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Abstract

Safe yield is commonly defined as the largest quantity of water that can be withdrawn without causing any negative effects in
the area of interest. When, negative effects are induced by over-pumping, the safe yield must be reinterpreted according to the
present conditions. Therefore, the optimum yield, defined as the quantity of water that can be withdrawn from the groundwater
aquifer with minimum expected losses, is introduced to balance the economic profit and environmental protection in ground-
water management. A decision model based on the loss function concept is presented to estimate the optimum yield from a
groundwater basin, which has experienced seawater intrusion and subsidence caused by over-pumping. The model employs loss
functions, which account for environmental deterioration and economic profit according to the hydrogeological conditions and
pumping rates. The optimum yield from a groundwater basin can thus be obtained by minimizing the expected value of the loss
function. The method is applied to a groundwater basin in Yun-Lin, Taiwan. Analysis results indicate that the optimum yield of
groundwater in this region is 619 million ton/yr, which is far lower than the current annual groundwater consumption. The
method is more conservative than the conventional water balance method and is thus a more effective means of managing water
resource conservation. Further environmental damage may be prevented if the loss function method proposed herein for
determining the optimum yield can be applied to planning groundwater resources in the future. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction 1986; Tsao and Hsu, 1987). Although various defini-

tions are available in the foregoing literature, safe

The concept of safe yield has long been employed
for water balance purposes. Several methods for esti-
mating safe yield, based primarily on the principle of
water balance, have been proposed in the literature
(Todd, 1959; Mann, 1960; Domenico, 1972;
Kazmann, 1972; Freeze and Cherry, 1979; Shen,
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yield is commonly defined as the largest quantity of
water that can be withdrawn without causing any
negative effects in the area of interest (Todd, 1959).
When negative effects are induced by over-pump-
ing, the safe yield must be reinterpreted according to
the present conditions. As such, optimum yield is
defined as the quantity of water that can be withdrawn
from the groundwater of an aquifer with minimum
expected losses (Domenico, 1972). This definition
has become the economic and environmental standard

0022-1694/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S0022-1694(02)00063-X



178 H.-S. Gau, C.-W. Liu / Journal of Hydrology 263 (2002) 177-187

in groundwater management. Both negative and posi-
tive effects of groundwater pumping must be taken
into account while assessing the optimum use of
water resources. Negative effects include seawater
intrusion, land subsidence, and damage caused by
public facilities; positive effects include increases in
aquacultural and agricultural production. Simulation—
optimization approach has been applied to solve the
optimum Yyield problem for groundwater in a specific
area for two decades (Nisai and Mays, 1986; Jones et
al., 1987; Jones, 1992; Chan, 1993). However, these
techniques cannot easily be applied under field condi-
tions because not only the overall cost of the damage
to the environment due to groundwater withdrawal
but also the regional hydrogeological characteristics
of the aquifers are both required to be provided in
detail.

This study adopts a decision model to obtain the
optimum yield in Yun-Lin, Taiwan. A probability
density function (PDF) of safe yield and loss functions
are introduced. The groundwater recharges is mainly
from the infiltration of precipitation and can be treated
as a random variable with a PDF (Chow et al., 1988).
Gau and Liu (2000) show a correlative relation
between precipitation and groundwater recharge.
Thus, the safe yield PDF is approximated by a rainfall
PDF while the loss functions are assigned from the
negative and positive effects of water utilization by
economic analysis. The optimum yield does not corre-
spond to the peak of the safe yield PDF and is deter-
mined by minimizing the expected losses using
decision analysis. The optimum yield and the method
can serve as references in groundwater management
and planning in Yun-Lin, Taiwan.

2. Decision model

Decision analysis is effectively and frequently
employed in the fields of business and engineering
for analyzing systems that have highly uncertain
futures (Crouch and Wilson, 1982; Holloway, 1979;
Keeney and Raiffa, 1976). Decision analysis solves
problems exhibiting great uncertainty and provides
reasonable solutions where minimal uncertainty is
required. Moreover, the method gives an adequate
solution at the least cost. Freeze et al. (1990) concep-
tually outlined decision analysis in relation to ground-

water management. The method has then been applied
to designing actions to remedy contaminated ground-
water (Massmann et al., 1991), and to the groundwater
control system of an open pit mine (Sperling et al.,
1992). Freeze et al. (1992) discussed the concept of
the data-worth analysis and its use in the development
of site investigation strategies.

