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Abstract 12 

Future precipitation changes impact the availability of water resources and related 13 

flood and drought events. Recent studies have primarily focused on precipitation 14 

changes based on the Representative Concentration Pathways scenarios, which do not 15 

reflect the current mitigation commitments negotiated by governments under the Paris 16 

Agreement that aims to stabilize the global mean temperature at well below the 2.0°C 17 

threshold. Here, we analyze the Asian precipitation response to emission scenarios 18 

under warming resulting from the Intended Nationally Determined Contributions 19 

(INDC) pledges (as of August 2018), which would satisfy the Paris Agreement target in 20 

the next few decades. Our results show an increase in the mean precipitation in Asia by 21 

the end of this century by 12.9% (11.7%–14.7%) for a delayed action (No-policy) 22 

scenario, an increase by 8.0% (6.7%–8.8%) for a continued mitigation action 23 

(continued INDC-pledge) scenario, and an increase by 2.4% (1.9%–3.5%) and 4.4% 24 

(3.7%–5.4%) for scenarios that stabilize the global mean temperature at the 1.5°C and 25 

2.0°C levels, respectively. However, spatial heterogeneity of precipitation changes 26 

reflects the complexity of precipitation responses in future climate projections. 27 

Furthermore, heavy rainfall events will strengthen with the enhanced warming, but the 28 



trend of dry spell events increases or decreases in different regions. Considering the 1 

impacts of precipitation-related extremes, we find that the projected population 2 

exposure to heavy rainfall and dry spell events will significantly increase in most Asian 3 

regions. Limiting warming to lower levels (such as 1.5°C or 2.0°C) would reduce the 4 

population exposure to heavy rainfall, thereby avoiding impacts associated with more 5 

intense precipitation extremes. These results contribute to an improved understanding 6 

of future risk from climate extremes, which is paramount for mitigation and adaptation 7 

activities for Asia, that is home of nearly 60% of the global population. 8 

 9 
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1 Introduction 1 

Global water cycle patterns are expected to change in a warmer world (IPCC, 2 

2014). However, projected future changes in the water cycle are far more complex than 3 

projected temperature changes, including prominent regional and seasonal differences 4 

in the water cycle response to climate change (Collins et al., 2013). Some regions will 5 

be subject to decreasing hydrological activity whereas others may experience the 6 

opposite. Precipitation directly affects water resources for human survival, and 7 

precipitation-related extremes are among the most impact-relevant consequences of a 8 

warmer climate. Therefore, a more accurate projection of future precipitation changes, 9 

including the mean state and its extremes, is crucial for regions that heavily depend on 10 

hydrological cycle impacts on agriculture. 11 

The Paris Agreement set a goal to restrict the global mean warming to well below 12 

2.0°C above the pre-industrial level, and pursue efforts to limit the warming to 1.5°C 13 

(UNFCCC, 2015a, 2015b). To achieve this goal, countries submitted national 14 

mitigation plans in the form of Intended Nationally Determined Contributions (INDC). 15 

As of August 2018, a total of 192 countries have reported their respective INDC 16 

mitigation targets to the United Nations. The bottom-up approach of using national 17 

efforts reflecting the willingness of each country to reduce their emissions is easier to 18 

implement due to avoidance of different countries diverging from the distribution quota 19 

(Gupta et al., 2007).  20 

Future emissions will be the key determinant of climate impacts in the next few 21 

decades. Recently, there are increasing efforts investigating changes in extreme climate 22 

events at the 1.5°C and 2.0°C warming levels, and the benefits of limiting global 23 

warming to 1.5°C rather than to 2.0°C (Donnelly et al., 2017; Dosio & Fischer Erich, 24 

2017; Karmalkar & Bradley, 2017; King et al., 2018; King et al., 2017; Li et al., 2018; 25 

Schleussner et al., 2016; Sonia I. Seneviratne et al., 2018; Shi et al., 2018; Xu et al., 26 

2017; W. Zhang et al., 2018; Hoegh-Guldberg et al., 2018; Zhou et al., 2018). However, 27 

these studies proposed idealized emission pathways for reaching the 1.5°C and 2.0°C 28 

global warming targets (Sanderson et al. 2016; Rogelj J 2016; UNEP 2017). Only a few 29 



recent studies make use of the INDC scenarios, but focus primarily on the global mean 1 

temperature responses (Fawcett et al., 2015; Rogelj et al., 2016; Sanderson et al., 2016; 2 

UNEP, 2017). Few studies evaluated the possible changes in regional precipitation and 3 

its extremes under the INDC emission pledges. Therefore, the socioeconomic system 4 

risks associated with precipitation change in the future are still unknown. Asia is the 5 

most populous continent in the world, and a variety of precipitation changes may affect 6 

different regions of Asia because of the diverse climate types. Regional assessments of 7 

flood and/or drought risks and the impacts that could be avoided by limiting warming to 8 

a low level are critical for mitigation and adaptation planning. 9 

Here, we examine the response of Asian precipitation to emission reductions from 10 

the INDC under the Paris Agreement for the next few decades, using an ensemble of 11 

comprehensive Earth System Models (ESM) from the Fifth Coupled Climate Model 12 

Intercomparison Project (CMIP5). Considering the socioeconomic impacts of future 13 

climate change, we further explore the risk of precipitation-related extremes under the 14 

