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Abstract

In this study, CMIP5 GCMs rainfall data (2011~2099) based on RCP scenarios were used to analyze the extreme drought evaluation for
the future period. For prospective drought assessment, historical observations were used based on the Automated Surface Observing
System (ASOS) data (1976~2010) of the Korea Meteorological Administration. Through the analysis of various indicators, such as
average annual rainfall, rainy days, drought spell, and average drought severity was carried out for the drought evaluation of the five
major river basins (Han river, Nakdong river, Geum river, Sumjin river, and Youngsan river) over the Korean peninsula. The GCMs that
predicted the most severe future droughts are CMCC-CMS, IPSL-CMS5A-LR and IPSL-CM5A-MR. Moderate future droughts were
predicted from HadGEM2-CC, CMCC-CM and HadGEM2-ES. GCMs with relatively weak future drought forecasts were selected as
CESM1-CAMS, MIROC-ESM-CHEM and CanESM2. The results of this study might be used as a fundamental data to choose a
reasonable climate change scenario in future extreme drought evaluation.
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Fig. 1. The study area including the 5 Korean major river basins and
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60 weather observation stations

Table 1. CMIP5 GCMs information
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No. GCMs Resolution Institution
1 CMCC-CM 0.750 x 0.748 | Centro Euro-Mediterraneo per I Cambiamenti Climatici
2 CCSM4 1.250 x 0.942
3 CESMI1-BGC 1.250 x 0.942 | National Center for Atmospheric Research
4 CESMI1-CAMS5 1.250 x 0.942
5 BCC-CSM1-1-M 1.125 x 1.122 | Beijing Climate Center, China Meteorological Administration
6 MRI-CGCM3 1.125 x 1.122 | Meteorological Research Institute
7 CNRM-CM5 1.406 x 1.401 | Centre National de Recherches Meteorologiques
8 MIROCS 1.406 x 1.401 | Atmosphere and Ocean Research Institute (The University of Tokyo)
9 HadGEM2-AO 1.875 x 1.250
10 HadGEM2-CC 1.875 x 1.250 | Met Office Hadley Centre
11 HadGEM2-ES 1.875 x 1.250
12 INM-CM4 2.000 x 1.500 | Institute for Numerical Mathematics
13 IPSL-CM5A-MR 2.500 x 1.268 | Institut Pierre-Simon Laplace
14 CMCC-CMS 1.875 x 1.865 | Centro Euro-Mediterraneo per I Cambiamenti Climatici
15 MPI-ESM-LR 1.875 x 1.865
Max Planck Institute for Meteorology (MPI-M)
16 MPI-ESM-MR 1.875 x 1.865
17 FGOALS-s2 2.813 x 1.659 | LASG, Institute of Atmospheric Physics, Chinese Academy of Sciences
18 NorESM1-M 2.500 x 1.895 | Norwegian Climate Centre
19 GFDL-ESM2G 2.500 x 2.023 | Geophysical Fluid Dynamics Laboratory
20 GFDL-ESM2M 2.500 x 2.023 | Geophysical Fluid Dynamics Laboratory
21 IPSL-CM5A-LR 3.750 x 1.895
> IPSL-CMSBLR 3750 % 1.895 Institut Pierre-Simon Laplace
23 BCC-CSM1-1 2.813 x2.791 | Beijing Climate Center, China Meteorological Administration
24 CanESM2 2.813 x2.791 | Canadian Centre for Climate Modelling and Analysis
25 | MIROC-ESM-CHEM | 2.813 x2.791 | Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research
26 MIROC-ESM 2.813 x2.791 | Institute (The University of Tokyo), and National Institute for Environmental Studies
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Fig. 2. Changes in annual average precipitation according to climate change scenarios by 26 CMIP5 GCMs (2011~2099) (It is annual average

precipitation in past period that red dotted line)
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Table 2. Dry days of climate change scenarios for 26 CMIP5 GCMs (2011~2099)

Scenario Scenario
GCM RCP 4.5 RCP 8.5 GCM RCP 4.5 RCP 8.5
BCC-CSM1-1 30,160 35,371 HadGEM2-CC 43,272 38,727
BCC-CSM1-1-M 37,119 33,614 HadGEM2-ES 40,381 45,097
CanESM2 27,865 31,468 INM-CM4 41,504 36,828
CCSM4 30,936 38,028 IPSL-CMS5A-LR 51,046 56,013
CESM1-BGC 34,263 37,991 IPSL-CM5A-MR 41,119 46,405
CESM1-CAM5 37,166 38,398 IPSL-CM5B-LR 43,993 48,978
CMCC-CM 27,074 28,678 MIROCS 39,849 35,449
CMCC-CMS 33,116 50,449 MIROC-ESM 32,524 32,067
CNRM-CM5 31,497 33,951 MIROC-ESM-CHEM 27,569 34,126
FGOALS-s2 42,289 52,112 MPI-ESM-LR 48,919 44,575
GFDL-ESM2G 57,017 60,170 MPI-ESM-MR 42,053 40,634
GFDL-ESM2M 48,381 50,113 MRI-CGCM3 27,436 32,158
HadGEM2-AO 44,636 41,201 NorESM1-M 47,602 56,333

