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ABSTRACT 

This study evaluated the impact of climate change on the 
water supply of the Shihmen reservoir in northern Taiwan. 
Five downscaled general circulation models that represent the 
daily meteorological data of 2046-2065 were adopted.  The future 
inflow of the Shihmen reservoir was estimated using the tank 
model.  Subsequently, the water supply risk under the given de- 
mand and operating conditions was simulated and assessed. 

Compared with 2004-2011, the average annual precipitation 
of the Shihmen watershed in 2046-2065 is lower, particularly 
during the wet season (May-October).  Therefore, the risk to the 
water supply will increase in the first cropping season (from 
March to June) in the future.  To reduce the risk of water short- 
age caused by public demand, irrigation fallowing during the 
cropping season is necessary. 

I. INTRODUCTION 

Climate change has been a public concern in recent years.  
As the most authoritative institution for climate change, the Inter- 
governmental Panel on Climate Change (IPCC) has published 
many assessment reports since 1990, and has continued to high- 
light the impact of climate change on human and natural systems.  
The IPCC noted in its fourth assessment report (AR4) that the 
observed increase in global average temperatures since the mid- 
20th century is very probably a result of the observed increase 
in anthropogenic greenhouse gas (GHG) concentrations (IPCC,  
2007).  In its fifth assessment report (AR5), the IPCC repeated 
this assertion and emphasized that anthropogenic GHGs are 
extremely likely to have been the dominant cause of the ob-
served warming.  Projected changes in the climate system are 
mentioned in the AR5: The surface temperature and global mean 
sea level are projected to rise over the twenty-first century; 
meanwhile, it is very likely that heat waves will occur more often 
and for longer durations, and that more intense and frequent 

rainstorms will occur in many regions (IPCC, 2014). 
Taiwan is a small island on the west Pacific, and it is consid-

erably affected by climate change (Asia Development Bank, 2009).  
Wu et al. (2013) analyzed meteorological records of 1911-2009  
and concluded that temperature increased 0.14C per decade on 
average, but during 1980-2009, it increased at the higher rate of 
0.29C per decade.  For precipitation, a linear trend was nonsig- 
nificant; however, the number of rainy days consistently decreased. 

Many local studies have addressed the future impacts of cli- 
mate change on Taiwan (Yu, 2006; Liu et al., 2008; Lin et al., 
2009; Hsu et al., 2011; Huang et al., 2012; Huang et al., 2014).  
The literature suggests that in general, temperatures will increase, 
and the temporal distribution of precipitation will become more 
uneven.  Moreover, some studies have emphasized that the fre- 
quency of rainless days will increase (Lin et al., 2009; Huang 
et al., 2012; Huang et al., 2014).  These changes present chal- 
lenges for water resource management in Taiwan. 

The Shihmen reservoir is a major water supply resource in 
northern Taiwan (Fig. 1).  The reservoir supplies irrigation and 
public water demands in Taoyuan County and parts of New 
Taipei City.  The watershed area of the Shihmen reservoir is 
763.4 km2.  Its effective storage is approximately 2.1  108 m3, 
and the average annual supply for public use is 4.6  108 m3 
(Northern Region Water Resources Office, 2014).  Moreover, 
the Taoyuan Aerotropolis project has been approved and is ready 
to commence.  Thus, it is clear that pressure on the Shihmen 
reservoir will increase. 

In previous studies, we have discussed the impact of climate 
change on the irrigation water requirements for the areas of the 
Shihmen Irrigation Association (SIA) and Taoyuan Irrigation 
Association (TIA), the two irrigation areas that the Shihmen 
reservoir supplies (Huang et al., 2013; Lee and Huang, 2014).  
Climate change scenarios suggest that both rainfall and tem-
perature will increase.  For the SIA, future irrigation water re- 
quirements will decrease significantly in both cropping seasons 
(9.1% for the first and 18.4% for the second) because of in-
creases in effective rainfall.  By contrast, an insignificant change 
(< 2.5%) is projected for the TIA because the increase in effec-
tive rainfall will be neutralized increased crop water requirements. 

