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Abstract: The Manas River Basin in Xinjiang Uygur autonomous region, similar to other arid regions, is facing
water constraints which challenge decision-makers as to how to rationally allocate the available water resources to
meet the demands from industries and natural ecosystems. Policies which integrate the supply and demand are
needed to address the water stress issues. An object-oriented system dynamics model was developed to capture
the interrelationships between water availability and increasing water demands from the growth of industries, agri-
cultural production and the population through modeling the decision-making process of the water exploration ex-
plicitly, in which water stress is used as a major indicator. The model is composed of four sectors: 1) natural surface
and groundwater resources; 2) water demand; 3) the water exploitation process, including the decision to build
reservoirs, canals and pumps; 4) water stress to which political and social systems respond through increasing the
supply, limiting the growth or improving the water use efficiency. The model was calibrated using data from 1949 to
2009 for population growth, irrigated land area, industry output, perceived water stress, groundwater resources
availability and the drying-out process of Manas River; and simulations were carried out from 2010 to 2050 on an
annual time step. The comparison of results from calibration and observation showed that the model corresponds to
observed behavior, and the simulated values fit the observed data and trends accurately. Sensitivity analysis
showed that the model is robust to changes in model parameters related to population growth, land reclamation,
pumping capacity and capital contribution to industry development capacity. Six scenarios were designed to inves-
tigate the effectiveness of policy options in the area of reservoir relocation, urban water recycling, water demand
control and groundwater pumping control. The simulation runs demonstrated that the technical solutions for im-
proving water availability and water use efficiency are not sustainable. Acknowledging the carrying capacity of water
resources and eliminating a growth-orientated value system are crucial for the sustainability of the Manas River
Basin.

Keywords: water resources management; sustainable development; system dynamics modeling; water stress; arid river basin

Citation: ShanShan DAI, LanHai LI, HongGang XU, XiangLiang PAN, XueMei LI. 2013. A system dynamics approach for water resources policy
analysis in arid land: a model for Manas River Basin. Journal of Arid Land, 5(1): 118-131.

Water resources management is a complicated and
delicate issue in regional planning and development,
especially in an arid river basin where evaporation is
much greater than precipitation. Technological solu-
tions are not enough to solve water resource issues.
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They must also be addressed within the social-econo-
mic system, especially the value system of the modern
society. Therefore, the fundamental principle of sus-
tainable development in an arid region is to manage
the social-economic growth with the acknowledge-
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ment of the carrying capacity of limited water re-
sources (Syme and Hatfield-Dodds, 2007).

There has been much literature on the researches of
the relationship between social growth and the hydro-
logical process (Falkenmark, 1997; Berkes and Folke,
1998; Gunderson et al., 2006). Studies employed a
variety of tools and parametric assumptions to esti-
mate water capacity associated with various engineer-
ing solutions by concentrating on achieving a rapid
increase in income through accelerated growth. It is a
widespread misconception that it is appropriate to
solve water stress issues from the supply side. The
sustainable management of water resources requires
the integration of the water resource system with the
regional social-economic structure (Rauch et al.,
2002). Some studies addressed a coherency of them
with the hydrological-social-economic system in a
single analysis, but just in linear ways or limited in
theory (Lindh, 1985). Constraints of time and re-
sources, as well as the complexity of some method-
ologies, also limit an analyst’s ability to capture the
full range of economic development and water re-
sources (Fernandez and Selma, 2004), especially the
groundwater system which is a determining factor for
regional sustainable development. Therefore, system
modeling as a methodology was used to evaluate the
sustainability of the water resource system in the Ma-
nas River Basin where the water security is at an un-
safe level (Ling et al., 2012).

A systematic approach to solve water shortage
problem, addressing both interactive and non-linear
relationships (Ohlsson and Turton, 1999), has proven
to be effective (Simonovic and Fahmy, 1999; Xu et al.,
2002; Tidwell et al., 2004; Gastelum Perez, 2006;
Winz et al., 2009; 2010;
Sanchez-Roman et al., 2010). Different scenarios can

Gastélum et al.,

be simulated to measure the effectiveness of policy
(Ford, 1999). Studies dealing with water resource
management is considered to be an appropriate tool
for modeling both hydrological process (Li and Si-
monovic, 2002; Ahmad and Simonovic, 2006) and the
complex basin system from systematic perspectives
(Xu et al., 2002; Fernandez and Selma, 2004; Chu et
al., 2009; Gastélum et al., 2010; Sanchez-Roman et al.,
2010). Ahmad and Simonovic (2000) developed a
system dynamics (SD) model for reservoir operation
and evaluated the capacity of a reservoir to handle

large floods. Ahmad and Simonovic (2006) used SD
to develop a decision support system for management
of floods. Saysel et al. (2002) displayed the effects of
salinization and water availability on regional crop
yields. Xu et al. (2002) developed an SD model to
evaluate the sustainability of Yellow River water re-
sources in China. Ahmad and Prashar (2010) evalu-
ated municipal water conservation policies using a
dynamic simulation model. An SD modeling approach
can also capture time delays and internal feedback
loops that alter the behavior of the system (Sterman,
2000). In the water management SD models, the so-
cial and economic factors were integrated with water
resources, and both the hydrological process and the
economic structures were discussed (Winz et al.,
2009). The effectiveness of policy interventions within
the current social and economic context was also es-
timated, especially in the case of China (Xu et al,
2002).

