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ABSTRACT 9 

The future changes in drought characteristics were examined on a regional scale for South 10 

Korea, in northeastern Asia, using seventeen bias-corrected Coupled Model Intercomparison 11 

Project Phase 5 (CMIP5) projections of Representative Concentration Pathway (RCP) 4.5 and 12 

8.5 scenarios. The frequency of severe or extreme drought, based on the Standardized 13 

Precipitation Index (SPI) and Standardized Precipitation-Evapotranspiration Index (SPEI) 14 

drought indices, with time scales of 1-, 3-, and 12-months, was considered as well as the 15 

average duration based on SPEI1. A Multi-Model Ensemble (MME) was produced using 16 

selected models, and future changes were investigated in terms of both drought frequency and 17 

the average duration for the entire area and four river basins. The changes in drought 18 

frequency largely depend on the selection of a drought index, rather than climate projection 19 

scenarios. SPEI3 mostly projected future increases in drought frequency, while SPI3 showed 20 

varied projections. SPI12 projected decreases in drought frequency for both scenarios in the 21 
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study area, while differences between river basins were observed for SPEI12. Increases in the 22 

average duration of droughts were projected based on SPEI1, indicating an increase in 23 

persistent short-term droughts in the future. The results emphasize the importance of regional 24 

and sub-regional scale analysis in northeastern Asia. The findings of the study provide 25 

valuable information that can be used for drought-related decision making, which could not 26 

be obtained from studies on a global spatial scale.  27 
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1 Introduction 28 

 Drought can have a tremendous impact on society and ecosystems. There are several 29 

categories of droughts, including meteorological, soil moisture (or agricultural), hydrological, 30 

and socioeconomic drought. The definition of drought is well documented in the Special 31 

Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change 32 

Adaptation (SREX). Meteorological drought is caused by a lack of precipitation; soil 33 

moisture drought is related to a deficit of soil moisture; and hydrological drought is caused by 34 

abnormally low streamflow (IPCC 2012). Socioeconomic drought occurs as the result of 35 

interactions of non-climatic factors, such as human water use and climatic influences.36 

 Although the main cause of drought is a deficit of precipitation, other factors such as 37 

temperature, wind speed, and soil moisture are strongly involved in the occurrence of drought, 38 

and large uncertainties still exist with regard to the land–atmosphere feedback related to 39 

drought (Seneviratne et al. 2012). While many variables are important in the processes related 40 

to drought, observations are seldom available. A variety of drought indices based on 41 

standardized anomalies of climate variables are generally used to monitor and assess drought 42 

conditions. Future drought outlook may also be possible based on drought indicators with 43 

climate change projections. To properly monitor and assess the current status or to project 44 

future droughts, the selection of drought indices for each type of drought of interest is 45 

undoubtedly important. The use of different drought indices may produce dissimilar 46 

projections of future drought occurrence, thus appropriate drought indices, which are locally 47 

applicable, should be used for impact assessments especially for regional studies (Burke and 48 

Brown 2008). Recent studies of future drought projections based on the third phase of the 49 

Coupled Model Intercomparison Project (CMIP3) are well summarized by Seneviratne et al. 50 
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(2012). Outputs from the coupled ocean-atmosphere general circulation models are archived 51 

in the CMIP3 multi-model dataset, based on the Intergovernmental Panel on Climate Change 52 

(IPCC) Fourth Assessment Report (Meehl et al. 2007). Orlowsky and Seneviratne (2013) also 53 

analyzed future drought trends using CMIP5 projections based on indices for meteorological 54 

and soil moisture drought. The fifth phase of the CMIP includes recent climate model 55 

experiments from the IPCC Fifth Assessment Report (Taylor et al. 2012a). These studies were 56 

performed on a global scale and provide information on the projected change in drought 57 

occurrence with accompanying uncertainties. However, global scale analysis may not deliver 58 

sufficient information on local and regional changes, due to its coarse spatial resolution. 59 

Orlowsky and Seneviratne (2013) projected no increased drought occurrence in the East Asia 60 

region based on consecutive dry days (CDD) and soil moisture anomalies (SMA), while there 61 

are contrasting results from regional studies (e.g., Kim et al. 2014, and Kwak et al. 2015). 62 

Regional analysis of future drought projection is essential for impact and vulnerability studies, 63 

as well as for appropriate climate change adaptation. 64 

 Future changes in drought occurrence were investigated in this study, with a detailed 65 

analysis for South Korea in northeastern Asia. The aims of the study were: (1) to compare 66 

future changes of drought characteristics based on different drought indicators as well as 67 

different climate change scenarios, and (2) to examine the importance of regional-scale 68 

analysis in northeastern Asia. The effect of a deficit of precipitation was examined using the 69 

1-, 3-, and 12-month Standardized Precipitation Index (SPI1, SPI3, and SPI12); the additional 70 

influence of an increased evaporative demand was considered using the 1-, 3-, and 12-month 71 

Standardized Precipitation-Evapotranspiration Index (SPEI1, SPEI3, and SPEI12). Because 72 

substantial warming is projected due to climate change (IPCC, 2012) and SPEI has the ability 73 