After previously assessing the impact of climate change on 
the demand of the Shihmen reservoir, in this study, we focused on 
assessing of the impact of climate change on both the reservoir 
inflow and the risk to the water supply of the Shihmen reservoir. 

Paper submitted 02/03/16; revised 07/13/16; accepted 10/04/16.  Author for 
correspondence: Wen-Cheng Huang (e-mail: b0137@mail.ntou.edu.tw). 
Department of Harbor and River Engineering, National Taiwan Ocean Uni-
versity, Keelung, Taiwan, R.O.C. 
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Fig. 1.  Location of the Shihmen reservoir and watershed. 
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Fig. 2.  Flowchart of this study. 

 

II. MATERIALS AND METHODS 

Future inflow of reservoirs under climate change should be 
evaluated.  Therefore, daily hydrological data such as precipita-
tion and temperature, both observed and projected, are required.  
An applicable rainfall-runoff model is also necessary.  On the 
basis of its demand and regulations, the water supply system of 
the Shihmen reservoir was simulated to assess future water supply 
risk. 

In this study, the present and future meteorological situations 

were assessed using the periods of 2004-2011 and 2046-2065, 
respectively.  The study flowchart is depicted in Fig. 2. 

1. Projected Precipitation and Temperature 

General circulation models (GCMs) are the most advanced 
tools available for simulating the response of the global climate 
system to increasing GHG concentrations.  We used the AR4 
GCMs employed by previous studies (Huang et al., 2013; Lee and 
Huang, 2014) as input instead of the AR5 GCMs for consistency. 

The projected precipitation and temperature under climate 
change for 2046-2065 were derived from five GCMs: CGCm3 
from the Canadian Center for Climate Modeling and Analysis 
(CCCma), Cm3 from the Centre National de Recherches Meteo- 
rologiques (CNRM), Mk3.0 from Australia’s Commonwealth 
Scientific and Industrial Research Organization (CSIRO), Cm2.0 
from the Geophysical Fluid Dynamics Laboratory (GFDL) and 
FGOALS-g1.0 from the State Key Laboratory of Numerical 
Modeling for Atmospheric Sciences and Geophysical Fluid 
Dynamics (LASG), which are based on SRES A1B scenarios.  
The A1B scenario describes a future world of very rapid eco-
nomic growth, a global population that peaks mid-century and 
declines thereafter, and the rapid introduction of new and more 
efficient technologies.  Moreover, the A1B scenario is distin-
guished by its technological emphasis: a balance across fossil 
fuels and other energy sources (IPCC, 2007). 

Because of the coarse resolution of GCM projections, the 
GCM scenario-run outputs required statistical downscaling at 
local climate stations.  All data were downscaled by the Global 
Change Research Center of National Taiwan University.  Briefly, 
the process of downscaling was performed in three stages (Lin 
et al., 2010).  First, the GCM outputs near Taiwan were ad-
justed with respect to the NCEP reanalysis data (Kalnay et al., 
1996), during the training period by linking the normalized  
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Fig. 3.  2-layer Tank model. 

 
 

probability distribution functions of the mean climate parame-
ters.  Second, a transfer function (i.e., a multiple-variant linear 
regression) was established to link NCEP reanalysis variants 
with local climatic observations from the training period.  
Third, the projected temperature and precipitation data collected 
at each station during the verification period were adjusted ac- 
cording to the local observation data by repeating the proce-
dure used in the first stage.  The established linkage was then 
extended to adjust outputs for the projected years.  For further 
details of the downscaling technique, please refer to Lin et al. 
(2009) and Lin et al. (2010). 

