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Abstract: The impacts of climate change on future drought properties in various 23 

regions across the China are accessed using 21 downscaled global climate models 24 

provided by NASA (NEX-GDDP) at the Representative Concentration Pathways 25 

(RCP) 4.5 and RCP8.5 emission scenarios. And multiple statistical approaches are 26 

employed to evaluate the significance of projections. Results show a considerable 27 

aggravation in spatial extent and severity of future drought events over the majority of 28 

regions, particularly in northwest and northeast China, expect for winter over 29 

northeast region. Mild variability of drought extent is projected for Standardized 30 

Precipitation Index (SPI). While drought extent for Standardized Precipitation 31 

Evapotranspiration Index (SPEI) increases more significantly after the late 2070s 32 

under RCP8.5 scenario, and the discrepancies of drought extent are not significant 33 

between RCP4.5 and RCP8.5 scenarios in the early and mid-21st century. The 34 

increases in drought intensity and frequency are mainly located over north and 35 

northwest China in spring, summer and autumn, while shifted into southeast China in 36 

winter. Over the northwestern and northern regions of China, dramatic aggravation of 37 

drought attribute is projected to the increases in potential evapotranspiration (PET). 38 

While the exacerbating drought conditions are expected to the attribution of 39 

deficiencies in rainfall in the northwestern region. At national scale, PET plays a more 40 

primary role in the future severe and widespread droughts in the context of climate 41 

change. 42 

 43 

 44 
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1 Introduction 45 

The Fifth Assessment Report of the Intergovernmental Panel on Climate Change 46 

(IPCC AR5) claims that global average near-surface air temperature has increased by 47 

approximately 0.78 °C (0.72 to 0.85) since 1900, with much greater trend slope 48 

during the last decades (Stocker et al., 2013; Field et al., 2014; Luo and Lau, 2017). 49 

The global warming, to a great degree, exacerbates hydrological cycle at multiple 50 

scales, these may be compelling to an increase in regional climate extremes, for 51 

example, extreme droughts, tropical cyclones and intense precipitation, which results 52 

in catastrophic consequence to ecosystem productivity and human survival (Wentz et 53 

al., 2007; Trenberth et al., 2014). Drought is recognized as one of the most damaging 54 

disasters due to its causes on economic, agriculture and environmental damages (Dai, 55 

2013; Song et al., 2015; Duffy et al., 2015; Zhang and Zhou, 2015). It is therefore of 56 

great importance to project further variations in droughts or severe droughts to 57 

provide advanced warning for policymakers and stakeholders. Several previous 58 

studies focusing on projection of drought variability and impacts have been conducted 59 

at global scale (e.g., Cook et al., 2014; Touma et al., 2015), and pointed out that 60 

climate change was expected to enhance the drought intensity and frequency by 61 

reconciling moisture supply and evaporative demand in the 21st century. Moreover, 62 

the droughts are likely to be more intense and set in quicker when they occur under 63 

the background of climate change (Trenberth et al., 2014; Huang et al., 2015; 64 

Diffenbaugh et al., 2015). Although studying variations in droughts at global scale are 65 

beneficial to understand the impacts of climate change on drought variability, 66 
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researches conducted at regional and local scales are great crucial to obtain a better 67 

understanding of fine-scale drought properties and the possible physical causes as 68 

well as a more accurate forecast practice, these may be significantly meaningful to 69 

facilitate risk-based planning and provide a framework of adaptive resource 70 

management. 71 

Global climate model (GCM) is the principal tool to understand and evaluate the 72 

effects of climate change on regional climate extremes whether in the past or the 73 

future (Taylor et al., 2012; Wuebbles et al., 2014), since the outputs of GCMs can 74 

capture the primary large-scale characteristics and patterns of climatic variables 75 

(Sillmann et al., 2013). However, existing studies reported that GCMs overestimates 76 

mild precipitation in many regions because of uncertainties in model parameterization, 77 

which leads to large biases of raw outputs derived from GCMs (Knutti and Sedláček, 78 

2013; Nasrollahi et al., 2015), and the strong uncertainties still appear in future 79 

climate projections that mainly arise from anomalies in both convergence and 80 

evapotranspiration (Joetzjer et al., 2013). Sun et al. (2015) showed that raw GCMs 81 

from phase 5 of the Coupled Model Intercomparison Project (CMIP5) overestimated 82 

the amount of daily precipitation that is less than 5 mm over the entire China, whereas 83 

the heavy rainfall with daily precipitation being more than 20 mm tended to be 84 

underestimated in humid areas but overestimated over arid regions. In addition, the 85 

probabilities of daily mean temperature at lower values were unanimously 86 

overestimated over most regions in China, those are generally consistent with 87 

projected results based on CMIP5 simulations at global scale (Feng et al., 2014). On 88 
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the other hand, current GCMs are run at fairly coarse spatial resolutions, and therefore 89 

they fail to accurately estimate local meteorological states at scales below 200 km 90 

