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Abstract: East-Central Asia is one of the most vulnerable and sensitive regions to climate
change, and the variability of extreme precipitation attracts great attention due to the
large population and the importance of its economy. Here, three special runs with the
Community Earth System Model (CESM) are used to project the changes in
representative extreme precipitation indices (Rx1day, Rx5day, R95p, SDII) over East-
Central Asia under the 1.5°C and 2°C Paris Agreement limits. The results indicate that
Rx1day and Rx5day will increase by 28% and 15%, respectively, under the 1.5°C
warming level relative to the historical period (1971-2000). Most areas over East-
Central Asia are projected to experience an accelerated increase in response to a
further 0.5°C warming. Specifically, humid areas (HAs) are projected to experience a
greater increase in R95p annual days and area fraction, whereas arid and semiarid
areas (ASAs) may have three times higher risks. The proportion of extreme
precipitation in total will increase ~10% in most HAs in response to the 0.5°C additional
warming. Holding global warming at 1.5°C instead of 2°C reduces the occurrence of
R95p annual days by ~three days/year in humid areas and ~one day/year in ASAs. For
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SDII, most HAs will experience 0.2-0.6 mm/day and 0.2-0.4 mm/day increases in 1.5°C
or 2°C warming limits, especially in Southeast China and the Himalayas. Therefore,
limiting global warming to under 1.5°C is beneficial to reducing the occurrence and
associated impact of precipitation extremes in East-Central Asia.
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Abstract 26 

East-Central Asia is one of the most vulnerable and sensitive regions to climate 27 

change, and the variability of extreme precipitation attracts great attention due to the 28 

large population and the importance of its economy. Here, three special runs with the 29 

Community Earth System Model (CESM) are used to project the changes in 30 

representative extreme precipitation indices (Rx1day, Rx5day, R95p, SDII) over 31 

East-Central Asia under the 1.5°C and 2°C Paris Agreement limits. The results 32 

indicate that Rx1day and Rx5day will increase by 28% and 15%, respectively, under 33 

the 1.5°C warming level relative to the historical period (1971-2000). Most areas over 34 

East-Central Asia are projected to experience an accelerated increase in response to a 35 

further 0.5°C warming. Specifically, humid areas (HAs) are projected to experience a 36 

greater increase in R95p annual days and area fraction, whereas arid and semiarid 37 

areas (ASAs) may have three times higher risks. The proportion of extreme 38 

precipitation in total will increase ~10% in most HAs in response to the 0.5°C 39 

additional warming. Holding global warming at 1.5°C instead of 2°C reduces the 40 

occurrence of R95p annual days by ~three days/year in humid areas and ~one 41 

day/year in ASAs. For SDII, most HAs will experience 0.2-0.6 mm/day and 0.2-0.4 42 

mm/day increases in 1.5°C or 2°C warming limits, especially in Southeast China and 43 

the Himalayas. Therefore, limiting global warming to under 1.5°C is beneficial to 44 

reducing the occurrence and associated impact of precipitation extremes in 45 

East-Central Asia. 46 

Keywords: extreme precipitation, 1.5°C and 2°C warming limits, East-Central Asia, 47 

arid and semiarid areas, humid areas48 
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Introduction 49 

As a meteorological phenomenon, extreme precipitation is responsible for many 50 

catastrophes and often causes disasters such as floods, which have great impacts on 51 

economic development, social stability and people’s livelihoods (Orlowsky and 52 

Seneviratne, 2012; Yang et al., 2013; Scherrer et al., 2016). For instance, prolonged 53 

heavy precipitation led to the worst flooding in Pakistan’s history in 2010, resulting in 54 

nearly 3,000 deaths and affecting 20 million people. In Nara Prefecture of Japan, the 55 

72-hour rainfall record was broken in 2011, and that event resulted in 73 deaths and 56 

20 missing (Coumou and Rahmstorf, 2012). It is crucial that the understanding of 57 

extreme precipitation changes be improved to better prepare, adapt and mitigate the 58 

impacts of future events as the climate changes.  59 

Due to the effect of land-sea thermal differences and human activities, 60 

East-Central Asia (10°-55°N, 60°-150°E) is one of the world’s most vulnerable 61 

regions to extreme precipitation and its consequences (Zhai et al., 2005; Ren and 62 

Zhou, 2014; Zhao et al., 2015; Lin et al., 2016; Guan et al., 2017; Zhou et al., 2018). 63 

Given the impacts of precipitation extremes, such extremes have become a topic of 64 

interest in recent years, with efforts to improve the understanding of historic changes 65 

and future projections especially prominent (Alexander et al., 2006; Kharin et al., 66 

2013; Sillmann et al., 2013a; Sillmann et al., 2013b). Since the Paris Agreement set a 67 

goal for limiting global warming below 2°C and preferentially to 1.5°C relative to 68 

pre-industrial levels, the variation in extreme climate conditions under future warming 69 

scenarios has also become an area of active research (Zhou and Chen, 2015; Chen and 70 

Sun, 2018; Dosio and Fischer, 2018; Li et al., 2018; Wei et al., 2019). Lin et al. (2018) 71 

indicated that the average precipitation in China will increase by 11.6% (1.5°C) and 72 

13.3% (2°C) based on 1976-2005. Chen and Sun (2017) pointed out that human 73 

influence will cause half of the occurrence probability increase of severe extremes in 74 

China. Zhang et al. (2018) indicated that 0.5°C further warming would aggravate 75 

areal and population exposures to once-in-20-year extreme precipitation events by 25% 76 

in East Asia. Kusunoki pointed out that almost all eastern China areas are projected to 77 
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experience more precipitation during 2079 to 2099. Other studies have also pointed 78 

out that continued global temperature increases are projected to induce more extreme 79 

precipitation events in the future (Endo et al., 2017; Wang et al., 2017). There are 80 

several methods that can be used to form projections for climate extremes in different 81 

warmer worlds (e.g., the Coupled Model Intercomparison Project phase 5 (CMIP5) 82 

time-sampling and prescribed sea surface temperature (SST) simulations) (Mitchell et 83 

al., 2016; Schleussner et al., 2016; King et al., 2017). CMIP5 time sampling may 84 

utilize all four representative concentration pathways (RCPs) to generate a large 85 

sample of model years, but these are based on transient climates for low-end global 86 

warming limits, such as 1.5°C and 2°C. Atmosphere-only model simulations use 87 

prescribed SSTs, representing the recent period but with additional warming, to 88 

project future climates. However, there is an assumption that the recent period is 89 

representative of current climate variability and that coupled processes are not 90 

important to the extreme being investigated (Fischer et al., 2018). Here, we utilized 91 

three Community Earth System Model (CESM) experiments to analyze the 92 

spatiotemporal difference between the 1.5°C and 2°C warming limits and the recent 93 

historical period (Sanderson et al., 2017; Zhang et al., 2019). To our knowledge, 94 

research on East-Central Asia extreme precipitation predictions using CESM 1.5°C 95 

and 2°C low warming runs (LWR) is scarce. 96 

Precipitation in East-Central Asia is distributed unevenly owing to the influence 97 

of the monsoon and warm moist air from the ocean (Li et al., 2016; Xing et al., 2016). 98 

Monsoon areas have abundant precipitation, while inland areas, where there is a 99 

relative lack of water vapor source, have little precipitation but high potential 100 

evapotranspiration. This difference in the mean climate state and interannual 101 

variability in the monsoon poses a challenge to water supply management (Huang et 102 

al., 2016a; Huang et al., 2017). The difference in background climate state and in 103 

precipitation extremes between these regions makes it necessary to analyze them 104 

separately. Thus, to be more precise and objective, we divide East-Central Asia into 105 

two subparts based on the aridity index (AI): humid areas (HAs) and arid and 106 

semiarid areas (ASAs). ASAs are defined as regions with an AI less than 0.65 107 
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(Middleton and Thomas, 1997). We utilized the AI provided by Feng and Fu (2013) 108 

and calculated for the historical period as a basis for the dry-wet division. For more 109 

details about the AI, please refer to (Scheff and Frierson, 2014; Huang et al., 2016b). 110 