This paper examined the feedback loops between
social-economic development, water allocation, and
water exploitation by building a system dynamics
model. The interactions of the hydrological process,
irrigation canals, the groundwater system, and so-
cial-economic changes were also examined. Addition-
ally, the paper explored what the future holds for arid
regions if supply-driven water exploitation strategies
are maintained, and it attempts to demonstrate the im-
pacts of water exploitation processes on natural river
systems which were to meet the economic develop-
ment expectation.

1 Study area and model development

System dynamics is a method to understand the be-
havior of complex systems over time (Sterman, 2000)
and how endogenous structure of the system influ-
ences the behavior of the system. SD provides a con-
ceptual framework useful in the assembly of non-lin-
ear differential equations with complex feedbacks
(Forrester, 1961). The variable components are linked
with each other through feedback loops, and the dy-
namic behavior of systems is controlled by the feed-
back loop structure (Senge, 1990; Richardson, 1991).
Simulation models play an important role in under-
standing complex problems addressed in water resou-
rces management.
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An SD model is constructed by four steps: 1)
model’s elements: exploring the key sectors and ele-
ments of the system to shape a concept model to un-
derstand the model as a system; 2) model’s boundary:
discussing the elements’ characters (endogenous or
exogenous) and structure to determine the model’s
boundary to be specific about the dynamic problem; 3)
model formulation: keeping track of complex interre-
lationships and feedback loops among elements to a
more precise and detailed understanding; and 4)
model validation: being calibrated and validated using
a combination of primary data from field data collec-
tion and from existing literature to develop a tool that
can be tested under different simulations and scenarios
(Ford, 1999; Evans et al., 2001; Maani and Cavana,
2007).

1.1 Study area and model’s elements

The Manas River Basin (MRB) is the target study area
of our research. It is an arid region located to the north
of Tianshan Mountains, Xinjiang Uygur autonomous
region, in northwestern China. MRB lies immediately
to the south of the Gurbantunggut Desert, with a
drainage area of 2.29x10* km®. Geographically, it is
composed of three parts (Fig. 1): a mountain area
which provides water resources is at the south edge of
the basin; an oasis where human habitation occurs at
the foot of the mountains; and a desert region is di-
rectly to the north of the mountains. In 2001, the
mountain area was about 7,650.91 km?® and the oasis
area was about 2,696 km® (Cheng et al., 2006). Pre-
cipitation comes primarily in the form of snow from
October to March in the mountains, and the snowmelt
is the main water recharge source.

This study focuses on the oasis, where the water
stress comes from two sides: water supply and water
demand. Water supply is constrained by surface water
and groundwater volume and determined by the water
exploitation capacity. Prior to 1949, fluctuations in
surface water access resulted in a nomadic lifestyle for
the inhabitants of the region. After 1949, large-scale
land reclamation was initiated by building canals, res-
ervoirs and pumps to increase water availability (Han,
2001). The water demand came from irrigation, indus-
try, and residential use. Irrigation consumed the larg-
est amount of water. Large areas of desert and swamp
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Fig. 1 The location of Manas River Basin and changes in land
use and river system

were developed into cultivated land and settlements
(Han, 2001). Industry development brought in immi-
grates and produced a greater stress on the water re-
sources.

1.2 Model’s boundary

There are two kinds of boundaries in system dynamic
modeling: 1) “wholism”, which illuminates the “en-
folded” nature of reality. In this context, elements’
characters should be defined, and the essence of
wholism is to define the exogenous elements to enfold
to nature of reality. The key elements are stocks rep-
resenting where accumulation or storage takes place in
the system (Forrester, 1961; Richmond, 1993; Ster-
man, 2000); and 2) “structuration”, which suggests
processes for how the structure of social systems
arises (Senge, 1998). Structuration theory, which is to
explore the causal diagram to demonstrate feedback
relationships between stocks, draws attention to how
mental models are shaped as well as how they in turn
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shape decision making.

In MRB, governmental plan controls and leads the
social-economic development. In the water supply
side: 1) Surface water runoff from mountains is
treated as an external variable; 2) New technology,
such as canals, reservoirs, water-saving projects and
municipal water-recycling plans, are external variables
determined by the government to enhance the avail-
able surface water; and 3) The allocation of available
surface water resources is determined by the munici-
pal government. Surface water is mainly used for irri-
gation, while groundwater is allocated to meet resi-
dential and industrial demands. The remaining water
can then be allocated to irrigation when needed. In the
water demand side, the natural birth rate is basically
controlled, and population is mainly affected by im-
migration, which is related to economic and industrial
development. There are seven key stocks, i.e. avail-
able groundwater, water stress, reservoir, pump, irri-
gated land, industry and population.