2. Rainfall-Runoff Model 

1) Tank Model 

To assess the inflow under climate change, the tank model, 
a conceptual and deterministic rainfall-runoff model, was adopted 
in this study.  This model comprises several tanks and con-
siders the storage effect of the watershed.  Therefore, the runoff 
response of the different layers of the watershedsurface run- 
off, subsurface runoff, and base flowwas simulated appro-
priately (Sugawara, 1985).  The advantages of the tank model 
include a simple structure, easy calculations, and reasonable func- 
tion (Yokoo and Kazama, 2012).  However, the model used in 
this study differs from the classic four-layer model that Suga-
wara proposed.  A two -layer tank model mitigates the storage 
effect and is more applicable to the Shihmen reservoir water-
shed (Fig. 3) because the average slope of the Shihmen water-
shed is higher than that of watersheds in Japan. 

In the conceptual model, the top of the two-layer tank model 
represents the mechanism of surface runoff in a watershed.  A 
watershed becomes saturated when precipitation fills the top 
tank to a height of ha1.  When the water level in the top tank 
surpasses ha1, excess precipitation exits the tank through orifice 
a1.  This process is the major component of surface runoff.  In 
a rage storm, the water level in the top tank is higher than ha2, 
and the outflow through orifice a2 represents the runoff in this 
case.  Orifice a0 simulates the percolation process in a water-
shed, in which the water is transported into the ground.  The bot-
tom of the two-layer tank model represents the interflow and 
groundwater mechanisms and is opposite to the top layer.  Pa- 
rameter hb1 is a threshold similar to ha1.  The discharge through 
orifice b1 represents the outflow of interflow and groundwater, 
and the discharge through orifice b0 represents deep infiltration 
in the watershed. 

Initial
population

Fitness assessment
and reproduction

Satisfy with
stop criterion?

Optimal
parameters

Yes

Mutation

Crossover

Selection
No

 
Fig. 4.  Flowchart of the Genetic Algorithm. 

 
 
Only a fraction of the total precipitation reaches the tank be- 

cause of evapotranspiration, which is one of the crucial influ-
ences on watershed runoff.  The Penman-Monteith (PM) equation 
is recommended as a standard for reference evapotranspiration 
to provide values more consistent with actual global crop water 
use data (Allen et al., 2006).  The PM equation is appropriate for 
assessing the present evapotranspiration (2004-2011), but not 
the future (2046-2065).  The outputs of GCMs are precipitation 
and temperature, which are insufficient for calculating evapo- 
transpiration through the PM equation.  To overcome this prob-
lem, the Hamon method (Shaw and Riha, 2011), a tempera-
ture-based equation, was adopted.  Linear regression was also 
applied to adjust the bias between the PM equation and the 
Hamon method. 

2) Parameter Calibration 

A total of eight parameters of the two-layer tank model 
were calibrated (Fig. 3) by using genetic algorithm (GA).  GA 
is an effective and powerful tool for solving optimization pro- 
blems (Holland, 1975).  As an evolution algorithm, the GA is 
based on the concept developed Darwin, “living things com-
pete, nature selects, the fittest survive”.  In GA, a set of para- 
meters is compared to a chromosome.  The first step involves 
generating chromosomes randomly and estimating the fitness.  
The next step is selection.  In general, the higher the fitness is, 
the greater the chance is that the chromosome is selected.  After 
two chromosomes are selected, a crossover mechanism gen-
erates new chromosomes as offspring, according to the parents.  
The core function of the crossover is to explore improvement 
possibilities in the given searching field.  Mutation is an effec-
tive mechanism for preventing the optimal solution from fal-
ling to a local minimum.  The mutation probability should not 
be too high, or a divergent result occurs.  Reproduction is a step 
that saves the fitter chromosomes that will form the initial po- 
pulation of the next generation.  Finally, the optimal solution is 
obtained by repeating the steps from in subsequent generations 
(Fig. 4). 
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Table 1.  Parameter Calibration according to the Genetic Algorithm. 

Parameters Setting 

Number of variables 8 

Coding Real number 

Initial population 200 

Selection Roulette 

Crossover method and rate All points arithmetic crossover 90% 

Mutation method and rate Uniform one point mutation 1% 

Reproduction Keep-best 

Stop criterion Runs 10,000 generations 

 
 

Table 2.  Searching ranges of tank model parameters. 

