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Abstract:

The climate sensitive analysis of potential climate change on streamflow has been conducted using a hydrologic model
to identify hydrologic variability associated with climate scenarios as a function of perturbed climatic variables (e.g. carbon
dioxide, temperature, and precipitation). The interannual variation of water resources availability as well as low flow frequency
driven by monsoonal time shifts have been investigated to evaluate the likelihood of droughts in a changing climate. The
results show that the timing shift of the monsoon window associated with future climate scenarios clearly affect annual water
yield change of �12 and �8% corresponding to 1-month earlier and 1-month later monsoon windows, respectively. Also, a
more severe low flow condition has been predicted at 0Ð03 m3/s as opposed to the historic 7Q10 flow of 1Ð54 m3/s given at
extreme climate scenarios. Copyright  2011 John Wiley & Sons, Ltd.
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INTRODUCTION

The potential consequences of climate change have
received considerable attention internationally as studies
increasingly demonstrate that a wide variety of natural
resources, ecosystems, and populations will be affected
by future climate variability and change. Recent studies
show that the global climate cycle will intensify, creating
more severe, frequent, and long-lasting droughts in many
regions, resulting in threats to the reliability and quality
of water resources, the stability of regional economies,
and the sustainability of utility infrastructure (Frederick
et al., 1997; NCAR, 2008). The variability of precipi-
tation and temperature in eastern Asia, in particular, is
of great interest because the annual rainfall occurring
during the summer monsoon basically determines the
water availability over the year. Additionally, extreme
weather conditions during this period often contribute to
drought conditions and consequently causes tremendous
economic losses (Ryu et al., 2009b). These characteris-
tics of the summer monsoon underline the importance of
the climate change impact study on mitigating damages
associated with uncertain future hydrologic events.

Many studies have been done to investigate long-term
hydrologic variability associated with climate change.
General circulation models (GCMs) are commonly uti-
lized for regional climate simulation and/or local-scale
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forecasts under global warming scenarios. For instance,
because of the timing change of precipitation and
snowmelt in the Pacific Northwest in the United States,
regional water resources management is increasingly
facing challenges; thus, increased winter precipitation,
reduced spring snowpack, and reduced summer stream-
flows have the potential to disrupt reliable water supplies
(Monte et al., 2003; Whitely Binder, 2006). Based on
the evidence of a larger proportion of snowmelt-driven
streamflow volume during springtime due to temperature
increase, Miller et al. (2003) also have indicated potential
impacts of climate change on streamflow in California.
Additionally, a number of investigations of international
river basins have been conducted to estimate future avail-
ability of water and to develop new management strate-
gies in the presence of climate change (Kim et al., 2008;
Park et al., 2009, 2010).

The main goal of the previous studies, however,
was to focus on hydrologic consequences of climate
change scenarios so that the variability of daily to
interannual environmental forcing is investigated. For
instance, given the dominantly linear response of the
GCMs, future perturbations of hydrologic cycles induced
by climate change are identified and estimated to perceive
discernible hydrometeorological changes at the regional
scale over the next few decades. Relatively little attention
was given to understanding the effect of climate change
on local hydrology and low flow frequency analysis for
the existing system (Ryu et al., 2009c).

In this article, the impacts of potential future climate
change on the Geum River Basin, Korea, are first
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Figure 1. Map of the water system in the Geum River Basin

evaluated based on five different climate scenarios and
then the low flow frequency analysis was conducted
to evaluate the likelihood of drought in the future.
For this purpose, hydrologic simulations associated with
environmental forcing from several GCMs were applied
to the basin, one of the most climate sensitive basins
in Korea, and the 7Q10 (described later in low flow
section) low flow statistics was computed to be used as
a benchmark by which to evaluate future severe drought
conditions induced by climate variability and change. As
a result, this work will contribute to finding the missing
link between climate science and system engineering, and
facilitate interdisciplinary research activities to resolve
climate change issues on sustainable water resources
planning and management in a changing climate at the
watershed scale.