INDC emission scenario. 15 

 16 

2 Data and Methods 17 

2.1 Emission scenarios 18 

We analyzed the INDC emissions data submitted by 192 countries according to the 19 

Paris Agreement. The INDC reports are continuously updated and include 165 INDCs 20 

that submitted their pledges through 2018 (Oct.), in which the member states of the 21 

European Union (EU) submitted one INDC target for the whole region. The INDC 22 

reports from each country were obtained from the UNFCCC website (UNFCCC, 2018). 23 

National INDC commitments provide emission targets for the pre-2030 period. The 24 

reported emission targets of countries vary from absolute to relative to a base year level, 25 

or emission reduction targets relative to a baseline emission scenario. We analyzed and 26 

extracted the emission targets of most countries. For more detailed information about 27 

the INDC dataset, refer to Supplementary Material S1 and Table S1. 28 

In order to extend the INDC emission scenarios to the end of the 21st century, 29 



simulations of future emissions from 28 socioeconomic models were used (Table S2). 1 

We considered the rate of decarbonization, carbon capture and storage technology 2 

(CCS), energy structure improvement, time to carbon neutralization, etc. Here, we 3 

consider many possible interpretations of “INDC mitigation actions” as available in the 4 

scenarios that contributed to the IPCC AR5 Scenario Database. We use scenarios that 5 

conform to 2030 greenhouse gases (GHG) emission levels consistent with the INDCs 6 

(50–56 GtCO2eq/yr) and assume no sudden changes in climate action over the 21st 7 

century. Considering the difficulty and uncertainty of carbon removal technology in the 8 

future, we take a conservative approach regarding the future availability of negative 9 

emissions technologies and scenarios with CCS > 15 Gt CO2eq/yr are eliminated. A 10 

total of 67 pathways meet the criteria, which are shown in Fig. 1. 11 

The derived emission scenarios were then classified into six groups based on some 12 

key characteristics (e.g. emission targets for specific years, renewable energy structure, 13 

and the amount of CCS), as shown in Fig. 1. Group I (baseline scenario) contains 14 

scenarios without any additional climate policies nor mitigation actions, where the 15 

GHG emissions continue to grow according to current trends. Group II is similar to the 16 

baseline scenario but allows for lower energy intensity in the future. Group III 17 

represents a weak-policy baseline scenario considering existing climate policies, a 18 

weak interpretation (e.g., 2020 Copenhagen Pledges), and extrapolation of these targets 19 

beyond 2020 based on emissions intensity. Global emissions were assumed to peak in 20 

2030 in Groups IV to VI. Specifically, Group IV can be described as a “continued 21 

action” pathway. The relatively constant decarbonization rates were roughly followed 22 

for the period after 2030. The overall trend of Group V is close to that of Group IV, but 23 

more rapid mitigation after 2030 is the distinguishing characteristic. Group VI involves 24 

CCS action accelerating decarbonization and determining negative emissions in some 25 

pathways. 26 

In the discussion below, we refer to Groups I as the “delayed action” (No-policy) 27 

scenario, and Group IV as the extended “continued action” (INDC-pledge) scenarios 28 

(Tokarska et al., 2016; Wang et al., 2018). The patterns of climate responses at the 29 

1.5°C and 2.0°C levels of warming are given to be compared with the INDC scenarios. 30 



 1 

Figure 1. Future emission pathways analyzed in this study. The black vertical line 2 

represents the range of conditional and unconditional INDC pledges in 2030; thin lines in 3 

different colors show the selected emission pathways clustered into the six groups. The range of 4 

the 1.5°C and 2.0°C pathways are plotted for reference, in grey and orange shaded areas, 5 

respectively (CAT, 2017). The estimates of warming at the end of the 21st century above the 6 

pre-industrial level (ΔT) for each scenario group are labelled on the right (uncertainty range of 7 

33-66% and median in brackets). 8 

 9 

2.2 Estimation of climate response to INDC emissions 10 

We first estimated the global warming levels under different INDC scenarios (Fig. 11 

1) via the relationship between the transient climate response and cumulative CO2 12 

emissions in CMIP5 (Collins et al., 2013; Gillett et al., 2013; Matthews et al., 2009; 13 

