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Abstract

Droughts are natural disasters that greatly affect the environment, the ecosystem and water resources. The objective of this study is
to analyze the impact of climate change on hydrological droughts and predict future hydrological droughts using the SRES A1B
scenario of IPCC AR4 and KMA(Korea Meteorological Administration) RCM climate models. Future droughts are analyzed by
considering the joint probability distribution derived by applying the copula method. Results of this study show that severe droughts
of short durations will occur more frequently in the near future. In order to determine drought frequencies in the future, SDF
(Severity-Duration-Frequency) curves are suggested. 
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1. Introduction

In recent years, droughts have occurred more frequently all

over the world and it is surmised that the increased drought

frequency is due to climate change (Burke et al., 2006). There

are many on-going investigations analyzing droughts considering

future climate change (Gianninia and Biasuttia, 2008; Win et al.,

2009; Strzepek et al., 2010; Wang et al., 2011; Vijaya Venkata

Raman et al., 2012). Shepherd et al. (2003) analyzed the

relationship between precipitation and drought in Canada using

the GCM (Global Circulation Model) results. Burke et al. (2006)

estimated the PDSI (Palmer Drought Severity Index) until the

2100 year using the HadCM3 model, while Blenkinsop et al.

(2007) investigated drought variability with climate change using

an RCM (Regional Climate Model). Yin et al. (2009) determined

the frequency distribution of PDSI index with a GCM model.

Much of the reported research has analyzed drought indices

using GCM and RCM models (Mpelasoka et al., 2007; Dubrovsky

et al., 2009; Mishra and Singh, 2009; Kim and Jagath, 2009;

Mishra et al., 2010; Strzepek et al., 2010; Yu et al., 2012). Many

studies have also considered climate change in drought analyses

(Mpelasoka et al., 2007; Giannini et al., 2008; Hirabayashi et al.,

2008; Li et al., 2009; Wang et al., 2011; Kim et al., 2006; Kim et

al., 2008; Kim et al., 2010a; Kim et al., 2010b).

In the Korean Peninsula, Rim (2013) suggested that the droughts

in South Korea are becoming more severe in spring for the short-

and seasonal term; however, the droughts in all seasons are

becoming less severe for the long term. Kwak (2012) investigated

droughts under climate change, and determined the drought

frequency distribution using the RCM model of KMA (Korea

Meteorological Administration), whereas Kim et al. (2010) studied

changes in runoff and water balance due to climate change.

However, methods of drought analysis, based on precipitation

alone, are insufficient for the study of hydrological droughts

(Tallaksen and Lanen, 2004; Mishra and Singh, 2010). Kwak et

al. (2013) estimated the joint probability distribution and return

periods of drought severity and drought duration using the

copula method for the upper Namhan River basin, Korea.

However, copula-based hydrological drought analyses (Shiau,

2006; Shiau et al., 2007; Serinaldi et al., 2009; Shiau and Modarres,

2009; Mirakbari et al., 2010; Chen et al., 2012; Lee et al., 2013;

Mirabbasi et al., 2013) have a limitation in that their results are

hard to apply directly to water resources management (WRM).

Also, KMA provides a drought index map on the KMA database

TECHNICAL NOTE

*Member, Post-doctoral fellow, Centre Eau Terre Environment, INRS, Québec G1K9A9, Canada (E-mail: Jaewon.Kwak@ete.inrs.ca)

**Member, Post-doctoral fellow, Columbia Water Center, Columbia University, New York 10025, USA (E-mail: soojun78@gmail.com)

***Caroline & William N. Lehrer Distinguished Chair in Water Engineering and Distinguished Professor, Dept. of Biological & Agricultural Engineering &

Zachry Dept. of Civil Engineering, Texas A&M University, TX 7784-3136, USA (E-mail: vsingh@tamu.edu)

****Member, Professor, Dept. of Civil Engineering, Inha University, Incheon 402-751, Korea (Corresponding Author, E-mail: sookim@inha.ac.kr)

*****Member, Researcher, Water Quality Control Center, National Institute of Environmental Research, Incheon 404-708, Korea (E-mail: gilkim@korea.kr)

******Member, Ph.D Candidate, Dept. of Civil Engrg, Inha University, Incheon 402-751, Korea (E-mail: hongsst81@gmail.com)

*******Post-doctoral fellow, Water Resources and Environment Research Department, KICT, Goyang 411-712, Korea (E-mail: leeggun@kict.re.kr)



Impact of Climate Change on Hydrological Droughts in the Upper Namhan River Basin, Korea

Vol. 19, No. 2 / February 2015 − 377 −

(Korea Meteorological Administration, 2014) but it also hard to

apply directly. Therefore, the objective of this study is to determine

future hydrological drought (hereafter referred to as drought)

severity and duration values by using the KMA RCM models

(Climate Change Information Center, 2012) for the upper Namhan

River basin which is the same basin, with the same data and

method as used by Kwak et al. (2013), and then determine

quantitatively droughts using their joint probability distribution.