Parameters a0 a1 a2 ha1 ha2 b0 b1 hb1 

Upper / lower limits 0-0.5 0-0.5 0-1 0-100 0-100 0-0.5 0-0.5 0-100 

Unit 1/day 1/day 1/day mm mm 1/day 1/day mm 
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Fig. 5.  Conceptual water supply system of the Shihmen reservoir. 

 
 
The settings of a GA are listed in Table 1.  Real number 

coding was adopted here because it is more accurate, more 
convenient and faster than traditional binary coding in many 
situations (Goldberg, 1991; Man et al., 2001).  Roulette is a 
well-known method of selection; the chance that a chromo-
some has been selected for crossover depends on the propor-
tion of its fitness relative to the summation of fitness.  For the 
crossover mechanism, we chose all points of arithmetic 
crossover (Michalewicz, 1996), and set the crossover rate at 
90%.  Uniform one-point mutation is a common method for 
performing GA, and a mutation rate of 1% was used in this 
study.  The method adopted for reproduction was keep-best 
reproduction (Wise and Goodwin, 1998).  After the GA ran 
10,000 generations, it was regarded as reaching the stop cri-

terion and convergence.  Table 2 shows the searching con-
straints of the tank model parameters for the GA. 

The fitness function can be expressed as the following 
equation: 

 

   
 1

N sim obs

t
obs

O t O t

O t
Fitness

N








 (1) 

Here Qsim and Qobs are the simulated and observed inflow of 
the Shihmen reservoir; N is the number of days of calibration. 

3) Water Supply System of the Shihmen Reservoir 

A reservoir system simulation model reproduces the hy-  
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Fig. 6.  Operation rule curves of the Shihmen reservoir. 

 
 

drologic performance of a reservoir system for given inflows 
and operating rules.  The models are based on mass-balance 
accounting procedures for tracking the movement of water 
through a reservoir-stream system (Wurbs, 1993).  Fig. 5 re- 
presents the conceptual water supply system of the Shihmen 
reservoir.  The definitions of upper, lower and critical rule curves 
are shown in Fig. 6.  The Shihmen reservoir must supply public 
water to northern Taoyuan, southern Taoyuan, and the Banqiao- 
Xindian area (parts of New Taipei City, known as the Bansin 
area), and irrigation water to the SIA and the TIA areas.  Accord-
ing to “The Operational Regulations of Shihmen Reservoir” 
(Water Resources Agency, 2013), the operation of the reservoir 
should follow these principles: 

 
(1) Supply of the Shihmen reservoir must not be less than the 

projected demand if the water surface elevation exceeds 
the upper limit. 

(2) Supply of the Shihmen reservoir should satisfy the pro-
jected demand if the water surface elevation is between 
the upper and lower limit. 

(3) Supply of the Shihmen reservoir should satisfy 75% of the 
projected irrigation demand and 90% of the projected 
public demand if the water surface elevation is between 
the lower and critical limit. 

(4) Supply of the Shihmen reservoir should satisfy 50% of the 
projected irrigation demand and 80% of the planning public 
demand if the water surface elevation is under the critical 
limit. 

 
If the volume of the reservoir is too low to meet the demand 

mentioned in principle (4), the government would consider a 
stricter strategy for water saving, for example, farmland fallow. 

Unlike the second cropping season (August-November), the 

first cropping season (March-June) for the SIA and the TIA 
usually coincides with drought because it occurs after the dry 
season (October-April) of the Shihmen watershed.  Therefore, the 
mechanism of irrigation fallow should be considered for the first 
cropping season.  In practice, decision makers choose which 
area to fallow in the following year according to the projected 
severity of the drought.  However, it is difficult to formulate 
the relation between the severity of drought and areas of fallow, 
in part because of uncertainty regarding the attitudes of the de- 
cision makers.  We made the fallow mechanism simple and lo- 
gical, so that it could be programmed.  Therefore, we assumed 
that in extreme droughts, such as when the reservoir is empty, 
at least one of the irrigation associations would fallow the entire 
area.  Although the theoretical fallow mechanism does not match 
the current practice, we believe that it is an effective and appro- 
ximate model to follow. 