Figure 2 is the causal diagram demonstrating the
relationships between those stocks. Four important
feedback loops can be identified in the figure. The
first and second balance loops (1B and 2B) show the
typical supply and demand interplay (Fernandez and
Selma, 2004). The available water is constrained by
available surface water and groundwater pumped out.
An increasing demand for water heightens the water
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stress. At the same time, water stress restricts the ex-
pansion of irrigated land and also leads to an im-
provement of water exploitation technology. As a re-
sult, the amount of available water is increased.

A time delay exists between water stress and
pumping capacity improvement, which means that the
water stress is seldom relieved by the increase of
pump numbers. The delay mainly limits land expan-
sion. However, once the delay is eliminated, a correla-
tion between the two negative loops appears. Water
exploitation facilities constructed for increasing the
amount of available water would relieve water stress,
enhance land reclamation, and then encourage the de-
velopment of industry. This process promotes urbani-
zation and the establishment of municipal structures,
which in turn, attracts immigrates and finally acceler-
ates the economic development. A reinforced loop
takes shape (1R).

On the other hand, rapid pump development has
resulted in the overexploitation of groundwater (3B)
and has decreased the maximum volume of available
groundwater in the long term. This loop makes the
system fall into a “fixes that fail” situation (Senge,
1990).

1.3 Model formulation

1.3.1 Water resources
1) Surface water: Water resources in MRB begin

Industry
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groundwater stress demand
l / \_/ \ 3
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Fig. 2 The relationships among the key elements and the feedback loops
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in the mountainous region and later become surface
runoff. Surface water (V,) data were gathered at Ken-
siwate Hydrological Station located at the mountain
foot and recorded the volumes of surface water run-
ning from the mountain to the oasis. The average run-
off was 1,172 Mm?®/a from 1956 to 1996, accounting
for about 52% of the total water resources in MRB. It
can be observed that a minimum annual runoff of 935
Mm® occurred in 1992 and a maximum of 1,470 Mm®
happened in 1966.

2) Groundwater: Groundwater is the main water
supply for municipal water use and contributes a lot to
land reclamation. The groundwater recharge mainly
comes from reservoir leakage, canal leakage, moun-
tain recharge and the leakage from irrigated lands.
Flood interflow seepage is relatively small. Over ex-
ploitation has resulted in decreased groundwater re-
charge, and also induced the decline of water table.
From 1964 to 1993, due to the long-term exploitation
of groundwater, the groundwater level dropped by
about 12.58 to 17.06 m in Shihezi city, and there was
an average annual decreasing rate of 0.17 m in the
west of Manas county (Cheng, 2003). Some areas be-
gan to explore deep groundwater.

The groundwater resource would be aggregated
into a single aquifer in the model (de Marsily, 1986).
Groundwater resource is a stock increased by recharge
and decreased by drainage and pumping:

Voo [ =V [t = 1]+ (Ry = Ly, =V, ) xdt, (1)

gw

ng = Max(Mln(Vvsf X kcgw + Vtmw x kmgw +
V. x krgw + V. xk;

(2)
> Cow V) 0.

Where Vg, (f) is the volume of groundwater in time ¢,
Rg,, groundwater recharge, L, groundwater drainage,
V), the volume of groundwater pumped out; kcg, Kingws
kg and ki, are the ratios of recharge from canal,
mountain, reservoir and irrigation to groundwater,
respectively; Vig Vi, Ve and V; are the volume of
surface water, mountain-formed water resource, water
in reservoirs and water for irrigation, respectively; and
C,w 1s groundwater capacity.

Surface water recharge is equal to the volume of
surface water multiplied by the canal seepage coeffi-
cient, because after 1949 water allocation became de-
pendent on canal construction and water was diverted

into the irrigation canals or reservoirs after it had run
down from the mountain. Over the recent several
decades, due to the continuous improvement of chan-
nel anti-seepage technology, the coefficient showed a
tendency to decline to 0 while the groundwater de-
mand has kept rising. In 1990, the canal seepage coef-
ficient was between 0.38 and 0.42 (Survey and Design
Institute of Xinjiang Production and Construction
Corps, 1997). On the irrigation aspect, flood irrigation
was gradually changed to dripping irrigation in order
to enhance water resource utility with the increase in
cultivated land. Mountain recharge ratio and reservoir
leakage ratio were fixed as 0.043 and 0.13, respec-
tively, according to historical records (Survey and De-
sign Institute of Xinjiang Production and Construction
Corps, 1997). The groundwater recharge is con-
strained by groundwater capacity. When its amount
surpasses the capacity, surplus would recharge the
Manas River in the downstream. Since the groundwa-
ter table kept declining, the Manas River dried up be-
tween 1974 and 1976 (Cheng et al., 2006).