5 

 

to account for both temperature and precipitation, it can identify the changes in drought 74 

characteristics associated with changes in evaporative demand (Vicente et al. 2010). 75 

 Historical droughts in South Korea have both short and long time scales. Spring 76 

drought is relatively short (<200 days), because the summer rainy season follows 77 

immediately after. In contrast, summer drought is long (>200 days), because it tends to be dry 78 

throughout autumn and winter (Kim et al. 2011). However, serious drought events have also 79 

been frequently observed in the study area, due to a lack of precipitation for <90 days (Yoo et 80 

al. 2013). Short- and long-term droughts were examined on a 3- and 12-month time scale, 81 

respectively (WMO, 2012). The frequency of severe or extreme drought was investigated, as 82 

well as the average duration of drought based on a 1-month time scale. 83 

 The analyses were performed based on bias-corrected CMIP5 simulations of the 84 

Representative Concentration Pathway (RCP) 4.5 and 8.5 scenarios from 1976 to 2100. The 85 

use of combined results from several models, such as a multi-model mean, generally 86 

improves the forecast proficiency and reliability of individual models (Tebaldi and Knutti 87 

2007; Gillett et al. 2002, Lambert and Boer 2001). Seventeen different Global Climate 88 

Models (GCMs) were individually examined, in addition to their Multi-Model Ensemble 89 

(MME), to observe changes in drought characteristics. For a detailed analysis, four major 90 

river basins were also examined individually, in addition to an analysis of the entire area 91 

(ENT). 92 

 93 

2 Data and Methodology 94 

2.1 Study Area and Observation Data 95 



6 

 

 The study was performed in South Korea, in northeastern Asia (Figure 1). There are 96 

four major river basins in the southern part of the peninsula: the Han, Nakdong, Geum, and 97 

Yeongsan-Sumjin river basins. The locations and number of Automated Synoptic Observing 98 

System (ASOS) weather stations in the river basins are shown in Table 1. Monthly 99 

precipitation, and maximum and minimum temperature data were obtained from the Korea 100 

Meteorological Administration (KMA); only weather stations with no missing monthly data 101 

for 1976–2005 were used in the study. 102 

Based on the Köppen–Geiger climate classification system, the study area has a 103 

humid continental climate in the northern part and a humid subtropical climate in the 104 

southern part and eastern coastal region. Annual average precipitation is about 1,200–1,500 105 

mm in the northern part and 1,000–1,800 mm in the southern areas. The area is affected by 106 

the East Asian Monsoon. Boreal summer precipitation is dominant and occupies about 50–60% 107 

of the total precipitation. Annual average temperature is around 10–15°C (KMA 2011). 108 

 With more than three quarters of the land being mountainous, the topography is one 109 

of the main factors affecting the climate of the area (MLIT 2013). Agricultural land areas are 110 

largely located in the western part of the country; rice paddies that provide the staple diet of 111 

the region are concentrated in the Geum River Basin. Irrigation systems are widely used, 112 

enabling a sufficient water supply for industrial and municipal use. However, there are still 113 

some areas with no irrigation, such as the highland regions; these regions are affected 114 

significantly by drought, even over the short term. Spring droughts are the most challenging 115 

issue in the study area due to the effect on rice production, while winter droughts mainly 116 

affect fruit growth. 117 
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 118 

2.2 CMIP5 Projections 119 

 The RCP4.5 (a stabilization scenario, in which the total radiative forcing stabilizes to 120 

4.5 W/m  shortly after 2100) and RCP8.5 (characterized by increasing greenhouse gas 121 

emissions over time leading to a radiative forcing of 8.5 W/m  in 2100) scenarios for the 122 

IPCC Fifth Assessment Report were used in this study. Seventeen global climate models 123 

(GCMs) were selected to provide data for precipitation, and maximum and minimum 124 

temperature from 1976 (Table 2); their daily data for historical (1976–2005) and future 125 

(2006–2100) periods were obtained from the Earth System Grid Federation 126 

(http://pcmdi9.llnl.gov/esgf-web-fe/).  127 

 Daily data for the entire period (1976–2100) were aggregated to monthly values, 128 

downscaled, and bias-corrected using a non-parametric quantile mapping method against the 129 

observation data from 58 ASOS weather stations. The non-parametric approach is known to 130 

be better than the parametric approach for correcting system biases, because it uses the actual 131 

distribution of the observed and simulated data, without estimating a probability distribution 132 

function (Gudmundsson et al. 2012). Quantile-based mapping methods have been widely 133 

used to downscale and correct Regional Climate Models (RCMs) (e.g., Ashfaq et al. 2010; 134 

Themeßl et al. 2012; Sunyer et al., 2012) as well as GCMs (e.g., Wood et al., 2004; Ines and 135 

Hansen, 2006; Bo´e et al., 2007; Li et al., 2010). Although it removes biases in GCM 136 

simulations efficiently and overcomes scale mismatches, it is doubtful that the corrected 137 

simulation data would be able to represent real changes (Eden et al. 2012). However, in this 138 

study, this concern was not considered, because the comparisons were performed using the 139 