The study will simulate future streamflow, derive future droughts,

calculate future return periods of droughts, and then derive future

drought severity-duration-frequency(SDF) curves for WRM.

2. Simulation of Future Streamflow under Cli-
mate Change

2.1 Simulation of Climatic Data under Climate Change

Using the method and study area of Kwak et al. (2013) that

determine the joint probability distribution of severity, duration

and frequency of hydrological droughts obtained from streamflow

(Mishra and Singh, 2011; Lee et al., 2013), this study analyzes

hydrological droughts that may be caused by future climate

changes. For application of this method, simulation of future

streamflow data is essential. However, streamflow is estimated

from rainfall based on the physical elements of the basin, and

future observed data do not exist. Therefore, this study will

simulate future streamflow on the upstream of Namhan River

(2447.85 km2) using climate change scenarios, climate models,

and rainfall-runoff models, and then will do drought analysis as

Kwak et al. (2013) did.

To simulate future meteorological data, a climate change scenario

and a climate model should be selected first. There are a variety

of climate models in use, but all of them are not considered

suitable for the Korean Peninsula. Reviewing the applicability of

24 climate models, provided by IPCC, to the Korean Peninsula,

Kyoung et al. (2009) selected 4 climate models (BCM2, CNCM3,

FGOALS, MIHR). Then, Kyoung et al. (2010) analyzed meteoro-

logical characteristics, such as temperature and precipitation, and

found the CNCM3 climate model as the most suitable model for

the Korean Peninsula. Accordingly, this study selected the

CNCM3 GCM model as well as the KMA RCM model

developed by KMA. In addition to the climate models, socio-

economic scenarios are also needed to simulate future climate

data. In general, the climate change scenario refers to the ‘Special

Report on Emission Scenario (SRES)’ announced together with

the 4th IPCC report. It is largely divided into A1, A2, B1, and B2

storylines. Among them, the A1 scenario is again divided into

A1F1 (mostly uses fossil fuel), A1T (mostly uses non-fossil fuel),

and A1B (uses fuel in consideration of future energy resources)

scenarios, depending on the kind of fuel used in the future.

Considerable global efforts are being made to maximize the

efficiency of energy resources and to find alternative energies.

Kwon et al. (2007) found the A1B scenario as the scenario that

corresponds most closely to the expected conditions. Therefore,

the SRES A1B scenario was employed for future drought

simulations. Accordingly, monthly rainfall series were generated

using the CNCM3 (113 × 113 km and monthly resolution) and

KMA RCM (27 × 27 km and daily resolution) climate models

and the A1B scenario. 

Since the generated climate data are forward-looking monthly

data, spatio-temporal downscaling was performed at the Daeg-

wallyeong and Jecheon observatories in the upper Han River

basin using the Nearest Neighbor-Genetic Algorithm (NN-GA)

and Simple Kriging with Local Mean (SKLM) methods, because

it shows good results for upper Namhan River basin (Kim et al.,

2011b). Unlike GCM, KMA RCM simulates the entire Korean

Peninsula by dividing it into 27 × 27 km grid and providing daily

precipitation predictions. This study used daily precipitation from

the grids containing Daegwallyeong and Jecheon observatories,

calibrating the bias by applying the quantile mapping method

Fig. 1. Study Area (Kwak et al., 2013)

Fig. 2. 2011~2100 Year Daily Rainfall in the Upper Namhan River

Basin (CNCM3) 

Fig. 3. 2011~2100 Year Daily Rainfall in Upper Namhan River

Basin (KMA RCM) 
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(Block et al., 2009) to correct the general underestimation of the

total value of annual precipitation as described by Kyoung et al.

(2010). Future daily rainfall values in the upper Namhan River

basin were simulated using the CNCM3 GCM and KMA RCM

models, as shown in Figs. 2 and 3.

2.2 Analysis of Simulated Climate Data 

For testing, rainfall series simulated using each climate model

were compared to past observed rainfall values, as shown in

Figs. 4 and 5. The simulation results from KMA RCM are made

available from 1971 and simulation results from CNCM3 from

2001. Monthly total precipitation data from 2001 to 2010 were

used. Comparison with observed rainfall values shows that neither

of the climate models reflects the extreme values of monthly total

rainfall but they all seem to reflect the total amount of rainfall and

its trend comparatively well (Figs. 4 and 5 and Table 1).

Climate models were also evaluated using model evaluation

criteria, including Nash-Sutcliff efficiency (Nash) (Nash and

Sutcliffe, 1970), skewness and kurtosis as well as NRMSE (Non-

dimensional Root Mean Square Error; Hyndman and Koehler,

2006). For total precipitation, these values are given in Table 1.