The following are the irrigation fallow mechanisms in our 
simulation: 

 
(1) The program resets the demand of the TIA to 0 if the 

reservoir storage becomes empty during the first cropping 
season and restarts the simulation from the first day of the 
year. 

(2) The program will reset the demands of the SIA and the 
TIA to 0 if the reservoir storage becomes empty during the 
first cropping season after step 1 has been completed and 
restarts the simulation from the first day of the year. 

 
Once the reservoir becomes empty during the first cropping 

season, the whole area of the TIA is fallowed.  If the reservoir 
remains empty, the TIA and SIA irrigation areas are fallowed 
simultaneously. 

4) Demand 

Huang et al. (2013) and Lee and Huang (2014) have dis-
cussed the future irrigation water requirements of both the SIA 
and the TIA.  The rainfall and temperature projections for 2046- 
2065 were adopted from five downscaled GCMs.  The future 
evapotranspiration was derived from the Hamon method and 
corrected with the quadrant transformation method.  On the 
basis of the projections and the water balance model in paddy 
fields, future crop water requirements, effective rainfall and 
irrigation demand could be calculated (Lee and Huang, 2014).  
Fig. 7 shows the present (2004-2011) and future (2046-2065) 
irrigation water requirements.  Notice that the average require-
ment in the future is the ensemble mean of the results of the five 
GCMs and not the result of the mean temperature and rainfall 
of these GCMs.  The projected summation of irrigation require-
ments in the future is approximately 0.5-2.0  106 m3/ten-days. 

The daily demands of northern Taoyuan, southern Taoyuan, 
and the Bansin area are 5.7, 6.8 and 5.0  105 m3/day, respec-
tively.  We assumed they were the basic loadings for public use 
and that they remained constant in the present and future.  The 
development of the Taoyuan Aerotropolis is an impending source 
of water supply pressure on the Shihmen reservoir.  The first part  
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Table 3.  The optimal parameters of the Tank model. 

Parameters a0 a1 a2 ha1 ha2 b0 b1 hb1

Value 0.11167 0.11232 0.29017 24.57 97.80 0.01046 0.03759 17.17

Unit 1/day 1/day 1/day mm mm 1/day 1/day mm
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Fig. 7. Average irrigation water requirements of SIA and TIA in the 

cropping seasons. 

 
 

of this project will increase demand by approximately 7.3  
104 m3/day. 

Consequently, the projected demand of future cropping sea-
sons is approximately 1.8-2.0  106 m3/day.  If the demand of 
the Taoyuan Aerotropolis is considered, the projected demand 
is approximately 1.9-2.0  106 m3/day. 

5) Indices for Iimpact and Risk Assessment 

To assess the impact and the risk under climate change and 
development scenarios, the shortage index (SI), satisfaction and 
reliability of the water supply were determined.  Eqs. (2)-(4) 
define these indices. 
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Here Qd and Qsup are the quantities of water demand and 
supply, respectively; N is the given time scale of the simula-  
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Fig. 8.  The best and average fitness of generations. 

 
 

tion, and Nsat is the number of days for which the demand has 
been satisfied. 

3. Results and Discussion 

1) Tank Model Validation 

The optimal parameters and the efficacy of the tank model 
are discussed.  The two-layer tank model had eight parameters 
that required calibration.  According to the constraints and fit- 
ness functions mentioned in section 2.2, the GA assisted in ob- 
taining the optimal solution.  However, some parameters that 
were necessary for the PM equation were unavailable for 
2004-2007; therefore, we were limited to the 2008-2012 data.  
We calibrated the parameters of the tank model with the 
2008-2010 data, and used the two remaining years (2011-2012) 
for validation purposes. 