A feasibility study, addressing safety, is required in
any public project. A loss function L(A,B) must initi-
ally be constructed to assess the desired action for a
given project. This function represents the loss
incurred if action A is taken in a natural environment
in state B. If information regarding B is collected in
advance and transformed into a probability distribu-
tion function, then techniques such as Baye’s criterion
(Hogg and Craig, 1989) can select the appropriate
decision from the corresponding probability distribu-
tion. By applying this criterion, the expected value of
the loss function L(A, B), as derived from the corre-
sponding probability distribution of a natural state,
can be computed according to Eq. (1) (Hogg and
Craig, 1989; Mood et al., 1976).

o0

R(A) = E[L(A,B)] = J L(A, X)P(X)dX (1)

where R(A) denotes a risk function, E[-] is the expec-
tation function and P(X) is a PDFof X.

If the groundwater is considered as a commodity
that may be traded commercially, then utilization of
the groundwater can be considered as an index
measuring economic loss or gain. Applying economic
and environmental concepts, the safe yield is assumed
to be X and the corresponding PDF is P(X). An actual
yield, Z, exceeding the safe yield, X, implies that the
groundwater is being overused or over-pumped. Over-
use of groundwater initially causes the water level to
fall, increasing the suction head and consuming exces-
sive electrical power. Various environmental
problems may follow; including land subsidence,
unsafe embankments, decreased drainage efficiencies,
and deteriorated groundwater quality. The net losses
caused by over-pumping are expressed in terms of an
L1 function. The L1 function depends on the differ-
ence between the values of X and Z when X is smaller
than Z. The value of the L1 function increases as the
difference increases. When Z is smaller than X agri-
cultural and aquacultural production does not achieve
its maximum possible economic value, the water
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L1 (Z, X): Loss function of over-pumping
L2 (Z, X): Loss function of insufficient water use
P (X): Probability density function
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Fig. 1. Relationships among L1, L2 and P(X).

resources are not sufficiently utilized. Therefore, a
loss value is assigned for water resource under-utili-
zation. The losses due to insufficient utilization are
represented by an L2 function. The L2 function also
increases with the difference between the values of Z
and X increases. The yield is optimal, at Z,, if the
actual yield equals the safe yield. For each safe yield,
X, varying with the PDF P(X), a corresponding loss
can be determined from L1(Z — X) or L2(X — Z). The
total expected loss (TEL) of groundwater in a specific
area can then be expressed as

TEL Jm L(X, Z)P(X)dX

+ oo

Z
J' L1(Z — X)P(X)dX + J
00 V4

X L2(X — Z)P(X)dX 2

+

Taiwan
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Fig. 2. Geological location of Yun-Lin Basin.

Fig. 1 shows a notion of the loss functions used in the
decision analysis. The curves, L1(Z, X) and L2(Z, X),
describe losses due to over-pumping and under-utili-
zation of groundwater, respectively. The actual yield,
Z, corresponds to a PDF for safe yield, P(X). The
intersection of the L1 and L2 curves, Zopt> denotes
where the actual yield is optimal and P(Z,,) corre-
sponds to the PDF for the optimum yield. Since X and
Z are positive values, TEL then can be stated as,

z
TEL = J L1(Z — X)P(X)dX
0

+ oo
+ J L2(X — Z)P(X)dX 3)
z

As such, the optimum yield, Z,,, can be obtained by
minimizing the TEL function. The estimated X is
iteratively substituted into the TEL function; until
the correspondent value of X reaches Z,, to solve
the minimization problem. When Z,, has been
obtained, L1 and L2 can be constructed. The solution
cannot be solved graphically because L1 and L2 are
non-linear functions. The successive quadratic esti-
mation method is employed to solve the determined
Zyp (Reklaities, 1983).

