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SUMMARY

China is facing an increasing challenge from severe precipitation-related ex-
tremes with accelerating global warming. In this study, using a bias-corrected
CMIP6 ensemble, future responses of precipitation extreme indices at 1.5�C
and 2.0�C global warming levels (GWLs) under the SSP245, SSP370 and SSP585
scenarios are investigated. Despite different change magnitudes, extreme pre-
cipitation events will be more frequent and more intense over China as a whole
under higher emissions and GWLs. The increase in annual total precipitation could
attribute to a sharp increase in the intensity and days of very heavy precipitation
in future global warming scenarios. Limiting global warming to 1.5�C and low
emission pathways (i.e., SSP245) instead of 2�C and high emission pathways
(i.e., SSP585) would have substantial benefits for China in terms of reducing
occurrences of extreme precipitation events.

INTRODUCTION

It has been widely accepted that the global mean temperature will continue to increase with the growing

emissions of greenhouse gases.1 Warming-induced changes exacerbate the variations in the occurrence of

climate extremes in the aspect of duration, frequency, intensity, and spatial distribution.2 The global water

cycle patterns will be affected most probably by global warming. In particular, the precipitation-related

serious consequences have an extensive impact on socioeconomic and ecological security.3,4 According

to the statistical results of the International Disaster Database,5 in 2021, a total of 432 catastrophic events

were recorded and floods dominated these events, with 223 occurrences, up from an average of 163 annual

flood occurrences recorded across the 2001–2020 period. In July 2021, the Henan Flood in China was

particularly severe, resulting in 352 deaths, 14.5 million people affected, and a cost of 16.5 billion US dol-

lars. Therefore, a better understanding and detailed investigation of changes in global and regional

extreme precipitation characteristics and their socioeconomic impacts in the 21st century should feed

into long-term climate adaptation and mitigation plans for policymakers.

To meet the challenges of global warming, the Paris Agreement adopted in 2015 set the goal to hold ‘‘the

increase in the global average temperature to well below 2�C above pre-industrial levels and to pursue ef-

forts to limit the temperature increase to 1.5�C above pre-industrial levels’’.6 Most countries began to plan

climate actions based on the principle of ‘‘nationally determined contributions’’. In 2019, China has also

proposed a plan of ‘‘double carbon targets’’, that is, reaching carbon peaking by 2030 and neutrality by

2060. However, China will still face considerable difficulties, such as adjustment of energy structure, the

COVID-19 pandemic, etc. Although the policies have a continuous improvement for achieving these goals,

there is a lack of scientific knowledge about the relative risks (i.e., extreme climate risks and their potential

impacts) associated with the implications of 1.5�C and 2�C warming scenarios.4

Identifying regional climate features is an essential prerequisite for understanding their response to

climate change. Quantifying global and regional climate at specific global warming levels (GWLs) has

become widespread because this approach can isolate the uncertainty in the regional climate response

from the global warming uncertainty induced by scenario, global mean model response and internal vari-

ability.1 Climate models are one of the most popular tools to simulate past climatology and project future

climate change. In terms of impact assessments of 1.5�C and 2�C GWLs, these models are classed into

several types. One is called the warming targets model, which designs a near-equilibrium 1.5�C or 2�C
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warmer world and is produced by a coupled climate model (i.e., Community Earth System Model, CESM)7

or multiple climate models (i.e., HAPPI model intercomparison project).8,9 The second type is the transient

simulations, which are based on the outputs of CMIP models. This way can evaluate the potential uncer-

tainties from different emission scenarios (i.e., RCPs and SSPs).10–15 Moreover, owing to more reasonable

shared socioeconomic pathways (SSPs) by sharing policy assumptions, previous investigations showed that

CMIP6 is more reliable and stable than CMIP5.3 Over China, Yang et al., (2022)16 employed 8 CMIP6models

to investigate temperature and precipitation changes in Northwest China under 5 SSP scenarios using the

standardized precipitation evapotranspiration index. Based on the CMIP6 simulations, Zhu et al., (2021)13

projected the changes in climate extremes over China under global warming of 1.5, 2.0 and 3.0�C above the

pre-industrial period and proved that CMIP6 models outperform their predecessors in CMIP5. Likewise, Su

et al., (2021)17 used 4 CMIP6 models to analyze future drought characteristics over China under 7 SSP sce-

narios and conduct a comparison with CMIP5 for addressing the improvements added to CMIP6.

However, the substantial differences, especially in simulating precipitation, among CMIP models are likely

because of differences in the forcings, themagnitude of the internal variability, and the climate sensitivity of

individual models.17 The range of these models may be too wide when unrealistic models are included or

too narrow when models underestimate uncertainties from processes that are not or poorly represented.18

Although the ensemble mean method is an effective way to reduce the uncertainty of independent models

to some extent, the models with very high biases may still affect the whole performance of the ensemble.

