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Abstract: The study aims to assess climate change impacts on streamflow drought in a
catchment upstream of Tseng-Wen Reservoir which is the main water supplier in southern
Taiwan. A singular-value-decomposition statistical downscaling method and a stochastic
weather generator were applied to six different general circulation models for rainfall and
temperature downscaling. Two emission climate change scenarios (A1B and B1) were used
for rainfall and temperature projections during the two periods, 2010-2045 and 2081-2100.
After rainfall and temperature projections, the HBV-based hydrological model was used to
simulate future streamflows. By using the threshold level method, the characteristics of
streamflow drought during the baseline period (1975-2000) and the future periods were
calculated and compared. Important findings include: (1) the start and end times of scenario
droughts occur earlier than those of baseline droughts; (2) streamflow under future scenarios
during the dry period tends to decrease in January and February, but to increase in March
and April; and (3) most of general circulation models’ results support that the drought
duration and magnitude tend to decrease for a given return period in the future, and the
occurrence probability of severer drought tends to decrease.
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1. Introduction

A drought is a prolonged period of water deficit, and typically occurs when an area receives
precipitation below usual levels for months. Droughts may develop during or following periods of low
accumulated precipitation relative to normal conditions and is exacerbated by high temperatures. As a
drought develops, the lack of rainfall leads to persistently dry conditions, low soil moisture, low river
flows, reduced storage in reservoirs and less groundwater recharge [1]. Although Taiwan has abundant
precipitation (annual average of about 2510 mm), it is a region prone to droughts due to uneven temporal
distribution of precipitation and small storage capacity of man-made reservoirs. Yu et al. [2] found that
annual rainfall in southern Taiwan has decreased significantly during the past century. Chen et al. [3]
investigated historical trends of meteorological drought by using long-term precipitation records and
found that the incidence of meteorological drought has increased in southern Taiwan since around 1960
due to the decreasing trend of rainfall. The study aims to investigate streamflow droughts, defined by
the threshold level approach [4], in the Tseng-Wen Reservoir catchment in southern Taiwan to
understand how the likelihood of droughts will change under climate change scenarios.

General circulation models (GCMs) are used to assess the possible changes of climate in the future by
modeling the effect of particular future emission scenarios of greenhouse gases on the climate [5]. Generally,
GCMs are of low resolutions. Therefore, GCMs’ outputs need to be combined with a downscaling technique
to provide spatially detailed information to resolve regional details. Fowler et al. [6] reviewed the current
downscaling literature, examining developments in the downscaling field specifically for hydrological
impacts. There are two kinds of downscaling methods, i.e., statistical downscaling and dynamic
downscaling. Statistical downscaling methods construct a statistical relationship between large-scale
GCM outputs and local weather variables, and dynamic downscaling methods use high-resolution
regional climate models with boundary conditions provided by a GCM to obtain local weather variables.
Wilby and Wigley [7] made a comparative summary of the relative merits of statistical and dynamical
downscaling techniques. Although both statistical and dynamic downscaling methods have their own
advantages, statistical downscaling models were more commonly used in hydrological studies due to
their less computational demand [8]. In this study, a statistical downscaling approach was applied by
using the singular value decomposition scheme [9] to downscale the monthly precipitation from GCMs
under climate change scenarios. The downscaling of monthly temperature under different scenarios is
retrieved from the Global Change Research Center, National Taiwan University [10]. The projected
changes of monthly precipitation and monthly temperature were then used in a weather generator to
project the daily precipitation and daily temperature. After generation of daily precipitation and
temperature under climate change scenarios, a conceptual hydrological model was used to simulate the
streamflow under future scenarios for drought analysis.

In this work, an HBV-based model [11,12] was employed to simulate daily streamflow under future
scenarios. The HBV model was designed by the Swedish Meteorological and Hydrological Institute, and
has been successfully applied in over 30 countries [13—16]. This model was originally developed for use



Climate 2015, 3 44

in Scandinavian catchments but has also been proven to work well in tropical and subtropical areas. For
example, this model performs well in simulating daily discharge in Taiwan [11]. The HBV model has also
been successfully employed to investigate the impact of climate change on water resources [12,17-20].

The rest of this paper is organized as follows. Section 2 introduces the study site and the data that is
available for use in this research. Section 3 describes the techniques of spatial and temporal statistical
downscaling, the hydrological model (i.e., the HBV-based model), and the threshold level approach for
drought event definition. Section 4 represents the results of daily rainfall and temperature downscaling,
calibration and verification of the HBV-based model, the changes in drought characteristics, and drought
frequency analysis. Conclusions and future work are finally drawn in Section 5.