3. Application
3.1. Description of the study area

The Yun-Lin basin is located in the western part of
central Taiwan, as depicted in Fig. 2. The Cho-Shui
River and Pei-Kong River are the two major rivers
flowing through the basin. The basin extends 48 km
from east to west and 24 km from north to south and
has a total area of approximately 1000 km?. Rainfall is
concentrated in the wet season from May to October
while the dry season is between November and April.
The annual average rainfall and temperature are
1416.8 mm and 22.6 °C, respectively (Agricultural
Engineering Research Center, 1989). The primary
conventional source of revenue in the area is agricul-
tural production. However, the average income of
farmers in this region is significantly below that of
workers in other sectors due to the recent, rapid
growth in the industrial sector. Therefore, many farm-
ers have converted their farmlands to aquacultural
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Fig. 3. The contour of cumulative land subsidence from 1985 to
1994 (units in cm, adapted from Du et al., 1996).

operations, demanding large quantities of water, to
boost earnings. Many illegal pumping wells have
been densely placed along the coastal area. The
wells continuously extract groundwater from the aqui-
fer to meet aquacultural demands, and have thus
caused serious adverse effects, such as land subsi-
dence, seawater intrusion, and deterioration of the
environment, over the past 15yr. Fig. 3 shows
contours of representing the cumulative land subsi-
dence from 1985 to 1994, with values exceeding
180 cm south of the Shin-Hun-Weei River (Du et
al., 1996). Careful placement of wells and manage-
ment of pumping rates are imperative to minimize
these adverse effects.

3.2. Basic assumptions

Several assumptions are made in the decision
analysis to determine the optimum yield of ground-
water resources in Yun-Lin, Taiwan, to simplify the
problem:

1. Rainfall is the primary input to the groundwater

Table 1
Statistic tests of rainfall probability distribution

system. The safe yield correlates with rainfall
distribution, and is described by the same probabil-
ity density distribution. One fifth of the rainfall is
assumed effectively to recharge into groundwater
aquifers (Liu and Zhang, 1993).

2. The loss function L2 is constructed according to the
relationship between water usage and income loss,
when the water is not sufficiently supplied to aqua-
culture. Agricultural water is primarily supplied by
surface water from the Cho-Shui River. The under-
utilization of groundwater does not influence agri-
cultural production.

3. The loss function L1 is approximated by the rela-
tionship between the water usage and the repair
cost, due to the over-extraction groundwater,
which destroys roads and damages embankments.

3.3. Rainfall data analysis

The basic precipitation data were gathered mainly
from 21 rainfall-monitoring stations between 1960
and 1985 (C.W.B., 1960—-1985). Annual average rain-
fall was computed by the Thiessen polygon method.
The rainfall PDFs were constructed according to four
statistical models including normal, lognormal,
gamma, and exponential distributions. Table 1 lists
the computed results. The gamma distribution model
is defined as,

f00= (%) e @
BI(a) \ B

where I( ) is gamma function, and « and 8 are shape

and scale parameters, respectively. The gamma distri-

bution model with shape and scale parameters of

23.08 and 61.73, respectively, is the most significant

statistically and is thus adopted as the PDF to describe

Model Parameter Chi-square test Significant

Normal Mean: 1416.8 16.905 0.079
Standard deviation: 293.65

Log normal Mean: 1419.2 2.578 0.108
Standard deviation: 311.46

Gamma Shape: 23.08 2.506 0.113
Scale: 61.73

Exponential Mean: 1416.8 16.905 0.00003




Table 2
The quantity, price and water use to the estimation of fish production value

Fish species Milk fish  Tilapia Eel Shrimp Sea perch  Clam Cookle Total value in Total water
10° NT dollars  consumption (cm/yr)

Water used 41000 31000 532000 133000 88000 37000 59000

(tons/ton/yr)

1982 Quantity (ton) 1441 6121 5673 1540 4437 3992 3243 263.5 420.12
Value (10° NT dollars) 7.2 24.5 147.5 15.3 19.2 31.9 17.8