Therefore, climate impact studies need bias-corrected projections for decision makers at regional and

local scales. Because the bias-corrected dataset is consistent with observation for a climatological mean

period, it is easier to infer the project changes and their implications in different sectors (i.e., water re-

sources and agriculture) for observations.19

In total, although the future changes in temperature and precipitation for China have been discussed pre-

viously, to the best of our knowledge, only a very few studies have been conducted to use CMIP6 data with

bias correction to comprehensively visualize the future changes in the spatiotemporal distribution of

extreme precipitation on the whole of China. Furthermore, because limiting global warming to 1.5�Cmight

translate into substantial benefits, it is also significant to evaluate the reduction in risk if warming is limited

to 1.5�C instead of 2�C above the pre-industrial level.

Therefore, the goals of this study are: (1) To evaluate the performance of the simulated extreme precipita-

tion over China based on the bias-corrected CMIP6 models, (2) to project future changes in extreme

precipitation indices over China under different SSPs scenarios, (3) to analyze the impacts on the extreme

precipitation if the global warming is limited to 1.5�C rather than higher warming threshold of 2�C.
RESULTS

Model evaluation

The comparison before and after bias correction for the CMIP6 ensemble in simulating the precipitation

extremes for the baseline period (1995–2014) over China is shown in Figures 1 and 2. The results show

that the CMIP6 ensemble mean has reasonable skill in reproducing the annual total precipitation over

China. Major precipitation centers (i.e., southeast) and dry regions (i.e., northwest) are simulated by

the ensemble, though there is an artificial wet area simulated by the raw CMIP6 models over the south-

west of China. Based on their relative biases between ensemble mean and observation CN05.1, it should

be clear that the results through bias correction have an enormous improvement relative to the original

models. Specifically, the raw CMIP6 ensemble has an obvious overestimation (even exceeding 80%) in the

west of China, such as Tibet and the south of Xinjiang, but slight underestimation in the north of Xinjiang,

nevertheless, these biases are removed totally through the bias correction and the overall corrected

biases of annual total precipitation over China are keep in �20% compared with the observation. In addi-

tion, worthy of note is that the lack of observed meteorological stations in the CN05.1 results in small

precipitation in some regions (i.e., Taiwan) over China.

Likewise, the performance of after-corrected simulations in intensive and frequency precipitation

extreme indices is better than the raw CMIP6 models. Overall, except for CWD, the largest errors

are found in the west and the southern parts of Xinjiang and the east of China has smaller biases,

particularly for the Rx5day. However, through the bias correction, some regions (i.e., the southwest

of Xinjiang) show a sign of overcorrection, with an underestimation of �60%. The biases in the southeast
2 iScience 26, 106179, April 21, 2023



Figure 1. Comparison before and after bias correction for the multi-model ensemble mean (MME) in simulating the PRCPTOT for the baseline

period (1995-2014)

(A) CN05.1 (OBS), (B) MME before bias correction (BEF), (C) MME after bias correction (AFT), (D) bias before correction (BEF-OBS), (E) bias after correction

(AFT-OBS).
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also are positive before correction but negative after correction in simulating the R99pTOT and R20mm.

Compared with other indices, the improvement in simulating the CWD is not obvious based on the re-

sults of percentage biases. The whole CWD simulated by raw models and corrected ones is still over-

valued in most parts of China, though the latter relative bias is smaller than the former. In view of spatial

distribution, there are still biases over the west of China (i.e., Tibet Plateau) in simulating the R20mm

and CWD.

Taylor diagram is used to evaluate quantitatively the performance of CMIP6 simulations in representing

China’s current climatological features of the above five extreme precipitation indices (Figure 3). It can

be seen that, for each of these indices, the performance of models after correction is better than that

before correction, especially for the PRCPTOT, Rx5day and R20mm. Take PRCPTOT for example, the

correction coefficient is �0.8 for the raw models and above 0.9 after bias correction for most models.

Accordingly, the centered pattern root-mean-square difference is relatively low and the standard devia-

tion is closer to the observation. The Taylor skill score (Figure S2) has also increased from �0.5 to above

0.9. The score of bias correction is ranging from 0.6 to 0.8 for Rx5day, R20mm and CWD. The simulated

skill of R99pTOT is the least among these indices from the Taylor diagram, with a correction coefficient

of about 0.6 between simulations and observation. However, compared with the results before correc-

tion, the improvement is still obvious from the Taylor skill scores. In addition, the raw model ensemble

in Taylor diagram is distributed loosely, suggesting the inter-model spread or uncertainty is larger in

simulating these indices before correction. On contrary, there is inter-model consistency between the

performances of the corrected CMIP6 members, especially for the PRCPTOT and R20mm, that is, the in-

ter-model uncertainties of these indices are small when simulating the spatial pattern of precipitation

extremes indices in China.
iScience 26, 106179, April 21, 2023 3



Figure 2. Spatial distribution of the difference between multi-model ensemble mean and observation for Rx5day

(A and E), R99pTOT (B and F), R20mm (C and G), CWD (D and H) in the baseline period (1995–2014). The first and second rows are the results of before and

after correction, respectively.

ll
OPEN ACCESS

iScience
Article
Future changes

Probability distribution

Figure 4 shows the probability distribution of extreme precipitation events in the historical period and

1.5�C and 2.0�C global warming targets under SSP245, SSP370 and SSP585 scenarios over China. The over-

all distribution plots reveal that the curves for two warming periods tend to skew toward the right and have

longer tails to some extent relative to the baseline period.

