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Key Points: 

• The summer precipitation increases more significantly in southeast China in the 

stabilized warming scenario compared with the transient one  

• The dynamic effect in relation to changes of atmospheric circulation constitutes the 

major discriminant factor of distinctive precipitation responses 

• The differential meridional thermal gradient related to a contrasted land-ocean 

warming leads to dynamic changes 

  

 
 

mailto:zhjiang@nuist.edu.cn


Jiang et al., 2021, Earth’s Future, Accepted manuscript DOI: 10.1029/2020EF001832 page 2 

 

 

 

Abstract 

Responses of summer precipitation in China to global 1.5°C warming with 

transient and stabilized pathways are investigated through the analysis of the Common 

Earth System Model climate simulations. Precipitation increases more significantly in 

southeast China in the stabilized scenario compared with the transient one. The 

difference is primarily attributable to dynamic factors related to circulation changes and 

driven by differences of land–ocean thermal contrast between the two scenarios. The 

stabilized warming favors conditions of larger ocean warming and smaller land 

warming, leads to enhanced meridional temperature gradient and ultimately speeds up 

the jet stream over East Asia. Ageostrophic wind at the entrance of the accelerated jet 

strengthens ascending motion and precipitation along the coast of Asia from southeast 

China to India. The enhanced heating over India further induces a Kelvin-wave 

response with an anomalous anticyclone that contributes to the enhanced westward 

shifted of the western North Pacific Subtropical High. Southerly winds at the west flank 

of the anticyclone transport moisture northward from tropical oceans, and strengthen 

precipitation in southeast China.  

Plain Language Summary 

This study deals with the issue of regional precipitation response to 1.5°C global 

warming in accordance to the Paris Agreement on Climate Change for two different 

pathways, either transient or stabilized. Compared with the transient warming scenario, 

summer precipitation increases more significantly in southeast China in the stabilized 

one. This feature of distinctive precipitation responses, with strong implications for 

policy making in terms of regional climate mitigation and adaptation, is furthermore 

explored through a moisture budget analysis. Dynamic effect in relation to changes of 

atmospheric circulation is found to be the major contributor to the difference. The cause 

of the significant difference in precipitation in South China is attributed to changes of 

land-ocean thermal contrast, leading to a series of atmospheric circulation adjustments. 

Results presented here satisfactorily addressed, for the first time, the long-standing 

issue on global warming, namely, how the atmosphere responds distinctively under the 

transient and stabilized anthropogenic forcing pathways which show however an 

identical global warming level. 
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1. Introduction 

The Paris Agreement adopted at the UNFCCC 21st conference of parties in 2015 

aims to limit global warming to less than 2°C and to pursue efforts to limit the global 

warming level to 1.5°C (UNFCCC, 2015). The Agreement nevertheless did not mention 

any pathways to reach the goal. There are actually different scenarios to achieve the 

1.5/2°C warming target. At least two possibilities are offered to us, with either a 

transient warming scenario or a stabilized one (Zhai et al., 2017). Although the two 

pathways can reach to an identical global warming level, climate change may be 

divergent at regional scale (Boulange et al., 2018; King et al., 2019). 

The Coupled Model Inter-comparison Project Phase 5 (CMIP5), with its 

coordinated ensemble simulations from multiple models and multiple emission paths 

(including RCP2.6, RCP4.5 and RCP8.5), is the most important effort of the 

international scientific community in dealing with climate change. But it is of transient 

conditions, as the global warming levels, 1.5°C and 2°C, are gradually reached and then 

exceeded (King et al., 2019; Zhang & Villarini, 2017; Chevuturi et al., 2018; Lee et al., 

2018; Li et al., 2018). Such an approach does not seem entirely satisfy the spirit of the 

Paris Agreement which tends to refer to stabilized climate (Rogelj et al., 2019; Wehner 

et al., 2017; Wei et al., 2019). Recently, the Community Earth System Model (CESM) 

low-warming simulations performed by the National Center for Atmospheric Research 

(NCAR) provides an opportunity for assessing climate changes at stabilized levels 

(Sanderson et al., 2017). It is worth investigating what are the divergent responses 

between transient and stabilized warming scenarios and why they occur.  

East China has a very prominent monsoonal climate with dry and cold winter, but 

humid and hot summer. The East Asian summer monsoon plays thus an important role 

in the regional climate variability. But its future evolution within the global warming 

context is of high uncertainty, since the consensus among CMIP models is low with 

divergent results. Before going further, we can summarize a few main works for the 

East Asian summer monsoon, as synthetized in the IPCC special report on the impacts 

of global warming of 1.5°C (IPCC, 2018). Most studies are based on transient scenarios 

from CMIP5 models. Both total precipitation and extreme precipitation would increase 

over East Asia under RCP scenarios (Kitoh et al., 2013; Li et al., 2015; Alfieri et al., 

2016). The precipitation seasonal cycle would be enhanced, and a lower warming target 

could robustly reduce hydrological risks compared to higher warming levels (Zhang et 

al., 2019). Further research shows that the risk of flooding would be increasing 

significantly in many areas of China, especially in western China and the Huanghuai 

Basin (Li et al., 2018). The summer monsoon intensity would experience a significant 

increase causing an enhancement of precipitation in north of East Asia under the 1.5°C 

warming scenario (Liu et al., 2018). 