(Meehl et al., 2007; Taylor et al., 2012), and cannot characterize regional drought 91 

features required for impact assessment at small scale. van der Wiel et al. (2016) 92 

indicated that global coupled climate models improved the ability of reproducing the 93 

intensities, spatial patterns and seasonal timing of precipitation over the contiguous 94 

United States (CONUS) when the resolution increased from 2° × 2° to 0.25° × 0.25° 95 

grid cells. Thus, both the model biases and coarse resolution affect the accuracy of 96 

projected regional and local drought changes. Ficklin et al. (2016) investigated the 97 

impacts of climate model biases on projections of aridity and drought in the CONUS 98 

and demonstrated that considerable enhancements of accuracy of projected droughts 99 

were found for bias-corrected and downscaled outputs in comparison with raw GCMs. 100 

Furthermore, multiple-model ensemble outperforms individual model in producing 101 

projections of meteorological elements, since the multiple-model ensemble may 102 

reduce or eliminate effects of uncertainty or biases derived from individual model 103 

(Sillmann et al., 2013; Zhou et al., 2014). Therefore, the multi-modeling methods 104 

have been receiving increased concerns in projecting drought and wet conditions in 105 

numerous regions over the world when utilizing outputs from CMIP5 and other 106 

bias-corrected simulated results (e.g., Duffy et al., 2015; Swain and Hayhoe, 2015; 107 

Ahmadalipour et al., 2016). 108 

China is dominated by different climatic zones on account of its vast territory and 109 

complex terrain, and has suffered severe and long-lasting drought disasters during the 110 
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last decades. Analyses of observed dataset indicated that droughts have become more 111 

frequent and severe over many regions in China (He et al., 2011; Yu et al., 2014; 112 

Chen and Sun, 2015; Liu et al., 2016; Gong et al., 2017; Wu et al., 2018). In particular 113 

years, the typically regional droughts endured precipitation deficit and abnormal high 114 

temperature, leading to severely societal and economic consequences. The 115 

once-in-a-century droughts across southwest China, including Guizhou, Yunnan, 116 

Sichuan, Guangxi and Chongqing from summer 2009 to spring 2010 and the severe 117 

short-term drought in July-August 2013 over southern portion of East China, with air 118 

temperature being up to 41-44.5°C in specific regions, were subjected more than 16 119 

million people and 17 million livestock to drinking water shortages (Yang et al., 2012; 120 

Sun, 2014). However, the studies on the variations and physical mechanism of 121 

droughts in China are mainly concentrated in the analyses of instrumental records, 122 

even though some researches were conducted on the projections of future drought 123 

changes using outputs of CMIP5 models (e.g., Wang and Chen, 2014), the 124 

uncertainties derived from physical parameterized configuration of climate models are 125 

hard to be estimated, resulting in the dependence of selection of climate models for 126 

the discrepancies of projected patterns and severity of drought conditions (Zhang and 127 

Zhou, 2015). Therefore, how the drought is changing across the China in the 21st 128 

century under the background of global warming remains unclear, which is the major 129 

motivation for us to conduct this work. The primary purpose of this study is to 130 

evaluate the influences of climate change on the frequency, intensity and spatial 131 

extent of droughts in China using the state-of-the-art downscaling dataset of NASA 132 
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Earth Exchange Global Daily Downscaled Projections (NEX-GDDP). It is the first 133 

attempt to employ these newly available datasets to assess the impacts of global 134 

warming on the future seasonal drought variability over the China. The remainder of 135 

this paper is structured as follows. The NEX-GDDP datasets and drought indices as 136 

well as methods are described in section 2, and the results are presented in section 3. 137 

The relationships between droughts and climate variables are discussed in section 4, 138 

followed by summary and conclusions in section 5. 139 

2 Data and methods  140 

2.1 Data  141 

NEX-GDDP datasets are released to access the impacts of global warming at 142 

regional and local scales under two representative concentration pathways (RCP4.5 143 

and RCP8.5) (Meinshausen et al., 2011; Thrasher et al., 2013). The Bias-Correction 144 

Spatial Disaggregation method is applied to generate these datasets from 21 GCM 145 

runs (Table S1) conducted under the CMIP5 (Taylor et al., 2012; Thrasher et al., 146 

2012). Two step process are conducted to deal with outputs of CMIP5 models, the 147 

first step is bias correction, which corrects bias of GCMs through comparing with 148 

observations. And then all of the 21 model datasets are statistically downscaled to a 149 

finer resolution (0.25° × 0.25°, approximately 25 km) by utilizing spatial 150 

disaggregation method. Three key climatic variables, including precipitation, 151 

maximum and minimum temperature, at daily timescale are available and employed 152 

in this study. More information about NEX-GDDP can be obtained via 153 

https://nex.nasa.gov/nex/projects/1356/.  154 
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The observational dataset used in this study is gridded dataset of CN05.1 at daily 155 

timescale over the China domain (Wu and Gao, 2013; Wu et al., 2017). The dataset is 156 

constructed using “anomaly approach” and first calculated by utilizing thin-plate 157 

smoothing splines, then it is derived through angular weighting method. Daily total 158 

precipitation, mean, maximum and minimum temperature are available from 1961 to 159 