Over the whole of China, the distribution of the PRCPTOT in the 1.5�C and 2.0�C warming periods under

the SSP scenarios suggests the annual total precipitation will increase as compared to the historical period.

These curves are relatively normally distributed and the mean value increases from 600 mm in the historical

period to above 650 mm in the future. In addition, with the increases in warming and emission scenario,

future probability of occurring more annual total precipitation will become higher. A corresponding

pattern distribution for the intensive extreme indices (i.e., Rx5day and R99pTOT) in two global warming

levels under different emission scenarios has been observed. Like the PRCPTOT, there is also a distin-

guished shift in curves to the right side relative to the historical distribution. When the maximum consec-

utive 5-day precipitation is exceeding 80 mm and the annual strong precipitation amount is more than

120 mm, the probability of occurring heavy precipitation in the future is obviously larger than in the

past. Especially for the R99pTOT, the curve becomes smoother and more flattened, indicating China is

likely to occur more heavy precipitation events than in the baseline period. In terms of the R20mm, the

curves produced under the high emission scenario are titled toward the right side. Compared with the

future, the extreme heavy events exceeding 7 days in the baseline period are barely noticeable, which sug-

gests the days of daily precipitation over 20 mm are likely to be more in future global warming scenarios. In

the case of CWD, the results do not show a significant change in magnitude but slightly differ in the prob-

ability distribution between historical and future simulations, though there is still seen that the projected

curves and their tails are more on the right and the maximum length of wet spell is likely up to 25 days.

Spatial distribution

In this section, the multi-model ensemble mean of projected changes in PRCPTOT, Rx5day, R99pTOT, R20mm

and CWD for 1.5�C and 2.0�C warming levels under SSP245, SSP370 and SSP585 scenarios are analyzed.

The percentage and absolute changes in spatial distribution for the PRCPTOT under different scenarios are

illustrated in Figure 5. Overall, though there is a slightly decreased precipitation in the northern region of
4 iScience 26, 106179, April 21, 2023



Figure 3. Taylor diagrams of 5 precipitation extreme indices between observation and CMIP6 models over China

Each dot represents a model identified by its number on the right bottom. The colors indicate the simulations before (red) and after (blue) correction

respectively. The numbers represent the individual CMIP6 model.
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Xinjiang, the annual total precipitation will increase by �6%–10% overChina in the two warming levels

(Table 1). Relative to the baseline period, the highest percentage increase magnitude for PRCPTOT is

found in the south of Xinjiang and the west of Tibet, even exceeding 50%. However, the spatial distributions

of absolute changes are different from the percentage results. The wet climatic zones (i.e., southeast of

China) instead of the arid and semi-arid regions (i.e., the northwest) are inclined to receive more precipi-

tation (�150 mm) at 1.5�C and 2.0�C warming levels. It is can be deciphered that the absolute changes

are larger toward higher warming levels and emission scenarios compared with the reference period. In

other words, under the 2.0�C global warming period and SSP585 emission scenario, the projected changes

in some regions from the southeast to the north and along the Himalayas are more obvious.

The geographic structure of the anticipated changes in Rx5day, R99pTOT, R20mm and CWD across China

relative to 1995–2014 are demonstrated in Figures 6 and S4. For Rx5day, the percentage changes in spatial

grids are similar in most regions of China. The regional-averaged maximum consecutive 5-day precipita-

tion will increase by 6.65%–9.95% from the SSP245–1.5 to SSP585–2.0 (Table 1). In spatial distribution,

the south of Xinjiang and the west of Tibet have more increase than other regions. However, with regard

to the reference period, the projected Rx5day is inclined to decrease by �10% in the north of Xinjiang. Be-

sides, it can be seen obviously that the changes in Rx5day show an increase in north and south areas over

eastern China but a decrease in the middle in the 1.5�C global warming level and SSP245 scenario. This

negative impact could be turned to positive when warming scenarios change from 1.5�C to 2.0�C, sugge-
sting that likelihood of precipitation extremes in areas between the Yellow River and Yangtze River will

increase with the temperature future warming. The R99pTOT represents the very heavy precipitation inten-

sity. In total, the R99pTOT is projected to increase obviously across the whole of China. The intensification

is found to be the utmost in the western region whereas the relatively low percentage increase is in the

southeast despite a larger absolute increment in this region. The increasing magnitude of R99pTOT at

two global warming levels is larger than other indices. With the accelerating global warming, the

R99pTOT will have a minimum increase of �23.65% (SSP245–1.5) and a maximum of 37.26% at different
iScience 26, 106179, April 21, 2023 5