Study area

The Geum River Basin is located in the midwest Korea
and has a drainage area of about 9810 km2 measured at
Daechong Dam (Figure 1). The climate of the basin is
dominated by the monsoon system and water resources
depend largely on the precipitation that occurs during the
summer season (June–August). The annual average tem-
perature and precipitation are about 20 °C and 1200 mm,
respectively. During typical summer months, heavy rain,
humid weather, and wind contribute more than 60% of
the annual precipitation. Intensified rain accompanied by
tropical cyclones in the region creates flooding, thereby

generating tremendous economic losses. This mechanism
is reversed during the winter months (December–March).
Wind arises from the northeast and originates in the
vast anticyclonic circulation over Siberia and brings cold
temperature and dry weather. Consequently, the quantity
of precipitation that occurs during the monsoon season
defines wet/drought conditions so that such a complex
climate characteristic makes it difficult to provide accu-
rate climate and hydrologic forecasts.

In addition to the complexity of regional climate sys-
tem, there are many other water-related issues, includ-
ing fish flow requirements, water quality control, and
increased water demands due to regional population
growth, revolving around among the local stakeholders.
An adaptive water resources management under uncer-
tain future climate, therefore, is further highlighted to
minimize the impacts caused by future extreme drought
events.

METHODOLOGY

Climate models and uncertainty

The GCMs are the primary tool for understanding past
climate variations and predicting future climate condi-
tions associated with various boundary conditions and
environmental forcing, including the initial conditions
between atmosphere and sea surface, the amount of
solar energy, and the concentrations of anthropogenic
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gases and particles in the atmosphere. Although there
is the tendency of the monsoonal circulation to result
in increased precipitation in summer and it is likely
warming well above the global mean in East Asia,
many aspects of tropical climatic responses, such as
cloud physics and atmosphere–ocean interaction, are still
not fully understood (Christensen et al, 2007). Uncer-
tainty inherent in estimating greenhouse gas (e.g. carbon
dioxide—hereafter CO2) emissions and concentrations is
also controversial in the sense that the Intergovernmental
Panel on Climate Change (IPCC) scenario, such as IS92a,
predicts CO2 emission under average development and
growth projection, considering no adaptive policies for
emission mitigation. Furthermore, economists claim that
all GCMs currently available do not take into account
the policy and economic dimensions of climate change.
Thus, the carbon technology improvement is not imple-
mented into the modelling block needed to bring CO2

into equilibrium.
The comprehensive boundaries of climate change

issues, such as pros and cons of individual GCMs in
region-specific applications, uncertainties embedded into
particular GCMs, discussion of feasible range of CO2

emission scenarios, and a global/regional climate impact
studies, are complex in the different levels of output and
cost between developed and developing countries. For
the scope of this article, therefore, hydrologic responses
and low flow frequency associated with uncertain future
climate are solely highlighted to evaluate how climate-
driven environmental variables (e.g. CO2, temperature,
and precipitation) affect local hydrology in the Geum
River Basin over the next few decades

Climate scenarios

Many scenarios with a combination of CO2 levels and
other environmental factors (e.g. sea surface temperature)
are considered and employed in a hydrology model to
project future hydrometeorological conditions driven by
environmental forcing, such as precipitation and temper-
ature associated with various greenhouse gas scenarios.
Two different approaches are most common for indi-
cating the impacts of climate change on the adequacy
of local water resources. The application of the cou-
pled climate–hydrologic models to evaluate the potential
consequences of climate change is one approach. This
approach combines the hydrologic models with the out-
put from GCMs and CO2 scenarios in GCMs to simulate
future runoffs for large-scale simulations (Lettenmaier
et al., 1999). Alternatively, the climate adjustments asso-
ciated with climate scenarios are also commonly used.
The idea of this approach is to reflect the differences in
climate change that characterize the control and analogue
periods into the natural streamflow so that flow recon-
structions, consequently, are induced by climate change
(Frederick, 1993). In this study, a combination of these
two methods is utilized to create climate scenarios. Thus,
although the meteorological data adjustment is imple-
mented into a hydrologic model to simulate streamflows,

the adjustment values are solely derived from GCMs
(Christensen et al., 2007).