Table 3. Frequency of drought occurrence (SPI(6) < -1.0) of climate change scenarios for 26 CMIP5 GCMs (2011~2099)

Drought spell SPI <-1 Drought spell SPI<-1

GCMs RCP 4.5 RCP 8.5 GCMs RCP 4.5 RCP 8.5
BCC-CSM1-1 804 833 HadGEM2-CC 1,239 809
BCC-CSM1-1-M 1,146 1,194 HadGEM2-ES 973 930
CanESM2 793 682 INM-CM4 1,521 1,405
CCSM4 951 948 IPSL-CMS5A-LR 1,352 1,317
CESMI-BGC 948 838 IPSL-CM5A-MR 1,425 1,685
CESM1-CAMS 722 809 IPSL-CM5B-LR 843 1,055
CMCC-CM 1,083 1,083 MIROCS5 1,057 1,068
CMCC-CMS 2,425 951 MIROC-ESM 996 1,212
CNRM-CM5 932 841 MIROC-ESM-CHEM 802 772
FGOALS-s2 1,211 1,356 MPI-ESM-LR 736 724
GFDL-ESM2G 1,191 1,138 MPI-ESM-MR 768 651
GFDL-ESM2M 941 1,035 MRI-CGCM3 880 886
HadGEM2-A0 888 836 NorESM1-M 1,139 1,106
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2,4257l, RCP 8.5 4= IPSL-CM5A-MR©] 1,685 712 Ay
HI 7} 7P ahe 71 © 2 Ul o iy RCP 4591141 CESM -
CAMS57} 72271, RCP 8.59] 4= MPI-ESM-MR©] 651712
717 A A LAY sh= A S 2 UEFHTH(Table 3).

3.4 W74 £ (Average severity)
CMIP5 GCMH 1|&]7]7re] B/ 1A T £ ulelstr] ¢
ato] ARt SPI6)ellA -1 015k] 2k BaFote] BAatgict.

H.-P. Hong et al. / Journal of Korea Water Resources Association 51(7) 617-627

B 7Ra E+= RCP 4.5 4= CMCC-CMS 7} -2.23, RCP
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Table 4. Average drought severity (SPI(6) < -1.0) for climate change scenarios for 26 CMIP5 GCMs (2011~2099)

SPI SPI <-1 SPI SPI <-1
GCMs RCP 4.5 RCP 8.5 GCMs RCP 4.5 RCP 8.5
BCC-CSM1-1 -1.63 -1.63 HadGEM2-CC -1.72 -1.62
BCC-CSM1-1-M -1.72 -1.81 HadGEM2-ES -1.73 -1.67
CanESM2 -1.56 -1.54 INM-CM4 -1.74 -1.81
CCSM4 -1.68 -1.69 IPSL-CMS5A-LR -1.78 -1.90
CESM1-BGC -1.63 -1.66 IPSL-CM5A-MR -1.72 -1.81
CESMI-CAMS -1.63 -1.64 [PSL-CM5B-LR -1.65 -1.59
CMCC-CM -1.64 -1.69 MIROC5 -1.65 -1.71
CMCC-CMS -2.23 -1.71 MIROC-ESM -1.69 -1.80
CNRM-CM5 -1.69 -1.57 MIROC-ESM-CHEM -1.66 -1.72
FGOALS-s2 -1.80 -1.85 MPI-ESM-LR -1.53 -1.59
GFDL-ESM2G -1.69 -1.82 MPI-ESM-MR -1.60 -1.62
GFDL-ESM2M -1.69 -1.72 MRI-CGCM3 -1.59 -1.60
HadGEM2-AO -1.69 -1.66 NorESMI1-M -1.70 -1.72
(a) 0.17 | 0.19 0.16 0.33 0.39 | 0.17 0.32 0.50 | 0.37 | 0.45 | 0.27 | 0.15
S
2'. (b) 0.32 0.12 | 0.23 | 0.33 0.21 | 0.16 | 0.48 0.68 | 0.58 | 0.52 | 0.44 | 0.46 | 0.79 | 0.45
P
l(i (c) 0.25 0.13 | 0.13 0.21 0.12 | 0.29 | 0.28 | 0.13 0.30 | 0.15 | 0.47 | 0.37 | 0.41
(d) 0.14 | 0.27 0.21 | 0.14 | 0.14 | 0.16 0.23 | 0.39 | 0.23 | 0.23 | 0.23 | 0.27 | 0.29 | 0.30 | 0.36 | 0.27
(a) 0.39 | 0.69 0.51 | 0.38 | 0.22 | 082 8 068 9 0.42 | 0.56 | 0.39 | 0.50 | 0.28 | 0.31 | 0.27 0.66 | 0.84 | 0.84 | 0.53 | 0.86 | 0.22 | 0.32 | 0.37 | 0.60 | 0.56
g (b) 0.21 | 0.15 0.29 | 0.29 | 0.32 0.68 | 0.16 | 0.74 0.67 | 0.40 | 0.32 | 0.52 | 0.27 | 0.85 | 0.57 | 0.65 | 0.21 0.18 | 0.49 | 0.37 0.87
P
[C{ (C) 0.18 | 0.53 0.29 | 0.18 | 0.15 | 0.42 ] 0.29 | 0.18 | 0.68 | 0.47 | 0.37 | 0.18 | 0.15 | 0.27 | 0.73 | 0.64 0.39 | 0.40 | 0.54 | 0.12 0.23 | 0.44
(d) 0.25 | 0.75 0.42 | 0.33 | 0.28 | 0.42 | 0.47 _ 0.86 | 0.78 | 0.50 | 0.33 | 0.22 | 0.36 | 0.75 0.75 | 0.14 | 0.47 | 0.72 | 0.50 | 0.14 | 0.22 | 0.17  0.50
T it o 2 ! (,,I w N 8 3 9 Q o £ = i o o s
s s L191s 8 33,18/37 323108321
SESETE TE AL S AESE-TE-A OF BN BE SR OF B BF BN BN BN O S Sy A
C O 1418 s £ i1giz g o, 1 omww L 3 3F 3 g g2 B0 9@
G O §. 0 » = 2.9, 8 0 42 2 6 ¢ 6 = § T i S & ¢ 1 1 L w
g 4181 @ & 31212 o 2 2 3 8 % 2 4 L 4 £ oz g 2 8
@ o) 1 © o 1 °91° 2 6 6 £ £ I g g2 2 =g == =7°3
L1 L1 s