2014 with 0.25° × 0.25° spatial resolution. To better understand drought features over 160 

different regions over the China, we divide China into five subregions (Figure 1): 161 

northwest China (NW: 35-50°N, 73-105°E), southwest China (SW: 20-35°N, 162 

75-105°E), northeast China (NE: 42-55°N, 105-135°E), northern China (NC: 33-42°N, 163 

105-135°E), and southeast China (SE: 17-33°N, 105-125°E). These subregions are 164 

determined synthetically according to the National Assessment Report on Climate 165 

Change (NRC, 2007) and variations in drought conditions of pre-exiting drought 166 

studies in China (e.g., Wang and Chen, 2014; Yu et al., 2014; Zhang and Zhou, 2015; 167 

Chen and Sun, 2015). 168 

2.2 Drought indices 169 

To facilitate drought monitoring and detection, several objective indices have been 170 

proposed in accordance with readily available dataset, for intense, precipitation and 171 

temperature (e.g., Palmer, 1965; McKee et al., 1993; Vicente-Serrano et al., 2010), 172 

and the important application of appropriate indices to evaluate drought conditions 173 

has been also investigated in previous studies (e.g., Mishra and Singh, 2010; Yang et 174 

al., 2017). Standardized Precipitation Index (SPI) is adopted by World Meteorological 175 

Organization (WMO) and used by hydrological and national meteorological services 176 
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worldwide to characterize drought variability (Hayes et al., 2011). Nevertheless, SPI 177 

solely bases on precipitation variations, without considering other variables that are 178 

closely related to droughts such as temperature. Whereas, impacts of temperature are 179 

evident for initiating droughts and therefore many studies suggested that large 180 

increases in potential evapotranspiration (PET) under a warming climate are also 181 

considered as a major factor for drying widespread in addition to precipitation (e.g., 182 

Cook et al., 2014; Scheff and Frierson, 2014). Palmer Drought Severity Index (PDSI) 183 

considers the precipitation and temperature simultaneously to identify 184 

warming-related drought conditions, while PDSI includes several deficiencies, 185 

particularly, the main shortcoming is that it is built-in fixed time scale from 9 to 12 186 

months (Wells et al., 2004). Standardized Precipitation Evapotranspiration Index 187 

(SPEI) overcomes these limitations of PDSI and also characterizes a multi-temporal 188 

phenomenon of droughts as being similar to SPI (Vicente-Serrano et al., 2010; Joshi 189 

et al., 2016; Frank et al., 2017). Thus, both SPI and SPEI are employed in the present 190 

study because of their applying multi-scale advantages, which is substantial important 191 

for assessment of different drought types. And thornthwaite equation (Thornthwaite, 192 

1948) is used to evaluate evapotranspiration since many studies have suggested that 193 

the technique section does not lead to impacts on SPEI calculation. 194 

2.3 Method 195 

Three major drought features in every season are analyzed for SPEI and SPI, 196 

respectively, i. e., spatial extent, intensity and frequency (number of events) of 197 

drought. Spatial drought extents are calculated for five divided areas in China. 198 
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Long-term trends of the drought intensity are analyzed for the 94-yr period of 199 

2006-2099. And frequency of the drought events is computed for the periods of 200 

2006-2055 and 2050-2099, respectively. Then the variations are investigated by 201 

comparing with the frequency of events in the historical period of 1956-2005. In 202 

addition, projected drought indices for the future are computed based on the 203 

information derived from the historical period. And the basic time period employed to 204 

calculate drought indices is 1956-2005, which is consistent with the 50 years for the 205 

future two periods. Moreover, the SPEI and SPI are calculated for each of 20 GCMs 206 

using 3-month dataset of the precipitation (P) and difference between precipitation 207 

and potential evapotranspiration (P-PET). Since the 3-month timescale SPEI and SPI 208 

are proved to be the most practical to investigate the seasonal drought variability 209 

(Stagge et al., 2015; Ahmadalipour et al., 2017). According to the criteria employed in 210 

the previous studies, the values of SPEI and SPI below -1 and -0.8, respectively, are 211 

defined as drought onset, representing moderate to extreme drought events (Heinrich 212 

and Gobiet, 2012; Chen et al., 2012). 213 

3 Results  214 

3.1 Comparison between observation and downscaled GCMs 215 

The recent research has evaluated the performance and availability of these new 216 

statistically downscaled datasets and showed that NEX-GDDP remarkably improved 217 

the climate mean precipitation and temperature over China in historical simulation 218 

and projections at fine-scale compared to raw CMIP5 models (Bao and Wen, 2017). 219 