Four scenario families are listed in the IPCC report
to represent a broad range of scenarios associated with
economic activities, population levels, and energy con-
sumption in the future. Although it appears that both
A1B (balanced) and A2 (low energy consumption and
high population growth) are most likely representing
regional population trends, governments’ long-term eco-
nomic policies, and the rapid development of internet
technologies in this study area, scenario A1B has been
adopted to generate regional climate scenarios because
A1B-based GCMs predict more rigorous climate variabil-
ity for the next few decades. Based on A1B scenarios,
the report provides the regional average of temperature
and precipitation projections (2080–2099) using a multi-
model data set (MMD) from a set of 21 regional climate
models (RCMs) for eight land regions, including Africa,
Europe, Asia, North America, Central and South Amer-
ica, Australia and New Zealand, polar regions, and small
islands. Those scenarios developed for Asian region are
adopted to create the five climate scenarios. Note that the
15-year period from 1981 to 1995 was selected to repre-
sent the baseline scenario and the concentration of 330
parts per million by volume (ppmv) for CO2 level was
applied for this study.

A total of five regional climate scenarios were created
to identify hydrologic responses to future climate change.
For the adjustments of changed climate, the additive
and multiplicative technique is utilized for temperature
and precipitation, respectively. For instance, Scenario 2
(shown in Table I) simulates July hydrographs using cli-
mate forcing, which is a combination of adding daily
increases of temperature by 3Ð3 °C and multiplying pre-
cipitation by a factor of 0Ð42 (�58%) to the baseline
scenario. This method applies to all intraseasonal precip-
itation and temperature shifts over the 15-year baseline
simulation periods, in combination with the 1Ð5 ð CO2

levels for Scenarios 2–4 and a doubling CO2 (2 ð CO2)
levels for Scenario 5, respectively.

SWAT setup and calibration

As a hydrologic model, the Soil and Water Assessment
Tool (SWAT) is used to simulate streamflow not only
because this model is commonly used in many watersheds
(Gassman et al., 2007), but also because SWAT provides
a wide range of flexibility for model formulation and
calibration processes. The SWAT (Arnold et al., 1998) is
a semi-distributed and time continuous watershed simu-
lation model, which is developed to address the impact
of management and climate on water supplies, sediment,
and agricultural chemical yields in watersheds and larger
river basins. In SWAT, a watershed is delineated into sub-
watersheds that are then further discretized into a series
of hydrologic response units (HRUs), which are spatially
identified as unique soil–landuse combination areas.

The digital elevation model (DEM), 15 arc-second
(1 : 250 000 scale), is employed for topographic relief
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Table II. The initial values and parameter ranges for SWAT calibration

Parameter Description (input file) Units Initial value Final estimate Value used in literature Range of values

Typicala Possiblea

AlphaBF Baseflow recession
constant (gw)

None 0Ð98 0Ð92 0Ð01a, 1Ð0b, 0Ð035c 0Ð1–1 0Ð04–1

CN2 Curve number II for
soil moisture
condition (mgt)

None 60 57 49Ð3b, 1Ð0d 35–98 0–100

EPCO Plant uptake
compensation factor
(hru)

None 1Ð0 0Ð8 0Ð0882d, 0Ð6e 0Ð01–1 0–1

ESCO Soil evaporation
compensation factor
(hru)

None 0Ð95 0Ð2 0Ð95f, 0Ð1e 0Ð01–1 0Ð10–1

GW DELAY Groundwater delay
time (gw)

Days 31 0Ð018 1a, 150g, 260b, 31f, 47d — 0–400c

GW REVAP Groundwater ‘revap’
coefficient (gw)