Groundwater drainage is equal to the amount of
groundwater multiplied by groundwater draining rate.
And the draining rate is determined by the groundwa-
ter level. When the groundwater level decreases to the
critical point, no water can be drained:

Ly, = ki % V. 3)
Where Ly, is the volume of groundwater drainage, and
kigw 1s groundwater draining rate.

The volume of groundwater pumped out (V)) is
constrained by the pumping capacity and the available
groundwater (V,g,). The available groundwater, which
is only a part of groundwater reserve, is determined by
the groundwater level (V) (de Marsily, 1986) and
constrained by the maximum available groundwater
(Vmagw). The available data for all local aquifers allow
the characterization of such an aggregated aquifer in
the model. The available groundwater will decrease
sharply when the groundwater level begins to decline,
due to the shape of the aquifer, which is like an in-
verted cone. The relationship between the groundwa-
ter level and available groundwater is simulated by a
logistic curve (de Marsily, 1986). No more water can
be pumped out when groundwater level has declined
below a certain threshold.
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1.3.2 Water exploitation facilities

1) Reservoir: There are seventeen reservoirs in the
Manas region. Most reservoirs are built in the oasis
area. Evaporation is much higher than precipitation.
Water in reservoirs is allocated to irrigated land when
needed. The water in the reservoirs is a stock re-
charged by the inflow from surface water. The water is
withdrawn by outflow for irrigation, reservoir leakage,
and evaporation:

V[ =, =10+ (R -

Where V,(?) is the volume of water in reservoir, Ry,

(k +k,gw)

ur )Xt (4)
the inflow from surface water, L,; the water for irriga-
tion, and k.. and k.4, the ratios of reservoir evaporation
and reservoir leakage, respectively.

The inflow is constrained by the reservoir’s capac-
ity and available surface water. When storage exceeds
the reservoir’s capacity, spillover occurs. The evapo-
ration coefficient is based on the data of 1990 when
average evaporation losses are gained by multiplying
the water volume in the reservoir with 0.1.

2) Pumping capacity: Pumping capacity changes
with the construction or decrease of pumps. Pump
construction is influenced by two main factors, mu-
nicipal water demand and irrigation water demand
from pumping, and constrained by the perceived
groundwater shortage. Pumps become idle when
pumping water capacity is beyond the availability of
groundwater, and there is also natural depreciation:

C,u[t]=C[t=1]+(R, - L,)xdt. (%)
R, = Max(Min((Pl-p Dy = Cpp) 1o Py ) o), 6)

L, =Ly, +(Cpy—Vign)/1,- (7)

Where C,,,() is the water pumping capacity, R,and L,
the water volumes from pump construction and pump
depreciation respectively, P;, the irrigation water de-
mand from pumping, D,,, municipal water demand, ¢,
the time cost of pump construction, Pg,, the impact of
perceived groundwater shortage on pumping, L,,
natural depreciation, and ¢, the time cost for pump
depreciation when pumps become idle.

Perceived groundwater shortage, or foreseen limited
opportunity to get water, would terminate pumping
even when the water stress is severe. This index is
measured by the utilization rate of the pumping facility:

Vs [11=((Cp =V, ) Co ) - (8)
Where Vg, is the perceived groundwater stress, and
fqws the time cost for groundwater shortage perception.

1.3.3 Water demand

1) Land reclamation and irrigation demand: Irrigation
represents the highest demand for water. The area of
irrigated land is a stock. It increased rapidly via land
reclamation when canals and reservoirs were built to
increase water utilization. Up until 1962, the oasis
area was 18.8 times larger as that in year 1949 (156
km?) (Tang et al., 1992). After 1989, reclamation
tended to be reduced because of the limitation of wa-
ter resources.

Vilt]=Vylt=1]+(Ry — Ly — R, ) x dt. ©
R, =1IF(G,,>0),
then (mzn( (e X kg ) u,))else(O); (190
L, =1IF(G,, <0),

11
then (min(Giw /(ti,. Xk ), a

Vﬂ))else(O).

Where V7 is the area of irrigated land, R; the explored
irrigated land in year ¢, L; the irrigated land return in
year ¢, R, the area of municipal land increase in year ¢,
G, the gap between available water for irrigation and
irrigation demand, ¢, and #;, the time costs for irrigated
land reclamation and return respectively, k;,, water
demand per irrigated land, and ¥V, the area of unused
land which is 15,321 km? initially. Water available for
irrigation includes three parts: surface water, ground-
water and municipal wastewater discharge. The total
municipal wastewater discharge was approximately
53 Mm® in 1990 (Survey and Design Institute of Xin-
jiang Production and Construction Corps, 1995).