8 

 

drought characteristics of frequency and average duration. Differences between the 140 

observation and simulation data for each quantile were calculated and used for the bias-141 

correction of the future period.  142 

 143 

2.3 Drought Indices 144 

 There are many sources of uncertainty in the future projection of drought. Taylor et al. 145 

(2012b) examined four sources of uncertainty: climate model uncertainty, future scenario 146 

uncertainty, drought index uncertainty, and drought threshold uncertainty. They found that the 147 

selection of the drought index is the most important factor affecting the uncertainty in future 148 

drought projections (Taylor et al. 2012b). This indicates that the choice of drought index may 149 

affect the results of drought impact assessment. Burke and Brown (2008) used four different 150 

drought indices to assess the uncertainty in future drought projections: the SPI, the 151 

precipitation and potential evapotranspiration anomaly (PPEA), the Palmer drought severity 152 

index (PDSI), and the soil moisture anomaly (SMA). In their study, only the SPI projected 153 

little change in the land surface areas under drought, while the other three indices projected 154 

otherwise. This is because the SPI is based only on precipitation, while the other indices 155 

include measurements of the atmospheric moisture demand (Burke and Brown 2008). 156 

 In this study, both the SPI and SPEI were considered for the analyses. SPI (McKee et 157 

al. 1993) is the recommended index for universal meteorological drought by the World 158 

Meteorological Organization (Hayes et al. 2011). A long time series of precipitation data were 159 

obtained, and aggregated into a desired time scale, fitted to a certain probability distribution, 160 

and then standardized by being converted to a normal distribution (Guttman 1999). The 161 
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parameters for fitting data to a probability distribution, such as gamma or Pearson Type-III, 162 

are determined based on a selected calibration period. Lee and Kim (2012) performed 163 

goodness-of-fit tests for 15 different probability distributions for the calculation of SPI in 164 

South Korea, including the gamma, general extreme value, Gumbel, log-Gumbel, log-normal, 165 

log-Pearson type-III, normal, Pearson type-III, Weibull, and Wakeby distributions and found 166 

that the log-Gumbel, gamma, general extreme value, Gumbel, log-normal, and Weibull 167 

distribution types were appropriate. In this study, the gamma distribution was used for SPI1, 168 

SPI3, and SPI12. Because SPI is based only on precipitation, it can be easily obtained for 169 

weather stations or regions with limited data for other variables. However, it has been noted 170 

that the SPI cannot consider the effect of other variables, such as temperature, by assuming 171 

their stationarity (Vicente-Serrano et al. 2010). 172 

 SPEI uses potential evapotranspiration as well as precipitation as a measure for 173 

atmospheric moisture demand (Vicente-Serrano et al. 2010). Although it is sometimes 174 

demanding to archive data for variables other than precipitation, it is possible for SPEI to 175 

account for the plausible effects of temperature variability in a changing climate (Vicente-176 

Serrano et al. 2010). Potential evapotranspiration as an input variable for SPEI was calculated 177 

using the Hargreaves method based on the maximum and minimum temperature (Hargreaves 178 

et al. 1985). The Penman–Monteith method is known to be the most robust (Begueria et al. 179 

2014), but the Hargreaves method requires fewer variables and enabled a large number of 180 

GCMs to be used in this study. A long time series of the difference between precipitation and 181 

potential evapotranspiration was obtained, aggregated into the desired time scale, fitted to the 182 

log-logistic probability distribution, and then standardized. Vicente-Serrano et al. (2010) 183 

performed goodness-of-fit tests for several different distributions for the calculation of SPEI, 184 
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including the Pearson type-III, log-normal, general extreme value, and log-logistic 185 

distributions; all were appropriate for the 11 observatories located in different regions of the 186 

world. Sohn et al. (2013) also used the log-logistic probability distribution to calculate SPEI 187 

in a winter-to-spring drought study in South Korea. In this study, the log-logistic distribution 188 

was used for SPEI1, SPEI3, and SPEI12.  189 

 The calibration period of 1976–2005 was used for all drought indices. Only severe or 190 

extreme drought (drought index value ≤ −1.50) was considered (Table 3).  191 

 192 

2.4 Frequency of Drought 193 

 Drought frequency was defined as the number of months suffering severe or extreme 194 

drought among all months during a 30-year period. For each drought index and model, the 195 

frequencies were calculated for both historical and future periods. There were 66 of 30-year 196 

periods during 2006–2100, starting with the 30-year period 2006–2035 (a period ending in 197 

2035; PEY2035) and ending with the 30-year period 2071–2100 (a period ending in 2100; 198 

PEY2100). 199 

 The calculated frequencies from individual models were compared to the values 200 

based on observation data for the historical period using Dunnett multiple comparisons, to 201 

evaluate the performance of CMIP5 simulations and the bias correction methodology.  202 