2. Study Area and Data Set

The catchment of Tseng-Wen Reservoir, as shown in Figure la, is the study area of this work.
With a storage capacity of about 7.8 x 10% m?, Tseng-Wen Reservoir is the largest reservoir in Taiwan
and has multiple functions of meeting the water demands for agriculture, domestic use, flood control,
and hydropower generation. Tseng-Wen Reservoir catchment encloses an area of 481 km?, and has a
relief of 157 to 3514 m above the sea level. The mean annual precipitation is about 2744 mm and the
mean annual runoff is about 2182 mm during 1975-2000. The study area receives temporally uneven
precipitation. Around 85% of annual precipitation occurs during the period from May to October (wet
period) but only 15% of annual precipitation occurs from November to April (dry period). The mean
monthly rainy days, rainfall, and inflow for each month during 1975-2000 are shown in Figure 1b—d,
respectively, which reveal the obvious difference between the wet and dry seasons. Recently, the
shortage of water resource during the dry period has often caused the paddy field to lie fallow. Therefore,
it is of great concern whether the distribution of water resources during this period is influenced by
climate change.

Climate and hydrological data used in this work contain local-scale and large-scale data. Local-scale
data on a daily basis, including precipitation, streamflow (i.e., naturalized reservoir inflow) and
temperature continuously from 1975 to 2008, are provided by Water Resources Agency in Taiwan. The
daily precipitations are available from eight raingauges as shown in Figure la, from which areal
precipitations on the Tseng-Wen Reservoir catchment were computed using the Thiessen polygon method.

Large-scale data, i.e., GCMs data, were downloaded from the Data Distribution Center of the United
Nations Intergovernmental Panel on Climate Change. The climate scenarios describe the emission
conditions of greenhouse gases and more details are given in the report of IPCC [21]. Different scenarios
used were 20C3M for historical climate, and A1B and B1 for future climate. Generally speaking, 20C3M
is the scenario to represent past climate, A1B is currently regarded as the most likely climate scenario
in the future and B1 describes a convergent world in which the impact on climate change is less
significant than A1B.

Rainfall during typhoon and Meiyu seasons is the major source for seasonal precipitation in Taiwan.
A coupled GCM (CGCM) that can simulate tropical cyclone index or large-scale circulation reasonably
would be the candidate for downscaling study over Taiwan. Tropical cyclone (TC) activity in nine
CGCMs submitted to IPCC AR4 is evaluated by means of yearly genesis parameter (YGP) and
convective-YGP index [22]. On the other hand, the ability of CGCMs in simulating large-scale
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circulation pattern in East Asia is given by Min et al. [23] and Kitoh and Uchiyama [24]. As a result, six
models mentioned in these literatures with reasonable performance are taken into account in the present
study. Table 1 lists the summary of six used GCMs.

() (b,
= 20
©
-

[’d
> ~
a
>
£
& 10
W Reservoir
o Raingauge 0
1.2 3 4 5 6 7 8 9 10 11 12
(E) (d) Month
0 800
600 —
£ £
€ £
3 3 400
£ o
E =
200 —
0

1. 2 3 4 5 6 7 8 9 10 11 12
Month

Figure 1. The basic information of the study area: (a) Tseng-Wen Reservoir catchment;
(b) rainy days; (¢) mean monthly rainfall; and (d) mean monthly flow.

Table 1. Summary of the GCMs used in the study.

Model Code Model Name Country  Resolution

GCM-1 CGCM3.1(T63) Canada T63, L31
GCM-2 CSIRO-Mk3.0 Australia T63,L18
GCM-3 ECHAMS/MPI-OM  Germany T63, L31
GCM-4 GFDL-CM2.0 USA  2°x25° 124
GCM-5 GFDL-CM2.1 USA  2°x25° 124

GCM-6 MIROC3.2(hires) Japan T106, L56

A time period with a length of 20-30 years is usually used for presenting the average climate
condition during the period. Based on the common decision of the project teams in Taiwan who executed
the studies on assessing the potential impacts of climate change on hydrology, three periods of
1975-2000, 2010-2045 and 2081-2100 were defined as the baseline, near-term and long-term
periods, respectively.
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3. Methodology
3.1. Spatial and Temporal Statistical Downscaling

GCMs are the main tool to project climate changes through the prescribed emission scenarios.
However, due to the coarse resolution, GCMs are not able to represent regional topography and
land-sea contrast properly, making local climate projection a big challenge. Thus, a two-stage statistical
downscaling method was applied to generate future daily precipitation data from climate outputs run by
six GCMs. In the first stage, spatial statistical downscaling was applied by using the singular value
decomposition (SVD) scheme [9] to downscale the monthly precipitation form GCM to catchment scale.
Monthly temperature downscaling results were obtained from Global Change Research Center, National
Taiwan University [10]. In the second stage, temporal statistical downscaling was applied. In the
temporal statistical downscaling, the projected changes of monthly precipitation and monthly
temperature were further used in a weather generator to produce the daily precipitation and daily
temperature. Daily data are more practical for hydrological purpose. After the daily precipitation and daily
temperature are generated, the hydrological model uses them as inputs to simulate daily streamflows.