Tokarska et al., 2016; Zickfeld et al., 2009). Cumulative emissions and corresponding 14 

temperature responses for all CMIP5 models are based on 78 simulations. A function 15 

of temperature change responses to cumulative CO2 emissions ( 𝑇𝐶𝑅𝐸𝑎𝑙𝑙 ) was 16 

constructed from multimodel simulations, defined as: 𝑇𝐶𝑅𝐸𝑎𝑙𝑙 =
∆𝑇

∆𝐼
, where ∆𝐼 17 

represents the cumulative anthropogenic CO2 emissions and ∆𝑇 is the corresponding 18 

change in global mean temperature, subject to decadal smoothing. All non-CO2 19 

emissions in INDC scenarios were converted into a unit of CO2 equivalent emissions. 20 

The warming in response to the INDC scenarios (∆𝑇𝐼𝑁𝐷𝐶) was calculated from the 21 

equation: ∆𝑇𝐼𝑁𝐷𝐶 = 𝑇𝐶𝑅𝐸𝑎𝑙𝑙 × ∆𝐼𝐼𝑁𝐷𝐶 , where ∆𝐼𝐼𝑁𝐷𝐶  represents the cumulative 22 

emissions under the INDC scenarios. More details on this method can be found in 23 

Supplementary Material S4. 24 

Furthermore, the regional climate change at INDC-induced warming levels were 25 

derived from the CMIP5 multimodels using the time-slice approach. Nineteen 26 

comprehensive ESMs from the CMIP5 archives were used (Taylor et al., 2011), which 27 

have different levels of climate sensitivity (Gillett et al., 2013), and represent a wide 28 

range of climate responses to emission scenarios (see Table S3). Historical simulations 29 

(1861–2005) and future projections of Representative Concentration Pathway 8.5 30 

(RCP8.5) scenario (2006–2100) were adopted in this study. All model data was 31 



interpolated to a common 1.5°×1.5° horizontal grid. The spatial pattern of the climate 1 

was identified using a time-slice approach, where the spatial state at a specific warming 2 

point related to ∆𝑇𝐼𝑁𝐷𝐶  was taken from the decadal time slices with the respective 3 

mean warming for each model separately (Supplementary Material S4 and Fig. S1). 4 

The spatial simulations of future climate change are based on the multimodels 5 

ensemble. To indicate the significance of climate change, we assessed the signal to 6 

noise ratio (SNR), expressed as the significance of change compared to internal 7 

variability (Supplementary Material S4 and Figs. S2, S3, S4).The period of 1985–2005 8 

is referred to as the present day baseline and the preindustrial period is defined as 9 

1861–1900.  10 

The changes in mean precipitation and its extremes in Asia were analyzed. 11 

Considering the spatial variation of climate response to global INDC emissions, Asia is 12 

classified into six sub-regions defined by Hijioka et al., (2014): East Asia (EA), 13 

Southeast Asia (SEA), South Asia (SA), West Asia (WA), North Asia (NA) and Central 14 

Asia (CA) (Fig. 2 and Supplementary Material S2). 15 

 16 

Figure 2 Sub-regions in Asia. 17 

 18 

2.3 Assessment of Risks from Extreme Events 19 

Extreme precipitation events can be defined using either relative or absolute 20 

thresholds. Here, we employ the frequently used ETCCDI Climate Change Indices: the 21 

RX5day (Maximum accumulated 5-day precipitation) and CDD (Maximum dry spell 22 

length, defined as consecutive days with precipitation < 1 mm) (Seneviratne et al., 2012; 23 

Zhang et al., 2011). CDD is only an indicator for dry spell length and does not account 24 

for changes in evapotranspiration and soil-moisture related effects. Therefore, it should 25 

not be interpreted as a direct indicator of agricultural or hydrological drought (Mueller 26 

& Seneviratne, 2012; Orlowsky & Seneviratne, 2012). Nevertheless, CDD and the 27 

RX5day can be seen as proxies for the precipitation component when assessing drought 28 

and flood risks, respectively. The results and impacted regions identified here are 29 



broadly consistent with projections based on more comprehensive indicators for 1 

droughts (Dai, 2012; Prudhomme et al., 2014) and flood risk (Hirabayashi et al., 2013). 2 

Regarding social impacts, extreme events that deviate substantially from their 3 

climatology can result in the greatest losses. The response of extreme precipitation to 4 

global warming is twofold and depends on its mean state and variability. Increases in 5 

precipitation mean and/or variability would increase the frequency of intense extreme 6 

events that could be dangerous in terms of social impacts (Viatcheslav V. Kharin & 7 

Zwiers, 2005). Climate change risks are typically determined by the hazards, 8 

vulnerability, and exposure of human society and natural ecosystems (Lavell et al., 9 