None 0 0Ð12 0Ð02, 0Ð03b,e, 0Ð02f, 0Ð2c 0Ð02–0Ð2 0Ð02–0Ð2

GWQMN Threshold depth for
baseflow to occur
(.gw)

mm 0 1,087 37Ð365d, 5000c — 0–5000

SOL AWC Soil available water
capacity (sol)

mm 0Ð16 0Ð19 0Ð18a 0Ð01–0Ð25 0–1

a Ahl et al. (2008).
b Van Liew and Garbrecht (2003).
c Tobin and Bennett (2009).
d Muleta and Nicklow (2005).
e Santhi et al. (2001).
f Jha et al. (2006).
g Wu and Xu (2006).

mapping, watershed delineations and modelling, and
flow direction computing. And, land use maps of the
year of 1995 and 1 : 250 000 soil maps obtained
from Water Management Information System (WAMIS,
http://wamis.go.kr/eng/; accessed 5 November 2010) of
the Ministry of Land, Transport and Maritime Affairs
are utilized (not shown in the article). For the poten-
tial evapotranspiration (ET) and hydrograph routing, the
Penman–Monteith equation (Monteith, 1965) and Musk-
ingum method (McCarthy, 1938) are used. Additional
physical mechanism of runoff processes is well docu-
mented in a series of publications (Arnold et al., 1998).

To identify hydrologic responses to increased CO2

incorporated into climate scenarios, evaporation of water
from the soil into the atmosphere through plant photosyn-
thesis is evaluated. The relation dynamics between CO2

and environmental variables used for hydrologic simu-
lation in SWAT are explained by the Penman–Monteith
equation for ET (Stonefelt et al., 2000). The net radiation
data are increased appropriately to incorporate the level
of CO2 into hydrologic simulation. The net radiation as
CO2 increase results in facilitating ET processes, causing
a decrease in surface runoff (Stonefelt et al., 2000). Note
that concentrations of CO2 in climate scenarios range
from 495 to 660 ppmv by assuming atmospheric CO2

concentration of 330 ppmv for the baseline scenario as
the reference.

The model calibration and validation periods are 1 Jan-
uary 1981 to 31 December 1991 and 1 January 1992

to 31 December 1995, respectively. The first water year
(1 October 1981 to 30 September 1982) is utilized as
a ‘warm-up’ period to stabilize the simulation runs for
SWAT. Although many observed streamflow data are
readily available at some interior locations (Figure 1),
simulated streamflow at the Daechong Dam are eval-
uated to measure the strength of relationship between
the observed and simulated streamflow for the climate
impact study. An automatic calibration tool built in the
model is utilized to find the best parameter set during
the calibration period. For statistical measurements of
model performances at the calibration streamflow gauges,
the correlation coefficient (R) and Nash–Sutcliffe effi-
ciency (E) (Nash and Sutcliffe, 1970) were selected to
compare the model simulations from SWAT to observed
streamflow. Eight of the SWAT parameters were cali-
brated based on guidelines given in Neitsch et al. (2005),
and the summary of input parameters and range values
for the calibration of SWAT is listed in Table II.

For details on each of the calibration parameters, the
readers are referred to the literature (Neitsch et al., 2005).

Low flow (7Q10 flow)

In general, 7Q10 flow has been utilized as an indi-
cator to define the low flow for regulatory water qual-
ity control. The United States Environmental Protection
Agency (USEPA) defines the 7Q10 flow as the ‘low-
est 7-day average flow that occurs (on average) once
every 10 years’ (USEPA, 2009). Since the 7Q10 flow

