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Abstract

In this study, a simulation-based optimization method (SOM) is developed for supporting water resources planning and
management under uncertainty in Tarim River Basin, China. The modeling system couples a lumped rainfall runoff model and an
inexact multistage stochastic programming (IMSP) into the general framework. The SOM extends upon the existing multistage
stochastic programming method by allowing uncertainties expressed as probability density functions and discrete intervals to be
effectively incorporated within the optimization framework. Its random parameter is provided by the statistical analysis of
simulation outcomes of the rainfall runoff model. Moreover, it can also reflect dynamic features of the system conditions through
transactions at discrete points in time over the planning horizon. The results indicate that reasonable solutions have been
generated. The results are helpful for water resources managers in not only making decisions of water allocation but also gaining
insight into the tradeoffs between environmental and economic objectives.

© 2010 Published by Elsevier Ltd. open access under CC BY-NC-ND license.
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1. Introduction

Over the past decades, controversial and conflict-laden water resources allocation issue has challenged decision
makers [11]. The growing population and shrinking water availability have exacerbated such competitions, leading
to complexities in generating desired decisions, particularly under varying natural conditions and deteriorating
quality of water resources. Consequently, the constantly increasing demand for water in terms of both sufficient
quantity and satisfied quality, has forced planners to contemplate and propose ever more comprehensive, complex,
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and ambitious plans for water resources systems [8, 12]. Moreover, spatial and temporal variations can exist in
system components such as stream flows and water-allocation targets, and fluctuations can be associated with the
net system benefits that are functions of many stochastic factors. These complexities could become further
compounded by not only interactions among the uncertain parameters but also their economic implications. As a
result, the inherent complexity and stochastic uncertainty that exist in the real-world water resources systems have
essentially placed them beyond the conventional deterministic optimization methods.

Two-stage stochastic programming (TSP) is an effective method for problems in which an examination of policy
scenarios is desired and the system data is characterized by probability distribution [2, 4, 8, 9, 10, 15, 17]. However,
the TSP has difficulties in reflecting the dynamic variation of system components, especially for large-scale
problems with sequential structure. To deal with such a dynamic feature, multistage stochastic programming (MSP)
methods were developed as extensions of dynamic stochastic optimization methods.

The MSP improved upon the TSP by permitting revised decisions in each time stage based on the uncertainty
realized so far. In the past decades, a number of researchers made efforts to propose MSP methods for planning
water resources systems [7, 8]. For example, Watkins et al. [18] proposed a scenario-based multistage stochastic
programming model for planning water supplies from highland lakes, where dynamics and uncertainties of water
availability (and thus water allocation) could be taken into account through generation of multiple representative
scenarios. Ahmed et al. [1] addressed a multistage capacity expansion problem with uncertainties in demands and
cost parameters as well as economies of scale in expansion costs. Li et al. [11] developed a multistage scenario-
based interval-stochastic programming method for water-resources allocation under uncertainty, which improved
upon the existing multistage optimization methods with advantages in uncertainty reflection, dynamics facilitation,
and risk analysis.

Therefore, as an extension of previous research efforts, this study aims to develop a simulation-based
optimization method (SOM) for planning water resources management systems. The SOM will incorporate runoff
simulation and interval multistage stochastic programming (IMSP) within a general framework. It can not only deal
with uncertainties expressed as not only probability density functions (PDFs) and interval values, but also reflect the
dynamics of system uncertainties and decision processes under a complete set of scenarios. Moreover, penalties are
exercised with recourse against any infeasibility, which permits in-depth analyses of various policy scenarios [13].
The developed SOM will be applied to planning water resources allocation in the Tarim River Basin. The results
will be useful for water resources managers in making decisions of water allocation, and gaining insight into the
tradeoffs between the system benefit and the constraint-violation risk.

2. Methodology

2.1. Definitions of the interval parameter

Let x denote a closed and bounded set of real numbers. An interval-parameter number x* is defined as an
interval with known upper and lower bounds but unknown distribution information for x [7]:
xi:[x’,x+]:{tex|x’Sth+} (1)
where x and x* are the lower and upper bounds of x* , respectively. When X =x', x* becomes a
deterministic number.