The values of Nash, NRMSE and total precipitation showed

comparatively better results for the RCM climate model than for

the CNCM3 climate model. In addition, the RCM climate model

seemed to better simulate data than did the CNCM3 climate

model from the perspective of skewness and kurtosis. As skew-

ness is closely associated with the scale parameters of probability

density function and kurtosis is leptokurtic distribution in this

case (Buldygin and Kozachenko, 1980), the RCM model was

considered more suitable for frequency analysis. Of course, KMA

RCM also has some uncertainties which show low correlation

coefficient with precipitations (Block et al., 2009; Baek et al.,

2011) and it will be affected to the simulation results, but it is the

most suitable option for the Upper Namhan River basin (Kwak,

2012; Climate Change Information Center, 2012) with quantile

mapping (Block et al., 2009; Kim et al., 2011). Therefore, we

performed frequency anaysis with KMA RCM.

2.3 Future Streamflow Simulation Considering Climate

Change

Long-term streamflow simulation was carried out using the

climate data of 2 observatories located inside the upper Namhan

River basin and the TANK model. For calibrating model para-

meters, daily data for 8 years from 2000 to 2007 were used

because the impact of climate change can only be properly

evaluated with data from 2000 onwards, when rainfall frequency

and intensity appeared to have actually changed (Choi, 2004),

even though the observed data exist from 1967. Accordingly,

data from 2000 onwards was used as input data for constructing

models. Daily rainfall-runoff data from 2000 to 2005 were used

for calibration of models and daily rainfall-runoff data from 2006

to 2007 were used for verification. Results of model calibration

showed that simulated values appeared to be in agreement with

observed values, but there was a disagreement in the peak dis-

charge values, which is often a problem in long-term streamflow

simulation. Since for drought assessments low flow is considered

more important than peak discharge, this study used the simulation

results as they were. The calibrated model was then used to

simulate streamflow values from 2006 to 2007, as shown in Fig. 6.

Generally, simulated values appeared to reproduce the observed

values well. The value of NRMSE was 0.051 for verification.

Since the model appeared to reproduce the observed data well

for the upper Namhan River basin with KMA RCM, this study

carried out future streamflow simulation by using rainfall data

obtained from the climate model as input to the model. The

simulated daily streamflow series was aggregated on a monthly

Fig. 4. Comparison of Monthly Total Rainfalls under Each Climate

Model at Daegwallyeong Observatory

Fig. 5. Comparison of Monthly Total Rainfall under Each Climate

Model at Jecheon Observatory

Table 1. Model Evaluation Results at Daegwallyeong and Jecheon

Observatories (years 2001 to 2009)

Station Evaluation Func. Observation KMA RCM CNCM3

Daewally-
eong

NRMSE - 0.23 0.35

Nash - 0.61 0.46

Total Precipitation 
(mm)

16594.4 15193.2 10272.7

Skewness 3.1 2.1 2.0

Kurtosis 12.2 8.1 3.3

Jecheon

NRMSE - 0.23 0.28

Nash - 0.63 0.41

Total Precipitation 
(mm)

13331.6 11575.3 11164.8

Skewness 2.9 2.7 2.1

Kurtosis 11.0 11.0 4.1
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basis to obtain future monthly streamflow, as shown in Fig. 7.

Results of future streamflow estimated through future climate

data of KMA RCM show that simulated future streamflow

would generally increase compared to the current situation. The

monthly mean streamflow from 1967 to 2007 was 57.03 m3/sec,

but increased by about 15.0 m3/sec in CASE 3 (see a section 3.1)

in RCM. As streamflow increases, the deviation also increases in

RCM, which reflects the future possibility of great streamflow

variability. This deviation will have an effect on the occurrence

of future floods and droughts.

3. Future Drought Analysis Considering Climate
Change

3.1 Analysis of Future Drought Characteristics

To analyze future droughts, this study uses the data of KMA

RCM with joint probability distribution (drought severity, duration

and frequency). To forecast short and long term trends of climatic

variability using simulated future climate data, this study simulated

future climate data, classified by the following projection periods:

OBS CASE: Jan. 1967 – Dec. 2007 (Observation Period)

CASE 1: Jan. 2011 – Dec. 2039 (Simulation #1 Period)

CASE 2: Jan. 2040 – Dec. 2069 (Simulation #2 Period)

CASE 3: Jan. 2070 – Dec. 2100 (Simulation #3 Period)

From the run theory, a drought can be defined as the time when

xt falls below the truncation level x0. The time when streamflow

falls below the truncation level defines drought duration and the

accumulated shortage during the drought duration defines drought

(Yevjevich, 1967; Loaiciga and Leipnik, 1996; Mishra et al.,

2007). Streamflow was truncated using the truncation level of

75% of monthly discharge duration curve suggested with historical

drought data (National Institute for Disaster Prevention, 1995;