In this paper, we compare and analyze four relevant and widely used extreme 111 

precipitation indices (Rx1day, Rx5day, R95p and SDII) (Karl et al., 1999; Peterson et 112 

al., 2001) and try to answer the following three questions: (1) Will a remarkable 113 

difference appear in East-Central Asia under a 1.5°C or 2°C global warming future? 114 

(2) What is the difference due to a further 0.5°C warming? (3) Are there differences in 115 

projections for ASAs and HAs?116 
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2. Data and Methods 117 

2.1 Model data 118 

We used the fully coupled climate model CESM released by the National Center 119 

for Atmospheric Research (NCAR) for our analysis of extreme precipitation 120 

projections under 1.5°C and 2°C global warming limits (Hurrell et al., 2013). The 121 

CESM LWR comprises a 10-member ensemble for 1.5°C and 2°C scenarios called 122 

1pt5 and 2pt, respectively (Kay et al., 2015; Sanderson et al., 2016). By setting the 123 

radiative forcing of greenhouse gases, the global mean temperature relative to  124 

pre-industrial levels would rise monotonically to 1.5°C (2°C) by 2090-2100 under 125 

LWR 1pt5 (2pt) scenarios. We also used RCP4.5 and RCP8.5 to provide further 126 

comparisons. The number of runs in the CESM models under the RCP4.5 scenarios is 127 

15, and under the RCP8.5 scenarios, it is 30. Under RCPs, we define the 1.5°C (2°C) 128 

global warming level as the 11-year window based on the centers of chosen years 129 

(RCP4.5 and RCP8.5) when the 11-year mean temperature rise to 1.5°C (2°C) relative 130 

to pre-industrial levels. Therefore, the CESM LWR scenario represents the 131 

equilibrium climate response while the RCPs represent transient climate response 132 

scenarios. The equilibrium climate response scenario means that the average global 133 

warming will stabilize at 1.5°C or 2°C by the end of the 21st century. Moreover, the 134 

carbon dioxide equivalence emission is matched with global temperature rises. For 135 

transient climate responses, such as RCP4.5 and RCP8.5, the global mean temperature 136 

would pass through 1.5°C or 2°C, and the final increase exceeds these two warming 137 

limits. This response might overestimate the temperature increase and cause some 138 

related influence. The dynamic and thermodynamic systems of climate model 139 

simulation are not in equilibrium. Based on the climate model work principle, the 140 

equilibrium response scenario is considered more acceptable than the transient one. 141 

More details about CESM experiments can be found in Sanderson et al. (2017). 142 

 143 

2.2 Extreme precipitation indices 144 

Four extreme precipitation indices defined by the Expert Team for Climate 145 
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Change Detection Monitoring and Indices (ETCCDI) were selected for analysis of the 146 

changes in extreme precipitation events in warmer futures (Perkins et al., 2012; Donat 147 

et al., 2013; Perkins and Alexander, 2013). Further details of the four selected extreme 148 

precipitation indices are provided in Table 1. 149 

 150 

Table 1: Core set of four selected extreme indices recommended by the ETCCDI. 151 

Label Name Definition Units 

RX1day 

Maximum 1 day 

precipitation 

Let PRij be the daily precipitation amount on day i in period j. 

The maximum 1-day value for period j are 

)max(1 ijj PRdayRX    

It should be noted that the annual values are average monthly 

values. 

mm 

RX5day 

Maximum consecutive 

5 days precipitation 

Let PRkj be the precipitation amount for the 5-day interval 

ending k, period j. Then, maximum 5-day values for period j are 

)max(5 kjj PRdayRX   

It should be noted that the annual values are average monthly 

values. 

mm 

R95p 

Annual total 

precipitation in very 

wet days 

Let PRwj be the daily precipitation amount on a wet day w in 

period i and let PRwn95 be the 95th percentile of precipitation 

on wet days in the 1971-2000 period. If W represents the 

number of wet days in the period, then  


W

w wjpj PRR
1

95

( 95wnwj PRPR  ) 

mm 

SDII Simple daily intensity 

Let PRwj be the daily precipitation amount on wet days, PR > = 

1 mm in period j. If W represents number of wet days in j, then: 

 WPRSDII
W

w wjj /)(
1 

  

mm/da

y 

 152 

Rx1day and Rx5day are probably related to specific and possibly 153 

meteorologically distinct extreme precipitation events. R95p is useful in reflecting the 154 

absolute value change in total annual extreme precipitation. SDII is used to measure 155 

the intensity of precipitation on wet days. Together, these indices are useful in 156 

extending our understanding of the changing likelihood of extreme precipitation under 157 

1.5°C and 2°C warming limits. 158 
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 159 

2.3 Probability ratio 160 

The probability ratio (PR) is a metric to measure the probability of a specific 161 

event having changed. The formula and method come from the epidemiological field. 162 

Since being introduced to the climate change study area, PR has been used to detect 163 

the risk of the events occurring. The PR as a detection and attribution method 164 

represents the extent to which external forcing, such as global warming and the 165 

overall anthropogenic influence on the climate, affect extreme precipitation events 166 

(Fischer and Knutti, 2015). The formula used is as shown in (1). 167 

                     PR = P1 / P0                                 (1) 168 

Here, P0 refers to the extreme precipitation indices in a historical period (note 169 

that this is different from many event attribution studies, where an approximation for 170 

a pre-industrial climate is represented by P0) and P1 represents the probability of the 171 

event under a 1.5°C or 2°C warming future. The PR statistic can be considered an 172 

indicator for the change in the probability of the extreme precipitation indices: the 173 

reference value is 1.0, which would mean future likelihoods are the same as now. If 174 

PR>1.0, the occurrence (for Rx1day and Rx5day) or intensity (for R95p and SDII) of 175 

precipitation extremes will increase, and vice versa (Stone and Allen, 2005).176 
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3. Results 177 

3.1 Spatiotemporal change in the four indices 178 

For Rx1day under 1.5°C global warming, an obvious dividing line could be 179 

found in all four experiments (Figure 1-4). It is worth mentioning that this boundary 180 

also separates ASAs from HAs. Southeast China and the Himalayas witness a rise of 181 

over 2 mm, based on the CESM LWR simulations, while the rest of the HAs 182 

experience a projected increase of 1-2 mm in a 1.5°C world (Figure 1(a)). The spatial 183 

patterns of RCP4.5 and RCP8.5 are similar to that in LWR. Nevertheless, the absolute 184 

increase in Southeast China is lower in the RCPs than in the LWR simulations (Figure 185 

1(c)(e)). There is consistency between Rx1day and Rx5day projections in their spatial 186 

pattern. There is a projected increase in Rx5day of over 6 mm in Southeast China and 187 

the Himalayas according to LWR, three times as much as for Rx1day (Figure 2(a)). 188 

The R95p index is projected to increase by over 200 mm under 1.5°C global warming, 189 

such that a larger portion of the total annual precipitation in HAs, such as Southeast 190 

China and the Himalayas, is due to extreme rainfall (Figure 3(a)). Likewise, RCP4.5 191 

and RCP8.5 in Rx5day and R95p increase less compared with the LWR simulations 192 

(Figure 2(c)(e) and Figure 3(c)(e)). SDII represents the simple daily intensity of 193 

precipitation on wet days. If SDII increases in the future, the risk for extreme 194 

precipitation will be higher. From Figure 4, we can see that most HAs are projected to 195 

experience a 0.5 mm/day increase under 1.5°C relative to the historical period, 196 

whereas SDII in North India will decrease by approximately 0.5 mm/day (Figure 197 

4(a)(c)(e)). 198 

For a further 0.5°C warming in Rx1day, some regions (Southeast China and the 199 

Himalayas) still experience a modest increase of approximately 0.5-1 mm (Figure 200 

1(b)). Additionally, the difference in spatial pattern between the LWR and the other 201 

two experiments narrows (Figure 1(d)(f)). Some regions, such as North China, North 202 

India and Pakistan, near the dry-wet transition zone, are simulated to experience a 203 

projected minor decrease in Rx1day. In these regions, increases in temperature and 204 

extreme precipitation are not positively related. This phenomenon might be induced 205 
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by hydrologic cycle issues in the CESM. North India and Pakistan are located in the 206 

subtropical ASAs, which belongs to the sink branch of the Hadley circulation. An 207 

additional 0.5°C warming from 1.5°C to 2°C is likely to cause more moisture 208 

divergence and then moisture content reduction (Zhang et al., 2019). Thus, North 209 