For x*, we define Sign (x*) as follows:

. . Lif x*>0
Sign (x7) = . (2)
-1, if x <0
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Its absolute value |x|i is defined as follows:

r_{ x5 if x* =0

[x . (3a)
—x, if x* <0
Thus we have
- “Lif x>0
e A (3b)
—x', if x* <0
. L xt20
W= T (30)
-x, if x <0

2.2. Simulation-based optimization method

Consider a problem in which a water resources manager is responsible for allocating water to multiple users over
a multi-period planning horizon. Assuming that water demands from different users are deterministic, the
formulation of the T-stage water resources management model can be written as a multistage stochastic
programming (MSP) [7]:

I T I T K
Max f = ZzBithir _ZZ ptkCitSitk (461)
i=l t=1 i=1 t=1 k=1
subject to
1
> W, =S, )<q,+& 0 Yhk=12..,K; t=12..T (4b)
i=1
1
g(r—l)k =Yu-yn — Z(W/i(r—l) - Si(r—l)k ) + g(r—Z)k Vh7 k= L 2’ (AR Kr (46)
i=1
Wow W, 28, 20, Vit k (4d)
where f is the net system benefit over the planning horizon; i is the water user, i =1, 2, . . ., I; ¢ is the
planning time period, =1, 2, . . ., T; k is the flow level available (k=1,2,..., K, ) with k = 1 representing the

low flow, k = 2 representing the medium flow and k = 3 representing the high flow; B, is the net benefits to user

i per unit of water allocated during period ¢ ; W, is the fixed allocation target for water that is promised to user i

during period ¢ ; is the probability of occurrence for scenario k in period ¢, with p, > 0 and 21’?:1 p.=1;C

L 1S
the reduction of net benefit to user i per unit of water not delivered during period ¢t (C, > B, ); S,, is the amounts
by which the respective water-allocation targets (W, ) are not met when the seasonal flows are g, with probabilities
p, in period ¢ ; 1is the water availability with probability levels of p, for K, scenarios at each time stage
(1); &,y is the surplus water in the reservoir when water is delivered in period #—1 under scenario k
(k=L2,...,K,);W, . is the maximum allowable allocation amount for user i during period ¢ .

However, model 4 can only reflect uncertainties in water availability (i.e. g, ) presented as random variables
when the left-hand side and cost coefficients are deterministic. An extended consideration is for more uncertainties
in the other parameters such as, W, C, and B, . For example, it may often be difficult for a planner to promise a
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deterministic water-allocation target (W, ) to users when the available water flows are uncertain; the water demands

from the users may be uncertain; also, the economic data of benefit and cost (i.e., C, and B, ) may not be available

as deterministic values. Moreover, in many practical problems, the quality of information that can be obtained is
often not good enough to be presented as probabilistic distributions [7]. Based on the above considerations, interval

parameters are introduced into the multistage programming framework to communicate uncertainties in W, , C,

and B, into the optimization process. This leads to a hybrid inexact MSP model as follows:

LT I T K
Max fi = ZZB:VV: _ZZ ptkC;Sifk (5a)
i=l t=1 i=l t=1 k=1
subject to
I
> W, =Su)<qy+e,,, Vhk=12..K; t=12..T (5b)
i=1
I
o =D — 2 Wiy =St ¥ €aye. Vhk=1,2,.., K, (5¢)
i=l1
W >WE>Sh >0, Vit k (5d)
where W,”, B;, C;, S, and W are interval variables. An interval is defined as a number with known

upper and lower bounds but unknown distribution information [4, 7]. Letting W, and W,” be lower and upper
bounds of W;", we have [W, ,W, |. When W, = W,

it ? it

W,” becomes a deterministic number.

A simulation-based optimization method (SOM) is developed by coupling the simulation results of the lumped
rainfall runoff model with the inexact multistage stochastic programming (IMSP).

3. Case study

Kaidu-kongque watershed is located in the middle reach of the Tarim River, and has an area of approximately
31.4 x 10° km®. Peck flows at the Dashankou (DSK) station in the upstream of the watershed reach around 400 - 700
m’/s in August and September, and drop to almost zero during the end of the dry season [5]. The Kaidu-kongque
River supplies water to the region’s municipality, industry, stockbreeding, forestry and agricultural sectors; it is also
the most important source for ecosystem recovering of the lower reaches of the Tarim River.

The meteorological data including air temperatures, pan evaporation and daily rainfall are collected from 1960
to 2005. The definition of initial condition parameters in the rainfall runoff model are according to the DHI

reference [3] and related publications. Values of W, ., W

ir

B; and C, are estimated based on the statistical

yearbook of Xinjiang Uygur Autonomous Region in 2009 and presented in Tables 1 and 2.