Figure 4. Probability distribution of changes in extreme precipitation indices in the historical and two global warming levels under SSP245,

SSP370 and SSP585 scenarios

(A) PRCPTOT, (B) Rx5day, (C) R99pTOT, (D) R20mm, (E) CWD.
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Figure 5. The changes in spatial distribution for PRCPTOT at 1.5�C and 2.0�C global warming targets under SSP245, SSP370 and SSP585 emission

scenarios

The first and second rows are the percentage changes (A–F) and the second and fourth rows (G–L) indicate the absolute changes. The columns from left to

right are under the SSP245, SSP370 and SSP585 scenarios, respectively.
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Figure 6. The percentage changes in spatial distribution for Rx5day (first column), R99pTOT (second column), R20mm (third column) and CWD

(fourth column) at 1.5�C and 2.0�C global warming levels under SSP245

(A-H), SSP370 (I-P) and SSP585 (Q-X) emission scenarios.
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Table 1. The area-averaged percentage changes for precipitation extreme indices overChina at 1.5�C and 2.0�C
global warming targets under SSP245, SSP370 and SSP585 emission scenarios

PRCPTOT Rx5day R99pTOT R20mm CWD

Baseline 623.83 mm 69.275 mm 93.152 mm 4.2457days 16.545days

SSP245–1.5 5.99% 6.65% 23.65% 11.20% 5.03%

SSP245–2.0 9.16% 9.81% 34.86% 18.13% 5.45%

SSP370–1.5 6.87% 6.77% 24.57% 11.20% 5.57%

SSP370–2.0 8.57% 8.85% 30.87% 14.69% 6.64%

SSP585–1.5 7.78% 7.83% 29.61% 13.62% 6.45%

SSP585–2.0 10.35% 9.95% 37.26% 18.68% 7.36%
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warming scenarios for the whole domain. The projected changes in geographical characteristics of R20mm

over China relative to the reference period (1995-2014) are similar basically to the R99pTOT. In response to

global-scale warming, the frequency metric of precipitation extremes R20mm is intended to be the stron-

gest over the south of Tibet Plateau and toward the northeastern Inner Mongolia of China under all the

warming thresholds. For the entire domain, the R20mm is likely to be escalated by 11.20%–18.68% corre-

sponding to the future warming world. However, the heavy precipitation days are exhibited to decrease

(�10%) in most regions of Xinjiang. Regarding the distribution of CWD, the maximum length of wet spell

is larger than that in the baseline period with an increase of �5%–7%. The increasing magnitude is smaller

relative to the other four indices. In spatial, the highest increase is mainly observed in the west of Tibet and

parts of southern China, even exceeding 6 days. Likewise, the regional-averaged CWD is also projected to

become higher with continued warming and emission levels. However, unlike other indices, the CWD is

projected to have a slight decrease (�1 day) in some regions in China, such as the northeast, Inner

Mongolia, Sichuan and the north of Xinjiang.

Moreover, despite different change magnitudes, almost all intensive and frequency precipitation extreme

indices show an increasing trend under different warming thresholds with regard to the reference period

from the view of the regional mean. There is one exception though, at the 2.0�C warming level the changes

in these indices under the SSP370 seem to be smaller than those under the SSP245. Overall, the increasing

magnitude of R99pTOT (�23%–37%) and R20mm (�11%–18%) is larger obviously than other indices. Thus,

it is indicated that the increase in total precipitation is projected to bemainly because of a sharp increase in

the intensity and days of very heavy precipitation in future global warming scenarios.

Avoided impacts of limiting global warming

IPCC 1.5�C special report indicated that the avoided climate change impacts on sustainable development,

eradication of poverty and reducing inequalities would be greater if global warming were limited to 1.5�C
rather than 2�C.20 Thus, we will discuss how many percentages of increase of precipitation extremes would

be reduced if global warming is locked at 1.5�C rather than the higher warming thresholds in this paper.

The results in spatial distribution are illustrated in Figure 7.

There are differences in the percentage of changes in spatial distribution among indices. For the PRCPTOT,

the higher increase magnitude (�50%) would be found in eastern China and Xinjiang in additional 0.5�C
warming, whereas Tibet Plateau tends to have a relatively small increase. What’s more, some regions,

such as Qinghai and parts of southern China, have a decreasing trend for an additional 0.5�C warming.

Two intensive extreme indices, such as Rx5day and R99pTOT, also are projected to have an increasing

trend over most parts of China, especially in the southeastern region. In the case of R20mm and CWD,

the changes in spatial distribution are indistinguishable on the fragmented map, that is, there is a mixture

of increase and decrease for an additional 0.5�C.