India and Pakistan are projected to see decreasing trends in some extreme 210 

precipitation indices. The same phenomenon also occurs in Rx5day, but the amplitude 211 

is twice as high as that for Rx1day (Figure 2(b)(d)(f)). Figure 3(b)(d)(f) illustrates that 212 

a further 0.5°C warming is associated with an almost 100 mm increase in R95p in 213 

most HAs, illustrating a substantial benefit of keeping global warming to the more 214 

ambitious 1.5°C Paris limit. Compared with the 200 mm rise under the 1.5°C scenario 215 

relative to the historical period, a sharp acceleration appears in the 2°C target relative 216 

to the 1.5°C target. The increasing or decreasing tendency of SDII is still maintained 217 

in the mentioned areas (Figure 4(b)(d)(f)). 218 

The spatiotemporal change in percentage is different from that in absolute value 219 

mentioned before (Figures S1-S4). The change in the absolute value of extreme 220 

precipitation in ASAs is relatively small compared with that in HAs. However, under 221 

the 1.5°C and 2°C warming futures, there will be a sharp increase in the extreme 222 

precipitation percentage in most ASAs. The specific increases in ASAs in Rx1day, 223 

Rx5day, R95p and SDII under 1.5°C relative to the historical period are 20-40%, 224 

10-30%, 100-200% and 5-15%, respectively. The additional 0.5°C warming provides 225 

a further 5-10% increase in both Rx1day and Rx5day. For R95p, the average increase 226 

is 30-50%. SDII in most ASAs is projected to experience a 2-4% increase, although 227 

North India and Pakistan will witness a slight decrease. In summary, most ASAs may 228 

experience more extreme precipitation events in the warming future. 229 

 230 

3.2 Probability ratio change in Rx1day and Rx5day 231 

The absolute value changes in extreme precipitation under the 1.5°C and 2°C 232 

warming limits show how rainfall extremes are projected to alter in the future, but PR 233 

values provide likelihood changes in extremes that help inform decision-making. 234 

Figure 5 shows the statistical distribution of PR values by gridbox in Rx1day and 235 
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Rx5day under the 1.5°C and 2°C global warming limits relative to the historical 236 

period. According to Figure 5(a)-(b), only 5% of all grid points see a decrease in 237 

Rx1day, and the rest of the area is projected to experience increases in this index, 238 

especially for the changes higher than the 90th percentile, which rise at a higher rate. 239 

For Rx5day, the proportion of all grid points that experience a PR below one increases 240 

from 5% to 10%. This is unsurprising given that Rx5day is a less extreme rainfall 241 

index than Rx1day and tends to exhibit behavior more similar to the mean. As shown 242 

in Figure 5, there is almost no distinction between the 1.5°C and 2°C representative 243 

lines when considering the same experiment. However, obvious differences appear 244 

between the three experiments (LWR, RCP4.5, RCP8.5). The CESM LWR simulation 245 

rises at the highest rate, followed by RCP4.5, and RCP8.5 presents the lowest rate. 246 

The increase in the indices at high percentiles is higher in the LWR simulations than 247 

under the RCPs. This indicates that the influence might be different between transient 248 

and quasi-equilibrium simulations. ASAs are projected to experience greater relative 249 

increases in the upper tail for these indices than HAs. This suggests that ASAs may 250 

need to prepare for greater risks from extreme precipitation events under global 251 

warming.  252 

For 1.5°C relative to the historical period, greater PR values are simulated in 253 

East-Central Asia (with PR in most regions of 1.0-1.5) (Figure 6(a)(c)(e)). There is no 254 

monotonic increase in Rx1day under a further 0.5°C warming. Central Asia and North 255 

India, which are projected to experience substantial increases in precipitation 256 

extremes under warming to 1.5°C, are projected to experience slight decreases 257 

between 1.5°C and 2°C global warming. This again illustrates that warming and 258 

precipitation increases are not simply positively correlated. However, most regions 259 

still show positive correlations between temperature and extreme precipitation 260 

changes (Figure 6(b)(d)(f)). The spatial pattern of Rx5day is similar to that of Rx1day 261 

but with smaller PR values (Figure 7). 262 

 263 

3.3 Further changes in R95p  264 

In general, the higher the extreme precipitation proportion, the greater the 265 
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probability risks. Figure 8 provides the changes in R95p as a percentage of total 266 

precipitation, and we see that the increases in magnitude exceed 10% in HAs (Figure 267 

8(a)). Under RCP4.5 and RCP 8.5, Southeast China and the Himalayas also 268 

experience increases in the proportion of extreme precipitation, but these are lower 269 

than those projected by the LWR. Other HAs have less obvious variation in R95p 270 

changes under the RCPs compared with the results of the LWR (Figure 8(c)(e)). 271 

Likewise, there is little change in ASAs based on the three experiments. Increasing 272 

warming by 0.5°C appears to be a double-edged sword that would cause some regions 273 

(Southeast China and the Himalayas) to experience increased extreme precipitation 274 

and other regions (North China and North India) to experience spatially 275 

inhomogeneous changes and perhaps even decreases (Figure 8(b)(d)(f)).  276 

We use the R95p annual days change to describe the variation intensity and R95p 277 

area fraction change for the variation range. R95p annual days means the count of 278 

total annual days that meet the definition of R95p. The R95p area fraction indicates 279 

the variation of the R95p percentage shift to positive or negative. Under the 280 

background of extreme precipitation increasing, R95p annual days in HAs increase by 281 

10.8 days, 3.8 days, and 1.5 days in the 1.5°C limits and increase by 13.1 days, 8.4 282 

days, and 4.2 days in the 2°C limits according to LWR, RCP4.5 and RCP8.5, 283 

respectively. Coincident with spatial pattern changes, the annual day variation in 284 

ASAs is not obvious (Table S1). From the perspective of the R95p area fraction, R95p 285 

in most of HAs is projected to see increases both under the 1.5°C and the 2°C 286 

warming limits. In contrast, only half of ASAs are expected to witness more R95p, 287 

and the proportion of R95p in ASAs increases only slightly under 0.5°C further 288 

warming (Table S2).  289 
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4. The mechanisms and uncertainty of the results 290 

From the CESM model’s extreme precipitation prediction results, we can 291 

conclude that along with the mean temperature increase, the extreme precipitation 292 

response is uneven in different areas. In the 1.5°C and 2°C warming future, ASAs will 293 

tend to experience a greater mean temperature increase than HAs due to the 294 

differences in vegetation cover, types of clouds and anthropogenic aerosols (Huang et 295 

al., 2017). The lower vegetation cover in ASAs leads to lower transpiration rates, 296 

resulting in higher surface air temperatures. The thick low clouds in HAs can 297 

effectively reflect shortwave sunlight, and their low cloud tops result in limited 298 

longwave warming effects. In contrast, most cirrus clouds in ASAs reflect less 299 

sunlight to the top atmosphere but absorb more atmospheric counter radiation, leading 300 

to a sharp regional temperature increase. Moreover, anthropogenic aerosols, which are 301 

likely to cool down the surface, are less abundant in ASAs than in HAs. Thus, due to 302 

the intensifying warming effect, the ASAs will bear higher extreme precipitation 303 

event risks, and the extreme precipitation percentage variation changes in most ASAs 304 

are projected to be higher than those in the HAs. For the hydrologic cycle, HAs are 305 

likely to witness more increases in moisture convergence and then more total 306 

precipitation, while the moisture divergence in ASAs is anomalous (Zhang et al., 307 

2019). More base precipitation and moisture convergence in the warmer world drive 308 