Fig. 8 illustrates the variation in the fitness values used for 
calibration.  After 10,000 generations, the fitness values become 
convergent.  Moreover, the average fitness of the final genera-
tion is 4.06, whereas the fitness of the optimal solution is 3.93.  
The optimal parameters are listed in Table 3, and they have 
physical meaning.  For example, anisotropic aquifers are common 
in nature and cause different velocities of hydraulic conductivity 
between horizontal and vertical directions.  The velocity of ho- 
rizontal hydraulic conductivity is generally higher than that of 
vertical hydraulic conductivity.  These phenomena were ob-
served in the tank model parameters: the bottom orifices (a0 and 
b0) are smaller than the others (a1, a2 and b1) for each layer.  
Moreover, the depth of the surface increases during rainstorms, 
the watershed outflow increases significantly and nonlinearly, 
explaining why orifice a2 is larger than orifice a1. 

Fig. 9 illustrates that the two-layer tank model can simulate 
the inflow time series and capture the seasonal variation of the 
Shihmen watershed.  Table 4 shows the result of the error 
between the simulation and the observation.  The annual dif-  
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Table 4.  The error of validation of 2011-2012 between the simulated and the observed discharge. 

Discharge (m3/s) Observed Simulated Error (%) RMSE (m3/s) 

Annual 38,399.95  33,776.95 -12.04 97.96 

Dry season 9,848.20  8,543.04 -13.25 49.17 

Wet season 28,551.75  25,233.87 -11.62 156.81 

 
 

Table 5.  Projected rainfall and inflow over the Shihmen reservoir basin. 

Daily discharge (m3/s) Present CCCma CNRM CSIRO GFDL LASG 

Annual 2709.68 2624.74 2176.98 2411.86 2734.72 2663.24 

Dry season 704.52 792.48 564.00 563.97 846.43 830.04 
Precipitation 

(mm) 
Wet season 2005.16 1832.26 1612.99 1847.89 1888.29 1833.20 

Annual 48.37 42.31 33.19 37.61 42.86 41.91 

Dry season 23.41 25.53 17.12 17.97 27.10 26.80 Inflow 

Wet season 72.92 58.82 49.01 56.92 58.35 56.78 
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Fig. 9. The comparison between observed and simulated discharge time 

series. 

 
 

ference of total inflow is -12.04%, and the root mean square 
error (RMSE) is 97.96 m3/s.  In the dry season (November- 
April), the difference and the RMSE between the simulation 
and observation are -13.25% and 49.17 m3/s, respectively.  In 
the wet season (May-October), the difference and the RMSE 
are -11.62% and 156.81 m3/s, respectively.  Although the re- 
lative error of the dry season is the highest, its RMSE is the 

lowest.  This is because the comparison foundations of the dif- 
ferent periods were not the same.  On this basis, we preferred 
to make judgments by using the RMSE.  The RMSE indicated 
that the simulation result of the dry season is more favorable 
than that of the wet season.  Accurately simulating floods is not 
the focus of the water supply operation of a reservoir.  Thus, the 
relative error is acceptable and the tank model was adopted. 

2) Impact of Climate Change on Reservoir Inflow 

The reservoir inflow of the present (1993-2012) and future 
(2046-2065) are displayed in Table 5.  All annual inflow values 
are significantly lower in the projections than in the present.  
In the dry season, the difference between the present and the 
GCMs outputs is nonsignificant.  By contrast, a significant de- 
crease in inflow was observed in the wet season regardless of 
the average temperature or precipitation.  The decrement of in- 
flow results from the decrease in projected precipitation.  In fact, 
the inflow values during typhoons were difficult to estimate 
through the tank model, which may have led to an underesti-
mation. 

3) Impact of Climate Change on the Water Supply 

We considered farming with and without irrigation fallow, 
and the development of the Taoyuan Aerotropolis; thus, four 
states are discussed.  Fig. 10 displays the framework of the dis- 
cussion. 

State 1 

State 1 involves farming without irrigation fallow and does 
not consider the Taoyuan Aerotropolis.  The simulation results 
are shown in Table 6.  For the present period, the public SI is 
0.24 and the maximum consecutive dry days (MCDD) of public 
use is 69 days/yr.  This indicate that drought is not presently a 
serious threat.  However, all GCMs except the GFDL (only on  
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Table 6. Indices of the water supply for state 1. 