1998; Ministry of Public Administration and Security, 2002) in

Kwak et al. (2013) using the future streamflow series through

which the drought series was deduced. Basic statistics of drought

Fig. 6. Calibration and Verification of Long-term Streamflow Simu-

lation for the Upper Namhan River Basin: (a) Model Cali-

bration, (b) Model Verification

Fig. 7. Future Monthly Streamflow in the Upper Namhan River Basin

(KMA RCM)

Table 2. Future Drought Series Characteristics of the Upper Namhan River Basin (KMA RCM)

CASE Drought Variable Mean
Standard
Deviation

Coefficient of Varia-
tion

Skewness Kurtosis

OBS
CASE

Duration (Months) 2.13 1.63 2.67 1.74 2.78

Severity (mm) 20.99 23.36 545.55 1.40 1.77

Interval (Months) 8.84 5.64 31.78 1.20 0.88

CASE 1

Duration (Months) 1.60 0.94 0.88 1.42 0.89

Severity (mm) 42.70 36.02 1297.64 0.82 0.19

Interval (Months) 8.44 5.46 29.84 1.44 3.32

CASE 2

Duration (Months) 1.45 0.85 0.72 2.44 7.16

Severity (mm) 35.37 36.18 1309.00 1.76 3.09

Interval (Months) 9.70 6.76 45.65 1.42 3.25

CASE 3

Duration (Months) 1.46 0.74 0.55 1.66 2.44

Severity (mm) 34.53 29.09 846.39 0.81 0.16

Interval (Months) 9.49 4.85 23.51 0.52 0.49
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events in the upper Namhan River basin are shown in Table 2. 

Results in CASE 1 show that future droughts appear to decrease

in average drought duration, but appear to increase in their

severity. This means that severe droughts of short durations are

predicted to occur more frequently in the near future. This trend

is also indicated in CASE 2 and CASE 3. The estimated drought

events in each CASE are shown in Fig. 8.

3.2 Joint Probability Analysis of Drought Variables

Using drought characteristic analysis for the target basin and

also using the drought series data from 2011 to 2100 produced

through the TANK model with Genetic Algorithm, the predicted

future drought events in the upper Namhan River basin until

2100 were separated and truncated at the 75% level. The joint

probability distribution for drought duration and severity was

estimated using the copula method (Kwak et al., 2013). The

copula function was employed to understand the dependence

structure between drought variables and it shows the ratio of joint

probability distribution function from the product of marginal

probability distributions. This study employed the Clayton copula

(L2 = 0.0019 and p = 0.045 with the Kolmogorov-Smirnov test)

to determine the joint probability distribution of droughts (Shiau

et al., 2007; Shiau and Modarres, 2009; Laux et al., 2010; Zhang

and Song, 2010; Chen et al., 2012; Lee et al., 2013). The marginal

probability distribution of drought duration and severity each and

the corresponding joint probability distribution can be formulated

as: 

FNamhan(d) (x) = (1)

FNamhan(d) (x) = (2)

FNamhan(Fd(d), Fs(s)) = (3)

where  are the marginal distributions of drought

duration and severity, respectively. Statistical analysis was

performed using the copula method and the cumulative joint

probability distribution of each relevant case was estimated, as

shown in Fig. 9.

As in Kwak et al. (2013), for future droughts in CASE 1, the

drought duration appears to decrease but the drought severity

appears to increase for the drought events with the same non-

exceedance probability, and for the droughts in CASE 2, the

drought duration will consistently decrease in the future, because

the non-exceedance probability of the duration is consistently

decreasing. Finally, CASE 3 is similar to CASE 2. 

3.3 Conditional Return Period of Drought

From the joint probability distribution of future droughts,

drought return periods are determined for each CASE as (FD(d)

1 e

x

4.024
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⎛ ⎞

1.171

–

–

1

124.912
0.711

Γ 0.711( )
-------------------------------------------------x

0.711 1–
e

x

124.912
---------------------⎝ ⎠
⎛ ⎞–

Fd d( )( )
0.9925–

+ Fs s( )( )
0.9925–

−1[ ]

1

0.9925
----------------–

Fd d( ), Fs s( )

Fig. 8. Drought Events of Each CASE in the Upper Namhan River

Basin (KMA RCM): (a) CASE 1 (2011-2039 year), (b) CASE

2 (2040-2069 year), (c) CASE 3 (2070-2100 year) Fig. 9. Cumulative Density Function of Each CASE in Upper

Namhan River Basin (KMA RCM): (a) Cumulative Density

Function of CASE 1 Droughts, (b) Cumulative Density

Function of CASE 2 Droughts, (c) Cumulative Density

Function of CASE 3 Droughts 
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and FS(s) are the cumulative distribution functions of drought

duration and severity, C is the copula function and E(L) is the

average inter-arrival time (Kwak et al., 2013).

