the load estimated
based on AGNPS modeling results. The expected cost
function of each factor is calculated based on the
probability of pollution event occurrence in a subcatch-
ment multiplied by the expected effort required to
locate the pollution source(s). For the three non-point
source pollution load based cost functions, pollution
loads are primarily generated from distributed sources,
and a high pollution load indicates that a large area or a
large number of pollution sources exists. A pollution
event is likely to happen in a place with a high
pollution load and its probability is assumed to be
proportional to its estimated load. Furthermore, the
effort required to identify the source when an event
occurs is also expected to be proportional to the
estimated load. Therefore, the cost functions for the
proposed cost factors, such as phosphorous, can be
expressed as follows.

Ecost = ijz (9)

where p; is the estimated phosphorus load generated
from subcatchment i that is determined from the
simulation result by using AGNPS. The cost function
is intended to find a placement of sampling sites with
each site monitoring an area with equal phosphorus load.

TN: Nitrogen loads

The magnitude of the estimated total nitrogen load
generated from a subcatchment can be used as a cost
factor too. The larger the estimated load, the higher
the probability of a pollution event may occur.
Therefore, similar to that for the phosphorus load
factor, the cost function based on the total nitrogen
load is formulated as follows.

Eeot = »_n} (10)
where #; is the estimated total nitrogen load generated
from subcatchment i, which is determined from the
simulation result by using AGNPS.

SED: Sediment loads

Similar to those for total phosphorus and nitrogen

loads, the magnitude of the estimated sediment load
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generated from a subcatchment can be used as a cost
factor also and the associated cost function is
formulated as follows.

Eeot = » 8} (11)

where s; is the estimated sediment load generated
from subcatchment i, which is determined from the
simulation result by using AGNPS.

Simulated annealing algorithm

The simulated annealing algorithm used by Dixon et al.
(1999) is applied to solve the optimization model
with a computer program developed in this study. A
cooling schedule is pre-defined before implementing
the algorithm by setting an initial temperature (Cy),
the number of iterations for each temperature cooling
step, the factor (<1) for lowing temperature at each
cooling step, and the number of desired cooling steps
or final temperature. The decision variables used in
the SA algorithm are the variables which represent the
selected locations for the placement of sampling
stations. An initial placement of sampling sites is
randomly generated and the associated cost is
computed according to a pre-specified cost function.
Then, a sampling site is randomly selected to alter its
location, if the network is improved after the
alteration. Only one of adjacent upstream and down-
stream movements is allowed to alter the location of
the selected site, and the movement is randomly
selected. If the upstream movement is selected, a
further random choice is made for which upstream
branch to be moved to, if multiple upstream branches
exist. Once a new placement is determined, the
associated new cost is computed. If the new cost is
better than the previous one, a subsequent iteration is
then initiated to continue the task. If a worse
placement was generated, another random number
(), whose value is between 0 and 1, is generated. The
iteration is continued while » is less than a pre-
specified function, exp (—“E/C) or the current
placement is discarded and another placement is tried.
This approach increases the possibility in locating the
global optimum instead of being trapped at local
optima. The procedure is repeated until the desired
number of iterations is implemented and the temper-
ature is cooled by one step. The whole procedure is
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repeated until the specified number of temperature
cooling steps has been achieved.

Study area and NPSP distribution

The Derchi reservoir, storing water of approximately
2.5x10* m® in central Taiwan, is a major source of
local drinking water as illustrated in Fig. 1. The
catchment area of the reservoir is about 602 km?
divided into 63 subcatchments. The major land use
within the area is orchard, with approximately 26.2 km?
under cultivation. The total phosphorus concentration
of the reservoir water body ranges between 40 and
140 ppb. According to Carlson’s (1977) trophic state
index, this reservoir is eutrophic and requires attention
for control of water quality.

The pollution distribution in the catchment had
been estimated by the same modeling approach used
by Kao and Tsai (1997) and Lin and Kao (2003)
based on the simulation result provided by the
AGNPS model (Young et al. 1987). Effective indi-
vidual storm events were identified from the rainfall
records monitored in 10 gauging stations. A storm
event with rainfall intensity exceeding 12.7 mm

Fig. 1 Derchi reservoir in
central Taiwan

(USDA, 1978) is regarded as an effective event
capable of washing out a significant amount of NPSP.
The rainfall intensity varies spatially and temporarily
in the catchment, thus, estimation of the NPSP
distribution in the entire area based on a single value
may not be appropriate. Therefore, the Thiessen
method (e.g., Lebel et al. 1987) was adopted in this
study to estimate the rainfall intensity in each
subcatchment.

Figure 2 illustrates the NPSP distributions of total
phosphorus, total nitrogen, and sediment loads of
subcatchments simulated by using the AGNPS model.
The darker area in the figure indicates the higher
NPSP load and vice versa. The distribution of total
phosphorus loads is similar to that for total nitrogen
loads, but the distribution of sediment loads is slightly
different from the distributions of either phosphorus
or nitrogen.