Unit: quantity of water in 106 m3/yr;
MCDD in days/yr 

Present Ensemble in the future CCCma CNRM CSIRO GFDL LASG 

Public shortage 26.0  37.2  29.1  58.2  54.6  25.8  18.0  

Shortage of SIA 12.5  17.0  12.9  26.6  22.3  15.7  7.5  

Shortage of TIA 16.0  21.4  15.4  32.5  28.4  18.9  11.6  

Reservoir supply 1,142.1 1,031.7 1,062.7 907.0 935.1 1,114.2 1,139.3 

Reservoir overflow 488.2  147.9  201.8  76.9  184.7  165.9  110.4  

Public SI 0.24 0.56 0.31 1.18 0.95 0.22 0.13 

Public MCDD 69 93 73 132 136 72 50 

MCDD of SIA 14 16 12 24 19 15 10 

MCDD of TIA 13 17 12 22 23 16 12 
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Fig. 10.  Framework of possible alternatives. 
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Fig. 11.  The monthly reliability and satisfaction of the water supply in the future for state 1. 

 
 

public water use) and LASG models, suggest worse conditions 
in the future.  The drought of the ensemble projections is more 
severe because of lower reservoir supply. 

According to Fig. 11, the monthly reliability is between 34.4% 
(in April) and 92.0% (in October); the monthly satisfaction is 
between 88.3% (in May) and 99.2% (in October). 
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Table 7.  Indices of water supply for state 2. 

Unit: quantity of water in 106 m3/yr;
MCDD in days/yr 

Present Ensemble in the future CCCma CNRM CSIRO GFDL LASG 

Public shortage 26.0  42.5  33.9  65.9  61.4  30.1  21.4  
Shortage of SIA 12.5  18.4  14.1  28.4  23.7  17.2  8.4  
Shortage of TIA 16.0  22.9  16.7  34.4  30.1  20.5  13.0  
Reservoir supply 1,142.1 1,035.0 1,066.8 909.9 938.9 1,117.0 1,142.3 

Reservoir overflow 488.2  145.2  198.5  75.0  181.9  163.3  107.5  
Public SI 0.24 0.65 0.37 1.36 1.09 0.28 0.17 

Public MCDD 69 99 81 135 148 77 56 
MCDD of SIA 14 16 12 25 19 16 10 
MCDD of TIA 13 18 13 22 23 17 13 

 
 

Table 8.  Indices of the water supply for state 3. 

Unit: quantity of water in 106 m3/yr;
MCDD in days/yr 

Present Ensemble in the future CCCma CNRM CSIRO GFDL LASG 

Public shortage 22.4  27.3  23.3  36.3  39.6  21.0  16.2  
Shortage of SIA 10.2  10.6  10.6  11.5  12.1  12.3  6.5  
Shortage of TIA 8.9  10.4  11.2  9.1  11.5  10.5  9.9  
Reservoir supply 1,138.8 1,028.5 1,060.7 899.6 931.1 1,112.6 1,138.4 

Reservoir overflow 491.3  149.5  202.4  80.6  186.9  166.6  111.0  
Public SI 0.16  0.26  0.18  0.39  0.49  0.14  0.10  

Public MCDD 58 76 67 93 101 69 48 
MCDD of SIA 12 13 12 17 14 13 9 
MCDD of TIA 7 12 11 13 14 13 10 

Annual fallow times of SIA 0 3 1 7 6 1 1 
Annual fallow times of TIA 2 7 4 13 11 6 1 
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Fig. 12.  The monthly reliability and satisfaction of the water supply in the future for state 2. 

 
 

State 2 

State 2 considers farming without irrigation fallow but with 
the development of the Taoyuan Aerotropolis.  Table 7 dis-
plays the simulation results.  In the present period, the results 

identical to those of in state 1.  In the future, except for the 
LASG model, all GCMs indicate worse conditions than the 
present conditions.  The water shortage of the ensemble in the 
future is more severe as well. 