Irrigation demand per land area is impacted by two
factors: crop type and irrigation technology:

Diw = Vzl szwd’ (12)
Kina = ks V. (13)

piwd

Where D, is irrigated land water demand, k. the
basic parameter for water demand per irrigated land,
and ¥, the irrigation technology index. The average
annual irrigation water demand, under the assumption
that it was the same over all crops, was about 0.51
Mm®/km” in 1990 (Survey and Design Institute of

Xinjiang Production and Construction Corps, 1995).
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2) Industry water demand: Industry output growth
is dependent upon capital investment, labor force and
technology, and is based on an assumption that all
investments are autonomous, and a part of the industry
output is used for reinvestment (Chow and Li, 2002).
Industry water demand is obtained by multiplying
industry output with per capita industry water demand,
which is assumed to have a negative correlation with

industry technology.
These can be formulated as follows:
Vi = Vi ¥ (V) 508 ), (14)
Vi lt] =V [t =1+ (V;, x kyy — L, ) x dt, (15)
D, =V, x<ky.q» (16)
Kinia = K pimsa % Vior- (17)

Where V;, is industry output, V;, industry technol-
ogy which is an external variable, V,, the work
force, k.. capital contribution to industry develop-
ment, V;. the industry capital, k,; output-investment
ratio (calibrated as 0.33), L;. capital depreciation,
D;,,, industry water consumption, k;,,, per capita
industry water demand, and k. the basic pa-
rameter for per industry water demand. Most users
are utilizing public water supply while some major
users are adopting self-supplied wells now. There-
fore, there are no accurate data on the water con-
sumption of the industrial sector. It is estimated
from the other cities in Northwest China (Survey
and Design Institute of Xinjiang Production and
Construction Corps, 1995).

3) Residential water demand: The human popula-
tion started to boom after 1949 since modern tech-
nologies were implemented to increase the accessi-
bility to water resources. After 1979, the population
increase tended to level off because of the birth con-
trol policy. But population growth trend resumed
after 1990 because of the development of economy.
The population is a stock adjusted by both natural
growth and immigration. The immigration rate is
affected by job availability, especially in the indus-
trial sector.

v [t]:Vm[t—1]+(Rm—Lm+R

m

)xdt, (18)

mig

Rmig = Vio /kiom + Vir /kirm' (19)

Where V,, is the population, R, and L,, birth number
and death toll respectively, R, migration, kj,, work
force demand per unit industry output, and k;,,, work
force demand per unit irrigated land.

The impact of water resources on immigration is not
considered, because residential water demand could
be guaranteed in advance.

Municipal water consumption includes two water
usages, i.e. household water consumption and urban
facility water demand, which account for roughly 30%
of the residential water consumption. It is calculated
by multiplying the population with per capita water
consumption:

me = Vm X kmwd > (20)
K

mwd = kpmwd XV, (21)
Where D,,,, is municipal water consumption, k,,; per
capita water demand, k. the basic parameter for per
capita water demand, and V,,, the municipal technol-
ogy index. Per capita water demand was 54 L in 1978
and 160.5 L in 1999 (Statistics Bureau of Xinjiang
Uygur Autonomous Region, 1990-2007; Office of the
Xinjiang Uygur Autonomous Regional Committee,
Xinjiang Uygur Autonomous Region People's Gov-
ernment Office, 2005).

1.34

The perceived water stress, which is the interaction

Water stress

between irrigation water demand and water supply, is
obtained by dividing available water with water de-
mand.

Vi [1]= Vi [£ = 1]+ (D 1S3y = Vi ) 1, x . (22)
Where V,, is perceived groundwater shortage, D;,
irrigation water demand, S, available water for irriga-
tion, and ¢, the time cost for water stress apperceiv-
ing.

The impact of water stress is mainly on irrigated
land since the industry and residential water demands
are guaranteed in advance while municipal water de-
mand is relatively small (accounting for merely 0.5%).
Water stress is released mainly through improving
water pumping capacity to enhance the availability of
water. Stress gets higher when irrigated water demand
approaches the available water for irrigation, and
reaches a climax when water demand exceeds the
available amount.
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1.4 Model calibration and application

The STELLA 9.0 platform (Wallis, 1997) was chosen
for model development and implementation. The
model operated on an annual time step, encompassing
the period 1949-2050, which includes a 61-year cali-
bration period (1949-2009) and then prescribes a
41-year planning horizon (2010-2050).

Most model parameters and initial values are de-
termined by the information collected. Those pa-
rameters that could not be derived from the literature
and field observations were calibrated through re-
peated simulations until satisfactory agreements be-
tween predicted and observed variables were ob-
tained (Li and Simonovic, 2002; Li and Yakupitiyage,
2003). For dealing with changes in multiple parame-
ters, the sensitivity analysis was used to guide the
selection of parameters during calibration, i.e. start-
ing with the most sensitive parameter, and then less
sensitive parameters. Both qualitative and quantita-
tive methods were used to collect and analyze the
data, which were collected from four sources: pub-
lished government documents, published journals,
informal semi-structured interviews and field obser-
vations. Tang et al. (1992) and Han (2001) explored
the land use change due to water use variation during
the period 1950-1977. Yuan et al. (1995) and Cheng
et al. (2006) provided the historical patterns of land
use and water resources over the past 50 years of
oasis development. The government documents used
in this study are mainly the Shihezi County Annals
(Compiling Committee of Shihezi County Annals,
1994), Shihezi Water Conservancy Annals (Shihezi
Electricity and Water Authority, Manasi River Man-
agement Office, 1992) and General Report on the
Manasi River Basin Water Resources Use Planning
(Survey and Design Institute of Xinjiang Production
and Construction Corps, 1995) which provided de-
tails of the implementation of irrigated land explora-
tion, industrial development and urban expansion, as
well as early demographic and agricultural data in
MRB. Most recent data were derived from Xinjiang
Statistical Yearbooks 1990-2007 (Statistics Bureau
of Xinjiang Uygur Autonomous Region, 1990-2007)
and Xinjiang Production and Construction Corps