To examine the ability of NEX-GDDP to reproduce observed geographic distributions 220 
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of drought features in China, the comparisons of differences are carried out between 221 

precipitation and potential evapotranspiration (P-PET), which are the two crucial 222 

factors characterizing variability of droughts, in four seasons (Figure 2). And the 223 

period of 1961-2005 for both of downscaled GCMs and CN05.1 is selected to be 224 

consistent on the time scale. Figure 2 illustrates that the broad seasonal patterns are 225 

similar. In spring, the precipitation is greater than evapotranspiration over southeast 226 

coastal areas for both of observed and downscaled datasets, and the opposite situation 227 

occurs in northwest China. Subtle discrepancies between them are located over 228 

mountainous regions in southwest China, these phenomena are more significant 229 

conspicuous for summer, the areas with larger P-PET stretch more widely for 230 

observation in southwestern regions of China, even though the spatial distribution of 231 

mean P-PET is are generally consistent in summer. In autumn, the few locations with 232 

larger observed P-PET appear in middle China, and no significant difference is found 233 

in winter. On the whole, the P-PET for NEX-GDDP agree well with observed P-PET 234 

derived from these comparisons, implying that downscaled GCMs have robust 235 

reliability of future drought projections in China. Thus, the projections of future 236 

drought conditions are conducted based on downscaled dataset NEX-GDDP in 237 

following sections.  238 

3.2 Spatial extent of drought 239 

The spatial extent of drought, defined by percentage of region with the value of 240 

SPEI below -1, is calculated in the five subregions across the China using 21 241 

downscaled GCMs. Drought extent is computed for each year, then mean values and 242 
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±1 standard deviation of spatial extent results derived from 21 GCMs are shown in 243 

Figure 3.  244 

Drought extent is found to be significant increases for each season in all subregions 245 

except winter over the NE area, where the barely little variations appear at the end of 246 

the 21st century. In particular, NW and NE regions show vast increases in spatial 247 

extent of drought in spring, summer and autumn in the distant future. The projected 248 

drought extent exhibits largest magnitudes of increases in the NW region, with lower 249 

uncertainty compared to NE region, where the extent uncertainty is relatively large 250 

excluding winter. The SE region displays relatively small changes in comparison with 251 

other subregions, even though this area has more climatological annual rainfall 252 

amount. Moderate increases in drought extent are seen in the SW and NC regions, 253 

except for the remarkable increases over the SW in spring. Note that drought extent 254 

exhibits a slightly increasing trend along with time at the high future emission 255 

scenarios (RCP8.5) before around the late 2070s, it is even lower than the growth rate 256 

of extent at the intermediate mitigation scenario (RCP4.5), particularly over the NW, 257 

NE and NC regions. However, consistently larger projected drought extent occurs by 258 

RCP8.5 scenario after the late 2070s until the end of the 21st century. While 259 

non-significant variations can be found during this period for RCP4.5 scenario. In 260 

addition, there are also similar projected patterns in few seasons at both RCP4.5 and 261 

8.5 scenarios, for instance, winter and autumn over the NE and SW regions, 262 

respectively. Generally, the downscaled GCMs suggest a relatively increasing spatial 263 

extent of projected drought in comparison with historical period. The primary source 264 
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of uncertainty in projected drought extent may be the model uncertainty before the 265 

late 2070s, after that future scenario uncertainty becomes significant. And great 266 

increases in drought extent at the RCP8.5 scenario in later half of the 21st century 267 

indicate that high emissions of greenhouse gases induced by human activity have 268 

remarkable influences on the future expansion of the arid areas in China. 269 

Corresponding results of drought extent characterized by SPI are illustrated in 270 

Figure 4. Visible differences of spatial extent drought appear between SPI and SPEI, 271 

since SPI only depends on the variability of precipitation compared to SPEI that 272 

reveals the impacts of temperature increases. Figure 4 shows that drought extent for 273 

SPI has no remarkable changes over time across the majority of subregions in China, 274 

even some appreciable decreases in drought extent at the both emission scenarios are 275 

projected over the SW region in summer and autumn.  276 

3.3 Trends of future drought intensity 277 

Figure 5 illustrates the negative trends in the future based on SPEI, which suggests 278 

the increasing intensity of drought. Results for RCP4.5 and RCP8.5 are shown in the 279 

left and right column, respectively. We only obtain negative trends, intensifying 280 

drought conditions, to have a better understanding of drying trends. In order to 281 

analyze accurate changes of drought trends, SPEI is computed for each of 21 GCMs 282 

and the mean trend is calculated using all 21 downscaled GCMs at every grid cell. 283 