There are also a few recent studies reported in the literature (Lee et al., 2018; Chen 

et al., 2018; Li et al., 2019; Chen et al., 2020) to assess changes of the East Asian 
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summer monsoon system in the stabilized 1.5°C and 2°C warmer worlds. Although 

results from the stabilized and transient scenarios are qualitatively consistent in 

projecting an increased frequency and intensity of extreme precipitation over East Asia, 

there exist significant differences in the response of summer monsoon and in the spatial 

structures of precipitation. In this article, we would like to revisit this issue of 

transient/equilibrium pathways, with emphasize on the underlying dynamic-physical 

mechanisms. In particular, what are the thermodynamic effects in relation to water 

vapor changes? and what are the dynamic effects in relation to regional atmospheric 

circulation?  

In this study, the CESM large ensemble simulations including RCP8.5 and low-

warming scenarios were used to analyze the changes in summer precipitation over 

China under stabilized and transient 1.5°C warming scenarios, with a focus on the 

difference between the two scenarios. We also analyze the outputs from CMIP5 multi-

model ensemble (CMIP5_MME, see Supplementary materials, Table S1) and compare 

results with the CESM large ensemble simulations to assess the robustness of our 

findings.  

2. Data and Methods 

2.1 Data source 

Main data used in this study originate in the Community Earth System Model (CESM), 

developed and operated by the National Center for Atmospheric Research (NCAR). 

CESM has been largely used in studies on the East Asian Summer Monsoon. It shows 

very good performance in simulating the regional precipitation and monsoon 

circulation (Kay et al., 2015). From the ESGF platform, we downloaded relevant 

simulations from the experiments CESM_LENS (large ensemble) and CESM_LW (low 

warming stabilized at 1.5°C) (Sanderson et al., 2017). We obtained 11 members from 

the ensemble and for both experiments. Daily precipitation and monthly circulation 

outputs of the historical simulation (1850-2005) and future projections (2006-2100, 

under the scenario RCP8.5) were downloaded for our purpose. The synergy combining 

the CESM large ensemble runs and the CESM low-warming runs provides an ideal 

framework to investigate the differences between transient and stabilized scenarios. 

Greenhouse gas (GHG) emission pathways and aerosol forcing both differ among the 

two different scenarios (Sanderson et al., 2017; Zhang and Zhou, 2021), other aspects 

of CESM being identical. Both experiments contain 11 ensemble members with 

different initial conditions. Climate internal variability may play a dominant role on 

regional climate change, particularly for rainfall (Deser et al., 2012). The ensemble 

approach helps remove internal climate variability and obtain robust signal of forced 

climate change (Lo & Hsu, 2010; Guan et al., 2015; Huang et al., 2017). In addition, 

the CMIP5 multi-model ensemble, as an equivalent of our transient scenario is also 

used to assess the robustness of our work. Actually, we downloaded data of 21 coupled 

global climate models from the CMIP5 RCP8.5 scenario experiment (Table S1). 
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2.2 Timing of the 1.5°C warming target  

As a general practice, changes of any climate variables or indices are evaluated with 

reference to present day defined as the period of 1986-2005, although the timing of the 

1.5°C warming target is relative to preindustrial. For the transient scenario from 

CESM_LENS, the global and annual mean surface air temperature was firstly 

processed to form a long time series from 1850 to 2005, and then from 2006 to 2100 

following the RCP85 scenario. As used in Shi et al., (2018), the time series of each 

individual member was smoothed with a 20-year running-mean filter. We can then 

detect the year when the warming target (1.5°C relative to pre-industrial) is reached, 

which determines our working window of 20 years. For the 11 members of 

CESM_LENS, we actually obtained years 2020-2039 as the window of 1.5°C global 

warming. For the CMIP5_MME, the time periods of 1.5°C global warming for each 

individual model were also selected in the same way as for CESM_LENS. It is worth 

noting that the actual global warming when the 1.5°C threshold is reached is only 0.9°C 

with reference to present-day climate from 1986 to 2005.  

For the stabilized warming scenario, CESM_LW, since its design was to keep a 

stabilized warming level of 1.5°C for the whole duration, we decided to use the end of 

the simulation as our investigation time window to have a better stabilized state. This 

corresponds, nominatively, to the last 20 years (2081-2100) of the 21st century (in 

agreement with most other similar studies, such as Wei et al., 2019 and Li et al., 2019).  

2.3 Moist budget analysis  

For vertically-integrated water vapor, we can easily establish its budget equation as: 

𝜕𝑡〈𝑞〉  + 〈𝑉ℎ
⃑⃑⃑⃑ ∇ℎ𝑞〉  + 〈𝜔𝜕𝑝𝑞〉  = 𝐸 − 𝑃                (1) 

where P is precipitation rate, E evaporation rate at surface. q represents the specific 

humidity. 𝑉ℎ represents the horizonal wind while 𝜔 is the vertical velocity at pressure 

level. <> represents the column integration for the whole layer from 1000 to 100 hPa. 