Spatial statistical downscaling provides relationships between local and large-scale variables to
overcome the drawback of GCMs’ coarse resolution. The first step of spatial statistical downscaling is
data reconstruction by the empirical orthogonal functions to filter off noises. This method is the same as
applying principal components analysis. Then the SVD is applied to extract coupled patterns between local
precipitation and large-scale variables, which can be expressed in the following equations.

Zpredictor(t9 X) = iUl (x) ’ Sl(t) (1)

Z a0 = 3 R K, (0 @

where Zpregictor (6, %) and Zp,eqictana(t, x) are normalized anomaly field pertaining to the large-scale
circulation and the observed station rainfall, respectively; m is the total number of SVD modes; U;(x)
and R;(x) denote respectively the singular vector of the predictor and the singular vector of the
predictand in the i-th mode; and S;(t) and K;(t) indicate the time series of expansion coefficient of the
i-th SVD mode regarding the predictor and the predictand.

The downscaling results can then be obtained by applying GCMs projection data to the following
transfer functions.

,) = 2 Z st DU G)
PRI, 0)=5,(t,) R() @

where PRJ(t,,x) represents the projected predictand; t,, stands for the projection time horizon; and n

denotes the total number of the SVD modes retained. In this study, the leading ten modes are retained.



Climate 2015, 3 47

The details of the method of downscaling can be found in Kim et al. [25] and Feddersen and
Andersen [26].

In the second stage of temporal statistical downscaling, a stochastic weather generator was applied to
downscale the monthly precipitation, derived in the first stage, to the daily precipitation. The daily
precipitation generation is based on procedures proposed by Richardson [27]. The generator uses a
Markov chain to model the occurrence of wet or dry days, and then uses a probability distribution to
generate the precipitation amount conditional on a wet day modeled by the Markov chain. A first-order
two-state Markov chain was used in this work. The occurrence of a dry or wet day is modeled by a
transition probability matrix consisting of conditional probabilities, given a previous dry or wet day.

Many probability distributions were applied to generate daily precipitation amount, such as the
exponential distribution [28,29], Weibull distribution [12], two-parameter gamma distribution [27,30-33],
and mixed exponential distribution [31,34,35]. Among the probability distributions, the Weibull
distribution most appropriately approximates daily rainfall in Taiwan [12]; consequently, this work used
the Weibull distribution to generate daily rainfall.

Regarding the daily temperature generation, a first-order autoregressive model was utilized to
generate the daily temperature sequences in each month. This daily temperature generation model is
expressed as follows:

T, =u;+p; (Tk—l _“T)+\/1_p12TGTVk+Al’t %)

where Tk is the temperature on day k; pr is the mean temperature in a certain month; or is the standard
deviation of daily temperature in the month; pir is the lag-one autocorrelation coefficient of daily
temperature in the month; vk is the random standard normal variate, and Ap is the mean temperature
change in the month under a future scenario. Given the parameters, pr, or, oir, and Ap, a daily
temperature sequence in a month can be generated by this model.

3.2. Hydrological Model

A continuous hydrologic model was used to simulate future projected streamflow, after the daily
precipitation and temperature were obtained in the previous section by the downscaling method. This
work used a continuous hydrologic model based on the structure of Hydrologiska Byrans
Vattenbalansavdelning (HBV) model [13,14], which was initially designed for use in Scandinavian
catchments by the Swedish meteorological and hydrological institute. Yu and Yang [11] adapted the
HBYV model structure to suit catchments in Taiwan. The HBV-based model uses both an upper and lower
tank to model the rainfall-runoff behavior. Model structure mainly consists of three parts: (1) soil
moisture module; (2) runoff response mechanism; and (3) water balance functions. Detail description of
the HBV-based model, as well as its procedures for calibration and validation in this work, can be found
in Yuand Yang [11] and Yu et al. [12].