Result and discussion
The SA method was applied to solve the optimization

model based on each of the six cost functions to select
water quality sampling sites for the study area under

A Rainfall Gauge Station
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Fig. 2 (a) Total phospho-
rus; (b) total nitrogen; and
(c) sediment loads (unit: kg)
in each subcatchment

varied limits on the number of sites, i.e. five, six,
seven, and eight. The initial temperature, the maxi-
mum number of iterations, the number of steps in
each iteration, and the cooling rate used in this study
are 109, 1000, 15, and 0.9, respectively. Table 1 lists
the payoff table for the values of all cost functions for
all solutions. The scales for each cost function in the
table are different because the types and associated
units of the different cost functions are also different.
If a solution is obtained by using a specific cost
function as the objective, the value for that cost
function is expected to be smaller than those of other
solutions. For example, the LENGTH cost function
value for the five-site solution using the LENGTH cost
function is 3.67, and is the smallest among all five-site
solutions. Although this situation is not always true for
some other sets of solutions, the difference between the
one expected to have the optimal value and the smallest
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one obtained is generally trivial. Some possible reasons
for such differences are that the SA method is a heuristic
method and it may encounter a premature termination
during the SA search procedure without locating the
global optimum. Moreover, the number of iterative steps
may be not numerous enough to cover the global
optimum because the number of possible combinations
of feasible locations which expands dramatically when
the number of desired sites increases.

The sampling sites selected for five, six, seven, and
eight-site solutions in the catchment are illustrated in
Fig. 3. For all selected solutions for various numbers
of sites, the sampling sites are placed at major
branches on the stream network in several subcatch-
ments, such as subcatchments 25, 29, and 37, because
monitoring these major branches is critical to identify
pollution events. However, significant differences can
be observed among the solutions. For example, as
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Table 1 The payoff table for solutions obtained based on different cost functions for varied limits on the number of sites

Cost function used

Cost function values of obtained solutions

REACH LENGTH AREA ;"% TPao’) TN@o* SED¢")

5 sites

REACH 3.75 3.7 10.2 7.16 4.74 14
LENGTH 3.78 3.67 9.8 7.4 4.9 13.8
AREA 3.74 3.69 10.2 7.29 4.73 13.6
TP 3.99 4 13.7 7.7 4.96 15.1
N 3.74 3.69 10.2 7.29 4.73 13.6
SED 3.73 371 10.4 7.16 4.74 14
6 sites

REACH 3.51 3.44 8.85 7.32 4.8 13.8
LENGTH 3.69 3.48 8.99 6.44 4.32 14.1
AREA 3.44 3.45 8.85 7.06 4.63 13.9
TP 3.59 3.48 8.99 6.44 4.32 14.1
N 3.63 3.55 9.31 6.38 4.28 12.9
SED 3.72 3.59 9.32 7.24 4.8 13.4
7 sites

REACH 3.36 3.33 8.19 6.72 4.4 13.2
LENGTH 3.27 33 8.1 6.01 4.01 12.3
AREA 3.41 3.34 8.13 6.72 4.41 13.2
TP 3.34 3.51 8.33 6 4 12.3
N 3.61 3.59 9.6 6.28 4 11.6
SED 3.39 3.39 8.86 572 3.69 10.6
8 sites

REACH 3.15 3.14 7.89 5.33 3.45 10.2
LENGTH 3.07 3.15 7.47 5.77 3.7 12.7
AREA 3.34 3.31 9.03 6.09 4.19 11.4
TP 3.54 3.49 9.42 5.57 3.51 10
N 3.54 3.49 9.42 5.57 3.51 10
SED 3.27 3.28 8.25 5.9 3.93 10.1

illustrated in Fig. 3(d), the SED and TN solutions
place a sampling site in subcatchments 34 and 35,
respectively. The pollution loads generated from the
subcatchments upstream to subcatchment 28 are
significantly high because there are numerous crop-
ping activities in those subcatchments. Therefore, a
sampling site is necessary to be placed in subcatch-
ment 34 or 35 to balance the monitoring coverage of
each site. Similar observations can be found in five-
site, six-site, and eight-site solutions. Although three
new cost factors are all pollution loads, their solutions
are not the same. The sediment load is mainly caused
by land erosion, while TP and TN loads are mainly
determined by the type of cropping practices and
fertilizer applications. Solutions obtained based on the
three pollution cost factors are thus different. For
instance, for six-site, seven-site and eight-site solutions,

a sampling site is placed in subcatchment 45 because
significant erosion frequently occurs in that area. On the
other hand, the REACH and LENGTH cost factors
represent geographic properties, sites selected based
on these two factors are distributed more evenly in the
catchment. Subcatchments located at the upstream
ends of a river are not selected for these two factors to
avoid unbalancing coverage of the selected monitoring
site, except for the eight-sitt LENGTH solution that
maybe a local optimum as illustrated in Fig. 3(d)
which indicates that end subcatchments 22 and 57
were selected.