HAs to experience more total extreme precipitation increases. 309 

The CESM is released by NCAR and consists of several component models and 310 

a coupler. Each module is independent, and modules are connected by a coupler (Kay 311 

et al., 2015). Although that design may reduce model errors as much as possible, it 312 

still has some internal errors that are hard to eliminate because of the simulation 313 

deviation of the model from the actual atmospheric motion state and errors in 314 

coupling. Moreover, some physical processes, parameterized schemes and dynamic 315 

frameworks must be constantly improved. The CESM LWR begins from a slightly 316 

different initial atmospheric state (created by randomly perturbing temperatures at the 317 

level of round-off error). However, there are still some differences among those runs 318 
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considering extreme precipitation indices. RCP4.5 and RCP8.5 are transient scenarios, 319 

and the response to 1.5°C or 2°C warming limits is not in equilibrium. This will result 320 

in some overestimation of the temperature increase and cause some related influence, 321 

as mentioned in the model data. Despite these problems, the CESM three special runs 322 

used in our paper reveal that extreme precipitation will increase regardless of intensity 323 

or occurrence under the background of global warming in the future. This is in line 324 

with most other climate models and our knowledge. To better understand the reason 325 

for these uneven changes and their underlying physical mechanisms, more specific 326 

global and regional climate models need to be tested in further studies. 327 
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5. Summary and Conclusions 328 

We utilized four climate prediction experiments from CESM to investigate 329 

changes in extreme precipitation under the 1.5°C and 2°C global warming limits over 330 

East-Central Asia. Under the 1.5°C warming limits, extreme precipitation is projected 331 

to increase in almost all regions, especially in Southeast China and the Himalayas. 332 

With a further 0.5°C warming, most regions are projected to experience a further 333 

increase in extreme precipitation, although it is not a linear increase. Overall, there 334 

will be more extreme precipitation over East-Central Asia under global warming.  335 

According to the LWR, Southeast China and the Himalayas will witness over 2 336 

mm and 6 mm increases in Rx1day and Rx5day in the 1.5°C warming future, 337 

respectively. However, RCP4.5 and RCP8.5 suggest only a slight increase (perhaps 338 

due to a difference between transient and quasi-equilibrium responses). For the 2°C 339 

limit relative to 1.5°C, the response of HAs to temperature rise is almost positive, 340 

while some ASAs, such as North India, North China, and Northeast Mongolia, 341 

indicate a moderate decrease.  342 

The PR of Rx1day and Rx5day will grow exponentially with increasing 343 

percentile thresholds, indicating that the most intense extreme precipitation events 344 

will occur more frequently in the warming future. It is worth mentioning that the 345 

slope of PR in ASAs will be greater than that in HAs, which means a higher relative 346 

increase in risk. Considering that ASAs are less resistant and more vulnerable to 347 

storms and floods, extreme precipitation events may cause more disasters here unless 348 

adequate adaptation plans are put in place.  349 

There is projected to be an over 200-mm increase in the amplitude of R95p in a 350 

1.5°C future and a further 100-mm increase in 2°C relative to 1.5°C in Southeast 351 

China and the Himalayas. The proportion of R95p in total precipitation will also 352 

have a modest increase of approximately 10%-20% in the regions previously 353 

mentioned. Nevertheless, ASAs are expected to experience spatially inhomogeneous 354 

changes in the contribution of extreme precipitation to total precipitation. This 355 

difference is also reflected in the changes in R95p annual days and the percentage of 356 
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R95p area. Approximately a 5-day increase under 1.5°C and an 8-day increase under 357 

2°C are expected to appear in HAs. Half of the ASAs locations are expected to 358 

experience an increase and half a decrease in R95p annual days. Likewise, only HAs 359 

are expected to experience large increases in the R95p area fraction. 360 

For the changes in SDII, most HAs will witness 0.4-0.8 mm/day (in 1.5°C 361 

relative to the historical period) and 0.2-0.4 mm/day (in 2°C relative to 1.5°C) 362 

increases. North India and Pakistan are projected to experience decreases, and most 363 

ASAs will see SDII increases in terms of values and percentiles. 364 
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Figure 1. Spatial changes in Rx1day (mm) in the 1.5°C limits relative to (minus, the 528 

same below) the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the same 529 

but for 2°C relative to 1.5°C in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black dotted 530 

parts represent ASAs. The red dotted parts represent the changes passing a 95% 531 

significance test. 532 

Figure 2. The same as Figure 1, but for Rx5day (mm). 533 

Figure 3. The same as Figure 1, but for R95p (mm). 534 

Figure 4. The same as Figure 1, but for SDII (mm/day). 535 

Figure 5. (a) PR values in Rx1day in ASAs under 2°C and 1.5°C limits relative to the 536 

historical period. The x-axis represents the percentile thresholds based on the 537 

historical period. The method is as follows: First, we calculate the Rx1day in the 538 

historical period (average of 30 years) and under the 1.5°C warming condition in each 539 

grid point and obtain two three-dimensional arrays (month, latitude, longitude), both 540 

of which are 12, 47, 73, respectively. Then, we calculate PR values using the two 541 

arrays in each grid point and set grid points in humid areas as missing values. After 542 

that, we convert this new three-dimensional array of PR into a one-dimensional array 543 

in ascending sequence. Finally, we set the percentile thresholds and draw the figures. 544 

(b), (c), and (d) are the same as (a) but represent Rx1day in HAs, Rx5day in ASAs, 545 

and Rx5day in HAs, respectively.  546 

Figure 6. PR spatial changes in Rx1day in the 1.5°C limits relative to the historical 547 

period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the same but for 2°C relative to 1.5°C 548 

in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black dotted parts represent ASAs. The red 549 

dotted parts represent the changes passing a 95% significance test. 550 

Figure 7. The same as Figure 6, but for Rx5day. 551 

Figure 8. Spatial changes in R95p as a percentage of total precipitation in the 1.5°C 552 

limits relative to the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the 553 

same but for 2°C relative to 1.5°C for (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black 554 

dotted parts represent ASAs. The red dotted parts represent the changes passing a 95% 555 

significance test.556 
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 557 

Figure 1. Spatial changes in Rx1day (mm) in the 1.5°C limits relative to (minus, the 558 

same below) the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the same 559 

but for 2°C relative to 1.5°C in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black dotted 560 

parts represent ASAs. The red dotted parts represent the changes passing a 95% 561 

significance test.562 
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 563 

Figure 2. The same as Figure 1, but for Rx5day (mm).564 
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 565 

Figure 3. The same as Figure 1, but for R95p (mm). 566 
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 567 

Figure 4. The same as Figure 1, but for SDII (mm/day). 568 
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 569 

Figure 5. (a) PR values in Rx1day in ASAs under 2°C and 1.5°C limits relative to the 570 

historical period. The x-axis represents the percentile thresholds based on the 571 

historical period. The method is as follows: First, we calculate the Rx1day in the 572 

historical period (average of 30 years) and under the 1.5°C warming condition in each 573 

grid point and obtain two three-dimensional arrays (month, latitude, longitude), both 574 

of which are 12, 47, 73, respectively. Then, we calculate PR values using the two 575 

arrays in each grid point and set grid points in humid areas as missing values. After 576 

that, we convert this new three-dimensional array of PR into a one-dimensional array 577 

in ascending sequence. Finally, we set the percentile thresholds and draw the figures. 578 

(b), (c), and (d) are the same as (a) but represent Rx1day in HAs, Rx5day in ASAs, 579 

and Rx5day in HAs, respectively.  580 
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 581 

Figure 6. PR spatial changes in Rx1day in the 1.5°C limits relative to the historical 582 

period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the same but for 2°C relative to 1.5°C 583 

in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black dotted parts represent ASAs. The red 584 

dotted parts represent the changes passing a 95% significance test. 585 
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 586 

Figure 7. The same as Figure 6, but for Rx5day. 587 
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 588 

Figure 8. Spatial changes in R95p as a percentage of total precipitation in the 1.5°C 589 

limits relative to the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the 590 

same but for 2°C relative to 1.5°C for (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black 591 

dotted parts represent ASAs. The red dotted parts represent the changes passing a 95% 592 

significance test. 593 
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Abstract 26 

East-Central Asia is one of the most vulnerable and sensitive regions to climate 27 

change, and the variability of extreme precipitation attracts great attention due to the 28 

large population and the importance of its economy. Here, three special runs with the 29 

Community Earth System Model (CESM) are used to project the changes of in 30 

representative extreme precipitation indices (Rx1day, Rx5day, R95p, SDII) over 31 

East-Central Asia under the 1.5°C and 2°C Paris Agreement limits. The results 32 

indicate that Rx1day and Rx5day will increase by 28% and 15% respectively under , 33 

respectively, under the 1.5°C warming level relative to the historical period 34 

(1971-2000). Most areas over East-Central Asia are projected to experience an 35 

accelerated increase in response to a further 0.5°C warming. Specifically, humid areas 36 