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. 25, 3437–3447 (2011)
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Figure 2. Comparison of observed versus simulated monthly average streamflow at the Daechong Dam after calibration

determines minimum instream flow requirements, a low
7Q10 estimate under uncertain future climate can provide
useful insights for water managers to alter system opera-
tions to meet their demand targets associated with future
climate variability and change. To identify the sensitivity
of 7Q10 flow against abrupt future climate, frequency
analysis is necessary. Based on the literature review,
Gumbel has proposed that the third asymptotic distribu-
tion of the extreme (smallest) value is one of the most
accepted theoretical probability distribution functions for
a low flow study (Gumbel, 1958). Later, many scientists
suggested that other distributions, such as the gener-
alized extreme value type III (GEV3), the lognormal,
and Pearson distributions (Matalas, 1963; Loganathan,
1985; Tasker, 1987), are also acceptable. The parame-
ters of these distributions, however, should be estimated
from several statistical methods. Deininger and West-
field (1969) have accomplished estimation of the param-
eters of GEV3 using four different methods, including
(1) the method of moment, (2) an order statistic approach
(later L-moment), (3) an observed flow-based method,
and (4) a technique based on the sequential least squares
and a Fibonacci search, which is a new method intro-
duced by them. They concluded that the fourth estimation
method is more acceptable estimates than the other meth-
ods, even if it requires highly computational work. Tasker
(1987) also examined the performance of parameter esti-
mation for two hypothetical distributions (log-Pearson III
and Weibull) by the bootstrap method and suggests that
these two distributions are acceptable for the low flow
frequency study. Later, based on a regional probabil-
ity plot correlation coefficient (PPCC) test, Vogel and
Kroll (1989) recommended the 2- and 3-parameter log-
normal (LN2 and LN3) and log-Pearson type III (LP3)
distribution for low flow study, but Önöz and Bayazit
(1999) recommended the GEV3 by examining the fit
of various probability distributions to low flows at 16
European rivers. More recently, Pearson type III and the
3-parameter lognormal distributions have been recom-
mended by the literature (Kroll and Vogel, 2002; Ames,
2006). For low flow frequency in the study basin, three
probability distributions, including (1) GEV3, (2) LN3,
and (3) LP3, are selected and three parameter estima-
tion techniques, L-moment (Hosking and Wallis, 1997),

the quantile method (Stedinger, 1980), and the method of
moment (Stedinger et al., 1993), are applied to fit GEV3,
LN3, and LP3 distribution, respectively. More details in
statistical justification can be found in the Appendix.

RESULTS AND DISCUSSIONS

Calibration results

Figure 2 shows hydrograph comparisons for the Geum
River Basin during simulation periods (1 January 1981 to
31 December 1995) to measure how the calibrated model
predicts streamflows against the observed flows. The key
hydrologic parameters shown in Table II were adjusted
until the simulated flow was nearly equal to the observed
flow during calibration processes. Overall, the calibrated
flows match observed flows well, but the magnitude of
peaks during the summer monsoon (June–August) is
somewhat different from the observed flow in particular
years, such as July 1986 and 1992 (Figure 2). However,
the statistical results show that the model predicted the
streamflow at the gage station reasonably because the
correlation coefficient (R) and Nash–Sutcliffe efficiency
(E) are 0Ð9 and 0Ð7, respectively.

Exceedance probability is also a good measure to eval-
uate how well the model performs to simulate a wide
range of streamflows, from low to high flows through
normal flows. Although calibrated flows agreed very
well with the observed high flows, the simulation over-
estimates discharge associated with months with nor-
mal flows. Outperformance of high flows against normal
and low flows in SWAT does not necessarily guaran-
tee that the model exhibits superior results during wet
periods because sometimes the simulation consistently
overpredicts streamflow during the summer monsoon
(Figure 3). Nonetheless, since the overall model perfor-
mance for streamflow simulation shows satisfactory sta-
tistical results, it is considered as a suitable hydrologic
model for the long-term climate impact study in the basin.