2012). Climate extreme indices (Rx5day and CDD) characterize the intensity of 10 

hazards. For further analysis, we define dangerous extreme events as those exceeding 11 

specific return values (RVs) from the 1961–2005 baseline (V. V. Kharin et al., 2018), 12 

and quantify the changes in exposure to hazards (extreme precipitation and dry spells) 13 

under different scenarios. Technical details on the calculation of exposure are described 14 

in Supplementary Material S5. This article does not discuss the vulnerability of 15 

social-economical systems, and the results of exposure reflect only the risk of physical 16 

climate change. 17 

Extreme precipitation and dry spells response to the global INDC scenarios were 18 

calculated based on the CMIP5 models. Furthermore, we investigated the avoided 19 

impacts at different warming levels that correspond to different mitigation policies. We 20 

quantify those impacts as the difference in exposure between a given warming level k 21 

and the present-day baseline (1985–2005), expressed as a ratio: 22 

                 impacts (k) =
𝐸𝑘−𝐸𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝐸𝑝𝑟𝑒𝑠𝑒𝑛𝑡
× 100%                (1) 23 

where 𝐸  stands for the exposure and the subscript 𝑘  indicates different warming 24 

levels from different scenarios (1.5°C, 2.0°C, INDC-pledge, No-policy; as in Fig. 1). 25 

Thus, the impacts avoided by limiting warming from warming level k1 to a lower level 26 

k2 are expressed as the diffenences between impacts (𝑘2) and impacts (𝑘1). 27 

  28 



3 Results 1 

3.1 Changes in mean precipitation 2 

 3 

Figure 3. Relative changes in annual mean precipitation over Asia, absed on multi-model 4 

median. Colored shading is applied for areas where at least 66% of the models agree on the 5 

sign of the change; black stippling indicates regions where at least 90% of all models agree on 6 

the sign of the change. 7 

 8 

 9 

Figure 4. Regional average differences among different scenarios in the annual mean 10 

precipitation changes in Asia and the six sub-regions. Central lines and bars in blue denote 11 

multimodal medians and interquartile ranges, respectively. Horizontal dashed and solid lines in 12 

grey indicate the value of Asian mean and zero, respectively. 13 

 14 

The changes in annual mean precipitation over Asia and the six sub-regions 15 

(Supplementary Material S2) until the end of the century exhibit contrasting patterns in 16 

terms of signal strength and robustness (Fig. 3). Uncertainty in model precipitation 17 

projections is considerably larger than that for temperature (Collins et al., 2013). 18 

Regional averages and the relative differences between the various sets of scenarios are 19 

also shown in Fig. 3 for each subregion. Precipitation over Asia will increase by 2.4% 20 

(1.9%–3.5%; range of the 25%–75% confidence interval, and the same confidence 21 

interval applies to subsequent values) in the 1.5°C scenario, 4.4% (3.7%–4.4%) for the 22 

2.0°C scenario, 8.0% (6.7%–8.8%) for the INDC-pledge scenario, and 12.9% 23 

(11.7%–14.7%) for the No-policy scenario, compared to the present day baseline. 24 

Furthermore, under the INDC-pledge scenario, there is a greater increase in 25 

precipitation in NA (12.4%), followed by CA (7.0%), EA (6.2%), SA (5.8%), and SEA 26 

(4.5%), but precipitation decreases in WA (-3.6%). Under the No-policy scenario, the 27 

projected precipitation increases are in the following regions: NA (20.5%), WA (12.3%), 28 

EA (11.15%), SA (9.0%), SEA (7.7%), and CA (6.5%). There is increasing uncertainty 29 

in the projected changes under the No-policy scenario, since fewer models would reach 30 

such a high warming under the simulation of RCP8.5 (Fig. S1). Considering the 31 



differences between the two future scenarios, there are less significant changes in 1 

precipitation between the 1.5°C and 2.0°C scenarios (2.0°C versus 1.5°C), compared 2 

with that beween the 2.0°C and INDC scenarios (INDC versus 2.0°C), in Asia as a 3 

whole and in most of its sub-regions (Fig. 4). Changes with high agreement among 4 

models appear mainly in NA and northern EA, but the sign of regional mean 5 

precipitation change can be positive or negative in WA, CA, SEA, and SA, reflecting 6 

water cycle projection uncertainty (Fig. 3). 7 

With an increase in the warming levels, overall precipitation in Asia also increases 8 

but has a different regional characteristics. Most significant increases are found mainly 9 

in NA, whereas there is a little decrease in WA (and some in borderlands of CA and SA) 10 

where the intermodel range is the largest (Fig. 3). 11 

 12 

Figure 5. Annual mean precipitation response to global temperature increase, per degree 13 

of warming. Regression coefficients are calculated in each grid cell based on the local 14 

precipitation and global mean temperature of seperate models, and then adopted the multimodel 15 

ensemble median. Left: Spatial distribution of multimodel median: colored shading is applied 16 

for areas where at least 66% of the models agree on the significant linear relationship 17 

(statistically significant at the 5% level based on the Student’s t-test); black stippling indicates 18 

regions where at least 90% of all models agree on the significant linear relationship.. Right: 19 