Table 1. Water allocation targets for users (unit: 10° m®)
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An example of a column heading Time period

t=1 t=2 =3

Water allocation target (W, )

Municipality [69, 191] [80, 200] [90, 220]
Industry [469, 803] [550, 900] [420, 800]
Stockbreeding [41, 155] [45, 170] [50, 175]
Forestry [407, 527] [460, 588] [480, 600]
Agriculture [2335, 3113] [2420, 3200] [2480, 3350]
Ecology [445, 1051] [500, 1100] [500, 1100]

To get the optimal water allocation schemes for the study watershed, values of ¢, should be obtained first. This
value can be conducted through statistical analyses with simulation results of annual stream flow of the Kaidu-
kongque River which supply water to the watershed. In this study, the time span for statistical analysis was set from
year 1960 to 2005 (46 years). As shown in Figure 1, the simulated daily discharges are compared with observed data,
the Nash-Sutcliffe coefficient R2 (Nash and Sutcliffe, 1970) would be 0.72. We then used the verified hydrological
model to estimate the time series of daily stream flow from 1960 to 2005 for the DSK station.

Table 2. Net benefits and penalties (unit: $/10° m?)
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An example of a column heading

Time period

t=1

t=2

t=3

Net benefit when water demand is satisfied ( B, )

Municipality [7857, 10000] [6907, 9903] 7220, 10003]
Industry [1820, 6414] [1900, 6300] [1968, 7001]
Stockbreeding [3900, 6485] [3900, 6279] [3830, 6000]
Forestry [257,371] [288, 407] [269, 392]
Agriculture [341, 455] [367, 480] [390, 555]
Ecology [157,429] [170, 520] [191, 529]

Reduction of net benefit when demand is not delivered ( C; )

Municipality [14285, 18571] [13084, 18998] [14430, 19300]
Industry [3600, 11442] [3500, 12000] [3687, 13200]
Stockbreeding [7857, 12857] [7500, 11355] [7600, 11938]
Forestry [515, 742] [530, 800] [520, 780]
Agriculture [642, 1000] [720, 1100] [780, 1100]
Ecology [285, 643] [305, 1002] [325, 956]
600
Simulated Discharge
------- Observed Discharge
— 400 -
@
E
)
e
2
O 200 A
0 T T T
2001-1-1 2001-5-1 2001-8-29 2001-12-27

Data

Fig. 1 Verification of the lumped rainfall runoff model (2001)

The interval values of g, under different probability levels can then be calculated with the fitted gamma distribution.
As a result, we have F (g, ) =[0.85¢,,, 1.15¢, 1. Table 3 presents the probability levels correspond to different
interval values of the stream flow. By inputting the interval values of stream flow and economic data, the model 5
can be solved.

Table 3. Stream flows in the three periods (unit: 10° m®)
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Flow level Probability ~ Stream flow  Probability ~ Stream flow  Probability ~ Stream flow
t=1 t=2 t=3

Low (L) 0.304 [2459,2989]  0.37 [2399,3003] 0.174 [2602, 2901]

Medium (M)  0.455 [3002, 3721]  0.502 [3062,3847] 0.49 [2917, 3626]

High (H) 0.261 [3752,5708] 0.128 [4068, 5676]  0.336 [3700, 5500]

4. Results analysis

By inputting the interval numbers of simulated stream flow and the economic data, the optimal water allocation
targets, plans, system benefits and penalties were obtained through the SOM model. Figures 2 show the solution of
the optimal allocation targets during periods 1 to 3. The results indicate that, during periods 1 to 3, the optimal water
allocation targets would be (1) for the municipality sector: 191.0 x 10°, 200.0 x 10° and 220.0 x 10° m®, respectively;
(2) for the industry sector: 803.0 x 106, 900.0 x 10°, and 800 x 10° m? , respectively; (3) for the stockbreeding sector:
155.0 x 10°, 175.0 x 10° and 175.0 x 10° m®, respectively; (4) for the forestry sector: 407.0 x 10°, 460.0 x 10° and
480.0 x 10° m®, respectively; (5) for the agriculture sector: 2335.0 x 10° 2420.0 x 10° and 3350.0 x 10° m’,
respectively; (6) for the ecology sector: 1051.0 x 10°, 1100.0 x 10° and 1100.0x 10° m®, respectively.