However, the comparison is more clear in terms of the regional average for precipitation indices over China

(Figure 8). The amplification in PRCPTOT is estimated to be increased by �34% for an additional 0.5�C for

the whole of China. Except for the west, the percentage change in annual total precipitation will decrease by

above 30% if global-scale warming is limited to 1.5�C rather than higher warming threshold. When the global

surface temperature increases further by 0.5�C, the projected largest impact of global warmingwould be on the

southeast of China, where the precipitation extremes would increase by 39.6% (RX5day), 43.6% (R99pTOT) and
iScience 26, 106179, April 21, 2023 9



Figure 7. Spatial distribution of avoided impact in additional 0.5�C global warming for PRCPTOT (first column), Rx5day (second column), R99pTOT

(third column), R20mm (fourth column) and CWD (fifth column) under SSP245

(A–E), SSP370 (F–J) and SSP585 (K–O) scenarios.
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39.6% (R20mm). The increasing magnitude of precipitation intensity and frequency (except CWD) is greatly

exceeding the global mean temperature changes (25%). In other words, if global-scale warming is limited to

1.5�C rather than higher warming threshold of 2.0�C, there will be an obvious benefit in the southeast of China.

On the other hand, the west is likely to have less impact than other regions in adapting to the changes from

1.5�C to 2.0�C. In total, the PRCPTOT and R99pTOT are more sensitive to global warming whereas the

maximum length of wet spell shows a smaller impact in an additional 0.5�C increase.

In addition, under the SSP585, the magnitude of avoided changes over China and its subregions seems to

be smaller than those under the SSP245. The impact on the frequency of precipitation extremes (R20mm

and CWD) in an additional 0.5�C for the west of China is larger under this higher emission scenario.

Moreover, similar to the analysis of the avoided impact on different global warming, we also depict the relative

contribution to precipitation extremes from different emission pathways at the same warming level (Figure S5).

According to Equation 4 in Methods section, we regard the SSP245 scenario as the baseline to calculate this

relative contribution or avoided impact from the other two scenarios (i.e., SSP370 and SSP585). At the 1.5�C
global warming level, relative to the SSP245 the overall contributions of total precipitation under SSP370 and

SSP585 are positive (�20%) across most regions of China, particularly in the central-east areas, whereas the

northwestern region shows a mixed distribution, in other words, both the positive and negative contributions

are found in this region, suggesting the impact from different emission scenarios has more uncertainties. For

two intensive indices, the spatial distributions of Rx5day and R99pTOT are consistent with the PRCPTOT. At

the 1.5�C warming level, the central-east and northeastern local regions have the largest avoided impact. How-

ever, at the warming level of 2.0�C, because of a smaller Rx5day under SSP370, the relative contribution over

southern China is smaller than that under SSP585. In addition, for two frequent indices, the avoided impact

of CWD is larger than the R20mm, especially in the north of China.

The regional mean results can further compare the relative contributions from different emission scenarios

on the changes in precipitation extremes (Figure S6). Obviously, the avoided impact from SSP585 is larger

than SSP370, and the magnitude of contribution seems to be larger at the 1.5�C than that at the 2.0�C
warming level. For example, the total precipitation will decrease above 20% from the SSP585 to SSP245
10 iScience 26, 106179, April 21, 2023



Figure 8. The area-averaged avoided impact of extreme precipitation indices from 0.5�C less warming over China

and subregions under SSP245 (A), SSP370 (B) and SSP585 (C) scenarios

The 25% dashed line represents the percentage of change in global mean temperature from 2.0�C to 1.5�C.
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at the 1.5�C warming level but �10% at the 2.0�C level. Moreover, for the CWD, the contributions in the

southeast and northeast are larger than those in the west and northwest of China. On the other hand,

compared to the SSP245, the CWD has the largest impact relative to other indices under the SSP370. At

the 1.5�Cwarming level, the overall contribution to the future changes in precipitation extremes is positive,

with the largest impact magnitude in the northeast and northwest for PRCPTOT and CWD. On the other

hand, at a 2.0�C warming level under SSP585, the R20mm in the northwest and CWD in the northeast

tend to have larger contributions to the precipitation extremes in China. It is noted that except for the
iScience 26, 106179, April 21, 2023 11
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CWD, the avoided impact for most indices shows a negative sign under the SSP370 and 2.0�C warming

level because the precipitation extremes are projected to decrease slightly from SSP245 to SSP370.
DISCUSSIONS

Through bias correction, CMIP6models show an obviously improving performance in reproducing patterns

of the selected extreme precipitation indices in the baseline period, and the inter-model uncertainties in

precipitation indices are also reduced. However, in view of spatial distribution, there are still biases over

the west of China (i.e., Tibet Plateau) in simulating the R20mm and CWD. Overestimation in precipitation

amount and frequency seems to be a common problem in climatemodels, particularly in Tibetan Plateau.21

As the highest and most extensive highland in the world, these biases can be attributed because of the fail-

ure in detecting the summer monsoon signals,22,23 unrealistic local vertical circulation and evaporation

simulation,24 and the indirect effects of sulfate aerosol25 in climate models. On the other hand, the lack

of reliable observed data because of the limited stations could be another possible reason.26 Thus, consid-

ering the systematic model biases, we should be more prudent when using the forecasting simulating out-

puts to impact evaluation in this region. In addition to above reasons, the EDCDF bias correction method

may also have some limitations when precipitation equals zeros for a given time series.27 The precipitation

in the arid northwest and alpine Tibet is very scarce, which could restrict the performance of EDCDF. Thus,

an improvement of EDCDF bias method is needed in the future study.