(HAs) are projected to experience more experience a greater increase in R95p annual 37 

days and area fraction, whereas arid and semi-arid semiarid areas (ASAs) may have 38 

three times higher risks. The proportion of extreme precipitation in total will increase 39 

~10% in most HA HAs in response to the 0.5°C additional warming. Holding global 40 

warming at 1.5°C instead of 2°C reduces the occurrence of R95p annual days by 41 

~three days/year in humid areas and ~one day/year in ASA respectivelyASAs. For 42 

SDII, most HA HAs will experience 0.2-0.6 mm/day and 0.2-0.4 increase mm/day 43 

increases in 1.5°C or 2°C warming limits, especially in Southeast China and the 44 

Himalayas. Therefore, limiting global warming to under 1.5°C is beneficial to 45 

reducing the occurrence and associated impact of precipitation extremes in 46 

East-Central Asia. 47 

Keywords: extreme precipitation, 1.5°C and 2°C warming limits, East-Central Asia, 48 

arid and semi-arid semiarid areas, humid areas49 
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Introduction 50 

As a meteorological phenomenon, extreme precipitation is responsible for many 51 

catastrophes and often causes disasters such as floods, which have great impacts on 52 

economic development, social stability and people’s livelihoods (Orlowsky and 53 

Seneviratne, 2012; Yang et al., 2013; Scherrer et al., 2016). For instance, prolonged 54 

heavy precipitation led to the worst flooding in Pakistan’s history in 2010, resulting in 55 

nearly 3,000 deaths and affecting 20 million people. In Nara Prefecture of Japan, the 56 

72-hour rainfall record was broken in 2011, and that event resulted in 73 deaths and 57 

20 missing (Coumou and Rahmstorf, 2012). It is crucial that the understanding of 58 

extreme precipitation changes is be improved to better prepare, adapt and mitigate the 59 

impacts of future events as the climate changes.  60 

Due to the effect of the of land-sea thermal differencedifferences and human 61 

activities, East-Central Asia (10°-55°N, 60°-150°E) is one of the world’s most 62 

vulnerable regions of the world to extreme precipitation and its consequences (Zhai et 63 

al., 2005; Ren and Zhou, 2014; Zhao et al., 2015; Lin et al., 2016; Guan et al., 2017; 64 

Zhou et al., 2018). Given the impacts of precipitation extremes, they such extremes 65 

have become a topic of interest in recent years years, with efforts to improve the 66 

understanding of historic changes and future projections especially prominent 67 

(Alexander et al., 2006; Kharin et al., 2013; Sillmann et al., 2013a; Sillmann et al., 68 

2013b). Since the Paris Agreement set a goal for limiting global warming below 2°C, 69 

C and preferentially to 1.5°C, C relative to pre-industrial levels, the variation of in 70 

extreme climate conditions under future warming scenarios has also become an area 71 

of active research (Zhou and Chen, 2015; Chen and Sun, 2018; Dosio and Fischer, 72 

2018; Li et al., 2018; Wei et al., 2019). Lin et al. (2018) indicated that the average 73 

precipitation in China will increase by 11.6% (1.5°C) and 13.3% (2°C) based on 74 

1976-2005. Chen and Sun (2017) pointed out that human influence will cause half of 75 

the occurrence probability increase of severe extremes in China. Zhang et al. (2018) 76 

indicated that the 0.5°C further warming would aggravate areal and population 77 

exposures to once-in-20-year extreme precipitation events by 25% in East Asia. 78 
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Kusunoki pointed out that almost all eastern China areas are projected to experience 79 

more precipitation during 2079 to 2099. Some other Other studies have also pointed 80 

out that the continued global temperature increase is increases are projected to induce 81 

more extreme precipitation events in the future (Endo et al., 2017; Wang et al., 2017). 82 

There are several methods that can be used to form projections for climate extremes in 83 

different warmer worlds (e.g. ., the Coupled Model Intercomparison Project phase 5 84 

(CMIP5) time-sampling and prescribed sea surface temperature (SST) simulations) 85 

(Mitchell et al., 2016; Schleussner et al., 2016; King et al., 2017). CMIP5 time- 86 

sampling may utilize all four representative concentration pathways (RCPs) to 87 

generate a large sample of model years, but these are based on transient climates for 88 

low-end global warming limits, such as 1.5°C and 2°C. Atmosphere-only model 89 

simulations use prescribed SSTs, representing the recent period but with additional 90 

warming, to project future climates. However, there is an assumption that the recent 91 

period is representative of current climate variability and that coupled processes are 92 

not important to the extreme being investigated (Fischer et al., 2018). Here, we 93 

utilized three CESM Community Earth System Model (CESM) experiments to 94 

analyze the spatiotemporal difference between the 1.5°C and 2°C warming limits and 95 

the recent historical period (Sanderson et al., 2017; Zhang et al., 2019). To our 96 

knowledge, the researches for research on East-Central Asia extreme precipitation 97 

prediction predictions using CESM 1.5°C and 2°C low warming runs (LWR) are 98 

scarcity. is scarce. 99 

Precipitation in East-Central Asia is distributed unevenly owing to the influence 100 

of the monsoon and warm moist air from the ocean (Li et al., 2016; Xing et al., 2016). 101 

Monsoon areas have abundant precipitation whereas, while inland areas, where there 102 

is a relative lack of water vapor source, have little precipitation but high potential 103 

evapotranspiration. This difference in the mean climate state and interannual 104 

variability in the monsoon poses a challenge to water supply management (Huang et 105 

al., 2016a; Huang et al., 2017). The difference in background climate state and in 106 

precipitation extremes between these regions makes it necessary to analyze them 107 

separately. Thus, in order to be more precise and objective, we divide East-Central 108 
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Asia into two subparts based on the aridity index (AI): HA humid areas (HAs) and 109 

arid and semiarid areas (ASAs). ASA ASAs are defined as regions with an AI less 110 

than 0.65 (Middleton and Thomas, 1997). We utilized the AI provided by Feng and Fu 111 

(2013) and calculated for the historical period as a basis for the dry-wet division. For 112 

more details about about the AI, please refer to (Scheff and Frierson, 2014; Huang et 113 

al., 2016b). 114 

In this paper, we compare and analyze four relevant and widely used extreme 115 

precipitation indices (Rx1day, Rx5day, R95p and SDII) (Karl et al., 1999; Peterson et 116 

al., 2001) and try to answer the following three questions: (1) Will a remarkable 117 

difference appear in East-Central Asia under a 1.5°C or 2°C global warming future? 118 

(2) What is the difference due to a further 0.5°C warming? (3) Are there differences in 119 

projections for ASA ASAs and HAs?120 
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2. Data and Methods 121 

2.1 Model data 122 

We used the fully coupled climate model CESM released by by the National 123 

Center for Atmospheric Research (NCAR) for our analysis on of extreme 124 

precipitation projections under 1.5°C and 2°C global warming limits (Hurrell et al., 125 

2013). The CESM LWR comprise of comprises a 10-member ensemble for 1.5°C and 126 

2°C scenarios called 1pt5 and 2pt, respectively (Kay et al., 2015; Sanderson et al., 127 

2016). By setting the radiative forcing of greenhouse gases, the global mean 128 

temperature relative to  pre-industrial levels would rise monotonically to 1.5°C (2°C) 129 

by 2090-2100 under LWR 1pt5 (2pt) scenarios. We also used RCP4.5 and RCP8.5 to 130 

provide further comparisoncomparisons. The number of runs in the CESM models 131 

under the RCP4.5 scenarios are is 15, and under the RCP8.5 scenarios are scenarios, it 132 

is 30. Under RCPs, wWe define the 1.5°C or (2°C) global warming level as the 11 133 

years 11-year average mean window based on the centers of chosen years (RCP4.5 134 

and RCP8.5) when , the 11-year mean temperature rise to 1.5°C (2°C) relative to 135 

pre-industrial levelswhich are the exact time times to achieve the target temperature 136 