Statistical Yearbooks 1990-2007 (Statistics Bureau
of Xinjiang Production and Construction Corps,
Survey Organization of the Corps of National Statis-
tics Bureau, 1990-2007).

The model confidence was validated through test-
ing the model’s structure and behaviors (Ruth and
Hannon, 1994). It is necessary to test model structure
for examining its conceptions and internal logic
(Rykiel Jr, 1996). Tests of model behaviors evaluate
the adequacy of behaviors generated by the structure
(Forrester, 1961; Sterman, 2000) including behavior
reproduction and behavior prediction. The family of
behavior reproduction tests examines how well be-
haviors generated by the model match the observed
behaviors of the real system. Point-by-point com-
parisons of the behavior model is a widespread “ac-
cepted symptom generation test” (Naylor et al.,
1967).

Figures 3—5 showed that the expansion of irrigated
land, demographic dynamics, industrial development,
the drying-out of Manas Lake, the decreasing avail-
ability of groundwater resources, the increasing per-
ceived groundwater shortage and water stress are all
adequately simulated by the model. The comparison
of results from simulation and observation showed
that the model corresponds to observed behaviors
and the simulated values fit the observed data and
trends accurately. The model is able to capture the
trends of water and economic dynamics and it can
also be used for simulating future behaviors.
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drying-out process of Manas River

In order to ensure the integrity of the system dy-
namics model and demonstrate the manners in which
model structure and feedback connections determine
simulated behavior, the study performed sensitivity
analysis by changing the value of one model parame-
ter at a time and comparing the responses of selected
target variables to the parameter changes. Following
Li and Simonovic (2002), changing the selected pa-
rameters by about +£10% of baseline value in sensitiv-
ity analysis was committed. This study took the cali-
bration period as a base case and parameters related to
the surface water supply, and selected irrigation and
municipal water demand as parameters and the vol-
ume of groundwater, the area of irrigated land and
water stress as target variables for the sensitivity
analysis.

As shown in Table 1, all the three variables are not
sensitive to the selected parameter variations. The in-

fluence of the selected parameter variations on
groundwater is small (below 0.4%), whereas it varies
on the area of irrigated land and water stress. The
variations in the values of Vi, ke and kg have lit-
tle influence on the area of irrigated land. Sensitivity
analysis showed that the model robustness changed
with model parameters such as surface water supply,
groundwater capacity, population growth rate, capital
contribution to industry development capacity, and
industry output-investment ratio. The results demon-
strated that the SD model’s dynamic behavior patterns
are generated by the structure of the system. Overall,
the results of calibration and sensitivity analysis
showed the reliability of the model to reproduce the
historic changing modes in population, land reclama-
tion, and groundwater.

Table 1 Sensitivity analysis of the model

Groundwater Irrigated land ~ Water stress
Change

Parameter change change change
(%)

Vew -10 -0.405 —-6.304 5.805
+10 0.326 5.536 -5.303

Ry -10 0.006 0.54 -0.036
+10 -0.009 -0.835 0.006

kee -10 0.013 1.701 -0.174
+10 —0.031 —3.455 0.169

koi -10 0.001 0.119 0.002
+10 —0.001 —0.116 -0.010

Konva -10 0.005 0.438 -0.027
+10 -0.005 -0.466 0.018

kpiwa -10 0.001 10.877 -0.184
+10 —0.001 -8.899 0.436

2 Results and discussion

2.1 Basic scenario of future projection

To be useful, a future projection with a business-
as-usual assumption must be conducted in the context
of the past. Specifically, the post-2007 surface water
flows were generated on 19561996 data. This pro-
vides a base to project the future, such as the growth
trends of population and industry. The area of irrigated
land and the volume of groundwater were chosen to
measure further policy scenarios.

The results of the model projection from 2010—
2050 in Figs. 3-5 are as follows:
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1) The amount of irrigated land will slightly de-
crease with fluctuations. This decrease is caused by
the decreased level of groundwater. The level is lim-
ited because the use of the modern technology makes
it possible to increase the water use efficiency. The
system would be sustainable, which is a consequence
of surface water as an exterior variable (Fig. 3).