In the HBV-based model, Hamon’s temperature-dependent equation [36] was used to transform the
daily temperature series into the daily potential evapotranspirartion series. The Hamon’s temperature-
dependent equation is as:

Ep(t)=021H(t)e, () /[T(¢)+273] 6)
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where Ej(f) is the potential evapotranspiration (mm/day) on day ¢, H(¢) is the sunshine duration (hour)
on day ¢; eo(?) is the saturated vapor pressure (milibar) on day #; 7(¢) is the mean temperature (°C) on day
t. Data of H(¢) are available at the Ali-Shan meteorological station near the study area, and eo(¢) can be
estimated by the following empirical equation.

e, (1) =33.8639x((0.00738x T(r) +0.8072)° —0.000019x| 1.8- T (1) +48 | +0.001316) )

3.3. Threshold Level Method for Drought Event Definition

The categories of droughts are frequently used as follows [37]: climatological drought (deficit in
precipitation), agro-meteorological drought (deficit in soil water), river flow drought (deficit in river
discharge), groundwater drought (deficit in groundwater storage), and operational drought (conflict of
water shortage and water management demands). Within the present study the concept of river flow (or
say streamflow) drought is adopted.

The threshold level method proposed by Yevjevich [4] is the most commonly applied approach to
drought studies, such as [38—43]. The choice of the threshold level is important for the results of a
drought study. Besides the option for a constant threshold value for all data over time or for a variable
threshold (e.g., fluctuating on a monthly or seasonal basis), the value of the threshold level is highly
significant. A threshold level which is too low might lead to a high number of no-drought years making
the few identified drought events statistically uncertain to evaluate. On the other hand, with a high
threshold level the likelihood for a series of small single drought events being combined into one severe
multi-year drought (drought lasting longer than a year) increases [44]. To prevent the aforementioned
conditions from occurring, a proper choice of threshold level should be made.

Streamflow
Duration
/\/‘/\'
05
Magnitude
) R
Time

Figure 2. Definition of streamflow drought.

In order to study the features of major streamflow drought, this work defines a streamflow drought
based on the annual flow duration curve from which the 50-percentile flow (QOs0) and 90-percentile flow
(Q90) are selected. A streamflow drought is a low flow event when streamflow series is continuously
below the 50-percentile flow (Qs0) and the minimum flow during the period is less than the 90-percentile
flow (Q90) (Figure 2). The Qoo is required here to avoid minor drought events. Once a drought event is
specified, drought characteristic can be quantified. Drought frequency (time/year) is the times of drought
occurrence per year. Drought duration (day) is the time period between the start and the end of a drought.
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Drought magnitude (mm) is the total amount of streamflow deficit, expressed in depth. During a
streamflow drought, the daily streamflow deficit is calculated by Qso minus the daily flow for each day.
Then, the drought magnitude can be obtained by summing up the entire daily streamflow deficits during
a drought.

4. Results
4.1. Precipitation and Temperature Downscaling

The analysis from Chu and Yu [45] demonstrated that the sea level pressure (SLP) and the meridional
wind field at 850 hPa (V850) are appropriate predictors for downscaling precipitation over Taiwan.
Thus, the two large-scale variables, SLP and V850, both of which are taken from six GCMs involving
20C3M, AI1B, and B1 scenarios, are used as predictors for downscaling in this work. The 20C3M
scenario is used to reproduce historical climate condition. GCMs’ performance can be evaluated by
comparing downscaling results and observation data during 1975-2000. In Figure 3, the left panel
presents observation data and downscaling results (under 20C3M scenario) during the period of 1975—
2000, indicating that the downscaling results can capture the rainfall pattern of observation data. The
Gerrity skill score (GSS), proposed by Gerrity [46], is applied to evaluate the performance of GCM.
GSS is easy to construct and, what is noteworthy, equitable, giving rewards and penalties reasonably to
the forecast skill. The above mentioned points make GSS a skill score for categorical deterministic
forecast recommended by the World Meteorological Organization (WMO) in the standardized
verification system for long-range forecasts [47] (WMO 2002). The GSS used herein is only for
inspecting monthly-rainfall downscaling performance of the selected GCMs during the baseline period
under 20C3M scenario. The GSS value above zero stands for skillful downscaling performance. In
Figure 3, the right panel shows that almost all GCMs have a reasonable simulation.