Climate change scenario output

A total of five climate scenarios are routed into the
SWAT model to generate climate sensitive streamflows
for the next few decades (2080–2099). All simulations

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. 25, 3437–3447 (2011)
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Figure 3. Exceedance probability of observed and simulated flow after calibration over the calibration period at the Daechong Dam

Table III. Relative changes of streamflow (m3/s) associated with five different climate change scenarios

Month Baseline scenario Scenarios

1 2 3 4 5a

January 19 4 (�79) 5 (�74) 14 (�26) 13 (�32) 9 (�53)
February 29 12 (�59) 16 (�45) 27 (�7) 27 (�7) 14 (�52)
March 46 47 (2) 61 (33) 53 (15) 50 (9) 32 (�30)
April 54 97 (80) 62 (15) 53 (�2) 54 39 (�28)
May 47 74 (57) 63 (34) 23 (�51) 60 (28) 41 (�13)
June 93 163 (75) 53 (�43) 50 (�46) 139 (49) 48 (�48)
July 270 288 (7) 96 (�64) 94 (�65) 99 (�63) 90 (�67)
August 228 242 (6) 83 (�64) 211 (�7) 83 (�64) 78 (�66)
September 158 139 (�12) 129 (�18) 137 (�13) 53 (�66) 116 (�27)
October 45 48 (7) 45 45 43 (�4) 39 (�13)
November 28 42 (50) 46(64) 46 (64) 44 (57) 40 (43)
December 24 8 (�67) 19 (�21) 24 23 (�4) 17 (�29)

Annual(%) 6 �15 �12 �8 �32

Unit in parenthesis is percent (%).
a Doubling carbon dioxide (2 ð CO2) and all other scenarios with 1Ð5 ð CO2

have been conducted with the same calibrated parameter
so that only the consequence of climate change affects the
hydrographs. Table III shows relative changes of stream-
flow simulation associated with five different climate
change scenarios. Most of the scenarios project a decrease
in streamflow during the dry season, including December,
January, and February (DJF). Note that the only sim-
ulation of Scenario 1 with increased CO2 (1Ð5 ð CO2)
resulted in an average increase in annual streamflow of
6%, but the magnitude of change varied from season to
season.

All scenarios except Scenario 1 are simulated with
a combination of an increase in temperature and CO2

and a gradual decrease of precipitation up to �58%.
Precipitation of �58% during a typical monsoon resulted
in a large magnitude of change in seasonal variations and
produced �15% of annual average flow. It is noteworthy

that significant streamflow reduction occurs in all winter
months for all scenarios and some gains occur in some
months, especially March.

Effects of a possible time shift during the monsoon
season on streamflow variability associated with signif-
icant precipitation decrease (�58%) are also examined.
Scenarios 3 and 4 represent a possible 1-month time shift
forward and backward, respectively, and Scenario 2 has
no shift applied. Thus, although the months of the typical
summer monsoon are defined as a period of June through
August, the monsoon window has been redefined as May,
June, and July (MJJ) for Scenario 3 and July, August,
and September (JAS) for Scenario 4. Interestingly, the
results show that Scenario 3 produced maximum monthly
flow reduction in July (�65%) and annual flow reduction
of 12%, while Scenario 4 produced maximum reduced
streamflow of 66% in September and annual reduction of

Copyright  2011 John Wiley & Sons, Ltd. Hydrol. Process. 25, 3437–3447 (2011)
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Figure 4. Comparison of baseline versus simulated monthly average streamflows from seven different climate scenarios

Figure 5. Comparison of three theoretical distributions (GEV-LM, LN3-QM, LP3-MM) with three-parameter estimation techniques for low flow
frequency at 95% confidence level

8%. This result implies that annual flow reduction due to
the time shift of 1 month during a typical monsoon gen-
erally contributes to a change in annual water yield. Sce-
nario 5 represents an extreme drought case; a significant
precipitation reduction has been applied to all months
with an additional decrease (�58%) during the summer
monsoon (Table I). An annual flow reduction is obvious
and monthly variations are also noticeable. Perhaps the
most interesting cases on water management under uncer-
tain climate are the seasonal change streamflow reduction
with diverse climate scenarios, including warmer condi-
tions (Scenario 1), a time shift of the summer monsoon
(Scenarios 2–4), and the worst case scenario of a severe
drought (Scenario 5). Comparison of the baseline versus
simulated monthly average streamflows from five differ-
ent climate scenarios are shown in Figure 4.