Dunnett’s multiple comparisons provide comparison results between multiple treatment 203 

groups, with a single control group (Dunnett, 1955), and is widely used in association with a 204 

one-way analysis of variance (ANOVA). The null hypothesis (H0) is that there is no 205 

difference between means; a significance level of 0.05 (α = 0.05) was used. Model simulation 206 
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results that do not reject H0 were considered to be “consistent” with the observation data in 207 

this study. The MME of frequencies based on simple averaging with equal weights were 208 

calculated using all 17 models (MME_all), in addition to using selected models that did not 209 

reject H0 for the historical period (MME_part). 210 

 The frequencies from individual models, MME_part, and MME_all for the future 211 

period (PEY2035–PEY2100) were compared to the values for the historical period, also 212 

using Dunnett multiple comparisons, to determine future changes in drought frequency. 213 

 214 

2.5 Average Duration of Drought 215 

 An additional variable, the average duration of drought, was defined as the total 216 

number of individual months with severe or extreme drought divided by the number of 217 

drought events (which considers consecutive drought months as one drought event) for a 30-218 

year period (Eq. (1)). For example, if the number of months with severe or extreme drought is 219 

52, and the number of drought events is 36 during the 30-year period of 2006–2035, the 220 

average duration becomes 52 / 36 = 1.44. Large values generally indicate the existence of 221 

persistent short-term drought events (with a longer run length), while small values indicate 222 

the frequent, but intermittent occurrence, of short drought events.  223 

Average Duration = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑚𝑜𝑛𝑡ℎ𝑠 𝑤𝑖𝑡ℎ 𝑆𝑒𝑣𝑒𝑟𝑒 𝑜𝑟 𝐸𝑥𝑡𝑟𝑒𝑚𝑒 𝑑𝑟𝑜𝑢𝑔ℎ𝑡
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑟𝑜𝑢𝑔ℎ𝑡 𝑒𝑣𝑒𝑛𝑡𝑠 

 (Eq. 1) 224 

 Average duration of drought was only calculated for SPI1 and SPEI1. The average 225 

durations from individual models, MME_part, and MME_all for the historical period (1976–226 

2005) were calculated and compared to the values based on the observation data using 227 
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Dunnett multiple comparisons. The values for the future period (PEY2035–PEY2100) were 228 

also calculated and compared to the values for the historical period, also using Dunnett 229 

multiple comparisons, to determine future changes in the average duration of drought. 230 

 The average duration of drought for SPI1 and SPEI1 was used in this study in 231 

addition to exploring the 3- and 12-month SPI and SPEI to determine if it can provide 232 

additional information on the future changes of drought characteristics. If two months are 233 

interspersed by one month experiencing severe or extreme drought, the three-month period 234 

may or may not appear as one drought event with a 3-month time scale, while the period is 235 

separated into two individual drought events with a 1-month time scale. Because short-term 236 

drought may pose a serious threat to agriculture, based on past experiences in the study area, 237 

its detection is very important. 238 

 239 

3 Results and Discussion 240 

3.1 Frequency of Drought  241 

Historical Period 242 

 The frequencies of severe or extreme droughts based on 17 individual models, 243 

MME_all, and MME_part during the historical period 1976–2005 were compared to 244 

observation data using Dunnett multiple comparisons for 58 ASOS stations. Model 245 

performance varied by drought index and by river basin (Figure 2). All 17 models rejected the 246 

H0 and produced larger means than the observation data for SPI1 for the ENT and all river 247 

basins (RIV1-4), and for SPI3 for the Han River Basin (RIV1). This was likely due to the 248 
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large uncertainty in the projected precipitation for the weather stations belonging to each 249 

basin. The uncertainty was smaller for SPI12, with a longer time scale, and for SPEI3 and 250 

SPEI12 where the temperature term is included. For SPEI1, SPI12, and SPEI12, some models 251 

produced larger means, while others produced smaller means than the observation data 252 

(Figure 2). The behavior was similar between models for SPI3 and SPEI3. Many models 253 

produced larger means than the observation data for SPI3, while many had smaller means 254 

than the observation data for SPEI3. 255 

 The MME_all was affected by the models that rejected the H0, and also rejected the 256 

H0 for some drought indices and regions. This indicates that MME_all could not produce 257 

consistent frequencies of drought with the observation data. Because MME_part was based 258 

on only the models where the H0 was not rejected, it produced results that were consistent 259 

with the observation data. 260 

 261 

Future Period 262 

The future changes of severe or extreme drought frequencies were examined for each 263 

drought index, climate change scenario, and river basin, using Dunnett multiple comparisons 264 

for each future period (Figures 3–8). The H0 for a 30-year period among PEY2035–PEY2100 265 

is that there is no difference in drought frequency between the historical period and the 266 

selected period. Larger and smaller means compared to the historical period indicate a 267 

projected increase and decrease in the frequency of severe or extreme drought in the future, 268 

respectively. 269 

The analysis was first performed using MME_part for all 58 weather stations, to 270 
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examine the range of drought frequencies from weather stations in the ENT and each river 271 

basin (Figures 3–6). The boxplots show the distribution of drought frequencies for the 272 

weather stations located in the corresponding river basin. Because there was no individual 273 

model consistent with the observation data during the historical period for SPI1 in the ENT 274 

and all river basins, and for SPI3 for the Han River Basin, the analysis was not performed for 275 

these cases.  276 

No significant future change was expected based on RCP4.5 in the ENT, while 277 

RCP8.5 projected some periods with increased and decreased drought frequency based on 278 