After spatial downscaling process, change rates of monthly precipitation from 20C3M to A1B and
B1 scenarios can be obtained. Future projections of monthly precipitation under A1B and B1 scenarios
can be derived by multiplying these projected change rates and historical monthly rainfall data together.
The changes of monthly temperature from 20C3M to A1B and B1 scenarios during the periods of 2010—
2045 and 2081-2100, respectively, were derived by the Global Change Research Center at National
Taiwan University [10]. Then, future monthly temperatures can be derived by adding the projected
changes to the historical monthly temperature. Figure 4 displays the projected monthly rainfall and mean
temperature in each month under A1B and B1 scenarios during the periods of 2010-2045 and 2081—
2100, respectively. In the figure, the ensemble results (i.e., the mean results) of the six GCMs under A1B
and B1 scenarios are presented, and the baseline indicates the projected values during 1975-2000 under
20C3M. The results reveal that the rainfalls during the wet season (May to September) tend to obviously
increase. During the dry season (October to April), the rainfalls has no obvious change, except for March
in which there exists an increase. The projected mean monthly temperature tends to increase and the
increased change in summer is larger than that in winter. Moreover, the increased change under A1B
scenario is larger than that under B1 scenario.
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Then, the projected changes of monthly precipitation and temperature were used in the weather
generator to produce daily precipitation and temperature under climate change scenarios. Daily
precipitation and temperature of a 200-year length were generated by the temporal statistical
downscaling methods for baseline and future climate scenarios, respectively.

4.2. Calibration and Verification of the HBV-Based Model

During model calibration, the HBV-based model was applied on the Tseng-Wen Reservoir catchment
to explore its ability of streamflow simulation. The fuzzy multiple objective functions, proposed by Yu
and Yang [11], and the shuffled complex evolution optimization method [48] were used in the study.
Historical daily rainfall and flow data from 1975 to 1998 were used for the HBV-based model
calibration. The calibrated HBV-based model was further verified by historical daily data from 1999 to
2008. To assess the model performance, three criteria, including the ratio of simulated to observed runoff
volumes (Vs/Vo), the root mean squared error (RMSE), and the coefficient of correlation (CC), were
calculated pertaining to the calibration and verification periods, respectively. During the calibration
period, the values of Vs/Vo, RMSE and CC are 0.86, 9.98 (mm) and 0.86, respectively. During the
validation period, the values of Vs/Vo, RMSE and CC are 0.88, 9.90 (mm) and 0.96, respectively.
Table 2 lists the values of Vs/Vo, RMSE, and CC for each calibration and validation year. From this
table, most of years have good simulation performances. Figure 5 shows the calibration and verification
results in 1992 and 2005, respectively. These results reveal the HBV-based model is able to simulate the
rainfall-runoff behavior over the study area.

The HBV-based model was then used to simulate future projected streamflow, after the daily
precipitation and temperature under the A1B and B1 scenarios were obtained in the previous section by
the temporal downscaling. The flow duration curves of the dry season and the wet season, respectively,
during the baseline period (1975-2000) and the future period (2010-2045) were shown in Figure 6 to
display the influence of projected changes in climate on the hydrological regime. In the figure, the flow
duration curve during the future period for each season is the ensemble result of the six GCMs. The
future period (2081-2100) has the similar influence with the period (2010-2045) and its figure was not
included here. From the average viewpoint, the flows during the wet season increase in future due to the
increasing precipitation during the wet season (found in Section 4.1) and the flows during the dry season
increase due to the increasing lower tank storage in the HBV-based model during the wet season. These
figures implicate the magnitude and duration of the defined drought “may” reduce in future.

4.3 Changes in Drought Characteristics

The historical streamflow data during the baseline period of 1975-2000 were used to derive the
annual flow duration curve from which the Oso and Qv were calculated (i.e., 1.24 and 0.16 mm,
respectively). Since Qso and Q9 were used to define a streamflow drought in the present study, the two
values for the future scenarios are the same as those for the baseline period. Based on the threshold level
method described in the Section 3.3, the drought frequency (0.77 times per year), the mean drought
duration (174 days), and the mean drought magnitude (148 mm) can be calculated.
These three drought characteristics during the period of 1975-2000 are used as the baseline against
which change is compared.
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Table 2. Values of three criteria for each year during calibration and validation periods.

Calibration Period

Validation Period

Year Vs/Vo RMSE (mm) CC Year Vs/Vo RMSE (mm) CC
1975 0.93 23.89 0.46 1999 0.97 5.37 0.91
1976 0.97 20.43 0.74 2000 0.95 3.36 0.94
1977 1.00 25.55 0.60 2001 0.91 10.61 0.93
1978 0.86 15.87 0.70 2002 0.98 2.86 0.94
1979 0.95 8.36 0.90 2003 1.08 3.29 0.94
1980 0.65 6.91 0.84 2004 0.92 6.41 0.99
1981 0.92 9.11 0.97 2005 0.80 15.50 0.96
1982 0.88 4.61 0.97 2006 0.89 11.88 0.96
1983 0.99 5.20 0.94 2007 0.86 11.92 0.97
1984 0.58 5.98 0.96 2008 0.84 13.22 0.97
1985 0.54 10.63 0.92 Total Period 0.88 9.90 0.96
1986 0.59 9.06 0.64