As displayed in Fig. 12, the monthly reliability is between  
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Table 9. Indices of the water supply for state 4. 

Unit: quantity of water in 106 m3/yr;
MCDD in days/yr 

Present Ensemble in the future CCCma CNRM CSIRO GFDL LASG 

Public shortage 22.4  31.2  27.0  42.3  43.5  24.0  18.9  

Shortage of SIA 10.2  10.9  11.2  11.8  11.3  13.0  6.9  

Shortage of TIA 8.9  10.1  10.9  10.5  9.1  10.2  10.0  

Reservoir supply 1,138.8 1,032.0 1,064.2 903.1 935.6 1,115.3 1,141.6 

Reservoir overflow 491.3  146.4  199.4  77.7  183.0  163.9  107.9  

Public SI 0.16 0.31 0.22 0.49 0.53 0.18 0.12 

Public MCDD 58 81 75 95 109 74 53 

MCDD of SIA 12 13 12 16 14 13 9 

MCDD of TIA 7 12 11 15 12 13 9 

Annual fallow times of SIA 0 4 1 9 7 1 1 

Annual fallow times of TIA 2 8 5 13 13 7 2 
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Fig. 13.  The monthly reliability and satisfaction of the water supply in the future for state 3. 

 
 

29.4% (in April) and 91.4% (in October); the monthly satis-
faction is between 87.1% (in May) and 99.1% (in October). 

State 3 

State 3 includes irrigation fallow but does not consider the 
Taoyuan Aerotropolis.  The simulation results are shown in 
Table 8.  For the present period, the public SI is 0.16 and the 
MCDD of public use is 58 days/yr.  Irrigation fallow for the 
TAI occurs two times annually on average, but no irrigation 
fallow occurs for the SIA.  The results of all the GCMs, except 
the GFDL (only on public water use) and LASG models, in-
dicate worse conditions than the present conditions.  The de-
creasing reservoir supply results in a more severe drought. 

As demonstrated in Fig. 13, the monthly reliability is between 
47.5% (in April) and 92.1% (in October); the monthly satisfac-
tion is between 93.3% (in July) and 99.2% (in October). 

State 4 

State 4 includes farming with irrigation fallow and consid-
ers the development of the Taoyuan Aerotropolis.  Table 9 
displays the simulation results.  For the present, the results are 
the same as those of in state 3.  In the future, except for the 
LASG model, all the GCMs predict worse conditions than 
those of the present.  The water shortage of the ensemble is 
more severe in the future as well. 

As outlined in Fig. 14, the monthly reliability is between 43.3% 
(in April) and 91.5% (in October); the monthly satisfaction is 
between 92.9% (in July) and 99.2% (in October). 

4. Concluding Remarks 

As described in section 3-1, the parameters of the tank model 
used to simulate the inflow of the Shihmen watershed were ca-  
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Fig. 14.  The monthly reliability and satisfaction of the water supply in the future for state 4. 

 
 

librated and validated.  The results indicate that inflow will de- 
crease in the wet season (May-October) in the future (2046-2065), 
which will be the main reason for the decrease in annual pre-
cipitation (Table 5). 

Because of decreasing reservoir inflow, most of the simu-
lation results of the GCM projections reveal that the water short- 
age will increase in severity.  Although the public SI of state 1 
and 2 in the future are approximately 0.6 (Tables 6 and 7, 
respectively), which would be suitable, it is over two times 
that of the public SI in the present period (0.24).  The monthly 
water supply (Figs. 11 and 12) suggests that drought is most 
severe during the first cropping season of the year.  Thus, the water 
supply risk is high from March to June in the future. 

For the states including irrigation fallow (states 3 and 4), the 
public SI is reduced to approximately 0.3 (Tables 8 and 9) in the 
future, less than two times that of the present (0.16).  Meanwhile, 
the monthly reliability and satisfaction of the water supply are 
improved significantly (Figs. 13 and 14).  If satisfying the de- 
mand of public use is the top priority, irrigation fallow during 
the first cropping season is required to combat the effects of 
climate change. 
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