Regional average: Central lines and bars show the multimodel ensemble 25th, 50th, and 75th 20 

intervals. 21 

 22 

We further examined the relationship between precipitation changes and global 23 

warming (Figs. 5 and S5). The mean precipitation averaged over Asia responds 24 

approximately linearly with the global mean temperature increase at a rate of 4.4% K−1, 25 

with a 25th–75th percentile range of 1.6–6.6% K−1 (Fig. 5), but the regression 26 

coefficient varies greatly among regions. The most prominent response occurs in NA 27 

(6.0% K−1). The regression coefficients are close to zero in CA (0.9% K−1) and WA 28 

(-0.7% K−1); this indicates that the change in mean precipitation in those regions with 29 

global warming is not significant. In addition, coefficients in EA (4.0% K−1), SEA (2.8% 30 

K−1), and SA (3.0% K−1) are lower than the mean state of the whole continent.In most 31 

regions, such a response is lower than that expected from the Clapeyron–Clausius 32 

equation (an increase rate of about 7% K−1 of atmospheric moisture). The weaker 33 



response of the mean precipitation can be partly explained by the energy constraints 1 

(Allen and Ingram 2002; Held and Soden 2006).  2 

3.2 Changes in precipitation extremes 3 

 4 

Figure 6. Relative changes in the annual Rx5day over Asia, based on the multi-model 5 

median.  Increased dryness is indicated with yellow to orange colors; decreased dryness with 6 

blue. Colored shading is applied to areas where at least 66% of the models agree on the sign of 7 

the change; stippling is added for regions where at least 90% of all models agree on the sign of 8 

the change. 9 

 10 

Figure 7. Relative change in annual CDD over Asia, based on the multi-model median. 11 

Corresponds to Fig. 6, but for CDD. 12 

 13 

Considering changes in the precipitation extremes, we use the Rx5day (Maximum 14 

accumulated 5-day precipitation) for characterizing heavy rainfall events and CDD (the 15 

maximum dry spell length, defined as consecutive days with precipitation < 1 mm) for 16 

long dry spell events. Figs. 6 & 7 show the median estimates for projected RX5day and 17 

CDD indices, respectively. We first focus on the changes in the Rx5day index in the 18 

1.5°C, 2.0°C, INDC-pledge, and No-policy scenarios. There is a consistent increasing 19 

extreme precipitation trend under global warming in Asia, but the magnitudes of those 20 

changes are widespread across the different sub-regions (Fig. 6). The regions with 21 

profound increases in extreme precipitation include Siberia, the Tibetan Plateau and its 22 

surroundings, the Indian subcontinent and Indonesia. In contrast to the uniform change 23 

in the Rx5day, the changing CDD signs show regional differences (Fig. 7). CDD in the 24 

high latitude in NA shows a significant decreased trend, but there is an increasing trend 25 

in most areas of EA, SEA, and the edge of the Tibetan Plateau. The CDD model 26 

uncertainty is remarkably greater than the Rx5day, and WA and western SA are areas of 27 

high uncertainty in both the Rx5day and CDD. In addition, there are large differences in 28 

the projected CDD in CA region among the models. 29 

 30 



3.3 Changes in exposure to precipitation-related extremes 1 

 2 

Figure 8. Population exposure to heavy rainfall events of different RVs. The population 3 

density weighted means for Asia and the six sub-regions are estimated based on the year-2100 4 

population projection under the SSP2 scenario (for future scenarios) and the year 2000 baseline 5 

(for present day). The multimodel medians are in solid lines, and interquartile ranges are shaded. 6 

Results of areal exposure refer to Fig. S6. 7 

 8 

Figure 9. Population exposure to dry spell events of different RVs. Corresponds to Fig. 8, 9 

but for population exposure to dry spell events. Results of areal exposure refer to Fig. S7. 10 

 11 

To further analyze the impact of precipitation-related extremes, we define 12 

dangerous extreme events as those exceeding the 10-, 20- and 50-year RVs from the 13 

present day baseline (1961–2005), and lie in the upper tail of the extreme value 14 

distributions. The three thresholds represent different levels of danger. Exposures to 15 

extreme events exceeding those RVs under different scenarios are estimated, and then 16 

the population density weighted regional average exposure is computed 17 

(Supplementary Material S5). Here, we only show the population exposure estimated 18 

from the projected population in the year 2100 under the SSP2 scenario (Jones & 19 

O’Neill, 2016), whereas the population exposures based on projections under other SSP 20 

scenarios are qualitatively similar. The evolution of exposure (especially population 21 

density weighted exposure) with warming levels indicates the probability of the human 22 

system being impacted by these dangerous extremes. Asia and its sub-regions exposed 23 

to these dangerous events increases consistently with global warming, and 24 

record-breaking events will be more frequent in the future. 25 

Considering the whole Asian average, for heavy rainfall events that exceed the 26 

baseline 20-year RV, the population exposure increases from the present-day level of 27 

6.0% (5.9%–6.5%) to 8.1% (7.2%–10.2%) for the 1.5°C scenario, 9.5% (8.3%–11.9%) 28 

for the 2.0°C scenario, 14.8% (10.0%–16.4%) for INDC-pledge scenario, and 18.9% 29 