1987 0.93 14.92 0.72

1988 0.60 7.30 0.98

1989 0.77 15.18 0.92

1990 0.72 7.97 0.98

1991 0.87 3.71 0.96

1992 0.96 6.92 0.97

1993 0.98 2.87 0.96

1994 0.94 5.73 0.94

1995 0.96 2.48 0.97

1996 0.82 15.09 0.98

1997 0.97 4.06 0.95

1998 1.01 5.96 0.92

Total

Period 0.86 9.98 0.86

52

The change of streamflow drought can be assessed by calculating the differences between historical

data (baseline) and projected data under different scenarios (A1B and B1) and during different
future periods (2010-2045 and 2081-2100). Table 3 shows drought characteristics, including
drought frequency, duration, and magnitude, based on historical data and projected data (results from

six GCMs under A1B and Bl scenarios). The scenario droughts become more frequent (0.87 to

1.04 times per year), compared to the frequency of baseline droughts (0.77 times per year). From the

ensemble average, the drought frequencies range from 0.94 to 0.97 times per year for different scenarios

and different periods, revealing that the future drought frequency tends to increase.

The durations of projected droughts for different GCMs and different future periods are between

128.7 days and 205.9 days. The ensemble averages of projected drought durations are about 160 days

for different scenarios and different future periods. As compared to the duration of baseline drought

(174 days), the future drought duration decrease about a half month.
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Figure 5. Calibration and verification results for the HBV-based model in (a) 1992 and
(b) 2005, respectively (DOY: Day of Year).
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The tendency of drought magnitude is similar to that of drought duration. The magnitudes of projected
droughts are between 102 mm and 196 mm for different GCMs and different future periods. The
ensemble averages of projected drought magnitudes are about 140 mm for different scenarios and
periods. The future drought magnitude decrease slightly, as compared to the magnitude of baseline
drought (148 mm).

To sum up the above analysis, the duration and magnitude of scenario droughts may increase or
decrease, as they depend on different GCMs. However, from the ensemble average of GCMs, the results
reveal that the duration and magnitude of scenario droughts tend to decrease. Overall, streamflow
droughts under future scenarios become more frequent, but their duration and magnitude become more
diverse than the baseline droughts.

Figures 7 and 8, respectively, are the time distributions of the start and the end of streamflow droughts,
under the A1B scenario for the period of 2010-2045. In the figures, the solid line indicates the baseline
drought, and the dash line stands for the ensemble mean of scenario droughts. Figure 7 indicates that
baseline droughts more often start during the period from the middle of October (the 2nd 10-day period
in October) to early November (the 1st 10day period in November). However, scenario droughts are
projected to come earlier and have a high likelihood to start in the middle of October (the 2nd 10-day
period in October). Figure 8 reveals that scenario droughts are more likely to end during March that is
earlier than the end of baseline droughts more likely in the early May. The time distributions of the start
and the end of streamflow droughts pertaining to the B1 scenario and to the period of 2081-2100 are
similar. Totally speaking, droughts may start and end earlier in the future.

Table 3. Impact of climate change on streamflow drought characteristics.

Drought Future Ensemble GCM- GCM- GCM- GCM- GCM- GCM-
o Baseline Scenario
Characteristics Period of GCMs 1 2 3 4 5 6
AlB 0.94 0.87 1.02 0.99 0.98 0.89 0.90
2010-2045
Frequency 0.77 B1 0.96 0.89 0.99 0.95 0.99 0.96 0.95
(time/year) AlB 0.97 0.88 1.04 0.99 0.98 0.93 1.00
2081-2100
B1 0.97 0.91 1.00 0.97 1.00 0.97 0.96
AlB 161.2 131.8 193.3 158.8 181.9 149.7 151.6
2010-2045
) B1 161.6 132.9 197.2 160.7 181.3 147.3 150.4
Duration (day) 173.65
AlB 160.4 128.7 193.4 151.9 180.0 145.2 163.0
2081-2100
B1 163.3 132.4 205.9 158.6 184.1 147.4 151.6
AlB 139.7 105.3 178.5 137.2 164.6 125.7 126.7
2010-2045
) B1 139.9 105.7 183.0 138.7 162.8 122.3 126.8
Magnitude (mm) 148.44
AlB 139.3 102.1 181.6 130.3 161.9 121.1 138.5
2081-2100
B1 142.9 105.5 195.5 137.7 166.0 125.0 127.9

To check the streamflow during the dry period (January to April) under different scenarios during the
periods of 2010-2045 and 2081-2100, respectively, Figure 9 shows the hydrographs (i.e., temporal
distributions of streamflow). Concerning both scenarios (A1B and B1) and both periods (2010-2045 and
2081-2100), the streamflow under future scenarios in Figure 9 is the ensemble average of all six GCMs.
The streamflow under future scenarios tends to decrease in January and February (at about the beginning
of the first season of paddy rice growth in Taiwan), but to increase in March and April (at about the end
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of the first season of paddy rice growth). The 90% confidence interval of streamflow under future
scenarios is wider than baseline streamflow after February, indicating the future projected streamflows

are more scattered.
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Figure 7. Distribution of drought start time.
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Figure 8. Distribution of drought end time.