The planning results based on the three geographic
factors proposed by Dixon et al. (1996) tend to give a
set of sampling stations to cover areas of similar size
without due consideration of the distribution of
potential pollution sources and loads. Therefore, the
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Fig. 3 (a) 5-site, (b) 6-site, (¢) 7-site, and (d) 8-site solutions for the six cost functions

effort required to detect the pollution source when a
water quality event occurs may be considerable. For
example, subcatchment 28 has been selected as a
location for a station by using one of the three
geographic cost factors: REACH, LENGTH, or AREA.
However, subcatchments 34 and 35, which both have
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significant cropping activities and high pollution poten-
tial, would be covered by this station and considerable
effort would be required to locate the pollution source
when an event occurs. Therefore, by applying the cost
factor of TP or TN, in addition to subcatchment 28,
subcatchments 34 or 35 is also selected to reduce the
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possible effort required to locate the pollution source
when a water quality event is detected.

Figure 4 shows the cost function values of varied
solutions obtained based on six cost functions. The
cost to identify a pollution event is decreased while
the number of sites increases because both the
coverage of each site and the effort required to detect
a pollution event are reduced. As illustrated in
Fig. 4(a) and (b), the cost function values for all
solutions are reduced when the number of sites

increases, however, increasing the number of sites
also increases the total cost for establishing the sites.
Therefore, the available budget, the desired level of
effort for detecting a pollution event, and the trade-off
between the total cost and cost function values should
be carefully examined for determining a proper
number of sites. Increasing the number of sites
introduces additional decision variables that may lead
to a premature termination when using the same
search parameters and thus may not locate the global

Fig. 4 Cost function values 6 -
of varied solutions obtained o 0T g
based on (a) number of 73 5 s 5
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optimum. For example, as illustrated in Fig. 4(f), the
cost function value for the nine-site solution is even
larger than that for the eight-site solution.

Conclusion

This study enhances the water quality sampling siting
model proposed by Dixon et al. (1999) with three
pollution load based cost factors. The REACH,
LENGTH, and AREA cost functions proposed by
Dixon et al. (1999) are not directly related to possible
pollution distribution and thus the sites determined
based on them may not be adequate for detecting
pollution events. An area with a high potential
pollution load indicates extensive development or
human activities and a water quality event is likely to
happen. Therefore, proper monitoring is required for
such an area. Furthermore, the monitoring goal of a
sampling network is not only focused on detecting
unusual pollution events, but also on monitoring the
pollution distribution and temporal trend. The sam-
pling sites placed based on the proposed pollution
load cost factors are appropriate to fulfill these
monitoring goals.

If a significant number of human or agricultural
cropping activities exist in the area studied, the three
cost factors proposed in this study should be
evaluated prior to the other three factors previously
described by Dixon and Chiswell. (1996). The reason
for this is that the estimated pollution loads are more
suitable than the other three factors for locating a
pollution source when a water quality event occurs. A
sampling station monitors not only the subcatchment
where it is located, but also the upstream subcatch-
ments that are not covered by the other stations. The
planning results based on the three factors proposed
by Dixon and Chiswell. (1996) may include stations
that cover subcatchments with high pollution loads
which are generated by a large number or area of
human activities. The expected effort needed to detect
a pollution source when a water quality event occurs
might thus be considerable.

To make the most informed decisions for the
locations of sampling stations based on the obtained
results, a further multi-factor analysis to evaluate the
six cost factors simultaneously is desirable. Although
such an analysis is beyond the scope of this research,
several simple rules to reach a final decision can be
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suggested. For the study area, the phosphorus load is
the main cause of eutrophication; however, the
sediment load is also significant. Therefore, the TP
and SED solutions have been recommended for use in
the studied area. However, some differences exist
between both TP and SED solutions. For example, the
difference between both six-site TP and SED solutions
is that the subcatchments 10 and 35 are selected when
the TP cost factor is applied, while subcatchments 34
and 45 are selected when the SED cost factor is used.
Although subcatchments 10 and 35 do not balance the
sediment loads covered by the sample stations as
effectively as do subcatchments 34 and 45, the
deviation involved is still quite close to that of the
SED optimal solution, only about 10% difference.
Therefore, the TP alternative is recommended.

In case the TP and SED solutions are significantly
different or other factors should also be evaluated, the
following weighted cost function can be used.

ZWi'Ci

where W; is the weight of cost factor i, ¢;, for which
¢;’s are the six cost factors. For example, an objective
function such as TP+0.8 SED+0.2 TN+0.1 AREA
may be applied. However, different sets of weights
would generate different solutions and a further
multi-factor analysis would be required to make the
final decision.

Since the simulated annealing approach does not
always provide the true optimal solution and may
subsequently cause some problems in comparing the
performance of varied cost functions, an on-going
research is currently implemented to develop a
mathematical model for remedying the situation. A
preliminary model has been developed and will be
tested in the near future and the results will be
reported once they are available.
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