4000
B Period 1
E O Period 2
=] B Period 3
= 3000
(5]
2
S
s
2 7
g 2000
® /f
.
B 1000
£
=1 %
’ 7AW
o LEZ R P 7 7
Municipality Industry Stockbreeding Forestry Agriculture Ecology

Fig. 2 Optimized water allocation targets during periods 1 to 3
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In period 1, the solutions for water shortage (i.e. S.,) under the given targets reflect potential system condition
=407.0 x 10° and
St = 10, 407.0] x 10° m® means that, for user 4 (i.e., forestry), there would be zero water allocation would

variations caused by uncertain inputs. For example, the solutions of S, =407.0 x 10°, S 20t
definitely occur when the seasonal flow are low (probability = 0.304) and medium (probability = 0.455), Similarly,
when the flow is high (probability = 0.241), the shortage may be relatively low under advantageous conditions, and
would be raised under demanding conditions. The solutions of S3,,, =[495.0, 1026.0] x 10°, S =10, 1323.0] x
10° and St = [0, 1798.0] x 10° m? imply that, for user 5 (i.e., agriculture), there would be water shortage when
the seasonal flows are low to high. For the ecology sector, the water shortage under low to high flows would be
1051.0 x 10° m’.

In period 2, the results indicate that there would be no water shortage for the municipality, industry and
stockbreeding sectors during the second period (following a high flow in period 1), whiles the corresponding water
allocations would be 200.0 x 10°, 900.0 x 10° and 170.0 x 10° m’, respectively. For the forestry sector under low,
medium and high seasonal-flow levels in period 2 (following a high flow in period 1), the water shortage would be
[0, 460.0] x 10°, [0, 460.0] x 10° and [0, 460.0] x 10° m® (with joint probability levels of 0.039, 0.058 and 0.031,
respectively), whiles the corresponding water allocations would be [0, 460.0] x 10%, [0, 460.0] x 10° and [0, 460.0] x
10° m®. For the agriculture sector, the water shortage would be [0, 1249.0] x 10°, [0, 1012.0] x 10° and [0, 334.0] x
10° m? respectively, whiles the corresponding water allocations would be [1171.0, 2420.0] x 106, [1408.0, 2420.0] x
10° and [2086.0, 2420.0] x 10° m’, respectively. For ecology sector, the water shortage would be [937.0, 1100.0] x
108, [736.0, 1100.0] x 10° and [0, 1100.0] x 10° m? respectively, whiles the corresponding water allocations would
be [0, 127.0] x 10° [0, 364.0] x 10° and [0, 1100.0] x 10° m’, respectively.

In period 3, there would be zero shortage under low to high flow levels for municipality, industry and
stockbreeding. The solutions of 8%, = [0, 845.0] x 10°, 5%, , = [0, 845.0] x 10° and S%,,, = [0, 557.0] x 10° m’
mean that, if the flows are high in period 1 and medium in period 2, then there would be [0, 845.0] x 106, [0, 845.0]
x 10° and [0, 557.0] x 10° m’ of water shortage under low, medium and high water-flow scenarios, respectively
(joint probability = 0.051, 0.077 and 0.041), for agriculture sector during period 3; Thus, the corresponding water
allocation patterns would be [2505, 3350] x 10%, [2505, 3350] x 10° and [2793, 3350] x 10° m® under low, medium
and high water-flow scenarios, respectively, for agriculture sector during period 3. If the flow is high in periods 1
and 2, then there would be [0, 368.0] x 10%, [0, 368.0] x 10° and [0, 368.0] x 10° m® of water shortage under low,
medium and high flow scenarios, respectively (joint probability = 0.013, 0.019 and 0.010), for user agriculture
during period 3. The water shortage for the agriculture sector in period 3 would become less if there is some surplus
in the water available due to the high-flow condition during period 2.

+

Solution of the objective function (i.e. £, = $[8.57, 29.96] x 109) provides two extreme expected values of the

opt

net system benefit over the planning horizon. As the actual value of each continuous variable varies within its lower

and [’

opt opt

and upper bounds, the expected system benefit would change correspondingly between with a variety

of reliability levels.
5. Conclusions

A simulation-based optimization method (SOM) has been developed for water resources planning and
management. The developed SOM integrates the lumped rainfall runoff model into an inexact multistage stochastic
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programming (IMSP) framework. This method extends upon the existing multistage stochastic program by allowing
uncertainties expressed as probability density functions and discrete intervals to be effectively incorporated within
the optimization framework. Moreover, penalties are exercised with recourse against any infeasibility, which
permits in-depth analyses of various policy scenarios that are associated with different levels of economic
consequences when the promised water-allocation targets are violated. The developed SOM is applied to a real case
of planning water resources management in Tarim River Basin, China. The results indicate that reasonable solutions
have been generated, and will help generate desired policies for water resources management with maximized
economic benefit and minimized system-failure risk.
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