SPI3 (Figure 3a). Results in other river basins varied. RCP4.5 and RCP8.5 in the Nakdong 279 

River Basin (Figure 3b) and RCP4.5 in the Yeongsan-Sumjin River Basin (Figure 3d) 280 

projected decreases in drought frequency based on SPI3, while increases were expected based 281 

on RCP8.5 in the Geum River Basin (Figure 3c). Decreases in drought frequency were 282 

projected for most future periods based on SPI12 for the entire area and all river basins, and 283 

for both RCP4.5 and RCP8.5 (Figure 4).  284 

For SPEI1, the H0 was rejected for all future periods for both RCP4.5 and RCP8.5 in 285 

the ENT as well as all river basins, and increases in drought frequency were projected (data 286 

not shown). SPEI3 produced similar results to those for SPEI1, with the H0 not rejected in 287 

only the early future periods in the Geum and Yeongsan-Sumjin River Basins (Figure 5). 288 

Differences between river basins were observed for SPEI12 (Figure 6). In the Nakdong and 289 

Geum River Basins, increases in drought frequency were projected in the later future periods 290 

based on RCP8.5 (Figures 6c,d), while in the Han River Basin decreases in drought 291 

frequency were only projected in the later future periods based on RCP4.5 (Figure 6b). 292 
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The analysis was also performed using the individual models used for MME_part 293 

and station-averaged frequencies, to examine the range of drought frequencies between 294 

individual models in the ENT and all river basins (Figures 7 and 8). The boxplots show the 295 

distribution of drought frequencies for individual models. As observed in the results with 296 

MME_part, large differences were apparent between the river basins for SPI3 and SPEI12. 297 

Averaging the drought frequencies for weather stations can cancel out the projected increases 298 

and decreases of drought frequency. Station-averaged drought frequencies for SPI3 and 299 

SPEI12 for all future periods did not reject the H0 for the ENT and all river basins, and for 300 

both RCP4.5 and RCP8.5 (data not shown). 301 

For SPI12, decreases in drought frequency were projected for both RCP4.5 and 302 

RCP8.5 during the later future periods for the ENT (Figure 7a) and the Geum River Basin 303 

(Figure 7d), only for RCP4.5 in the Yeongsan-Sumjin River Basin (Figure 7e), and only for 304 

RCP8.5 in the Han River Basin (Figure 7b).  305 

Similar to the results based on MME_part, increases in drought frequency were 306 

expected for most future periods for SPEI1 for both RCP4.5 and RCP8.5, and for the ENT 307 

and all river basins (data not shown). Differences between river basins were apparent for 308 

SPEI3. Increases in drought frequency in the later future periods were projected for both 309 

RCP4.5 and RCP8.5 only in the Nakdong River Basin (Figure 8c), and for RCP8.5 in the Han 310 

and Yeongsan-Sumjin River basins (Figures 8b,e).  311 

The lengths of future periods with projected increases or decreases in drought 312 

frequency were much shorter when station-averaged data and individual models were used 313 

compared with when individual station data and MME_part were used. As discussed earlier, 314 



16 

 

this was because the differences between weather stations were flattened due to averaging.  315 

 316 

3.2 Average Duration of Drought  317 

 As with the frequency of drought, the future changes in the average duration of 318 

severe or extreme drought were examined for each climate change scenario and river basin 319 

using Dunnett multiple comparisons for each future period (Figures 9 and 10). The H0 for a 320 

30-year period among PEY2035–PEY2100 is that there is no difference in average duration 321 

between the historical period and the selected period. Larger and smaller means compared to 322 

the historical period indicate a projected increase and decrease in the average duration of 323 

severe or extreme drought in the future, respectively. The analysis was performed only for 324 

SPEI1, because MME_part could not be obtained for SPI1 as explained earlier. 325 

The MME_part for all 58 weather stations were examined first, and then individual 326 

models for MME_part and station-averaged average durations were used for analyses. The 327 

average duration of drought was expected to increase compared with the historical period 328 

based on both RCP4.5 and RCP8.5 during most future periods when MME_part and 329 

individual weather station data were used (Figure 9), and during later future periods when 330 

individual models for MME_part and station-averaged data were used (Figure 10). 331 

 Large average duration values indicate the occurrence of persistent short-term 332 

drought events, while small values indicate the frequent but intermittent occurrence of short 333 

drought events. Model simulations based on SPEI1 projected an increase in persistent short-334 

term droughts in the future compared with the historical period, especially toward the twenty-335 

second century. This may indicate an increase in the time scale of droughts in the study area 336 
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in the future. 337 