(a) Average annual rainfall, (b) Dry days, (c) Drought spell, (d) Average severity

Fig. 3. Results of 26 GCMs assessment (2011~2099) considering 4 indicators (average annual rainfall, No. of dry days, drought occurrence
frequency, and average drought severity). The 4 indicators were standardized ranging from 0 to 1, and the results were shown by

summing the same weight values
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Fig. 4. Changes in drought occurrence frequency for selected 2
GCMs (SPI(6) <-1.0)
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Fig. 5. Changes in average drought severity for selected 2 GCMs
(SPI(6) <-1.0)
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Fig. 6. Changes in average drought severity and drought occurrence frequency between the past period (1976~2010) and the future period
(2011~2099) for 2 selected GCMs

Table 5. Changes in average drought severity and drought occurrence frequency between the past period (1976~2010) and the future period
(2011~2099)

. CMCC-CMS (%) CanESM2 (%)
Average/So| S1/So S2/So S3/So  |Average/So| Sl1/So S2/So S3/So
Han-river -92.50 -100.81 -93.11 -83.59 -7.67 -19.82 -4.21 1.03
Nakdong-river -94.01 -102.83 -93.78 -85.41 -10.90 -28.35 -2.15 -2.19
RC(;)4.5 Geum-river -62.95 -69.27 -61.02 -58.56 -16.30 -14.90 -12.59 -21.42
Sumjin-river -36.84 -32.60 -34.18 -43.74 -7.62 -11.01 -6.18 -5.66
. Youngsan-river | -35.20 -33.45 -32.06 -40.09 -6.24 -14.91 0.40 -4.23
Severity Han-river -23.90 -22.11 -23.70 -25.88 -10.12 -1.87 -21.44 -7.04
Nakdong-river -24.99 -25.03 -20.29 -29.67 -7.12 0.91 -20.83 -1.43
RC([t’))S.S Geum-river -22.65 -26.89 -30.71 -10.35 -7.84 -2.97 -9.50 -11.06
Sumjin-river -17.19 -17.99 -15.64 -17.92 -9.03 -16.43 -5.20 -5.46
Youngsan-river | -21.15 -22.23 -18.14 -23.08 -15.15 -14.10 -6.19 -25.14
Han-river 161.11 203.33 146.67 133.33 -35.00 -5.00 -51.67 -48.33
Nakdong-river | 160.00 198.33 151.67 130.00 -27.78 333 -48.33 -38.33
RC(;)4.5 Geum-river 125.00 151.67 123.33 100.00 -29.44 10.00 -48.33 -50.00
Sumjin-river 100.56 126.67 120.00 55.00 -36.11 -21.67 -36.67 -50.00
Youngsan-river | 112.22 131.67 135.00 70.00 -32.78 -15.00 -38.33 -45.00

Frequency -

Han-river 10.56 1.67 20.00 10.00 -41.67 -6.67 -61.67 -56.67
Nakdong-river 5.56 -5.00 23.33 -1.67 -40.56 -10.00 -58.33 -53.33
RC(IE’))&S Geum-river -16.67 -31.67 333 -21.67 -38.33 -11.67 -51.67 -51.67
Sumjin-river -32.22 -41.67 -3.33 -51.67 -36.67 20.00 -53.33 -76.67
Youngsan-river | -28.89 -43.33 8.33 -51.67 -40.56 1333 -55.00 -80.00
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Fig. 7. Changes in seasonal drought occurrence frequency of 2
GCMs for the 5 major river basins in Korea according to RCP
scenarios (SPI(6) < -1.0)
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Fig. 8. Changes in seasonal average drought severity of 2 GCMs for
the 5 major river basins in Korea according to RCP scenarios
(SPI(6) <-1.0)
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