Then the average variations of the SPEI per year during the period of 2006-2099 is 284 

plotted. It is important to note that a trend of -0.01 in Figure 5 for SPEI indicates that 285 

in 50 years (intermediate future) the mean value of the SPEI may decrease by 0.5 286 
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(-0.01×50), and also in 94 years (distant future) the mean value of the SPEI may 287 

decrease by 1.41 (-0.015×94), which is significant drought conditions with the given 288 

thresholds of -1, -1.5 and -2 suggesting moderate, severe and extreme drought 289 

conditions, respectively. Therefore, a decrease of -0.5 in SPEI value may worsen the 290 

category of drought events by one class. 291 

Trends in future droughts are generally consistent with the regional results of 292 

drought extent, with significant increasing droughts over most regions in China in 293 

addition to winter. Both of the concentration pathways of RCP4.5 and RCP8.5 exhibit 294 

similar spatial patterns of drought trends, while the magnitude of increasing droughts 295 

is more severe for RCP8.5, particularly in spring and summer. These suggest that 296 

climate change may have a significant impact on future increases in drought intensity 297 

across China. For summer, decreasing trends are estimated in most of China except 298 

for southwestern regions at both concentration pathways, and severe projected 299 

droughts are seen in the north and northwest China, indicating that more intense 300 

droughts are expected in summer over these regions. Furthermore, the critical drought 301 

conditions are found in western areas of northwest China, where a distinct negative 302 

trend of the intensity of drought conditions is detected for all seasons. The spatial 303 

pattern of negative trends in autumn is analogous with ones in summer, but with 304 

smaller changing magnitude, while no decreasing trends of drought intensity are seen 305 

over some regions of southwest China. Note that the spatial distribution of future 306 

drought trends in winter is distinguishing compared to other three seasons, with 307 

decreasing trends mainly located over central-east and south China, even though 308 
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significant negative trends are situated in far western China.  309 

The results of SPI trends are shown in Figure 6. Similar to Figure 5, we only show 310 

areas exhibiting decreasing SPI trends, which indicates increasing intensity of drought, 311 

to obtain a better understanding of future drying conditions. Unlike the projected 312 

changes in SPEI trends, most of China exhibits no negative trends in drought intensity, 313 

although exacerbated trends are also found in few subregions for RCP8.5. In autumn, 314 

comparing with trend results of SPEI in Figure 5, decreasing trends are located in far 315 

western China for both concentration pathways, while this trend pattern is not 316 

occurring in other seasons, excepting for RCP8.5 in summer (but no trends for 317 

RCP4.5). In winter, the SPI displays a negative trend in southeastern regions of China, 318 

where more significant trends are found for the high future emission scenarios 319 

(RCP8.5), these are approximately similar to patterns of SPEI trends with major 320 

decreasing trends of drought intensity situated over the southeast China. 321 

3.4 Drought frequency 322 

Changes in frequency of projected drought is another meaningful measurement 323 

criteria to understand the influence of climate change on future drought over the 324 

China in a warming climate. To address this issue, we compare the number of future 325 

projected drought events for 50-yr periods to the number of counterpart events during 326 

historical period. Future projections of drought events are calculated using the outputs 327 

of each downscaled GCM, and the mean frequency from 21 GCMs is considered. 328 

Consistent with aforementioned analyses, drought index that is less than or equal to-1 329 

and -0.8 is adopted for SPEI and SPI, respectively, to discern the number of drought 330 
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cases. Then the average number of future drought events is compared with those for 331 

historical drought events, and the spatial distribution of changes (future minus 332 

historical) is demonstrated in 50-yr time frame. These processes are conducted 333 

separately at each grid cell in every season. Figure 7 shows the results for SPEI at 334 

RCP8.5 emission scenarios during distant future period of 2050-2099. Because there 335 

is no spatial change (future minus historical) for SPI and in the intermediate period of 336 

2006-2055 for SPEI, they are omitted to be presented in this study.  337 

The increasing frequency of future drought events is found over the NC and NW 338 

regions for RCP8.5 scenario (right panel in Figure 7), particularly in summer and 339 

autumn. In spring, the substantial increases in frequency of drought events are mainly 340 

located over the Inner Mongolia and portions of Xinjiang. The majority of future 341 

frequent droughts situate in the western regions of west China and partial areas over 342 

the NC region as well as some intersection areas between NE and NW. The spatial 343 

distribution of increasing frequency of future drought events at the RCP8.5 scenario is 344 

in accordance with the spatial patterns of larger magnitudes of enhanced drought 345 

trends illustrated in the right panel of Figure 5. Little changes of projected drought 346 

frequency are seen across eastern and southeastern regions of China, except few areas 347 

in winter. For the intermediate mitigation scenario (left panel in Figure 7), the 348 

increase in number of projected SPEI drought events principally concentrates over the 349 

NW region in summer and autumn. Few locations with increasing drought frequency 350 

in spring are found in western regions of China, while there is no change of frequent 351 

droughts generated by SPEI at the RCP4.5 scenario in winter. Unlike those for 352 
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RCP8.5, no strongly similar patterns are found between drought frequency (left panel 353 

in Figure 7) and drought trends (left panel in Figure 5) for RCP4.5, even though the 354 

trends of future droughts are significant in Figure5.  355 

4 Discussion  356 

The discrepancies of climate are pronounced among different regions across the 357 

extensive territory in China. Consequently, the precipitation and temperature 358 

anomalies play different roles in detecting droughts over different areas, which is 359 

primarily resulting from different climate variability and magnitude of their variability 360 