1983 Quantity (ton) 1536 6609 4381 2000 509 5337 3146 251.6 325.34
Value (10° NT dollars) 9.1 26.8 111.8 41.5 25 42.7 17.3

1984 Quantity (ton) 1416 5893 5649 2410 455 6156 - 217.6 383.71
Value (10° NT dollars) 7.6 239 140.1 43.8 2.1 443 -

1985 Quantity (ton) 1571 5872 5520 2504 3927 6900 3126 242.1 386.71
Value (10° NT dollars) 8.3 23.0 134.1 60.0 16.7 48.8 12.3

1986 Quantity (ton) 1411 5197 4566 3423 3553 6202 2932 192.12 339.84
Value (10° NT dollars) 11.4 20.3 110.1 37.1 12.4 443 114

1987 Quantity (ton) 1890 4940 3908 3283 3175 3933 2754 174.8 302.57
Value (10° NT dollars) 13.5 14.9 105.5 29.7 11.2 8.8 12.1

1988 Quantity (ton) 176 5869 9830 1013 7175 8997 1325 379.8 617.46
Value (10° NT dollars) 1.2 19.4 26.2 12.7 29.8 494.8 5.2

1989 Quantity (ton) 70 5413 8981 556 5285 6506 2971 336.2 590.36
Value (10° NT dollars) 0.5 21.7 215.5 11.4 28.7 43.6 14.9

1990 Quantity (ton) 450 5500 13224 254 4828 6660 5516 459.2 825.46

Value (10° NT dollars) 1.8 23.1 330.6 7.0 26.4 40.0 30.3

£81—/L1 (2002) £9Z &30]j04pLY Jo puinop s nr] “M-"D ‘MO “S-'H
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Fig. 4. Loss value curve and water use efficiency curve. ® Loss from overdraft of water; + water utilization profit.

the probability distributions of the rainfall. The aquifer
is formed primarily from alluvial deposits in Yun-Lin,
and rainfall may recharge directly into the unconfined
sandy aquifer. Consequently, the safe yield PDF is
approximated by the rainfall PDF. The effective
groundwater recharge coefficient can be estimated
from the correlation between long-term precipitation
and the variation of the groundwater table. Only 20%
of the rainfall is assumed to be effectively recharged
into the groundwater aquifer (Liu and Zhang, 1993).
Accordingly, the safe yield is one fifth of the rainfall
and the gamma distribution model with shape and
scale parameters of 4.616 and 0.9232 is statistically
fitted to the probability distribution of the safe yield.

3.4. Estimation of aquacultural water consumption

Economic activity in Yun-Lin relies heavily on
aquaculture. Milkfish, tilapia, eel, shrimp, sea perch,
clam and cockle are raised. The volume of water
required for fish farming of various species depends
on the number and type of fish farmed, the aquacul-
tural technology applied, and the structure of the fish-
ponds. The water consumption required for different
fish varies: 41,000 tons/ton/yr for  milkfish,

31,000 tons/ton/yr for tilapia, 532,000 tons/ton/yr for
eel, 133,000 tons/ton/yr for shrimp, 88,000 tons/ton/
yr for sea perch, 37,000 tons/ton/yr for cockle (See the
Annual Reports of Agriculture in Taiwan, 1982—
1990). The total value of fish production and the
total consumption of water can be computed from
the amount of fish produced from 1982 to 1990 and
their market values (Table 2).

3.5. Setup of loss functions

Fig. 4 displays the water use efficiency curve and
the loss value curve. The abscissa denotes the amount
of water used annually, while the ordinate is the loss
or profit. For a given volume of water, if the profit is
smaller than the loss, the water is over-extracted. If
these two curves are extended, they will intersect at
some point (point A in this case). However, the inter-
section does not represent reality because the environ-
ment has seriously deteriorated, as the profit and the
loss have not been distributed to the same people: the
profit is enjoyed by aquacultural business and the loss
is imposed on local residents and the local govern-
ment. This problem can be resolved by using decision
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Table 3