(1.5°C or 2°C). For the Low Warming RunsLWR, we directly used 2090-2100 as the 137 

average mean directlymean. Therefore, tThis definition is definition may be more 138 

accurate suitable than chose choosing a certain year directly. The CESM LWR 139 

scenario represents simulations will be closer tothe  equilibrium climate response 140 

while the RCPs than represent transient climate response scenarios like scenarios, 141 

such as RCPs. The equilibrium climate response scenario means that the average 142 

global warming will stabilize at be 1.5°C or 2°C by the end of the 21st century. 143 

Moreover, the carbon dioxide equivalence emission is matched with global 144 

temperature rises. For tSo Therefore, the increase of increase in the average global 145 

temperature will stabilize at 1.5°C or 2°C for some years. As for the transient 146 

Transient climate responses, such as RCP4.5 and RCP8.5,the global mean 147 

temperature would it is only pass pass through 1.5°C or 2°C C, and the final increase 148 

exceeds these two warming limits. This response usually overestimates might 149 
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overestimate the temperature increase and it causes cause some related influence. The 150 

dynamic and thermodynamic system systems of climate model simulation are not not 151 

in equilibrium. Based on the climate model work principle, the equilibrium response 152 

scenario is considered more accurate acceptable than the transient one. More details 153 

about CESM experiments can be found in Sanderson et al. (2017).  154 

 155 

2.2 Extreme precipitation indices 156 

Four extreme precipitation indices defined by the Expert Team for Climate 157 

Change Detection Monitoring and Indices (ETCCDI) were selected for analysis of the 158 

changes in extreme precipitation events in warmer futures (Perkins et al., 2012; Donat 159 

et al., 2013; Perkins and Alexander, 2013). Further details of the four selected extreme 160 

precipitation indices are provided in Table 1. 161 

 162 

Table 1: Core set of of four selected four extreme indices recommended by the 163 

ETCCDI. 164 

Label Name Definition Units 

RX1day 

Maximum 1 day 

precipitation 

Let PRij be the daily precipitation amount on day i in period j. 

The maximum 1 1-day value for period j are 

)max(1 ijj PRdayRX    

It should be noted that the annual values are average monthly 

values. 

mm 

RX5day 

Maximum consecutive 

5 days precipitation 

Let PRkj be the precipitation amount for the 5 5-day interval 

ending k, period j. Then Then, maximum 5 -day values for 

period j are )max(5 kjj PRdayRX   

It should be noted that the annual values are average monthly 

values. 

mm 

R95p 

Very Annual total 

precipitation in very 

wet days 

Let PRwj be the daily precipitation amount on a wet day w in 

period i and let PRwn95 be the 95th percentile of precipitation 

on wet days in the 1971-2000 period, . If W represents the 

number of wet days in the period, then  


W

w wjpj PRR
1

95

( 95wnwj PRPR  ) 

mm 

SDII Simple daily intensity Let PRwj be the daily precipitation amount on wet days, PR > = mm/da
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1 mm in period j. If W represents number of wet days in j, then: 

 WPRSDII
W

w wjj /)(
1 

  

y 

 165 

Rx1day and Rx5day are probably related to specific,  and possibly 166 

meteorologically distinct extreme precipitation events. R95p is useful in reflecting the 167 

absolute value change of in total annual extreme precipitation. SDII is used to 168 

measure the intensity of precipitation in on wet days. Together Together, these indices 169 

are useful in extending our understanding of the changing likelihood of extreme 170 

precipitation under 1.5°C and 2°C warming limits. 171 

 172 

2.3 Probability ratio 173 

Probability The probability ratio (PR) is a metric to measure the probability of a 174 

specific event has having changed. The formula and method comes come from the 175 

epidemiological field. Since being introduced to the climate change study area, PR is 176 

has been used to detect the risk of the events occurring. The PR as a detection and 177 

attribution method represents the extent that extent to which external forcing forcing, 178 

such as global warming and the overall anthropogenic influence on the climate, affect 179 

extreme precipitation events (Fischer and Knutti, 2015). The formula used is as shown 180 

in (1). 181 

                     PR = P1 / P0                                 (1) 182 

Here, P0 refers to the extreme precipitation indices in a historical period (note 183 

that this is different to from many event attribution studies studies, where an 184 

approximation for a pre-industrial climate is represented by P0) and P1 represents the 185 

probability of the event under under a 1.5°C or 2°C warming future. The PR statistic 186 

can be considered as an indicator for the change of in the probability of the extreme 187 

precipitation indices: the reference value is 1.0, which would mean future likelihoods 188 

are the same as now. If PR>1.0, the occurrence (for Rx1day and Rx5day) or intensity 189 

(for R95p and SDII) of precipitation extremes will increase increase, and vice versa 190 

(Stone and Allen, 2005).191 
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3. Results 192 

3.1 Spatiotemporal change in the four indices 193 

For Rx1day under 1.5°C global warming, an obvious dividing line could be 194 

found in all four experiments (Figure 1-4). It is worth mentioning that this boundary 195 

also separates ASA ASAs from HAs. The Southeast China and and the Himalayas 196 

witness a rise of over 2mm2 mm, based on the CESM LWR simulations, while the 197 

rest of HA of the HAs experience a projected increase of 1-2mm 2 mm in a 1.5°C 198 

world (Figure 1(a)). The spatial pattern patterns of RCP4.5 and RCP8.5 are similar to 199 

that in LWR. Nevertheless, the absolute increase in Southeast China is lower in the 200 

RCPs than in the LWR simulations (Figure 1(c)(e)). There is consistency between 201 

Rx1day and Rx5day projections in their spatial pattern. There is a projected increase 202 

in Rx5day of over 6mm 6 mm in Southeast China and the Himalayas according to 203 

LWR, three times as much as for Rx1day (Figure 2(a)). The R95p index is projected 204 

to increase by over 200mm 200 mm under 1.5°C global warming, such that a larger 205 

portion of of the total annual precipitation in HAs, like such as Southeast China and 206 

the Himalayas, is due to extreme rainfall (Figure 3(a)). Likewise, RCP4.5 and RCP8.5 207 

in Rx5day and R95p increase less compared with with the LWR simulations (Figure 208 

2(c)(e) and Figure 3(c)(e)). SDII represents the simple daily intensity of precipitation 209 

in on wet days. If SDII increases in the future, the risk for extreme precipitation will 210 

be higher. From figure Figure 4, we can see that most HA HAs are projected to 211 

experience a 0.5 mm/day increase under 1.5°C relative to to the historical period, 212 

whereas SDII in North India will decrease by about approximately 0.5 mm/day 213 

(Figure 4(a)(c)(e)). . 214 

For a further 0.5°C warming in Rx1day, some regions (Southeast China and the 215 

Himalayas) still experience a modest increase of about 0.5-1mm approximately 0.5-1 216 

mm (Figure 1(b)). AlsoAdditionally, the difference in spatial pattern between the 217 

LWR and the other two experiments narrows (Figure 1(d)(f)). Some regions regions, 218 

such as North China, North India and Pakistan, near the dry-wet transition zone, are 219 

simulated to experience a projected minor decrease in Rx1day. In these regions, 220 
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increases in temperature and extreme precipitation are not positive positively related. 221 

That This phenomenon might be induced by hydrologic cycle issues in the CESM. 222 

North India and Pakistan are located in the subtropical ASAASAs, which belongs to 223 

the sink branch of of the Hadley circulation. An additional 0.5°C warming from 1.5°C 224 

to 2°C is likely to cause more moisture divergence and then moisture content 225 

reduction (Zhang et al., 2019). Thus Thus, North India and Pakistan are protected 226 

projected to see decrease decreasing trends in some extreme precipitation indices. The 227 

same phenomenon also occurs in Rx5day Rx5day, but the amplitude is twice as high 228 

as that for Rx1day (Figure 2(b)(d)(f)). Figure 3(b)(d)(f) illustrates that a further 0.5°C 229 

warming is associated with an almost 100mm 100 mm increase in R95p in most of 230 

HA HAs, illustrating a substantial benefit to of keeping global warming to the more 231 

ambitious 1.5°C Paris limit. Compared with 200mm the 200 mm rise under the 1.5°C 232 

scenario relative to the historical period, a sharp acceleration appears in the 2°C target 233 

relative to the 1.5°C target. This increase The increasing or decrease decreasing 234 

tendency of SDII SDII is still maintains maintained in the mentioned areas (Figure 235 