 338 

4 Conclusions 339 

 The future changes of drought characteristics were examined on a regional spatial 340 

scale over South Korea using 17 bias-corrected GCM model projections. The frequency of 341 

severe or extreme drought based on the SPI and SPEI drought indices with time scales of 1-, 342 

3-, and 12-months during the historical period from 1976–2005 were compared to the 343 

quantities based on observation data. Appropriate models showing a consistency between 344 

model simulation results and observation data were identified, and their MME was produced. 345 

Future changes were then investigated to determine both the drought frequency and average 346 

duration for the entire area and all river basins using the historical period as the calibration 347 

period.  348 

 The differences between climate change scenarios were not obvious from the results. 349 

This is because a trend analysis was not included in the study; only the changes in drought 350 

characteristics in the future were examined through a comparison with the historical period. 351 

Future increasing or decreasing trends were visually inspected, and no obvious difference 352 

was observed between scenarios. There were some differences observed for SPI3 and SPEI12; 353 

for example, RCP8.5 projected more increases in drought frequency than RCP4.5 for SPEI12 354 

and for most river basins. 355 

The projected future changes in drought frequency differed tremendously by drought 356 

index. Most contrast was observed between SPEI3 and SPI12. While the results for both SPI3 357 

and SPEI12 were somewhat mixed in the future period, with either increases or decreases in 358 
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drought frequency expected, SPEI3 mostly projected an increase in drought frequency, and 359 

SPI12 projected a decrease in drought frequency. The different results between SPI and SPEI 360 

were due to the variables used for each index, with SPI only using precipitation and SPEI 361 

using evaporative demand. Based on SPI, decreases in drought frequency were expected, 362 

especially in the long-term; whereas for SPEI, increases in drought frequency were projected, 363 

especially in the short-term. The importance of the selection of a drought index, as discussed 364 

by Taylor et al. (2012b) and Burke and Brown (2008), was emphasized again in this study.  365 

 The contrasting results for the future changes of drought characteristics also imply 366 

the importance of regional scale analysis in northeastern Asia. Sub-regional analysis may 367 

even be required. When station-averaged values for individual models for MME_part were 368 

used, the averaging frequencies or average durations for weather stations cancelled out the 369 

projected future increases and decreases of the drought characteristics. Although little 370 

differences between river basins were observed for drought frequencies based on SPEI3 and 371 

SPI12, and for average durations of drought based on SPEI1, some differences were still 372 

observed for drought frequencies based on SPI3 and SPEI12. 373 

 The average duration of drought was used in the study to examine changes in the 374 

persistence of short-term drought events, because even short-term droughts may be 375 

devastating in the study area. SPEI1 projected more persistent short-term drought events in 376 

the future, which also means an increase in the time scale of drought in the study area in the 377 

future. 378 

 The outcomes of this study provide valuable information that can be used for 379 

drought-related decision making of the study area, which could not be obtained from studies 380 
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on a global spatial scale. A global scale analysis may not deliver sufficient information on 381 

local and regional changes due to the coarse spatial resolution. A regional analysis of future 382 

drought projection is therefore essential for impact and vulnerability studies, and eventually 383 

for appropriate climate change adaptation. 384 

 There were some weaknesses in the study. Large-scale circulations inducing droughts 385 

were not considered; only precipitation and temperature variables at weather stations were 386 

bias-corrected to obtain drought index values. The use of advanced downscaling techniques, 387 

including changes in large-scale variables, will be examined in future studies.  388 
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TABLES 506 

 507 

Table 1. Study area and the four major river basins in South Korea. 508 

River Basin Name Area (km2) 
Number of ASOS 

stations 

ENT Entire Area 99,133 58 

RIV1 Han  32,200 15 

RIV2 Nakdong  32,280 20 

RIV3 Geum  17,767 13 

RIV4 Yeongsan-Sumjin  16,886 10 

Source: Water Information System, http://water.nier.go.kr/front/waterInfo/watershed01.jsp 509 

 510 

  511 
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Table 2. Characteristics of the Coupled Model Intercomparison Project Phase 5 (CMIP5) 512 

models used in this study. 513 

Model Name Institution, Country Latitudinal Grid 
Spacing 
(degree) 

CanESM2 Canadian Centre for Climate Modelling and 
Analysis (CCCMA), Canada 

2.8 

CCSM4 National Center for Atmospheric Research 
(NCAR), USA 

1.25 

CSIRO-Mk3-6-0 Commonwealth Scientific and Industrial Research 
Organisation in collaboration with the Queensland 
Climate Change Centre of Excellence (CSIRO), 
Australia 

1.9 

FGOALS-g2 Institute of Atmospheric Physics, Chinese Academy 
of Sciences (LASG-IAP) and Tsinghua University 
(CESS), China 

2.8 

FGOALS-s2 Institute of Atmospheric Physics, Chinese Academy 
of Sciences (LASG-IAP), China 

2.8 

GFDL-ESM2G Geophysical Fluid Dynamics Laboratory (GFDL) 
Earth System Model with Generalized Ocean Layer 
Dynamics (GOLD) component (ESM2G), USA 