(Chen and Sun, 2015). It is therefore difficult to investigate regional features of 361 

projected drought conditions, as the concurrent increase (decrease) of precipitation 362 

(temperature) may experience alterations of seasonal climate variables. And the 363 

considerable attention may be focusing on the issue about the role of contributions 364 

derived from relevant climate variables to future drought variations.  365 

Comparisons between SPI and SPEI projected results suggest that it is paramount 366 

importance of evapotranspiration induced by increasing temperature for aggravating 367 

future drought occurrence. Projected changes in SPI demonstrate that drought extent 368 

for SPI has mild variations, while slightly decline is seen in summer and winter over 369 

the SW region. Furthermore, little discrepancy is found between two emission 370 

scenarios. Changes in drought extent for SPEI is more remarkable compared to SPI. 371 

Substantial increases for SPEI are projected in most areas and seasons, only the NE 372 

region shows non-significant positive variations in winter. Moreover, the changes in 373 

intensity and frequency are more considerable between SPI and SPEI. The majority of 374 
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regions, based on SPEI, are expected to experience more aggravated drought events 375 

across China, although spatial distribution of trends with increasing drought in winter 376 

is different with ones in other seasons. While few areas are expected to be affected by 377 

aridity according to SPI.  378 

Both precipitation and PET are employed to calculate SPEI, and changes in any 379 

individual climate variable may give rise to variations in SPEI. It is therefore expected 380 

that precipitation and PET directly impact the changes in SPEI and temperature may 381 

influence the SPEI indirectly, even though temperature is adopted to compute PET as 382 

the primary variable. Dramatic escalation of projected drought conditions has be 383 

demonstrated in previous analyses, whereas the dominating cause leading to 384 

exacerbation of drought conditions is not clear, for instance, increases in seasonal 385 

temperature, changes in PET and decreases in rainfall amount. Because the climatic 386 

and drying characteristics are different among multiple areas in China, the principal 387 

cause may change from region to region. Thus, it is of paramount importance to 388 

investigate the relationship and influences of climate variables with aridity at regional 389 

scale. To better understand the major causes of variations in future aggravation of 390 

drought conditions, variations in seasonality of temperature, PET and precipitation 391 

from 21 GCMs are calculated during 50-yr periods of 2006-2055 and 2050-2099, 392 

which is in line with the changing periods of SPEI. Because the variations in drought 393 

frequency are more significant for RCP8.5 than those of RCP4.5, in this study, spatial 394 

correlation analyses for RCP8.5 are conducted using Spearman correlation test in 395 

every season to detect the linkages of changes between each variable and drought. 396 
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Figure 8 shows the spatial correlation between drought frequency and changes for 397 

each variable. Changes in precipitation are negatively correlated with the counterpart 398 

of drought, i.e., increasing rainfall will alleviate drying conditions. Changes in PET 399 

are positively correlated with drought frequency, i.e., increasing PET would reinforce 400 

the drought events. 401 

Different results illustrated in Figure 8 are distinct when assessing the spatial 402 

correlation across various regions. For example, over the SW region, changes in PET 403 

are highly correlated with variations in drought events in four seasons, especially in 404 

summer and autumn. While the correlation of changes between temperature and 405 

drought conditions is more significant during intermediate period (2006-2055) in 406 

comparison with distant period (2050-2099) for all seasons except autumn. In general, 407 

PET plays a crucial role to facilitate the increases in future drought frequency across 408 

NW region. In the NE and SE regions, precipitation variations have important impacts 409 

on droughts for most of the subregions and seasons except for winter over the NE 410 

region. And increases in PET are also the main cause resulting in the enhancement of 411 

drought events, in spite of being availability of significant effects from temperature in 412 

spring and winter across SE region. On the other hand, less significant spatial 413 

correlation between climate variables and projected drought events is found over the 414 

SW region compared to those in other subregions. However, drought is closely related 415 

to PET and temperature but not for precipitation in this region. The patterns of spatial 416 

correlation in the NC region is slightly similar to ones for the NW, and exhibit a high 417 

correlation with the amount of PET for summer and autumn. This is associated with 418 
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drought extent presented in Figure 3, the NW and NC regions show a substantial 419 

increase at the RCP8.5 future emission scenario in most seasons. 420 

Previous studies focusing on drying spells based on observation in China concluded 421 

that drought had become more severe and frequent in China during the past decades, 422 

particularly over the NC, NE and NW regions. Moreover, the precipitation and 423 

temperature perturbations exhibited different roles in modulating the changes in 424 

drought evens (Yu et al., 2014; Chen and Sun, 2015). Two recent works analyzed the 425 

drought projection at national scale and claimed that most regions of China were 426 

projected to become dryer as a result of increasing PET, and annual drought duration 427 

would become longer over the NW region at the RCP8.5 scenario (Wang and Chen, 428 