An accumulated land subsidence from 1982 to 1990 and a estimated cost for the repair of road and bridge destruction

Year Accumulated land Repair cost for Repair cost for Repair cost
subsidence provincial road prefectural road for bridge
(cm) (10® NT dollars) (10® NT dollars) (10® NT dollars)

1982 9.71 4322 86.5 649.4

1983 17.48 777.9 155.7 649.4

1984 26.22 1166.9 233.6 649.4

1985 34.96 1555.9 311.4 649.4

1986 42.73 1901.6 380.6 649.4

1987 49.53 2204.1 441.2 649.4

1988 64.10 2670.0 534.5 649.4

1989 717.70 2670.0 534.5 649.4

1990 97.12 2670.0 534.5 649.4

analysis to obtain a compromise solution that balances
the probabilities of the profit and the loss functions.

3.5.1. L2 function
The relationship between the value of fish and water
utilization is constructed from the results in Table 2.

Table 4
Loss from crop (in 10® NT dollars)

The cross symbols in Fig. 4 indicate the annual value
of the fish produced against the annual water used
from 1982 to 1990. Four types of curves including
power, linear, logarithmic and exponential were
used to achieve the best fit by regression analysis.
The results suggest that the power curve gives the

Species Year
1982 1983 1984 1985 1986 1987 1988 1989 1990

Rice 6.8 8.6 539 137.7 699.7 169.1 229 74.6 48.6
Sweet potatoes 8.4 0.5 10.0 177.1 4.5 2.5 1.2 8.0
Maize 1.1 104 15.1 127.1 71.8 11.8 63.8 334
Sorghum 1.8 0.3 8.3 14.9 2.7 2.2 11.2
Sugar cane (fresh) 2.2 3.1 170.6 5.6 1.4 75.9 29.3
Soybean 0.1 0.7 224 2.3 7.9 2.1 4.7
Other bean 3
Sugar cane 1.4 14.4 15.6 7.1 62.4
Peanuts 252 142716 81638 142035 448140 86.7 39.8 454 82.1
Special crops 8.1 0.3 23.2 7.8
Asparagus 4.2 72.7 58.2 32.1 205.2 58.9 65.2
Watermelons 429 178.5 94.6 158.1 39.8 13.8 55.7 0.8 258.4
Seed watermelons 150.6 151.1 68.4 45.2
Nuskmelons 53.2 268.5 84.6 19.0 32.8 733
Other vegetable 78.2 521.2 189.7 132.8 1179.0 154.2 43.0 91.5 2254
Potatoes 7.6
Other fruit 106.1 16.4 3.9 1.6
Bamboo shoots 272.3 1.5 17.2
Bananas 27.4 11.0
Linchengs 344.7 3.6
Ornamental plants 1.4 0.7 0.2 1.2
Papayas 8.1 21.6
Guavas 0.5

Total 169.5 947.2 479.9 858.2 3682.1 727.9 724.1 552.8 774.5
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best fit as shown by the dashed line in Fig. 4 with a
regression equation given by,

Y =1.1775%x 107 x w0898 5)

where Y is the total value attributed to fish production
in New Taiwan (NT) dollars and W is the annual water
consumption in cm/yr.

The L2 loss function is defined as the losses attri-
butable to insufficient water use. If an actual yield Z is
used for aquaculture in a given year. The profit can be
computed from Eq. (5) by replacing W with Z. If the
water is exploited sufficiently and becomes a safe
yield X, the profit can still be directly computed
from Eq. (5) by replacing W with X. If the Z is less
than the X, the net loss from insufficient water use for
aquaculture in the year of interest is simply described
by the difference between these two. Thus, the net loss
of the L2 function can be expressed as

L2(X — Z) = 11775 X 107 x (X*¥% — Z0%%),
(6)
Z<X)

3.5.2. LI function

The losses considered herein include the destruc-
tion of embankments and roads caused by land subsi-
dence, and economic and social losses caused by
flooding. Data for affected areas were obtained mainly
from the 1989 report of the Agricultural Engineering
Research Center.