2.0 

GFDL-ESM2M Geophysical Fluid Dynamics Laboratory (GFDL) 
Earth System Model with Modular Ocean Model 4 
(MOM4) component (ESM2M), USA 

2.0 

HadGEM2-CC Met Office Hadley Centre (MOHC), UK; additional 
realizations contributed by Instituto Nacional de 
Pesquisas Espaciais (INPE) 

1.25 

HadGEM2-ES Met Office Hadley Centre (MOHC), UK; additional 
realizations contributed by Instituto Nacional de 
Pesquisas Espaciais (INPE) 

1.25 

INM-CM4 Institute of Numerical Mathematics (INM) Coupled 
Model, Russia 

1.5 

IPSL-CM5A-LR L’Institut Pierre-Simon Laplace (IPSL) Coupled 
Model, coupled with NEMO, low resolution, 
France 

1.9 

MIROC5 Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for 
Marine-Earth Science and Technology, Japan 

1.4 

MIROC-ESM Atmosphere and Ocean Research Institute, National 
Institute for Environmental Studies, and Japan 
Agency for Marine-Earth Science and Technology, 
Japan 

2.8 
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MIROC-ESM-
CHEM 

Atmosphere and Ocean Research Institute, National 
Institute for Environmental Studies, and Japan 
Agency for Marine-Earth Science and Technology, 
Japan 

2.8 

MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M), 
Germany 

1.9 

MRI-CGCM3 Meteorological Research Institute, Japan 1.1 
NorESM1-M Norwegian Climate Centre (NCC), Norway 1.9 
 514 

  515 
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Table 3. Drought index classifications for the Standardized Precipitation Index (SPI) and 516 

Standardized Precipitation-Evapotranspiration Index (SPEI). 517 

Classification Index Value 

Extremely wet (EW) ≥ 2.00 

Very wet (VW) 1.50 to 1.99 

Moderately wet (MW) 1.00 to 1.49 

Near Normal (NN) 0.99 to -0.99 

Moderate drought (MD) -1.00 to -1.49 

Severe drought (SD) -1.50 to -1.99 

Extreme drought (ED) ≤ -2.00 

 518 

  519 
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FIGURE CAPTION LIST 520 

 521 

Figure 1. Study area including the four major river basins of the Han, Nakdong, Geum, and 522 

Yeongsan-Sumjin rivers. 523 

Figure 2. Multi-Model Ensemble (MME) and individual model simulation data means 524 

compared to observation data using Dunnett multiple comparisons in the historical period for 525 

each drought index and river basin.  526 

Figure 3. Frequencies of severe or extreme drought using MME_part and individual weather 527 

station data based on Standardized Precipitation Index 3 (SPI3) in (a) All, (b) Nakdong, (c) 528 

Geum, and (d) Yeongsan-Sumjin basins. The leftmost boxplot is for the historical period 529 

(1976–2005), followed by future periods (PEY2035–PEY2100) for the Representative 530 

Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent the value ranges of 531 

weather stations belonging to each basin, and the open circles are area outliers. 532 

Figure 4. Frequencies of severe or extreme drought using MME_part and individual weather 533 

station data based on Standardized Precipitation Index 12 (SPI12) in (a) All, (b) Han, (c) 534 

Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost boxplot is for the 535 

historical period (1976–2005), followed by future periods (PEY2035–PEY2100) for the 536 

Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent the 537 

value ranges of weather stations belonging to each basin. 538 

Figure 5. Frequencies of severe or extreme drought using MME_part and individual weather 539 

station data based on Standardized Precipitation-Evapotranspiration Index 3 (SPEI3) in (a) 540 
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All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost boxplot 541 

is for the historical period (1976–2005), followed by future periods (PEY2035–PEY2100) for 542 

the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent 543 

the value ranges of weather stations belonging to each basin. 544 

Figure 6. Frequencies of severe or extreme drought using MME_part and individual weather 545 

station data based on Standardized Precipitation-Evapotranspiration Index 12 (SPEI12) in (a) 546 

All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost boxplot 547 

is for the historical period (1976–2005), followed by future periods (PEY2035–PEY2100) for 548 

the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent 549 

the value ranges of weather stations belonging to each basin. 550 

Figure 7. Frequencies of severe or extreme drought using individual models organizing 551 

MME_part and station-averaged data based on Standardized Precipitation Index 12 (SPI12) 552 

in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost 553 

boxplot is for the historical period (1976–2005), followed by future periods (PEY2035–554 

PEY2100) for the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. 555 

Boxplots represent the value ranges of individual models. 556 

Figure 8. Frequencies of severe or extreme drought using individual models organizing 557 

MME_part and station-averaged data based on Standardized Precipitation-Evapotranspiration 558 

Index 3 (SPEI3) in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. 559 

The leftmost boxplot is for the historical period (1976–2005), followed by future periods 560 