Return PeriodD>d and S>s = 

   (4)

Return PeriodD>d or S>s = = (5)

In determining the conditional return period, it is common

practice to analyze the joint probability by classifying into the

exceedance probability of both the drought duration and severity

(‘D>d and S>s’) and the exceedance probability of either the

drought duration or the severity (‘D>d or S>s’). However,

considering that the overall drought severity increases as the

drought duration increases and the uncertainty of future drought

simulation, analyzing droughts with the probability of ‘D>d and

S>s’ will be more appropriate. Therefore, the probability of

‘D>d and S>s’ was used in this study.

Results of return periods estimated, using Eq. (4), in the KMA

RCM climate model are shown in Fig. 10. From the figure, when

a drought with the same return period occurs, droughts with

shorter duration and comparatively far greater severity than the

present ones are likely to occur in CASE 1, indicating that

droughts with shorter duration and high severity will occur in the

near future. In CASE 2, droughts keep the same trend but

drought duration and severity decrease. Lastly in CASE 3, drought

severity slightly decreases, while drought duration slightly increases,

but the drought types with comparatively shorter duration than

the present ones are likely to occur.

3.4 Discussion of Results Based on Severity-Duration-

Frequency Curve

The joint probability distribution can be expressed as a condi-

tional probability. This can be converted into a drought return

E L( )

P D d>  and S s>( )
-------------------------------------------

= 
E L( )

1 FD d( )– FS s( )– C FD d( ),FS s( )( )+
----------------------------------------------------------------------------------

E L( )

P D d>  or S s>( )
---------------------------------------

E L( )

1 C– FD d( ),FS s( )( )
---------------------------------------------

Fig. 10. Return Period of Each CASE in Upper Namhan River Basin (KMA RCM, D>d and S>s): (a) CASE 1; (b) CASE 2; (c) CASE 3
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period curve. Accordingly, the conditional probability or the return

period appearing according to the other probability variable can

be defined, based on the specific drought duration or severity.

This can be formulated as follows:

Return PeriodS and D>d = 

(6)

Using Eq. (6), a drought duration-severity-frequency curve can

be produced for the exceedance probability of both drought

duration and severity. The drought duration and severity for each

return period are shown as drought SDF curves.

The frequency-based drought severity from the present to future

can be quantitatively estimated using the conditional return period

curve and SDF curve for each CASE droughts. For instance,

when the frequency based drought severities with the same 50

year return period and 2-month duration are estimated, the

present streamflow shortage (frequency based drought severity)

is 39.94 mm/month, and it will change to 57.99 mm/month in

CASE 1 (in the next 30 years, streamflow shortage will increase

to 18.05 mm/month), 42.95 mm/month in CASE 2 (in the next

30 to 60 year, streamflow shortage will increase to 2.99 mm/

month), and 40.12 mm/month in CASE 3 with SDF curve in Fig.

11. 

As a result of this study, future droughts of upper Namhan

River basin show a different trend than present. Hydrological

droughts in the near future (present – 2039 years) will have more

severity and less duration than before as Fig. 10(a) and Fig.

11(a). In the 2040 to 2069 years, hydrological droughts would

become shorter and less severe than in the near future, but they

will still show 2 mm/month higher than present droughts as the

SDF curves in Fig. 11(b). The hydrological drought duration and

severity would be reduced until 2100 years and the drought

severity would be 0.18 mm/month higher than in the present

droughts. Therefore, hydrological droughts in the upper Namhan

River basin would significantly increase in the near future, and

they would decrease until 2100 years. This indicates that far

more severe droughts than the presently observed droughts

would occur in the near future; this would translate into a 44

million tons per month shortage with a 50 year return period and

a 2 month duration (18.05 mm/month), making it necessary to

prepare for the looming situation.

4. Conclusions

This study performed an analysis of the impact of climate

change on hydrological droughts in the upper Namhan River

basin. The present OBS CASE and future meteorological data

were simulated using the climate change scenario based on the

KMA RCM and CNCM3 GCM climate models, and the NN-

GA and SKLM downscaling method, and the evaluation of OBS

Case meteorological data was assessed by comparison with

previously observed meteorological data. As a result of the

assessment of meteorological data according to climate models,

KMA RCM appears to properly simulate past observations.

Accordingly in this study, future streamflow was simulated using

the simulated climate data in the KMA RCM climate model and

a streamflow model (TANK Model) was calibrated and verified.