2) The natural birth and death rates are almost the
same under the birth control policy. However, the
population keeps rising, which is a result of economic
development and increased immigration. By 2050, the
population will be about 1.38 million, which is 23
times more than that in 1949 (Fig. 4).

3) Industry output growth will continue at an expo-
nential rate. There is a relatively small chance that
constraints will prohibit industrial growth (Fig. 4).

4) The continuous growth of population and indus-
try will result in more water consumption and it means
groundwater will continue to be explored. As a result,
the available groundwater resources are reducing, and
the perceived groundwater shortage keeps rising. This
phenomenon implies that the water saving from im-
proving water utilization technology and water ex-
ploitation from groundwater is not able to meet the
water demand due to rapid economic development

(Fig. 5).
2.2 Policy implications

For public and political leaders, a useful model should
explain the causes of important problems and provide
a basis for policy designing that can improve behavior
in the future. The model provides a platform for con-
structing alternative water exploitation and allocation
strategies in the context of the economic development
in arid regions.

Six scenarios are designed to provide a quantitative
basis for comparatively evaluating the effects of im-
proving water utilization on economic development
and water resource sustainability:

Scenario 1: Basic scenario (See 2.1).

Scenario 2: Reservoir building. This scenario fo-
cuses on water conservation, and is based on a gov-
ernment plan which is to build a big reservoir at the
foot of the mountain to substitute the present reser-
voirs in the oasis area in order to decrease reservoir
evaporation and leakage.

Scenario 3: Urban water recycling. This scenario
assumes that the urban water recycling rate would be
increased by 5 times. The urban water recycling pro-
ject is suggested in many regional development plans.
This scenario is intended to examine the potential im-
pacts of water saving.

Scenarios 4, 5 and 6: Water demand control. These
three scenarios focus on the water demand. The fourth
one is the change in irrigation water demand per area
(20% reduce as the basic run). The other two are the
changes in industrial water demand per capita (50%
reduce and 50% enhance as the basic run). Xinjiang is
faced with new opportunities to boost its economy.
The change of industrial multiplicity would alter the
industrial water consumption rate. These scenarios are
intended to assess the potential economic develop-
ment capacity under economic uncertainties.

Scenario 7: Groundwater pumping control. This
scenario suggests controlling groundwater pumping in
order to achieve sustainable water use. This scenario
assumes that water pumping is forbidden after 2010,
and is intended to provide a backdrop for evaluating
the impact of water pumping and to test the renovation
capacity of the groundwater system.

2.3 Results of alternative scenarios

The perceived water stress, irrigated land, and groun-
dwater volume were chosen as indexes for evaluating
the impacts of the scenarios. Figures 6—8 showed the
trends of the selected indexes under the alternative
scenarios.

Perceived water stress

0‘8 1 L L 1 L L L L
2010 2015 2020 2025 2030 2035 2040 2045 2050

Fig. 6 Comparison of the perceived water stress under seven
alternative scenarios (s1 to s7, respectively)
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Fig. 7 Comparison of irrigated land area under seven alterna-
tive scenarios (s1 to s7)
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Fig. 8 Comparison of groundwater volume under seven alter-
native scenarios (S1 to S7)

2.3.1 Water stress

The perceived water stress indicates the imbalance
between the water supply and the water demand, and
demonstrates the vulnerability degree of the system.
Figure 6 displayed water stress under alternative sce-
narios. All the scenarios except scenario 6 are to ease
the water stress before 2032. The dispersion degree of
the water stress index among scenarios has a decreas-
ing trend, which means that no policies can release the
water stress problem in the long run. The release of
water stress induces a further expansion of irrigated
lands and hence further increase in water demand. For
instance, Scenario 4 contributes most to the water
stress release in the first decade. It reaches the same
degree as that in the basic scenario does in 2035.
These results support the hypothesis that serious water
deficit problems cannot be solved exclusively by the
policies based on the increase of water resources or
the water consumption technology improvement, such

as the performances form scenarios 2—6. Among these
scenarios, the urban water recycling policy is most
efficient for reducing the water stress after 2022. It
improves the water supply, and then releases the water
stress. As for the pumping control policy, it does not
worsen the water stress situation, despite the fact that
it constrains the water supplement from groundwater
and intensifies water stress at first. The differentiation
between scenario 7 and scenario 1 keeps amplifying
before 2018, and then shrinks.