From a hydrologic perspective, the summer monsoon
system impacts the transition from periods of high to
low seasonal flows depending on the magnitude of rain-
fall during the summer monsoon, so it is very valuable to

measure water availability during this period. Knowing
water availability under uncertain climate, especially dur-
ing the summer monsoon, will help system managers
provide extra flood control volumes when high flows are
expected, store more water at the beginning of a draw-
down season when less than average flows are expected,
and encourage wise water use during unseasonably dry
summer months. The results from climate scenarios pro-
duce quantitative estimates of the effects of climate
change on streamflow, which is a major water resource
to meet all regional water demand targets, including agri-
cultural irrigation, hydropower production, municipal and
industrial demand, and environmental flows.

Low flow (drought) frequency output

Figure 5 illustrates a comparison of the 7Q10 stream-
flow against the Gumbel reduced variable (EV). The
7Q10 streamflow at above the upstream dam dur-
ing the summer monsoon has been used for a low
flow frequency analysis. For parameter estimation, the
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L-moment, quantile method, and the method of moment
were applied to fit three theoretical distributions: (1)
Gumbel’s extreme value type III (GEV-LM), (2) the
three-parameter lognormal (LN3-QM), and (3) log-
Pearson type III (LP3-MM), respectively. Simple cor-
relation coefficients were computed for goodness-of-fit
and it is concluded that all three methods are accept-
able because of a high correlation coefficient (>0Ð98).
Confidence limits for the events (low flow) suggested by
Kite (1975) were also applied to provide useful insights
for water managers, who may utilize this analysis to miti-
gate impacts caused by droughts. Note that the upper and
lower dotted lines are established from LN3, parameters
being estimated from the observed data by the quantile
method and those lines indicate a wide range of uncer-
tainty for LN3 distribution at 95% confidence level. The
vertical dotted line represents the 7Q10 low flow driven
by uncertain future climate scenarios. Although all three
distributions show satisfactory goodness-of-fit, it appears
that LN3-QM is the most plausible model because of
better fit as it moves toward low flows (Figure 5).

As a result, the magnitude of the 7Q10 low flow from
LN3-QM model as opposed to the historic 7Q10 flow
during the summer monsoon is greater because those
values are computed as 0Ð03 and 1Ð54 m3/s, respectively.

CONCLUSIONS AND FUTURE WORKS

The objective of this study was to examine the effects
of climate change on local hydrology and low flow fre-
quency. The SWAT model was utilized to measure hydro-
logic response to uncertain future climate along with
several different climate scenarios, including CO2 and
temperature increase as well as precipitation decrease.
Calibration and validation processes were also carried out
to evaluate the model’s performance. A useful statistic,
such as the Nash–Sutcliffe efficiency (E), was computed
to evaluate the performance of the hydrologic simulations
and then climate-sensitive hydrographs were generated
with the input of all combinations of the perturbed cli-
mate variables.

In this study, climate change projections in the
Geum River Basin are calculated by five different cli-
mate scenarios derived from regional climate projections
described in the IPCC report (Christensen et al., 2007).
Since climate change is expected to further exacerbate
existing water shortages, a low flow frequency study
is also conducted using a reduced amount of precipita-
tion with temperature increases of 3Ð3–5Ð4 °C. Because
extreme hydrologic events (drought) are determined by
the amount of precipitation during the summer monsoon,
drought-prone climate scenarios are applied to SWAT to
investigate future problems involving extreme low flow
events. Three theoretical distributions, including GEV,
LN3, and LP3 with appropriate parameter estimation
techniques, are applied to the low flow frequency study.
The results show that the decreased precipitation con-
tributes to the streamflow reduction, which is obvious in

a hydrologic sense. It is noteworthy that the time shift
of 1 month during a typical monsoon contributes to sea-
sonal variation in the average monthly flows. The result
shows that the 7Q10 flow driven by the worst case cli-
mate scenario as opposed to the historic 7Q10 flow imply
that water manager should be aware of future hydrologic
changes in the basin.