The surface of a road is assumed to be 60 cm
thick. If land subsidence exceeds 60 cm, the road
structure cracks and must be rebuilt. If the subsi-
dence is less than 60 cm, the road requires only
partial resurfacing. The cost of resurfacing is
assumed proportional to the amount of subsidence.
If subsidence occurs around a bridge, the bridge
becomes unsafe and must be replaced. According
to land subsidence surveys, the areas of provincial
roads, prefectural roads, and bridges destroyed
were 667,500, 255,500 and 43,290 mz, respec-
tively. The repair costs for provincial roads,
prefectural roads, and bridges were 4000, 260
and 15,000 NT$/m? respectively. Table 3 gives
estimates of the total repair costs.

The destruction of embankments by land subsi-
dence means that floods can no longer be controlled.
Flooding due to the river’s overflowing in wet

seasons, causes water to accumulate and crop produc-
tion to fall. Accordingly, the losses considered herein
are crop losses caused by flooding following the
destruction of embankments. The lost value due to
damaged crops is obtained mainly from Taiwan’s
Annual Agriculture Reports from 1982 to 1990.
Table 4 lists the loss value of different crops. The
solid circles in Fig. 4 show the relationship between
the total loss according to the earlier estimate, and the
amount of water used. The total loss (¥) can be
expressed as a function of water usage (W) by
curve-fitting and is shown by the solid line in Fig. 4:

Y = 4.589 x 108 w0332 (7)

The loss exists if the actual yield (Z) exceeds the safe
yield (X). Thus, the loss caused by over-extraction of
groundwater becomes,

LI(Z — X) = 4589 x 10%(Z — x)*3%, Z>X)

®)

The loss functions are represented in general form as
to describe the process of solving for optimum Z:

LI(Z - X)=a,(Z — X)" )

L2(X — Z) = a, X" — a,Z” (10)

Substituting Egs. (9) and (10) into Eq. (3), and differ-
entiating TEL with respect to Z, using Leibnitz’s rule,
and then setting d(TEL)/dz =0, the following is
obtained,

d(TEL)
dz

A
=a,b, JO Z - X" Px0)dx

YA J P(X)dX
A
=0 (11)

The extreme value of Z is found by solving Eq. (11)
using the successive quadratic estimation method
(Reklaities, 1983). The necessary condition for Z to
be a minimum of TEL is that the second derivative of
TEL is greater than zero. Differentiating Eq. (11)
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Fig. 5. Optimum yield for Yun-Lin area.

again,

d*(TEL)

7
o =iy — ) jo (Z — X" 2P(X)IX

+ o0
- [azbz(bz - 1)zb2*2] JZ P(X)dX

+ [azbzzbf1 ]P(Z)

>0 (12)
substituting the regression coefficients a;, by, a; and b,
given in Eqgs. (6) and (8), and the rainfall PDF of Eq.
(4) into Eq. (12), respectively, we then compute the
integral values of d*(TEL)/dZ* by the numerical soft-
ware IMSL (International Mathematics and Statistics
Library, Inc., 1987). The results show that
d*(TEL)/dZ? is always greater than zero as the value
of Z ranges from zero to infinity. Therefore, the solu-
tion of Eq. (11) yields the Z,, is a minimum value of
TEL.

4. Results and discussion

Decision analysis is performed to estimate the
optimal yield using the L1 and L2 functions and
the PDF of the safe yield. The latter is approxi-

mated by the rainfall PDF. The optimum yield is
determined by d(TEL)/dZ = 0. Fig. 5 presents the
results. The optimum yield is 61.9 cm/yr which is
corresponding to the intersect of the L1 and L2
curves on x-axis. Multiplying this value by
1000 km?, the approximate area of Yun-Lin,
gives an optimum yield of 619 million metric
tons/yr. This finding is compared with the safe
yield of 770 million metric tons/yr estimated by
Tsao and Hsu (1987) using a water balance
method in the Yun-Lin basin. Their value is 150
million metric tons higher than that obtained in
this study. The actual water consumption from
1982 to 1990 in this area (300 cm/yr or higher,
as shown in Table 2) is significantly higher than
the optimum yield found in this study (equal to
61.9 cm/yr).