Future drought analysis was performed by simulating future

drought events. Results of the future drought frequency analysis

by applying the joint probability distribution to the estimated

future streamflow series show that compared to the present drought

severity is expected to increase but drought duration is expected

to decrease from 2011~2039. Both drought severity and duration

are expected to decrease during the period of 2040~2069 and

from 2070~2100, drought duration is expected to slightly increase

but the severity is expected to decrease. Drought duration is

expected to decrease and drought severity is expected to greatly

increase particularly during the period of 2011~2039, indicating

the possibility of multiple short-duration, high-severity droughts

in the near future. Further, the drought frequency curve suggested

in this study will be used to indicate the quantitative shortage of

water resources in the future Water Resources Management

(WRM) plans.

E L( )

P S and D>d( )
----------------------------------

 = 
E L( )

1 Fd d( )–
---------------------

1

1 FD d( )– FS s( )– C FD d( ),FS s( )( )+
----------------------------------------------------------------------------------

= 
E L( )

1 Fd d( )–[ ] 1 FD d( )– FS s( )– C FD d( ),FS s( )( )+[ ]
----------------------------------------------------------------------------------------------------------------

Fig. 11. Duration-Severity-Frequency Curve of Upper Namhan River

Basin in Each CASE (KMA RCM)



Impact of Climate Change on Hydrological Droughts in the Upper Namhan River Basin, Korea

Vol. 19, No. 2 / February 2015 − 383 −

Acknowledgements

This work was supported by the National Research Foundation

of Korea (NRF) grant funded by the Korea government (MEST)

(No. 2011-0028564) Also, This work was supported by INHA

UNIVERSITY Research Grant.

References

Baek, G. H., Lee, M. G., and Kang, B. J. (2011). “Development of

spatial statistical downscaling method for KMA-RCM by using

GIS.” Journal of the Korean Association of Geographic Information

Studies, Vol. 14, No. 3, pp. 136-149.

Blenkinsop, S. and Fowler, H. J. (2007). “Changes in european drought

characteristics projected by the PRUDENCE regional climate

models.” International Journal of Climatology, Vol. 27, No. 12, pp.

1595-1610.

Block, P. J., Souza Filho, F. A., Sun, L., and Kwon, H. H. (2009). “A

streamflow forecasting framework using multiple climate and

hydrological models.” Journal of the American Water Resources

Association, Vol. 45, No. 4, pp. 828-843.

Buldygin, V. V. and Kozachenko, Y. V. (1980). “Sub-Gaussian random

variables.” Ukrainian Mathematical Journal, Vol. 32, No. 6, pp.

483-489.

Burke, E. J., Brown, S. J., and Christidis, N. (2006). “Modelling the

recent evolution of global drought and projections for the 21st

century with the Hadley Centre climate model.” Journal of Hydromet,

Vol. 7, No. 5, pp. 1113-1125.

Chen, L., Singh, V. P., Guo, S., Mishra, A. K., and Guo, J. (2012).

“Drought analysis using copulas.” Journal of Hydrologic Engineering,

DOI: 10.1061/(ASCE)HE.1943-5584.0000697.

Choi, Y. (2004). “Trends on temperature and precipitation extreme

events in Korea.” Journal of the Korean Geographical Society, Vol.

39, No. 5, pp. 711-721.

Climate Change Information Center (2012). http://ccs.climate.go.kr/

index2.html.

Dubrovsky, M., Svoboda, M., Trnka, M., Hayes, M., Wilhite, D. A.,

Zalud, Z., and Hlavinka, P. (2009). “Application of relative drought

indices in assessing climate-change impacts on drought conditions

in Czechia.” Theoretical and Applied Climatology, Vol. 96, Nos. 1-2,

pp. 155-171.

Gianninia, A. and Biasuttia, M. (2008). “A climate model-based review

of drought in the sahel: Desertification, the re-greening and climate

change.” Global and Planetary Change, Vol. 64, Nos. 3-4, pp. 119-

128.

Hirabayashi, Y., Shinjiro, K., Emori, S., Oki, T., and Kimoto, M. (2008).

“Global projections of changing risks of floods and droughts in a

changing climate.” Hydrological Sciences, Vol. 53, No. 4, pp. 754-

772.

Hyndman, R. J. and Koehler, A. B. (2006). “Another look at measures

of forecast accuracy.” International Journal of Forecasting, Vol. 22,

No. 4, pp. 679-688.

Kim, S. (2011). Impact of climate change on water resources and

ecological habitat in a river basin, PhD Thesis, Inha University,

Incheon, Korea.

Kim, U., Jagath, J., and Kaluarachchi, J. J. (2009). “Climate change impacts

on water resources in the upper blue nile river basin, Ethiopia.”

Journal of the American Water Resources Association, Vol. 45, No.

6, pp. 1361-1378.

Kim, S., Kim, B., Jun, H., and Kim, H. (2010b). “The evaluation of

climate change impacts on the water scarcity of the han river basin

in south korea using high resolution RCM data.” Journal of Korea

Water Resources Association, Vol. 43, No. 3, pp. 295-308.