Water resources in many watersheds are exacerbated
by rapid demographic and economic development. The
Geum River Basin, in particular, has a heavy and
increasing stress due to ongoing water conflicts (Ryu
et al., 2009a), therefore the impact of climate change
on sustainable water resources management is of great
concern. The GCMs provide many climate scenarios and
scientific evidences that show that global warming and
climate change could potentially have adverse impacts
on water resources, the environment, and socioeconomic
activities. However, there is still a missing link between
climate and social science disciplines, which need to
better communicate ‘what we know and what to do
now’ in order to address as many questions as possible
related to climate change in human dimensions. The
results from this study will help bridge the gap among
interdisciplinary water research activities, especially for
studies of the impacts of climate variability and change
on regional water management.

APPENDIX

Low flow frequency analysis

Extreme value type III distribution. In low flow fre-
quency analysis for drought, Gumbel’s third asymptotic
distribution (Gumbel, 1958) of the smallest value is
widely used because type III distribution has a lower
bound. This type of asymptotic distribution for maxima,
which is commonly used for flood frequency analysis, is
given as (Jenkinson, 1969; Stedinger et al., 1993)

F�x� D exp
[
� exp

(
�x � �

˛

)]
, k D 0 �A1a�

F�x� D exp

{
�

[
1 � k�x � ��

˛

]1/k
}

, k 6D 0�A1b�

where �, ˛ > 0, and k are location, scale, and shape
parameters, respectively. The shape parameter k deter-
mines the types, including types I, II, and III correspond-
ing to k D 0, k > 0, and k < 0, respectively. Type II has
an upper bound [x < �� C �˛/k��] when k > 0, while type
III has a lower bound [x > �� C �˛/k��] when k < 0.
Since low flow (drought) is opposite from high flow
(flood), their relationship is symmetric. The symmetry
principle of the generalized extreme value (GEV) distri-
bution for mimima (e.g. drought) can be written (Önöz
and Bayazit, 1999)

F�x� D 1 � exp
[
� exp

(
�x � �

˛

)]
, k D 0�A2a�
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F�x� D 1 � exp

{
�

[
1 � k�x � ��

˛

]1/k
}

,

k 6D 0 �A2b�

Type III has a lower bound
[
x ½ �

(
� C ˛

k

)]
when

k > 0.
In terms of parameter estimation, the L-moment

approach based on the ordered sample is convenient and
efficient (Hosking and Wallis, 1997). To estimate the
parameters of GEV3 for minima, the formulas are derived
by the method of the probability-weighted moments
(PWMs) (Önöz and Bayazit, 1999)

Three-parameter lognormal. Another method used for
low flow frequency analysis in this study is the three
parameter lognormal (LN3) method using an improved
fitting procedure introduced by Stedinger (1980). The
cumulative distribution function of LN3 is

F�x� D 

[ fln�x � �� � �yg
�y

]
�A3�

where [ž] is the cumulative distribution function of
the standard normal distribution, and �y , �y and �
are mean, standard deviation, and location parameter,
respectively (Hoshi et al., 1984). A location parameter
� is normally estimated by the various methods. The
parameter estimation of � for LN3 is obtained by the
quantile method (Stedinger, 1980).

Log-Pearson type III (LP3). Ames (2006) demonstrates
7Q10 streamflow estimates using log-Pearson type III
method. This method is recommended by the American
Society of Civil Engineers for low flow studies (ASCE,
1980). The probability density function of LP3 can be
represented as

f�x� D �ˇ�x � ��ˇ�1e���x���

�ˇ�
�A4�

where, �, ˇ, and � are parameters for LP3 and the
method of moments is applied for parameter estimations
(Stedinger et al., 1993).
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