This finding also agrees with the observation of
severe land subsidence in the area, thereby supporting
the view that over-pumping of groundwater by aqua-
culture induces land subsidence in Yun-Lin, Taiwan.

Fig. 5 shows the relationship between the loss func-
tions and the safe yield probability distribution. In this
decision analysis model, the optimum yield is mainly
controlled by the loss functions and the probability
distribution. Nevertheless, the probability distribution
of the safe yield, approximated by the rainfall prob-
ability distribution, in an area is a natural inherent
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function so that the optimum yield can only be
increased by adjusting the loss functions. Fig. 5
shows that the loss decreases by decreasing the
slope of the L2 function. In other words, the optimum
yield is increased by reducing the loss from insuffi-
cient water usage. This concept can be elucidated by
considering raising eels and shrimps with the highest
unit profit and noting the proportional increases in
water demand (see Table 2). The slope of the profit
curve will increase so that the slope of the L2 function
is accordingly reduced if the locations of eel and
shrimp ponds are properly placed to avoid environ-
mental damage, such as land subsidence. Such place-
ment correspondingly increases the optimum yield.

Results obtained from decision analysis and the
water balance method must be interpreted sepa-
rately. In the water balance method, the safe
yield is the difference between the volumes of
water recharge and extraction, and is the maxi-
mum volume of water that can be utilized without
considering environmental factors. The volume of
water obtained from the water balance method
exceeds that obtained from decision analysis
since the former does not consider environmental
factors. The water balance method is only appro-
priate for an area that has previously undergone
no environmental damage. Applying the water
balance method requires detailed hydrological
and hydrogeological data, including the rate of
river flow and the amount of groundwater
supplied, to be collected in advance. However,
these data are sometimes difficult to measure,
resulting in high uncertainty and low reliability.

The decision analysis method is more conserva-
tive and is appropriate for an area that has experi-
enced environmental damage. Decision analysis
requires only data related to statistically valid
loss functions. Collecting such data is relatively
simple.

This study did not include some losses, such as the
cost of replacing soil, the cost of repairing the damage
to pumping wells, and the cost of improving the health
and safety of the farming population. Therefore, the
actual optimum yield may be lower than 619 million
tons. Moreover, a statistical analysis of existing data
cannot easily determine accurately the actual loss
from over-extraction. Consequently, the results may
exhibit a high variance with a large uncertainty.

The monthly average optimum yield could be
calculated if monthly average data were available.
Such results would be more accurate than the
yearly average optimum yield determined in the
present study.

The probability distribution of the safe yield must
be pre-estimated for decision analysis. This study,
based on earlier work (Liu and Zhang, 1993), assumed
that 20% of rainfall recharges into the groundwater
aquifer. However, the groundwater recharge may be
different from this value for different hydrogeological
setting of interest. The difference could lead to a
significant difference in the determined optimum
yield.

5. Conclusions and suggestions

Decision analysis and loss functions are introduced
to estimate the optimum yield from a groundwater
aquifer. Two loss functions, L1 and L2, are
constructed. The L1 function represents the loss due
to environmental deterioration caused by over-
extracting of groundwater. The L2 function represents
the loss of economic profit caused by under-utilization
of groundwater. An optimum yield for the ground-
water aquifer can be determined by minimizing TEL
function. The technique is adopted to estimate the
optimum yield in Yun-Lin, Taiwan. The computed
optimum yield is 619 million tons per year, which is
much less than the actual amount extracted and less
than the value computed by the water balance method.
The optimum yield may have been even lower if more
data were available to calculate the loss functions. The
low value of the optimum yield indicates that the
groundwater resource in Yun-Lin, Taiwan suffers
from severe over-extraction. Over-extraction has
caused environmental deterioration, seawater intru-
sion, land subsidence, embankment failure, and road
destruction. The loss function decision analysis
approach adequately determines the optimum yield
in Yun-Lin, Taiwan. It is more conservative and effi-
cient than the conventional water balance method and
more thoroughly considers environmental factors.
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