Kim, B., Kim, S., Kim, H., and Jun, H. (2010). “An impact assessment

of climate and landuse change on water resources in the Han River.”

Journal of Korea Water Resources Association, Vol. 43, No. 3, pp.

309-323.

Kim, B. S., Kim, B. K., and Kwon, H. H. (2011). “Assessment of the

impact of climate change on the flow regime of the Han River basin

using indicators of hydrologic alteration.” Hydrological Processes,

Vol. 25, No. 5, pp. 691-704.

Kim, B., Kim, S., Kyoung, M, and Kim, H. (2006). “Spatio-temporal

drought quantification using severity-area-frequency curve.” Proceeding

of Korea Water Resources Association, 18-19 May, KWRA, Je-ju,

Korea, pp. 1991-1995.

Kim, B., Kwon, H., and Bae, Y. (2008). “Assessment of climate change

on spatio-temporal pattern of metrological drought using high resolution

regional climate model.” KSCE 2008 Conference Proceedings, 29-31

October, KSCE, Daegeon, Korea, pp. 552-556.

Kim, H., Park, J., Yoon, J., and Kim, S. (2010a). “Application of SAD

curves in assessing climate-change impacts on spatio-temporal

characteristics of extreme drought events.” Journal of the Korean

Society of  Civil Engineering, Vol. 30, No. 6B, pp. 561-569.

Korea Meteorological Administration (2014). http://www.kma.go.kr/

weather/lifenindustry/drought.jsp

Kwak, J. (2012). Copula theory based drought analysis and impact of

climate change on droughts, PhD Thesis, Inha University, Incheon,

Korea.

Kwak, J., Kim, D., Kim, S., Singh, V. P., and Kim, H. (2013). “Hydrological

drought analysis in namhan river basin, Korea.” Journal of Hydrologic

Engineering, Vol. 19, No. 8, DOI: 10.1061/(ASCE)HE.1943-5584.

0000889.

Kwak, J., Kim, D., Lee, J., and Kim, H. (2012). “Hydrological drought

analysis using copula theory.” Journal of the Korean Civil

Engineering, Vol. 32, No. 3B, pp. 161-168.

Kwon, Y., Kwon, W., and Boo, O. (2007). “Future projections on the

change of onset date and duration of natural seasons using SRES

A1B data in South Korea.” Journal of Korean Geographic Society,

Vol. 42, No. 6, pp. 835-850.

Kyoung, M. (2010). Assessment of climate change effect on standardized

precipitation index and frequency based precipitation, PhD Thesis,

Inha University, Incheon, Korea.

Kyoung, M., Lee, Y., Kim, H., and Kim, B. (2009). “Assessment of

climate chanage effect on temperature and drought in Seoul : Based

on the AR4 SRES A2 senario.” Journal of Korean Society of Civil

Engineering, Vol. 30, No. 2B, pp. 267-276.

Laux, P., Wagner, S., Wagner, A., Jacobeit, J., Bárdossy, A., and

Kunstmann, H. (2009). “Modelling daily precipitation features in the

volta basin of West Africa.” International Journal of Climatology,

Vol. 29, No. 7, pp. 937-954.

Lee, T., Modarres, R., and Ouarda, T. B. M. J. (2013). “Data-based

analysis of bivariate copula tail dependence for drought duration and

severity.” Hydrological Processes, Vol. 27, No. 10, pp. 1454-1463.

Li, Y. P., Ye, W., Wang, M., and Yan, X. D. (2009). “Climate change and

drought: A risk assessment of crop-yield impacts.” Climate Research,

Vol. 39, No. 1, pp. 31-46.

Loaiciga, H. A. and Leipnik, R. B. (1996). “Stochastic renewal model of

low-flow streamflow sequences.” Stochastic Hydro.and Hydr., Vol.

10, No. 1, pp. 65-85.



Jaewon Kwak, Soojun Kim, Vijay P. Singh, Hung Soo Kim, Duckgil Kim, Seungjin Hong, and Keonhaeng Lee

− 384 − KSCE Journal of Civil Engineering

Ministry of Public Administration and Security (2002). Analysis and

investigation of causes of the drought damage in 2001, Korea Water

Resources Association, pp. 14-98.

Mirakbari, M., Ganji, A., and Fallah, S. R. (2010). “Regional bivariate

frequency analysis of meteorological droughts.” Journal of Hydrologic

Engineering, Vol. 15, No. 12, pp. 985-1000.

Mirabbasi, R., Anagnostou, E. N., Fakheri-Fard, A., Dinpashoh, Y., and

Eslamian, S. (2013). “Analysis of meteorological drought in northwest

Iran using the Joint Deficit Index.” Journal of Hydrology, Vol. 492,

pp. 35-48.