4(b)(d)(f)). 236 

However, the The spatiotemporal change in percentage is different from that in 237 

absolute value mentioned before (Figures S1-S4). The change change in the absolute 238 

value of extreme precipitation absolute value in ASA are ASAs is relatively small 239 

compared with that in HAs. But However, under the 1.5°C and 2°C warming futures, 240 

there will be a sharp increase of increase in the extreme precipitation percentage in 241 

most ASAASAs. The specific increase increases in ASA ASAs in Rx1day, Rx5day, 242 

R95p and SDII under 1.5°C relative to the historical period are 20-40%, 10-30%, 243 

100-200% and 5-15%, respectively. The additional 0.5°C warming provides a further 244 

5-10% increase in both Rx1day and Rx5day. For R95p, the average increase number 245 

is 30-50%. SDII in most ASA ASAs is projected to experience experience a 2-4% 246 

increase, though the although North India and Pakistan will witness a slight decrease. 247 

To sum upIn summary, most ASA ASAs may experience more extreme precipitation 248 

events in the warming future. 249 

 250 
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3.2 Probability ratio change in Rx1day and Rx5day 251 

The absolute value changes in extreme precipitation under the 1.5°C and 2°C 252 

warming limits show how rainfall extremes are projected to alter in the future, but PR 253 

values provide likelihood changes in extremes which that help inform 254 

decision-making. Figure 5 shows the statistical distribution of PR values by gridbox 255 

in Rx1day and Rx5day under the 1.5°C and 2°C global warming limits relative to the 256 

historical period. According to Figure 5(a)-(b), only 5% of all grid points see a 257 

decrease in Rx1day, and the rest of the area is projected to experience increases in this 258 

index, especially for the changes higher than the 90th percentile, which rise at a 259 

higher rate. For Rx5day, the proportion of all grid points which that experience a PR 260 

below one increases from 5% to 10%. This is unsurprising given that Rx5day is a less 261 

extreme rainfall index than Rx1day and will tend tends to exhibit behavior more 262 

similar to the mean. As can be seen in the figure shown in Figure 5, there is almost no 263 

distinction between between the 1.5°C and 2°C representative lines when considering 264 

the same experiment. However, obvious differences appear between the three 265 

experiments (LWR, RCP4.5, RCP8.5). The CESM LWR simulation rise rises at the 266 

highest rate, then followed by RCP4.5, and RCP8.5 is presents the lowest rate. The 267 

increase at high percentiles in the indices at high percentiles is higher in the LWR 268 

simulations than under the RCPs. This indicates that the influence might be different 269 

between transient and quasi-equilibrium simulations. ASA is ASAs are projected to 270 

experience greater relative increases in the upper tail for these indices than HAs. This 271 

suggests that ASA  ASAs may need to prepare for greater risks from extreme 272 

precipitation events under global warming.  273 

For 1.5°C relative to the historical period, greater PR values are simulated in 274 

East-Central Asia (with PR in most regions of 1.0-1.5) (Figure 6(a)(c)(e)). There is 275 

not a no monotonic increase of in Rx1day under a further 0.5°C warming. Central 276 

Asia and North India, which are projected to experience substantial increases in 277 

precipitation extremes under warming to 1.5°C, are projected to experience slight 278 

decreases between 1.5°C and 2°C global warming. This again illustrates that warming 279 

and precipitation increases are not simply positive correlationpositively correlated. 280 
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However, most regions still show positive correlations between temperature and 281 

extreme precipitation changes (Figure 6(b)(d)(f)). The spatial pattern of Rx5day is 282 

similar to that of Rx1day, Rx1day but with smaller PR values (Figure 7). 283 

 284 

3.3 Further changes in R95p  285 

In general, the higher the extreme precipitation proportion isproportion, the 286 

greater the probability risks that are projected. . Figure 8 provides the changes of in 287 

R95p as a percentage of total precipitation precipitation, and we see that the increases 288 

in magnitude exceed 10% in HA HAs (Figure 8(a)). Under RCP4.5 and RCP 8.5, 289 

Southeast China and the Himalayas also experience increases in in the proportion of 290 

extreme precipitation precipitation, but these are lower than for those projected by the 291 

LWR. Other HA HAs have less obvious variation in R95p changes under the RCPs 292 

compared with the results of the LWR (Figure 8(c)(e)). Likewise, there is little change 293 

in ASA ASAs based on the three experiments. Increasing warming by 0.5°C seems 294 

like appears to be a double-edged sword which that would cause some regions 295 

(Southeast China and the Himalayas) to experience increased extreme precipitation 296 

and other regions (North China and North India) to experience spatially 297 

inhomogeneous changes and perhaps even decreases (Figure 8(b)(d)(f)).  298 

We use the R95p annual days change to describe the variation intensity the and 299 

R95p area fraction change for the variation range. R95p annual days means the count 300 

of total annual days which that meet the definition of R95p. . The R95p area fraction 301 

indicates the variation of the R95p percentage shift to positive or negative. Under the 302 

background of extreme precipitation increasing, R95p annual days in HA HAs 303 

increase by 10.8 days, 3.8 days, and 1.5 days in the 1.5°C limits and increase by 13.1 304 

days, 8.4 days, and 4.2 days in the 2°C limits according to LWR, RCP4.5 and RCP8.5, 305 

respectively. Coincident with spatial pattern changes, the annual days day variation in 306 

ASA ASAs is not obvious (Table S1). From the perspective of the R95p area fraction, 307 

R95p in most of HA HAs is projected to see increases both under the 1.5°C and the 308 

2°C warming limits. In contrast, only half of ASA isASAs are expected to witness 309 

more R95p, and the proportion of R95p in ASA ASAs increases only slightly under 310 
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0.5°C further warming (Table S2).  311 
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4. The mechanisms and uncertainty of the results 312 

From the CESM model model’s extreme precipitation prediction results, we can 313 

conclude that along with the mean temperature increase, the extreme precipitation 314 

response is uneven in different areas. In the 1.5°C and 2°C warming future, ASA 315 

ASAs will tend to experience more a greater mean temperature increase than HA HAs 316 

due to the differences of in vegetation cover, types of clouds and anthropogenic 317 

aerosols (Huang et al., 2017). The lower vegetation cover in ASA ASAs leads to 318 

lower transpiration rates, resulting in higher surface air temperatures. The thick low 319 

clouds in HA HAs can effectively reflect shortwave sunlight effectively sunlight, and 320 

their low cloud tops result in limited longwave warming effecteffects. On the 321 

contraryIn contrast, most cirrus clouds in ASA ASAs reflect less sunlight to the top 322 

atmosphere but absorb more atmospheric counter radiation, leading to the a sharp 323 

regional temperature increase. Moreover, anthropogenic aerosols, which total effect 324 

are cooling likely to cool down the surface air temperaturessurface, are less less 325 

abundant in ASA than ASAs than in HAs. Thus, due to the intensifying warming 326 

effect, ASA the ASAs will bear higher extreme precipitation events risks event risks, 327 

and the extreme precipitation percentage variation changes in most ASA ASAs are 328 

projected to be more higher than those in the HAs. For the hydrologic cycle, HA HAs 329 

are likely to witness more increases in moisture convergence and then more total 330 

precipitation, whereas while the moisture divergence in ASA ASAs is anomalous 331 

(Zhang et al., 2019). More base precipitation and moisture convergence in the warmer 332 

world drive HA HAs to experience more total extreme precipitation increaseincreases. 333 

The CESM is released by NCAR, which  and consists of several component 334 

models and a coupler. Each module is independent, and they modules are connected 335 

by by a coupler (Kay et al., 2015). Although that design may reduce model errors as 336 

much as possible, it still has some internal errors that are hard to eliminate because of 337 

the simulation deviation of the model to from the actual atmospheric motion state and 338 

errors in coupling. Moreover, some physical processes, parameterized schemes and 339 

dynamic framework are needed to frameworks must be constantly improved. The 340 
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CESM LWR begin begins from a slightly different initial atmospheric state (created 341 

by randomly perturbing temperatures at the level of round-off error). But However, 342 

there are still some differences among those runs considering extreme precipitation 343 

indices. RCP4.5 and RCP8.5 are transient scenarios, , and the response to 1.5°C or 344 