4.4 Drought Frequency Analysis

As an important random phenomenon in hydrology, the frequency analysis is necessary in the aim to
know about the drought’s regime. The frequency analysis was performed in the present study for drought
duration and magnitude respectively. The estimation steps of the drought frequency analysis are as
follows. (1) The annual maximum values of drought duration and magnitude were selected during the
baseline and two future periods, respectively; (2) Different probability distributions (including Extreme
value type-I, Generalized extreme value, Pearson type-III, Log-Pearson type-IIl, Three parameters log-
normal, Gamma, and Exponential distributions) were used to fit the annual maximum series of drought
duration and magnitude, respectively, for each period. This work applied the Kolmogorov-Smirnov test
to examine the goodness of fit of the distributions and the root mean square error was used as an index
to compare the fitting performances of different distributions; (3) Based on the optimal probability
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distribution, the drought duration and magnitude with different return periods for a period (baseline or

future) can be estimated.

1000

1000

E 2010~2045(A1B) E 2010~2045(B1)
1 — 95th/5th percentile (Basclinc) 1 — 95th/5th percentile (Baseline)
4 = —— 95th/5th percentile (GCM:AIl) | ———95th/5th percentile (GCM:All)
100 — —Mcdian (Baseline) J’,—‘"\\\ 100 — —Mcdian (Baseline) ,/’ ‘\\
'é\ 5 == = Median (GCM:All) Ke ~o E 4 == = Median (GCM:All) e .
g ] g ]
=2 7 - 7]
z z
g 10+ g 10
g 3 £ 3
= b =~ 1
@ E @ E
- - 4
S S
n 170}
14 13
0'1 T T T T T T T T T T T L} 0'1 T T T Ll T L) T T T T T 1
171 1711 1721 2/1 2/11 2/21 3/1 3/11 3/21 4/1 4/11 4/21 4/30 1 111 1721 271 2/11 2/21 3/1 3/11 3/21 4/1 4/11 4/21 4/30
Date Date
1000 o 1000
E 2081~-2100(A1B) 2081-2100(B1)
1 — 95th/5th percentile (Baseline) — 95th/5th percentile (Baseline)
4 === 95th/5th percentile (GCM:All) — — — 95th/5th percentile (GCM:All)
100 = = Nedian (Baseline) A7 100 = Nedian (Baseline) ,"—\\\
'E J = =Median (GCM:AI) -7 RNy E = =Median (GCM:AL)  ~ - o
el ] g
- _ S
z z
= 104 S 10
g 3 =
] ' =
153 E 5]
= i =
N -
7] [#2]
13 1
0'1 T T T T T L) T T L) T T L} 0'1 1 T T L) T T T T T T T T 1

U1 VL1 1/21 2/1 2/11 2/21 3/1 3/11 3/21 4/1 4711 421 4/30
Date

U1 VL1 1/21 2/1 2/11 221 3/1 3/11 3/21 4/1 4/11 4/21 4/30
Date

Figure 9. Hydrographs during the dry season. (Thick-solid line: the median during baseline
period; Upper and lower thin-solid lines: the 95th and 5th percentiles during baseline period;
the same notations are used for scenario data by thick-dash and thin dash lines).

Different probability distributions were tested in the study, and results showed that the Gamma
distribution best fits the distributions of drought duration and magnitude. Therefore, the Gamma
distribution was used to implement the frequency analysis for drought duration and magnitude
respectively. Figure 10 shows the probability distribution of drought duration for each GCM pertaining
to two future scenarios and two periods. In the figure, the abscissa indicates the drought duration (day)
and the ordinate denotes the return period (year). Results reveal that four GCMs (i.e., GCM-1, GCM-3,
GCM-5 and GCM-6) have the same tendency that the drought duration regarding future scenarios will
be less than the baseline drought duration for a given return period. However, the other two GCMs (i.e.,
GCM-2 and GCM-4) have the opposite tendency to the former four GCMs. Therefore, most of GCMs’
results support that there exists a decreasing tendency in drought duration for a given return period; and
for a given drought duration, the return period tends to increase which means the occurrence probability
of this drought duration tends to decrease.