Relative to the baseline period, our results show that China would experience more extreme precipitation

events in both intensity and frequency under higher emissions and GWLs, although there are different

magnitudes of changes in spatial distribution. For example, the highest percentage increase magnitude

for PRCPTOT is found in the south of Xinjiang and the west of Tibet, even exceeding 50%, whereas the

southeast is projected to receive more precipitation (�150 mm) based on the absolute results. The

increasing magnitude of R99pTOT and R20mm is larger obviously than other indices, indicating that the

increase in annual total precipitation is projected to be mainly because of a sharp increase in the intensity

and days of very heavy precipitation in future global warming scenarios. Some studies came to a similar

conclusion. Although the agreement in projected changes by different models is low in regions of complex

topography, the projections from CMIP5, CMIP6 and CORDEX consistently show a percentage increase in

heavy precipitation in higher latitude areas.28,29 The reason for the larger percentage changes in the north-

west is that the precipitation amounts in arid regions are inherently scarce, in other words, marginal

changes in these regions will result in a large percentage variation and uniformity, implying it will increase

the risk of precipitation extremes.30 A previous study also reported similar findings over the southeast of

China, that is, larger precipitation is projected to increase with higher emission levels in humid and semi-

humid regions. In the subtropical and tropical humid regions of China, sunshine duration (i.e., shortwave

radiation) is the primary cause of precipitation changes.31

Some previous studies have already demonstrated that heavy precipitation events overChina are likely to

result from human-induced increases in greenhouse gases, especially under the SSP585 scenario.30,32,33

The possible physical attributions behind the increase in frequency and intensity of extreme precipitation

are various. One of the most dominant reasons is the increasing global temperature owing to anthropo-

genic influence. The warming increases the atmospheric water-holding capacity following the Clausius-

Clapeyron (C-C) relation. This thermodynamic effect (moisture increase because of warming) leads to an

increase in extreme precipitation at the global or local scales.1 In addition, extreme precipitation can

also be enhanced by dynamic responses and feedback that result from the atmospheric circulation change

(i.e., ENSO, El Niños) to changes in the moisture flux convergence.23,34 Liu et al. (2021)35 investigated the

link between Arctic amplification and extreme precipitation in the Northern Hemisphere, they found the

Arctic amplification will continue to enhance with the increase in global temperature in the future, resulting

in more persistent weather patterns and more extreme weather events, particularly under the SSP585 sce-

nario. Moreover, at the local and regional scales, the regional feedbacks forcings (i.e., land use or aerosol

concentrations changes) also affect the frequency and intensity of precipitation extremes.24,36

In addition, an additional 0.5�Cwarming can lead to a further increase in precipitation extremes over China.

Except for the west, the avoided impact on annual total precipitation will be above 30% under SSP245. If

global-scale warming is limited to 1.5�C rather than higher warming threshold, the projected largest impact

of global warming would be on the southeast of China. Moreover, the avoided impact of increasing 0.5�C
for precipitation extremes is larger under the SSP245 scenario. In summary, we conclude that limiting
12 iScience 26, 106179, April 21, 2023
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global warming to 1.5�C instead of 2�C would have substantial benefits for China in terms of reducing oc-

currences of extreme precipitation events. That is in agreement with other studies, showing that every bit of

global warming matters and that changes in global warming of 0.5�C lead to statistically significant

changes in mean climate and climate extremes on a global scale and for large regions.1
Limitations of the study

This study also has strong implications for implementing global emissions mitigation goals designed under

the Paris Agreement of 2015. However, it should be noted that in this study the global warming levels ex-

tracted from the SSP-RCP scenarios, i.e., 1.5�C and 2�C, are not representative of the aims of the Paris

Agreement. Because it’s generally understood that the Paris Agreement implicitly refers to quasi-stabilized

climate states37 and that there is a difference in climate between rapid warming and stabilized climate

states.38,39 In addition, the timing of reaching global warming levels between CMIP6 models is different,

and it may also be related to internal climate variability40,41 and aerosol effects42 in models. On the other

hand, it should be mentioned that there are some unavoidable uncertainties in the projection of future

extreme precipitation change. These uncertainties can arise from climate models, climate scenarios,

bias correction, etc.31 Thus, it is suggested that moremodels and emission scenarios under the CMIP6 fam-

ily should be included when conducting climate projections in the future study.
Conclusion

In this paper, we have investigated the future changes in extreme events associated with daily precipi-

tation under 1.5�C and 2.0�C global warming thresholds across China using a bias-corrected CMIP6

ensemble using an EDCDF method. The impact of an additional 0.5�C (2.0–1.5�C) of warming and the

relative contribution of different emission pathways on precipitation-related indices over China are

further analyzed.