(14.6%-21.5%) for the No-policy scenario (Fig. 8). Similarly, the population exposure 30 

to long dry spell events that exceed the baseline 20-year RV increases from 5.3% 31 

(4.6%–6.1%) for the present day to 6.5% (4.7%–8.5%) for the 1.5°C scenario, 6.9% 32 



(5.0%–8.4%) for the 2.0°C scenario, 6.3% (4.5%–10.2%) for the INDC-pledge 1 

scenario, and 7.7% (5.0%–12.7%) for the No-policy scenario (Fig. 9). The increased 2 

rate of exposure to heavy rainfall events with global warming is remarkably faster than 3 

that for dry spell events, and the greater uncertainty of projected CDD results in a larger 4 

intermodal variable of exposure to dry spell events. 5 

Compared with the results of population exposure and the Rx5day/CDD indices, the 6 

trends of change are similar in most sub-regions. Some inconsistent events, such as the 7 

NA region, with significant decrease in CDD facing a higher risk of dry spell than that 8 

in the present day, can be explained by the population distribution. 9 

 10 

3.4 Avoided impacts in low warming scenarios 11 

 12 

Figure 10. Changes in extreme heavy rainfall (two left panels) and dry spell events (two 13 

right panels) avoided over Asia and its sub-regions in less warming scenarios. Population 14 

exposure is reduced in the low warming scenarios (1.5°C compared to 2.0°C, 2.0°C compare to 15 

INDC pledge) for heavy rainfall (columns 1 and 2) and dry spell (columns 3 and 4) events that 16 

exceed the baseline (a) 10-, (b) 20- and (c) 50-year return values. Central lines and bars denote 17 

multimodal medians and interquartile ranges, respectively. Results based on areal exposure 18 

refer to Fig. S8. 19 

 20 

If warming is limited to a lower level, the Asian region is projected to benefit from 21 

robust reductions in population exposure to dangerous extremes (Fig. 10). Over the 22 

whole Asian region, for heavy rainfall (Rx5day) events that exceed the baseline 20-year 23 

RV, population exposures over the present-day level will increase to 134% 24 

(122%–157%) for the 1.5°C scenario, 156% (141%–182%) for the 2.0°C scenario, 244% 25 

(170%–253%) for the INDC-pledge scenario, and 311% (248%–331%) for the 26 

No-policy scenario. Thus, the median values of avoided impacts are estimated to be 34% 27 

(18%–40%) (1.5°C versus 2.0°C) and 30% (18%–75%) (2.0°C versus INDC-pledge). 28 

In the same way for dry spell (CDD) events, the median values of avoided impacts are 29 

estimated to be 12% (-1%–18%) (1.5°C versus 2.0°C) and 15% (-5%–38%) (2.0°C 30 

versus INDC-pledge), respectively, for population exposures exceeding the baseline 31 

20-year RV due to a lower warming level. It is worth noting that the avoided impacts are 32 



more remarkable for more intense extremes. For example, for the heavy rainfall events 1 

exceeding the baseline 50-year RV, the population exposures that could be reduced by 2 

less warming amount to 39% (29%–61%) (1.5°C versus 2.0°C) and 54% (31%–82%) 3 

(2.0°C versus INDC-pledge). More than half of the sub-regions would experience such 4 

robustly avoided impacts, although the magnitudes would differ. For the dry spell 5 

events exceeding the 50-yr RV, the avoided impacts amount to 24% (1%–34%) (1.5°C 6 

versus 2.0°C) and 37% (-14%–63%) (2.0°C versus INDC-pledge), respectively. 7 

However, uncertainty ranges of avoided impact for dry spell events stretch across zero 8 

for most sub-regions, indicate no statistical significant difference among scenarios. 9 

In low warming scenarios, almost all regions in Asia will face less risk (exposure) 10 

of heavy precipitation and dry spell, and the reduced exposure to extreme heavy rainfall 11 

events due to lower warming is larger than for extreme dry spell events. Hotspots where 12 

the avoided impacts are the most prominent are seen in CA (for heavy rainfall events) 13 

and WA (for dry spell events). We only consider the fractional population exposure. If 14 

the absolute population growth is considered, the avoided impacts will be larger. 15 

  16 



4 Discussion 1 

Climate warming in response to the actual emission reductions stipulated by the 2 

Paris Agreement is receiving significant interest. Most of the existing research is based 3 

on RCP or 1.5°C and 2.0°C scenarios. However, these scenarios do not account for the 4 

current mitigation commitments negotiated by governments. Our approach is based on 5 

the self-determined emission reduction commitments reached in the climate 6 

negotiations as the starting point to assess climate response in the future. 7 

  We use simulations from the CMIP5 models to quantify regional climate changes in 8 

response to INDC pledges and their extensions. Our results indicate that climate 9 

warming under the INDC scenarios is projected to greatly exceed the long-term Paris 10 