23.2

Irrigation consumes 95% of the available water in the
Manas River Basin. The area of irrigated land reflects
the structure change of the water allocation. The
change trend of irrigated land area under alternative
scenarios is shown in Fig.7. The result indicated that
most of the scenarios augment the area of irrigated

Irrigated land

land, which is displayed in the increasing dispersion
degree of the irrigated land area among the scenarios.
Reduction in irrigation water demand can increase
the irrigated land area rapidly and extensively. A re-
duction of 20% in irrigation water demand per area
can increase the area of the irrigated land by about 900
km”. It is observed in many parts of the Manas River
Basin that the irrigated land is being expanded by im-
proving irrigation technology. The urban water recy-
cling policy deserves recognition, for it increases the
area of irrigated land significantly, and smoothes
fluctuations. The reason is that the recycling water is
mainly used for irrigation. Both scenarios 2 and 5 are
able to increase the area of irrigated land by about 190
km? during period 2010-2030. Scenario 5 which re-
duces industrial water demand by 50% will become
more efficient after 2030 because of industry expan-
sion. The contribution of the reservoir building is rela-
tively constrained. The effect of the industrial water
demand increasing policy is opposite to that of the
industrial water demand reducing policy. It decreases
the area of the irrigated land by 190 km”. In case of
the pumping control policy, it returns the land irri-
gated by groundwater to unused land immediately. In
the future, the area of irrigated land in scenario 7 will
be projected to a level similar to that of the basic sce-
nario with some fluctuations. This is because of the
limited available groundwater in the long run. The
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fluctuations are due to the time delay for irrigated land
exploration.

2.3.3 Groundwater

In Xinjiang, most aquifers are over-exploited, which
has led to severe water table declines. The change in
groundwater under alternative scenarios is shown in
Fig. 8. Among all the alternative scenarios, the pump-
ing control policy (scenario 7) can alleviate ground-
water subsidence considerably in the first five years.
Then, the alleviation will slightly decrease, under the
assumption that irrigation technology improvement
reinforces evaporation and cuts down groundwater
recharge. On the other hand, the strategies based on
the demand sides in scenarios 2—6 can not change the
deteriorating trend of the groundwater system. It is
generated by the feedback loops of the system. The
water saved by the reduction in per capita water de-
mand leads to industry/irrigated land expansion, and
vice versa. Among scenarios 2—6, the urban water re-
cycling policy has a better performance, which will
ease the groundwater stress by 72 Mm?® by 2050. The
reservoir building would deteriorate groundwater de-
cline evidently. It would result in a decrease of 209
Mm?® in groundwater. This deterioration is caused by
the sacrifice of recharge from the reservoir to the
groundwater.

Integrating these 7 scenarios, all water saving
technologies increase the area of irrigated land. Sce-
nario 4 is the most efficient method for land cultiva-
tion, while the reservoir building designed in scenario
2 is not recommended because it would deteriorate
groundwater system. Urban water recycling policy in
scenario 3 could stabilize the irrigated land area and
alleviate both the groundwater subsidence and water
stress. The impacts of scenarios 5 and 6 are compara-
tively small, for the industry water demand is rela-
tively small. As far as the other groundwater recharge
options are concerned, the control on pumping in sce-
nario 7 helps to stop the groundwater level reduction.
This resort restricts the irrigated land exploration in
the first decade, however, the irrigated land area
would eventually remain stable, whether this resort is
used or not. To sum up, scenarios 3, 4, 5 and 7, to im-
plement water saving technologies and to control
pumping, are effective policies.

3 Conclusions

This study applied system dynamics as an effective
methodology to organize and integrate existing infor-
mation available on watershed hydrological processes,
water exploitation, water allocation, and water-so-
cial-economic interrelation system. Its value lies in its
representation of interactions between multiple model
components as explicit feedbacks, social-economic-
hydrological balance, and sustainability-focused hori-
zontal integration of model sectors. The study pro-
vides a platform to analyze the endogenous impact
mechanisms of 6 policies aiming to reduce or mini-
mize the water resource problem while the society is
economic-oriented. It is particularly favorable for un-
derstanding the unanticipated outcomes. The model’s
behavior arises from the system’s structure rather than
from input data or driving functions.

The simulated results suggested that: 1) Sup-
ply-driven water exploitation strategies (scenario 2)
are not sustainable and they will result in a continual
decrease of groundwater; 2) The policies (scenarios 4,
5) for water use efficiency improvement can drive up
the economic output but cannot ease water stress in
the long run; 3) Urban water recycling policy (sce-
nario 3) stabilizes the irrigated land area and moder-
ates both the groundwater subsidence and water stress;
and 4) Constraints on groundwater pumping (scenario
7) will restrict land cultivation in the short run, and
can alleviate the decrease of groundwater.

Although a broadly-focused model, with its re-
gional- and annual-resolution, sacrifices accuracy for
prediction, its formulation process and simulation re-
sults offer a representation of water-socio-economic
system and insights into the complexity dynamic evo-
lution. The application of this model may significantly
contribute to advances in the sustainable management
of water issues in arid land.

Given limitations on time and data, the model is
tenable only within a series of assumptions. The lack
of effective data and precise information, such as re-
garding the relationship of water pumping to ground-
water and the impact of increasing urban water con-
sumption on water stress, created some uncertainties
during the simulation. As an integrated model, it may
neglect some potentially important industrial and hy-
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drological processes and seasonal effects. Additions
and modifications to the model should be imposed,
including the impact of climate change, industry and
agriculture specifications, external investment impact,
as well as the consideration of water diversion pro-
jects.
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