2°C warming limits is not in equilibrium. It This will result in some overestimate in 345 

overestimation of the temperature increase and causing cause some related influence 346 

influence, as mentioned in the model data. Despite the these problems, , the CESM 347 

three special runs used in our paper reveal that the extreme precipitation will increase 348 

no matter in regardless of intensity or occurrence under the background of global 349 

warming in the future. It This is in line with most other climate models and our 350 

knowledge. To better understand the reason for that these uneven changes and its 351 

background their underlying physical mechanisms, more specific global and regional 352 

climate models are needed need to be tested in further studies. 353 
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5. Summary and Conclusions 354 

We utilized four climate prediction experiments from CESM to investigate 355 

changes in extreme precipitation under the 1.5°C and 2°C global warming limits over 356 

East-Central Asia. In Under the 1.5°C warming limits, extreme precipitation is 357 

projected to increase in almost all regions, especially in the Southeast China and and 358 

the Himalayas. For With a further 0.5°C warming, most regions are projected to 359 

experience a further increase in extreme precipitation precipitation, although it is not a 360 

linear increase. Overall, there will be more extreme precipitation over East-Central 361 

Asia under global warming.  362 

According to the LWR, Southeast China and the Himalayas will witness over 363 

2mm and 6mm increase 2 mm and 6 mm increases in Rx1day and Rx5day in the 364 

1.5°C warming future, respectively. However, RCP4.5 and RCP8.5 suggest only a 365 

slight increase (perhaps due to a difference between transient and quasi-equilibrium 366 

responses). For the 2°C limit relative to 1.5°C, the response of HA HAs to 367 

temperature rise is almost positive, whereas while some ASA ASAs, such as North 368 

India, North China, , and Northeast Mongolia Mongolia, indicate a moderate 369 

decrease.  370 

The PR of Rx1day and Rx5day will grow exponentially with the increasing of 371 

percentile thresholds, indicating that the most intense extreme precipitation events 372 

will occur more frequently in the warming future. It is worth mentioning that the 373 

slope of PR in ASA ASAs will be greater than that in HAs, which means a higher 374 

relative increase in risk. Considering that ASA is ASAs are less resistant and more 375 

vulnerable to storms and floods, extreme precipitation events may cause more 376 

disasters here unless adequate adaptation plans are put in place.  377 

There is projected to be over 200mm an over 200-mm increase in the amplitude 378 

of R95p in a 1.5°C future and a further 100mm 100-mm increase in 2°C relative to 379 

1.5°C in Southeast China and and the Himalayas. The proportion of R95p in total 380 

precipitation will also have a modest increase of about approximately 10%-20% in 381 

the regions previously mentioned. Nevertheless, ASA is ASAs are expected to 382 
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experience spatially inhomogeneous change changes in the contribution of extreme 383 

precipitation to total precipitation. That This difference is also reflected in the 384 

changes of in R95p annual days and the percentage of R95p area. Approximately 5 385 

days a 5-day increase under 1.5°C and 8 days an 8-day increase under 2°C are 386 

expected to appear in HAs. Half of ASA the ASAs locations are expected to 387 

experience an increase and half a decrease in R95p annual days. Likewise, only HA 388 

HAs are expected to experience large increases in in the R95p area fraction. 389 

For the changes of in SDII, most HA HAs will witness 0.4-0.8 mm/day (in 1.5°C 390 

relative to the historical period) and 0.2-0.4 mm/day (in 2°C relative to 1.5°C) 391 

increaseincreases. North India and Pakistan are projected to experience 392 

decreasedecreases, and most ASA ASAs will see SDII increase increases in terms of 393 

values and percentiles. 394 
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Figure 1. Spatial changes in Rx1day Rx1day (mm) in the 1.5°C limits relative to 559 

(minus, the same below) the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All 560 

the same but for 2°C relative to 1.5°C in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black 561 

dotted parts represent ASAs. The red dotted parts represent the changes are passing a 562 

95% significance test. 563 

Figure 2. The same as figure Figure 1, but for Rx5day (mm). 564 

Figure 3. The same as figure Figure 1, but for R95p (mm). 565 

Figure 4. The same as figure Figure 1, but for SDII (mm/day). 566 

Figure 5. (a) PR values in Rx1day in ASA ASAs under 2°C and 1.5°C limits relative 567 

to the historical period. The x x-axis represents the percentile thresholds based on on 568 

the historical period. The method is as follows: First, we calculate the Rx1day in in 569 

the historical period (average of 30 years) and under the 1.5°C warming condition in 570 

each grid point and get obtain two three-dimensional arrays (month, latitude, 571 

longitude), both of them which are 12, 47, 73, respectively. Then, we calculate 572 

probability ratio (PR) PR values using the two arrays in each grid point and set grid 573 

points in humid areas as missing values. After that, we convert this new 574 

three-dimensional array of PR into one a one-dimensional array in ascending 575 

sequence. Finally, we set the percentile thresholds and draw the figures. (b) (c) ), (c), 576 

and (d) are the same as (a), ) but represent Rx1day in HAs, Rx5day in ASAs, and 577 

Rx5day in HAs, respectively.  578 

Figure 6. PR spatial changes in Rx1day in the 1.5°C limits relative to the historical 579 

period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the same but for 2°C relative to 1.5°C 580 

in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black dotted parts represent ASAs. The red 581 

dotted parts represent the changes are passing a 95% significance test. 582 

Figure 7. The same as figure Figure 6, but for Rx5day. 583 

Figure 8. Spatial changes in R95p as a percentage of total precipitation in the 1.5°C 584 

limits relative to the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the 585 

same but for 2°C relative to 1.5°C for (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black 586 

dotted parts represent ASAs. The red dotted parts represent the changes are passing a 587 

95% significance test.588 
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 589 

Figure 1. Spatial changes in Rx1day Rx1day (mm) in the 1.5°C limits relative to 590 

(minus, the same below) the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All 591 

the same but for 2°C relative to 1.5°C in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black 592 

dotted parts represent ASAs. The red dotted parts represent the changes are passing a 593 

95% significance test.594 
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 595 

Figure 2. The same as figure Figure 1, but for Rx5day.  (mm).596 
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 597 

Figure 3. The same as figure Figure 1, but for R95p (mm). 598 
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 599 

Figure 4. The same as figure Figure 1, but for SDII (mm/day). 600 
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 601 

Figure 5. (a) PR values in Rx1day in ASA ASAs under 2°C and 1.5°C limits relative 602 

to the historical period. The x x-axis represents the percentile thresholds based on on 603 

the historical period. The method is as follows: First, we calculate the Rx1day in in 604 

the historical period (average of 30 years) and under the 1.5°C warming condition in 605 

each grid point and get obtain two three-dimensional arrays (month, latitude, 606 

longitude), both of them which are 12, 47, 73, respectively. Then, we calculate 607 

probability ratio (PR)  values using the two arrays in each grid point and set grid 608 

points in humid areas as missing values. After that, we convert this new 609 

three-dimensional array of PR into one a one-dimensional array in ascending 610 

sequence. Finally, we set the percentile thresholds and draw the figures. (b) (c) ), (c), 611 

and (d) are the same as (a), ) but represent Rx1day in HAs, Rx5day in ASAs, and 612 

Rx5day in HAs, respectively.   613 
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 614 

Figure 6. PR spatial changes in Rx1day in the 1.5°C limits relative to the historical 615 

period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the same but for 2°C relative to 1.5°C 616 

in (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black dotted parts represent ASAs. The red 617 

dotted parts represent the changes are passing a 95% significance test. 618 
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 619 

Figure 7. The same as figure Figure 6, but for Rx5day. . 620 
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 621 

Figure 8. Spatial changes in R95p as a percentage of total precipitation in the 1.5°C 622 

limits relative to the historical period for (a) 1pt5, (c) RCP4.5, (e) RCP8.5. All the 623 

same but for 2°C relative to 1.5°C for (b) 2pt, (d) RCP4.5, (f) RCP8.5. The black 624 

dotted parts represent ASAs. The red dotted parts represent the changes are passing a 625 

95% significance test. 626 
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