Overall, compared with the observation CN05.1, bias-corrected CMIP6 models have an apparent

improvement in reproducing patterns of the selected extreme precipitation indices in the baseline

period (1995–2014) in terms of spatial distribution and Taylor diagram. In spatial, except for CWD, the

biases in the east of China are smaller than in the west and the overvalued biases in the west are cor-

rected thoroughly through bias correction. The results from the Taylor diagram show that PRCPTOT,

Rx5day and R20mm simulation competence are better than that of R99pTOT and CWD in China.

Through bias correction, the inter-model uncertainties in precipitation indices are also reduced. Howev-

er, in view of spatial distribution, there are still biases over the west of China (i.e., Tibet Plateau) in simu-

lating the R20mm and CWD.

Future responses of precipitation extremes overChina at 1.5�C and 2.0�C global warming levels under

SSP245, SSP370 and SSP585 scenarios are further investigated. Overall, China would experience more

extreme precipitation events in both intensity and frequency under higher emissions and GWLs, in terms

of probability distributions and spatial changes in five precipitation indices. The annual total precipitation

for the regional average tends to increase by �6% at least under SSP245–1.5 and �10% at most under

SSP585–2.0 scenario. The highest percentage increase magnitude for PRCPTOT is found in the south of

Xinjiang and the west of Tibet, whereas the southeast is projected to receive more precipitation based

on the absolute results. The increasing magnitude of R99pTOT and R20mm is larger obviously than other

indices, indicating that the increase in annual total precipitation is projected to be mainly because of a

sharp increase in the intensity and days of very heavy precipitation in future global warming scenarios.

Moreover, our results show that an additional 0.5�C warming can lead to a further increase in precipitation

extremes over China, and the projected largest impact of global warming would be on the southeast of

China. We also analyzed the relative contribution of different emission pathways to the changes in precip-

itation extremes. The results show that at the same warming level the avoided impact from SSP585 is larger

than SSP370, especially at a 2.0 warming level for R20mm in the northwest and CWD in the northeast of

China. Meanwhile, the magnitude of contribution seems to be larger at the 1.5�C than that at the 2.0�C
warming level. Under the SSP370 scenario, the CWD has the largest impact relative to other indices. In sum-

mary, we conclude that limiting global warming to 1.5�C and low emission pathways (i.e., SSP245) instead

of 2�C and high emission pathways (i.e., SSP585) would have substantial benefits for China in terms of

reducing occurrences of extreme precipitation events.
iScience 26, 106179, April 21, 2023 13
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

CN05.1 dataset China Meteorological Administration http://www.nmic.cn/

CMIP6 dataset World Climate Research Program (WCRP) https://esgf-node.llnl.gov/search/cmip6/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for data and code files should be directed to and will be fulfilled by the

lead contact, Yangshuo Shen (shenyangshuo@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Any additional information required to reanalyze the data reported in this paper is available from the lead

contact upon request.

METHOD DETAILS

Bias correction to the CMIP6 data

Precipitation from the GCM has a bias due to their coarse resolution or model parameterizations. Thus,

downscaling and bias correction is required for the assessment of extreme precipitation changes and im-

pacts. Here, we referred to previous literature about the performance assessment of CMIP6 in simulating

the present or historical climatology for different regions worldwide, particularly in China.43–45 Based on

this, the daily precipitation output from 12 raw climate models of CMIP6 in the historical period of 1995-

2014, and in the future period of 2015-2100 under SSP2-RCP4.5 (SSP245), SSP3-RCP7.0 (SSP370) and

SSP5-RCP8.5 (SSP585) emission scenarios, are selected for further downscaling and bias correction in

this study (see Table S1). SSP245 represents an intermediate scenario, in which current tendencies in

climate change remain constant. SSP370 is the medium to the high end of the range of future forcing path-

ways. SSP585 is a scenario in which no policies regarding the emission of GHGs are applied, leading to

intensive fossil-fuel consumption.46 These scenarios represent future forcing pathways of 4.5 Wm-2, 7.0

Wm-2 and 8.5 Wm-2 in 2100, respectively.

The raw daily CMIP6 simulations are bias-corrected with an equidistant cumulative distribution functions

(EDCDF) method. The EDCDF is based on the quantile mapping technology, which assumes that the dif-

ference between the observation and the simulation in the training period is the same in any selected simu-

lation period for a given percentile.47,48 The daily precipitation used in this study is fitted based on the

mixed gamma distribution. Then, original GCM datasets are bias-corrected by adding the difference to

agree with that of observations in a given reference period. This approach is defined as follows:

~xm�p = xm�p + F� 1
o� c

�
Fm�p

�
xm�p

�� � F� 1
m� c

�
Fm�p

�
xm�p

��
(Equation 1)

where ~xm�p is corrected daily precipitation fromCMIP6 in future period; xm�p is the projected original pre-

cipitation; Fm�p refers to the cumulative distribution function of the model for future projection period;

F� 1
o� c and F� 1

m� c are the quantile functions for observation and models in the reference period, respectively.