2014; Liang et al., 2017). Nevertheless, both of these studies used outputs of CMIP5 429 

and PDSI, which is limited to analyze seasonal variability of future drought 430 

conditions. In this study, we investigate the changes in future drought in China by 431 

utilizing SPEI, which has advantages in analyzing seasonal aridity. More importantly, 432 

we use the state-of-the-art downscaled dataset with high resolution to detect the 433 

projections of droughts, and the bias correction has been conducted with observation 434 

in comparison with the raw outputs of CMIP5. 435 

5 Summary and conclusions 436 

Effects of climate change on drought conditions will vary in global scope and from 437 

location to location, while it is extraordinarily pronounced implications to China. 438 

China is vulnerable to climate change on account of its insufficient arable land, 439 

confluence of the huge population and economic underdevelopment. It is therefore of 440 
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particular importance to evaluate the impacts of climate change to future drought 441 

variability. In this study, we investigate drought projections across China using 21 442 

downscaled CMIP5 GCMs with fine resolution. All the 21 available models are 443 

employed during 1961-2099 at both moderate (RCP4.5) and high (RCP8.5) 444 

concentration pathways. Space-time characteristics of future drought are analyzed 445 

with SPEI and SPI according to seasonal accumulation period. 446 

Results show that climate change is expected to reinforce the intensity and spatial 447 

extent of drought conditions for most of regions and seasons in China. The projected 448 

results show considerable differences between SPEI and SPI, since temperature 449 

changes have substantial influences on drought properties, especially in warm seasons 450 

(Sherwood and Fu, 2014). Drought extent exhibits mild variations for SPI, while 451 

significant increases for SPEI. However, the spatial extent of drought is substantially 452 

similar for both RCP4.5 and RCP8.5 before the late 2070s, suggesting that different 453 

emission scenarios do not result in significantly different variations in drought area in 454 

the early and mid-21st century, while drought extent increases dramatically after 455 

2070s over most regions at both emission scenarios, particularly for RCP8.5. 456 

Significant increases in frequency and intensity of drought are mainly situated over 457 

the NE and NW regions in spring, summer and autumn, except for the SE region in 458 

winter. Comprehensive assessment of the major causes contributing to the variability 459 

of drought indicate that considerable aggravation of drought attribute is projected to 460 

the increases in PET over the NW and NC regions. The NE region exhibits relatively 461 

large uncertainty of drought extent coupled with increasing drought intensity in 462 
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addition to winter, where the exacerbating drought conditions are expected to 463 

precipitation changes. The contributions of changes in precipitation and PET to 464 

drought events are less significant over the SW region compared to other regions. In 465 

short, regional precipitation deficits and warming conditions collectively characterize 466 

changes in future drought events. 467 

Overall, drought is projected to be more frequent and severe in China, especially 468 

for RCP8.5 scenario. And the global warming will continue at global scale (Stocker et 469 

al., 2013), thus, climate change is going to reinforce considerable effects on the 470 

attributes of droughts in the future. Such dramatic increases in droughts driven by 471 

climate change would cause substantial influences on agricultural, socioeconomic and 472 

hydrological sectors, and also present remarkable adaptation challenges. Our results 473 

have meaningful implications for providing useful information to stakeholders to 474 

better understand impacts of climate change on regional drought conditions. In 475 

addition, changes in onset and duration of future drought, rather than the drought 476 

extent and frequency presented in this study are also of great importance requiring 477 

further consideration and research. 478 
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Figures Captions 

Fig 1. Five subregions in China. NW: northwest China (35-50°N, 73-105°E), SW: 

southwest China (20-35°N, 75-105°E), NE: northeast China (42-55°N, 105-135°E), 

NC: northern China (33-42°N, 105-135°E), and SE: southeast China (17-33°N, 

105-125°E). 

Fig 2. Comparison of mean precipitation and potential evapotranspiration (P-PET) 

from 1961-2005 for observation (left panel) and NEX-GDDP (right panel). Black dots 

indicate significant values at 95% confidence level. 

Fig 3. Spatial extent for future drought in the five subregions in China based on 

3-month SPEI. 

Fig 4. The same as Fig 3. But for SPI. 

Fig 5. Long-term trends of drought during the period of 2006-2099 based on 3-month 

SPEI. Note that a trend with -0.01 for SPEI denotes that in 50 years, the mean value 

of SPEI will decrease by 0.5 (-0.01×50), this is significant for the given thresholds of 

-1, -1.5 and -2, which represents moderate, severe and extreme drought, respectively. 

Black dots indicate that trend significance exceeds the 95% confidence level. 

Fig 6. The same as Fig 5. But for SPI. 

Fig 7. Changes in the number of drought events based on 3-month SPEI for RCP4.5 

(left panel) and RCP8.5 (right panel). 