Agreement goal of stabilizing the global mean temperature above the 2.0°C or 1.5°C 11 

levels. The differences in exposure to extreme events between different scenarios is 12 

found to be more than that of the mean state. Our results indicate that if global emission 13 

reductions are further strengthened to achieve ambitious temperature targets, such as 14 

the Paris Agreement goal, the benefits on regional heavy precipitation and dry spell risk 15 

may be more pronounced than on the mean state of precipitation. The impact-relevant 16 

extremes, changes in the water cycle, and particularly the availability of water on the 17 

uncertain warming in the future deserve further investigation (Sebastian et al., 2016). 18 

  Nearly all previous studies are based on existing CMIP5 data, which were not 19 

specifically designed for assessment. The National Center for Atmospheric Research 20 

(NCAR) released a set of climate simulations to assess the impacts of 1.5°C and 2.0°C 21 

warmer climates using the Community Earth System Model (CESM), which entail only 22 

stabilization pathways that reach 1.5°C and 2.0°C warming levels (B. M. Sanderson et 23 

al., 2017) and are not specific to the INDC pledges, which are the focus of this study. 24 

When analyzing the climate response to global INDC emissions, targeted experimental 25 

design is still lacking; thus, it is difficult to accurately estimate the equilibrium state of 26 

the climate response under a specific temperature rise threshold based on existing 27 

climate change projection results.  28 

  Our study uses the time-slice approach applied to the INDC pledges, using the fully 29 



coupled CMIP5 models, as opposed to the atmosphere-only coupled models used by 1 

Mitchell et al. (2017) and in the HAPPI experiments. The fully coupled runs could 2 

generate comprehensive extreme events than the atmosphere-only run (prescribed sea 3 

surface temperature). We focus not only on the assessment of extreme climate impacts 4 

under INDC scenarios, but also on the extreme climate impacts at 1.5°C. Our results 5 

under the 1.5°C scenario are consistent with those presented in Chapter III of the 6 

IPCC 1.5°C report (Hoegh-Guldberg et al., 2018). We further show that the risk of 7 

climate extremes and their impact on the regional socioeconomic systems considered 8 

here will be significantly different under various scenarios that entail emissions from 9 

the INDC, and the 1.5°C warming target. We show that less warming lowers the risk 10 

of extreme events in the Asian regions. 11 

We also recoginze that the TCRE framework used in this study was primarily 12 

designed for CO2-only emissions. Converting INDC emissions to CO2-equivalent 13 

emissions does not account for different life-time of different forcers (such as 14 

short-term but high warming impact from the methane emisisons). Newer approaches 15 

suggesting a forcing-equivalent (rather than CO2-emissions equivalent) metric (Allen et 16 

al., 2018) would be more suitable, but cannot be easily computed from the data 17 

available in the CMIP5 archive. 18 

  The large-scale ESMs continue to show less consistent changes for precipitation than 19 

for surface temperature. It is worth noting that the uncertainty ranges of the projected 20 

precipitation seem to be large. On one hand, it is challenging to simulate the physical 21 

process related to precipitation accurately in existing ESMs. On the other hand, the 22 

intermodal dispersion is not simply equal to uncertainty. For example, every model has 23 

its own design and parameterizations of key processes, and every model and its output 24 

was assumed to be equally valid, even though some models perform better than others 25 

in certain ways when tested against historical records. 26 

  27 



5 Conclusion 1 

Using fully coupled simulations from 19 CMIP5 models, we analyze changes in 2 

precipitation and its extremes over Asia under global INDC scenarios, and compare the 3 

results at the 1.5°C and 2.0°C warming thresholds. The differences in Asian climate 4 

change in response to different emission scenarios substantially differ at a regional 5 

scale. The main findings are summarized as follows: 6 

(1) The mean precipitation averaged over Asia is expected to increase by 2.4% 7 

(1.9%–3.5%) under the 1.5°C scenario, 4.4% (3.7%–4.4%) for the 2.0°C scenario, 8.0% 8 

(6.7%–8.8%) for the INDC-pledge scenario, and 12.9% (11.7%–14.7%) for the 9 

No-policy scenario, relative to the present-day level. In general, concurrent with 10 

enhancement of global warming, there will be a gradual increase in precipitation, 11 

generally with a larger response in high latitudes than in mid-low latitudes. The 12 

inter-model range is large in WA, CA, and western SA regions, indicating the 13 

uncertainty in precipitation projection. The change in mean precipitation response to 14 

global mean warming is lower than that expected from the Clapeyron–Clausius 15 

equation and the appearance of regional features.  16 

(2) With the strengthening of global mean warming, the intensity of heavy rainfall 17 

events over Asia will substantially increase, indicating more frequent extreme heavy 18 

rainfall. However, the change in dry spell events shows complex regional 19 

characteristics, with greater differences between models. There dry spells will be 20 

shorter in high latitudes but longer in some monsoon regions. 21 

(3) The population exposure to dangerous extreme precipitation events (e.g. exceeding 22 

the 20-year RV) is expected to increase consistently with warming over Asia, and there 23 

is a higher risk of record-breaking heavy precipitation events than dry spell events in 24 

the future. Less warming would reduce population exposures to once-in-20-year 25 

extreme heavy rainfall events over Asia by 34% (18%–40%) (1.5°C versus 2.0°C) and 26 