(PEY2035–PEY2100) for the Representative Concentration Pathways (RCP) 4.5 and 8.5 561 

scenarios. Boxplots represent the value ranges of individual models. 562 
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Figure 9. Average durations of severe or extreme drought using MME_part and individual 563 

weather station data based on Standardized Precipitation-Evapotranspiration Index 1 (SPEI1) 564 

in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost 565 

boxplot is for the historical period (1976–2005), followed by future periods (PEY2035–566 

PEY2100) for the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. 567 

Boxplots represent the value ranges of weather stations belonging to each basin. 568 

Figure 10. Average durations of severe or extreme drought using individual models 569 

organizing MME_part and station-averaged data based on Standardized Precipitation-570 

Evapotranspiration Index 1 (SPEI1) in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) 571 

Yeongsan-Sumjin basins. The leftmost boxplot is for the historical period (1976–2005), 572 

followed by future periods (PEY2035–PEY2100) for the Representative Concentration 573 

Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent the value ranges of individual 574 

models. 575 

  576 
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FIGURES 577 

 578 

 579 

Figure 1. Study area including the four major river basins of the Han, Nakdong, Geum, and 580 

Yeongsan-Sumjin rivers. 581 

  582 
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 583 

Figure 2. Multi-Model Ensemble (MME) and individual model simulation data means 584 

compared to observation data using Dunnett multiple comparisons in the historical period for 585 

each drought index and river basin. 586 

 587 
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 588 

Figure 3. Frequencies of severe or extreme drought using MME_part and individual weather 589 

station data based on Standardized Precipitation Index 3 (SPI3) in (a) All, (b) Nakdong, (c) 590 

Geum, and (d) Yeongsan-Sumjin basins. The leftmost boxplot is for the historical period 591 

(1976–2005), followed by future periods (PEY2035–PEY2100) for the Representative 592 

Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent the value ranges of 593 

weather stations belonging to each basin, and the open circles are area outliers. 594 

 595 
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 596 

Figure 4. Frequencies of severe or extreme drought using MME_part and individual weather 597 

station data based on Standardized Precipitation Index 12 (SPI12) in (a) All, (b) Han, (c) 598 

Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost boxplot is for the 599 

historical period (1976–2005), followed by future periods (PEY2035–PEY2100) for the 600 

Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent the 601 

value ranges of weather stations belonging to each basin. 602 

 603 
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 604 

Figure 5. Frequencies of severe or extreme drought using MME_part and individual weather 605 

station data based on Standardized Precipitation-Evapotranspiration Index 3 (SPEI3) in (a) 606 

All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost boxplot 607 

is for the historical period (1976–2005), followed by future periods (PEY2035–PEY2100) for 608 

the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent 609 

the value ranges of weather stations belonging to each basin. 610 

 611 
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 612 

Figure 6. Frequencies of severe or extreme drought using MME_part and individual weather 613 

station data based on Standardized Precipitation-Evapotranspiration Index 12 (SPEI12) in (a) 614 

All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost boxplot 615 

is for the historical period (1976–2005), followed by future periods (PEY2035–PEY2100) for 616 

the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent 617 

the value ranges of weather stations belonging to each basin. 618 

 619 
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 620 

Figure 7. Frequencies of severe or extreme drought using individual models organizing 621 

MME_part and station-averaged data based on Standardized Precipitation Index 12 (SPI12) 622 

in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost 623 

boxplot is for the historical period (1976–2005), followed by future periods (PEY2035–624 

PEY2100) for the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. 625 

Boxplots represent the value ranges of individual models. 626 

 627 
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 628 

Figure 8. Frequencies of severe or extreme drought using individual models organizing 629 

MME_part and station-averaged data based on Standardized Precipitation-Evapotranspiration 630 

Index 3 (SPEI3) in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. 631 

The leftmost boxplot is for the historical period (1976–2005), followed by future periods 632 

(PEY2035–PEY2100) for the Representative Concentration Pathways (RCP) 4.5 and 8.5 633 

scenarios. Boxplots represent the value ranges of individual models. 634 

 635 
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3  636 

Figure 9. Average durations of severe or extreme drought using MME_part and individual 637 

weather station data based on Standardized Precipitation-Evapotranspiration Index 1 (SPEI1) 638 

in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) Yeongsan-Sumjin basins. The leftmost 639 

boxplot is for the historical period (1976–2005), followed by future periods (PEY2035–640 

PEY2100) for the Representative Concentration Pathways (RCP) 4.5 and 8.5 scenarios. 641 

Boxplots represent the value ranges of weather stations belonging to each basin. 642 

 643 
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 644 

Figure 10. Average durations of severe or extreme drought using individual models 645 

organizing MME_part and station-averaged data based on Standardized Precipitation-646 

Evapotranspiration Index 1 (SPEI1) in (a) All, (b) Han, (c) Nakdong, (d) Geum, and (e) 647 

Yeongsan-Sumjin basins. The leftmost boxplot is for the historical period (1976–2005), 648 

followed by future periods (PEY2035–PEY2100) for the Representative Concentration 649 

Pathways (RCP) 4.5 and 8.5 scenarios. Boxplots represent the value ranges of individual 650 

models. 651 
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