Fig 8. Spatial correlation between the variations in the number of SPEI drought events 

and changes in the climate variables during the 50-yr future periods for the RCP8.5 

scenario. 
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Fig 1. Five subregions in China. NW: northwest China (35-50°N, 73-105°E), SW: 

southwest China (20-35°N, 75-105°E), NE: northeast China (42-55°N, 105-135°E), 

NC: northern China (33-42°N, 105-135°E), and SE: southeast China (17-33°N, 

105-125°E). 
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Fig 2. Comparison of mean precipitation and potential evapotranspiration (P-PET) 

from 1961-2005 for observation (left panel) and NEX-GDDP (right panel). Black dots 

indicate significant values at 95% confidence level. 
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Fig 3. Spatial extent for future drought in the five subregions in China based on 

3-month SPEI. 
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Fig 4. The same as Fig 3. But for SPI. 
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Fig 5. Long-term trends of drought during the period of 2006-2099 based on 3-month 

SPEI. Note that a trend with -0.01 for SPEI denotes that in 50 years, the mean value 

of SPEI will decrease by 0.5 (-0.01×50), this is significant for the given thresholds of 

-1, -1.5 and -2, which represents moderate, severe and extreme drought, respectively. 

Black dots indicate that trend significance exceeds the 95% confidence level. 
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Fig 6. The same as Fig 5. But for SPI. 

 



8 
 

 

 

 

Fig 7. Changes in the number of drought events based on 3-month SPEI for RCP4.5 

(left panel) and RCP8.5 (right panel). 
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Fig 8. Spatial correlation between the variations in the number of SPEI drought events 

and changes in the climate variables during the 50-yr future periods for the RCP8.5 

scenario. 
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Table S1. 21 GCMs used in this study and their characteristics 

No. Model Center 

Original 
resolution 

(Lat× 
Lon)a 

No. of 
atmospheric 

levels 
Type 

1 ACCESS1-0 

Commonwealth Scientifc 
and Industrial Research 
Organization/Bureau of 
Meteorology, Australia 

1.875 × 
1.25 

38 AO 

2 BCC-CSM1-1 
Beijing Climate Center, 
China Meteorological 
Administration, China 

2.8 × 2.8 26 ESM 

3 BNU-ESM 

College of Global 
Change and Earth 
System Science, Beijing 
Normal University, 
China 

2.8 × 2.8 26 ESM 

4 CanESM2 
Canadian Centre for 
Climate Modeling and 
Analysis, Canada 

2.8 × 2.8 35 ESM 

5 CCSM4 
National Center for 
Atmospheric Research, 
United States 

1.25 × 
0.94 

26 AO 

6 CESM1-BGC 

Community Earth 
System Model 
Contributors [National 
Science Foundation 
(NSF), DOE, and 
NCAR] 

1.4 × 1.4 26 AO 

7 CNRM-CM5 
National Centre for 
Meteorological 
Research, France 

1.4 × 1.4 31 AO 

8 CSIRO-MK3-6-0 

Commonwealth Scientifc 
and Industrial Research 
Organization/Queensland 
Climate Change Centre 
of Excellence, Australia 

1.8 × 1.8 18 AO 

9 GFDL-CM3 
NOAA/Geophysical 
Fluid Dynamics 
Laboratory, United States 

2.5 × 2.0 48 AO 

10 GFDL-ESM2G 
NOAA/Geophysical 
Fluid Dynamics 
Laboratory, United States 

2.5 × 2.0 48 ESM 
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11 GFDL-ESM2M 
NOAA/Geophysical 
Fluid Dynamics 
Laboratory, United States 

2.5 × 2.0 48 ESM 

12 INMCM4 
Institute for Numerical 
Mathematics, Russia 

2 × 1.5 21 AO 

13 IPSL-CM5A-LR 
L’Institut Pierre-Simon 
Laplace, France 

3.75 × 1.8 39 ChemESM 

14 IPSL-CM5A-MR 
L’Institut Pierre-Simon 
Laplace, France 

2.5 × 1.25 39 ChemESM 

15 MIROC-ESM 

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

2.8 × 2.8 80 ESM 

16 MIROC-ESM-CHEM 

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

2.8 × 2.8 80 ChemESM 

17 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 × 1.4 40 AO 

18 MPI-ESM-LR 
Max Planck Institute for 
Meteorology, Germany 

1.9 × 1.9 47 ESM 

19 MPI-ESM-MR 
Max Planck Institute for 
Meteorology, Germany 

1.9 × 1.9 95 ESM 

20 MRI-CGCM3 
Meteorological Research 
Institute, Japan 

1.1 × 1.1 48 AO 

21 NorESM1-M 
Norwegian Climate 
Center, Norway 

2.5 × 1.9 26 ESM 

aAll GCMs used are statistically downscaled to 0.25∘ resolution. 
AO, coupled atmospheric-ocean model; ESM, Earth system model; ChemESM, atmospheric 
chemistry coupled with ESM models. 