30% (18%–75%) (2.0°C versus INDC-pledge). For extreme dry spell events, the 27 

reduced exposures over Asia are estimated to be 12% (-1%–18%) (1.5°C versus 2.0°C) 28 

and 13% (-5%–38%) (2.0°C versus INDC-pledge). The avoided impacts in lower 29 



warming scenarios are more significant for the intense extremes. However, the 1 

projected exposure to dry spell events remain larger uncertainties, and there are no 2 

significant differences among scenarios in most sub-regions. These results provide a 3 

better understanding of the future risk associated with climate extremes, which is 4 

essential for mitigation and adaptation activities for Asia, that is home to nearly 60% of 5 

the global population (Center for International Earth Science Information Network et al. 6 

2005). 7 
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 1 

Figure 1. Future emission pathways analyzed in this study. The black vertical line 2 

represents the range of conditional and unconditional INDC pledges in 2030; thin lines in 3 

different colors show the selected emission pathways clustered into the six groups. The range of 4 

the 1.5°C  and 2.0°C pathways are plotted for reference, in grey and orange shaded areas, 5 

respectively (CAT, 2017). The estimates of warming at the end of the 21st century above the 6 

pre-industrial level (ΔT) for each scenario group are labelled on the right (uncertainty range of 7 

33-66% and median in brackets). 8 
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Figure 2 Sub-regions in Asia. 2 
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 1 

Figure 3. Relative changes in annual mean precipitation over Asia, based on multi-model 2 

median. Colored shading is applied for areas where at least 66% of the models agree on the 3 

sign of the change; black stippling indicates regions where at least 90% of all models agree on 4 

the sign of the change. 5 
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 1 

Figure 4. Regional average differences among different scenarios in the annual mean 2 

precipitation changes in Asia and the six sub-regions. Central lines and bars in blue denote 3 

multimodal medians and interquartile ranges, respectively. Horizontal dashed and solid lines in 4 

grey indicate the value of Asian mean and zero, respectively. 5 
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 1 

Figure 5. Annual mean precipitation response to global temperature increase, per degree 2 

of warming. Regression coefficients are calculated in each grid cell based on the local 3 

precipitation and global mean temperature of seperate models, and then estimated the 4 

multimodel ensemble median. Left: Spatial distribution of multimodel median: colored 5 

shading is applied for areas where at least 66% of the models agree on the significant of linear 6 

relationship (statistically significant at the 5% level based on the Student’s t-test); black 7 

stippling indicates regions where at least 90% of all models agree on the significant of linear 8 

relationship.. Right: Regional average: Central lines and bars show the multimodel ensemble 9 

25th, 50th, and 75th intervals. 10 
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 1 

Figure 6. Relative changes in the annual Rx5day over Asia, based on the multi-model 2 

median. Increased dryness is indicated with yellow to orange colors; decreased dryness with 3 

blue. Colored shading is applied to areas where at least 66% of the models agree on the sign of 4 

the change; stippling is added for regions where at least 90% of all models agree on the sign of 5 

the change. 6 
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 1 

Figure 7. Relative changes in annual CDD over Asia, based on the multi-model median. 2 

Corresponds to Fig. 6, but for CDD. 3 
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 1 

Figure 8. Population exposure to heavy rainfall events of different RVs. The population 2 

density weighted means for Asia and the six sub-regions are estimated based on the year-2100 3 

population projection under the SSP2 scenario (for future scenarios) and the year 2000 baseline 4 

(for present day). The multimodel medians are in solid lines, and interquartile ranges are shaded. 5 

Results of areal exposure refer to Fig. S4. 6 
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 1 

Figure 9. Population exposure to dry spell events of different RVs. Corresponds to Fig. 8, 2 

but for population exposure to dry spell events. Results of areal exposure refer to Fig. S5. 3 
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 1 

Figure 10. Changes in extreme heavy rainfall (two left panels) and dry spell events (two 2 

right panels) avoided over Asia and its sub-regions in less warming scenarios. Population 3 

exposure is reduced in the low warming scenarios (1.5°C compared to 2.0°C, 2.0°C compare to 4 

INDC-pledge) for heavy rainfall (columns 1 and 2) and dry spell (columns 3 and 4) events that 5 

exceed the baseline (a) 10-, (b) 20- and (c) 50-year return values. Central lines and bars denote 6 

multimodal medians and interquartile ranges, respectively. Results based on areal exposure 7 

refer to Fig. S6. 8 