Mishra, A. K., Desai, V. R., and Singh, V. P. (2007). “Drought forecasting

using a hybrid stochastic and neural Network Model.” Journal of

Hydrologic Engineering, Vol. 12, No. 6, pp. 626-638.

Mishra, V., Keith, A. C., and Shraddhanand, S. (2010). “Assessment of

drought due to historic climate variability and projected future climate

change in the midwestern United States.” Journal of Hydromet., Vol.

11, No. 1, pp. 46-68.

Mishra, A. K. and Singh, V. P. (2009).“Analysis of drought severity-

area-frequency curves using a general circulation model and scenario

uncertainty.” Journal of Geophysical Research, Vol. 114, No. D6,

DOI: 10.1029/2008JD010986.

Mishra, A. K. and Singh, V. P. (2010). “A review of drought concepts.”

Journal of Hydrology, Vol. 391, No. 1, pp. 202-216.

Mishra, A. K. and Singh, V. P. (2011). “Drought modeling–a review.”

Journal of Hydrology, Vol. 403, No. 1, pp. 157-175.

Mpelasoka, F., Hennessy, K., Jones, R., and Bates, B. (2007). “Comparison

of suitable drought indices for climate change impacts assessment

over Australia: Towards resource management.” International

Journal of Climatology, Vol. 28, No. 10, pp. 1283-1292.

Nash, J. E. and J. V. Sutcliffe (1970). “River flow forecasting through

conceptual models part I-A discussion of principles,” Journal of

Hydrology, Vol. 10, No. 3, pp. 282-290.

National Institute for Disaster Prevention (1995). Analysis and investi-

gation of causes of the drought damage in 1995, The National

Emergency Management Agency (NEMA), pp. 14-98.

National Institute for Disaster Prevention (1998). Analysis and investi-

gation of causes of the drought damage, The National Emergency

Management Agency (NEMA).

Serinaldi, F., Bonaccorso, B., Cancelliere, A., and Grimaldi, S. (2009).

“Probabilistic characterization of drought properties through Copulas.”

Phys. and Chemistry of the Earth, Vol. 34, No. 10, pp. 596-605.

Shepherd, A. and McGinn, S. M. (2003). “Assessment of climate

change on the canadian prairies from downscaled GCM data.”

Atmosphere-Ocean, Vol. 41, No. 4, pp. 301-316.

Shiau, J. T. (2006). “Fitting drought duration and severity with two-

dimensional copulas.” Water Resources Management, Vol. 20, No.

5, pp. 795-815.

Shiau, J. T., Feng, S., and Nadarajah, S. (2007). “Assessment of

hydrological droughts for the Yellow River, China, using copulas.”

Hydrological Processes, Vol. 21, No. 16, pp. 2157-2163.

Shiau, J. T. and Modarres, R. (2009). “Copula-based drought severity-

duration-frequency analysis in Iran.” Meteorological Applications,

Vol. 16, No. 4, pp. 481-489.

Strzepek, K., Gary, Y., James, N., and Brent, B. (2010). “Characterizing

changes in drought risk for the United States from climate change.”

Environ. Res. Lett., Vol. 5, No. 4, DOI: 10.1088/1748-9326/5/4/

044012.

Tallaksen, L. M. and Van Lanen, H. A. (2004). Hydrological drought:

processes and estimation methods for streamflow and groundwater

Vol. 48, Elsevier, Cambridge, MA.

Rim, C. S. (2013). “The implications of geography and climate on

drought trend.” International Journal of Climatology, Vol. 33, No.

13, pp. 2799-2815.

Vijaya Venkata Raman, S., Iniyan, S., and Goic, R. (2012). “A review of

climate change, mitigation and adaptation.” Renewable and Sustainable

Energy Reviews, Vol. 16, No. 1, pp. 878-897.

Wang, D., Hejazi, M., Cai, X., and Valocchi, A. J. (2011). “Climate

change impact on meteorological, agricultural, and hydrological

drought in central Illinois.” Water Resources Research, Vol. 47, No.

9, DOI: 10.1029/2010WR009845.

Yevjevich, V. (1967). “An objective approach to definitions and

investigations of continental hydrologic droughts.” Hydrologic

Paper, Vol. 23, Colorado State University, Fort Collins.

Yin, P. L., Wei, Y., Wang, M., and XiaoDong, Y. (2009). “Climate

change and drought: A risk assessment of crop-yield impacts.”

Climate Research, Vol. 39, No. 1, pp. 31-46.

Yu, R. M. S., Osborn, T., and Conway, D. (2012). “European drought

under climatechange and an assessment of the uncertainties in

projections.” EGU General Assembly 2012, EGU, Vienna, Austria,

22-27 April.

Zhang, Y. and Song, S. B. (2010). “Application of archimedean copulas in

multi-variable drought distribution.” Journal of Irrigation and

Drainage, No. 3.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [2834.646 2834.646]
>> setpagedevice