Timing of two warming levels

In this paper, a time sampling approach is used to calculate different warming levels.2,11,49 For each GCM

model output, a 20-year moving mean of the global annual mean surface temperature is firstly computed.

We calculated the first year reaching the specific warming level (i.e., 1.5�C and 2.0�C) above the preindus-

trial period (1850-1900) for each model. For the ensemble mean, we obtained 2028 (2026) and 2046 (2039)
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as the year of reaching 1.5�C and 2.0�C global warming targets under the SSP245 (SSP585) scenario (Figure

S3). Then, a 20-year window extending from 10 years prior and 9 years after the timing is attained at the

1.5�C and 2.0�C global warming levels for each CMIP6 model (Table S2). All the intended extreme precip-

itation indices statistics are calculated individually in the 20-year target window, afterwards, the mean value

of the multi-model ensemble with all the certain SSP scenarios are obtained for individual warming

threshold. In addition, the same length window (1995-2014) is as the baseline or historical period to validate

the performance of CMIP6.
Validation method and observation

The Taylor diagram50 is employed to test the skill of the bias-corrected CMIP6 data in simulating the spatial

pattern of extreme precipitation indices during the baseline period. From the Taylor diagram, three esti-

mated indicators, such as the spatial correlation coefficient (R), the centered pattern root-mean-square dif-

ference (CRMSD) and the ratio of standard deviations (RSD) between CMIP6 ensemble and observation,

can be presented intuitively and compared easily among models. In the diagram, angular axes show the

spatial correlation coefficient between simulations and observation, which quantifies the degree of phase

agreement of two datasets. Radial axes centered on the coordinate origin and ‘REF’ point (representing

the observation) show the normalized spatial standard deviations and centered pattern root-mean square

difference, respectively. If the spatial correlation and ratio of standard deviations are close to 1 and the

centered pattern root-mean-square difference is close to the ‘REF’ point, it means the performance of

model is better.49,51 In addition, to evaluate comprehensively above three performance skills from Taylor

diagram, a skill score is used:

S =
4ð1+RÞ4

ðRSD + 1=RSDÞ2ð1+R0Þ4
(Equation 2)

where S is the Taylor skill score, R is the pattern correlation between themodels and the observation, RSD is

the ratio of spatial standard deviation in the models against that of the observation. R0 is the maximum cor-

relation coefficient attainable (here we use 0.999). The score equals 1 for a perfect match between the

model and observation, and 0 for an inverse model performance.13,50

In this study, the observed daily precipitation for validation is from the CN05.1 dataset, which is developed

by the National Climate Center, China Meteorological Administration. It is a gridded dataset with 0.25�

spatial resolution and interpolated by station-based observations from more than 2000 gauge stations

located across China. The precipitation is first interpolated by thin-plate smoothing splines and then a grid-

ded daily anomaly derived from angular distance weighting method is added to climatology to obtain the

final precipitation dataset.52 Due to its higher spatial resolution and accuracy relative to other grided ob-

servations in China, the dataset has been widely used to verify the output of climate numeric simulations

overChina.53–55 The output of bias correction is remapped into the same resolution with observation for

further analysis. The whole study domain and its subregions of China are shown in Figure S1 and Table S3.
Extreme precipitation indices

The ETCCDI extreme precipitation indices, which are defined by the Expert Team on Climate Change

Detection and Indices56 are applied in this study. There are 10 extreme precipitation indices in total. In

view of their definitions, they are divided into intensive or frequency indices, plus an annual total precipi-

tation index. In this paper, we mostly focus our attention on the very heavy precipitation extremes events,

i.e., the total precipitation (PRCPTOT), two intensive indices (Rx5day and R99pTOT) and two frequent

indices (R20mm and CWD). Specifically, the PRCPTOT depicts the overall precipitation changes. The

Rx5day is the maximum consecutive 5-day precipitation. R20mm is the days of heavy precipitation when

daily precipitation is more than 20mm. The maximum number of consecutive wet days when daily precip-

itation is more than 1mm is defined as the CWD. The R99pTOT represents very heavy precipitation. The

Rx5day and R99pTOT are the intensive indices and R20mm and CWD represent the frequency indices of

precipitation-related extreme events. The detailed equations of five precipitation indices are shown in

our supplementary materials (see Table S4).
Quantification of the avoided impacts

In addition, the avoided impact of precipitation extremes at 1.5�C compared with the 2.0�C warming level

is calculated using the formula below49,57:
18 iScience 26, 106179, April 21, 2023
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AI =
C2:0 � C1:5

C2:0
3 100% (Equation 3)

where AI is the avoided impact, C2:0 and C1:5 represent the changes of precipitation extreme indices at

2.0�C and 1.5�C global warming levels.

Similarly, relative to the SSP245 emission scenario, the avoided impact for SSP370 and SSP585 is computed

using the formula as follows:

AI =
Cssp370ð585Þ � Cssp245

Cssp370ð585Þ
3 100% (Equation 4)
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