Figure 11 displays the probability distribution of drought magnitude. In the figure, the abscissa
represents the drought magnitude (mm) and the ordinate denotes the return period (year). Results show
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the drought magnitude of four GCMs (i.e., GCM-1, GCM-3, GCM-5 and GCM-6) in future scenarios
have the decreased tendency for a given return period. However, the other two GCMs (i.e., GCM-2 and
GCM-4) have the opposite tendency to the former four GCMs. Therefore, most of GCMs’ results support
that there exists a decreasing tendency in drought magnitude for a given return period; and for a given
drought magnitude, the return period tends to increase which means the occurrence probability of this
drought magnitude tends to decrease. From the aforementioned descriptions, most of GCMs’ results
support that both the drought duration and magnitude tend to decrease for a given return period in the

future, and the occurrence probability of severer drought tends to decrease.
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Figure 10. The probability distributions of drought duration for different GCMs, (a) during
2010-2045 under A1B scenario, (b) during 2010-2045 under B1 scenario, (¢) during
2081-2100 under A 1B scenario, and (d) during 2081-2100 under B1 scenario.
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Figure 11. The probability distributions of drought magnitude for different GCMs,

(a) during 2010-2045 under A1B scenario, (b) during 2010-2045 under B1 scenario,
(¢) during 2081-2100 under A 1B scenario, and (d) during 2081-2100 under B1 scenario.

5. Conclusions and Future Work

This work applied downscaling methods and a hydrological model to derive streamflow under future
scenarios and to assess the effect of climate change on streamflow droughts in southern Taiwan. Based
on the definition of streamflow drought and the results of ensemble average of the six GCMs used in the
present study, it is revealed that scenario droughts may become more frequent, and the duration and
magnitude of scenario droughts may become more varied than those of baseline droughts. Analyzing
time distributions of streamflow drought under future scenarios found that streamflow drought events
will start and end earlier in the future. The streamflow under future scenarios tends to decrease in January

and February (at the beginning of paddy rice growth season) but to increase in March and April (at the
end of paddy rice growth season). The 90% confidence interval of streamflow under future scenarios is
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wider than the baseline streamflow after February, because more diverse streamflows are projected.
From the frequency analysis, most of GCMs’ results support the streamflow drought duration and
magnitude tend to decrease for a given return period in the future, and the occurrence probability of
severer drought tends to decrease. Due to the changed pattern of future streamflow drought, the
authorities are suggested to plan to moderately adjust irrigation period to adapt to climate change.

From the analytical results of the present study, some future work as the following should be made
for reinforcing the study and its conclusions. (1) The combined result of more frequent streamflow
drought events and lower duration and magnitude, which is consistent with a change in the
temporal variability, is a preliminary conclusion based on the definition of streamflow drought and the
results of ensemble average of the six GCMs used in the present study. Future work may adopt more
GCMs to analyze the impact of climate change on streamflow droughts to further test this conclusion;
(2) The study aimed to investigate the impact of climate change on streamflow droughts.
The development and comparisons of downscaling methods were not the main work. Therefore, the
downscaling methods used in Taiwan previously were adopted in the present study. Future work may
consider the other downscaling approaches (e.g., bias correction methods) for comparing their
performances; (3) In Taiwan, the mean flow of a river is about to Q20 (=6.9 mm). Qs is not a high value
during a year. The threshold level method used in the present study is an approach to “define” a
streamflow drought for drought studies. The set of threshold level, Oso and Qo for the baseline period,
was used in the study only for the definition of streamflow drought by which the impact of climate
change on this kind of streamflow drought was assessed. The other different sets of threshold level may
define different streamflow droughts and can be considered in the future; (4) The study presently
considered only three drought indices, i.e., frequency, duration and magnitude, for studying the impact
of climate change on streamflow droughts. Since the study area is in the catchment of the reservoir,
future work may consider the analysis of operational drought and evaluate other indices that may provide
more useful for reservoir management (e.g., the sequent-peak algorithm); (5) In the present study, the
parameters of the hydrological model were fixed during both the baseline and future periods. This is
because there is no observed data for model calibration during the future period that makes the parameter
modification become a big challenge. The fixed parameters for the baseline and future periods made an
assumption of the same mechanism of hydrological process in the study area during those periods. Since
the study area is small and the catchment characteristics (e.g., the land use, cover, and soil type) in the
study area will not obviously change, this assumption can be acceptable. A better way to modify model
parameters in the future is suggested to use a fully-physical hydrological model and establish a link
between the physical model parameters with climate change; (6) The latest climate change projections
are available in the Coupled Model Intercomparison Project Phase 5 (CMIP5). Hence, a further
investigation based on these new projections is suggested to include all potential future scenarios for
assessing climate change impacts on streamflow drought in the study area.
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