𝜕𝑡 and 𝜕𝑝 denote time and pressure derivatives respectively. The time derivative term 

𝜕𝑡 < 𝑞 > is generally small and can be ignored for long term mean. If we assume that 

climate change is a perturbation added to the basic climatology, the moisture budget 

equation can be transformed into its derivative form or perturbation form: 

𝑃′ = 𝐸′ − 〈𝑉ℎ
⃑⃑⃑⃑ ∇ℎ𝑞〉′ − 〈𝜔𝜕𝑝𝑞〉′                  (2) 

〈−𝑉ℎ
⃑⃑⃑⃑ ∇ℎ𝑞〉′  represents the anomaly of water vapor horizontal advection, and it is 

generally smaller than the vertical advection term 〈−𝜔𝜕𝑝𝑞〉′. The vertical advection 

term, as a first order approximation, can be decomposed into two combined linear 
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effects, one related to changes of specific humidity (called as thermodynamic 

contribution, TC) and another related to changes of circulation (called as dynamic 

contribution, DC) (Chou & Lan, 2012):  

〈−𝜔𝜕𝑝𝑞〉′ = 〈−𝜔̅𝜕𝑝𝑞
′〉 + 〈−𝜔′𝜕𝑝𝑞̅〉 + 𝑅𝑒𝑠             (3) 

The bar (    ̅ ) denotes the historical climatological monthly mean, and the prime (′ ) 
represents the departure from the mean. The term 〈−𝜔̅𝜕𝑝𝑞

′〉  is the advection of 

anomalous water vapor by climatological vertical wind (also called thermodynamic 

effect), and the term 〈−𝜔′𝜕𝑝𝑞̅〉  is the advection of climatological water vapor by 

anomalous vertical wind (also called dynamic effect). The residual term includes also 

the non-linear contribution. This methodology is a commonly-used moisture budget 

analysis for a diversity of applications to investigate regional precipitation changes for 

different warming scenarios (Chou & Lan, 2012; Chou et al., 2013). 

This decomposition permits us to explore the relative contribution of changes in 

water vapor and in atmospheric circulation to the change of precipitation. The 

thermodynamic term −< 𝜔̅𝜕𝑝𝑞
′ > is directly determined by the change in air humidity. 

According to the Clausius-Clapeyron equation, the change of this term is closely related 

to the change of temperature. While the dynamic term −< 𝜔′𝜕𝑝𝑞̅ > is closely related 

to the change of large-scale vertical motion. Each component in Eq. (3) is calculated 

using the monthly data of the CESM ensemble members, and then the multimember 

mean is calculated.  

3. Results 

3.1 Different responses of summer (JJA) precipitation 

The structural change of JJA precipitation under stabilized and transient warming 

scenarios in the 1.5°C warmer climate is examined first and shown in Figure 1a-c. 

Precipitation increases in most areas of China under the stabilized scenario, with 

hotspots being seen in southeast China and northwest China (Figure 1a). The increase 

is by more than 10% in most parts of southeast China. For the transient warming 

scenario, precipitation increases by more than 6% in most parts of northwest and 

northeast China, but there is no significant increase in southeast China. It is clear that 

southeast China (22-33°N, 105-122°E, land areas) is the region with the largest 

difference between the transient and stabilized warming scenarios. It is worthy of note 

that results from CESM_LENS are quite comparable to its counterpart from 

CMIP5_MME, as demonstrated in Figure 1c showing the multi-model ensemble mean 

results of available CMIP5 models. Conclusions that we can draw from the current 

work might be robust among different CMIP5 models. 

This is further confirmed by the regional mean calculated for whole China and 

southeast China, respectively. Results are shown in Figure 1d. The regional-mean 
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change for whole China increases by approximately 12.1% in CESM_LW, while by 

only 7.4% and 5.2% in CESM_LENS and CMIP5_MME. In southeast China, the 

regional mean changes in total precipitation increases by approximately 19.3% in 

CESM_LW, while only 6% and 3.7% in CESM_LENS and CMIP5_MME. We also 

evaluate the uncertainty manifested as the ensemble range, and shown by bars in Fig. 

1d. We can see that the changes of JJA precipitation in southeast China are quite 

different between the two scenarios, with a more significant increase in the stabilized 

warming scenario.  

 

Figure 1. Transient scenario and stabilized scenario reveal significant differences of precipitation 

responses to 1.5°C global warming for whole China and especially for Southeast China. Panels a, 

b and c displays the relative changes of summer (JJA) precipitation (relative to 1986-2005, 

considered as present-day climate) in the 1.5°C warmer climate (relative to preindustrial), obtained 

with CESM low-warming simulations (noted as CESM_LW, stabilized warming scenario, panel a), 

with CESM large-ensemble simulations (noted as CESM_LENS, transient warming scenario, panel 

b), and with all available CMIP5 models in their ensemble-mean form (noted as CMIP5_MME, 

transient warming scenario, panel c). The red box indicates southeast China, our target domain (22-

33°N, 105-122°E, land areas). Panel d is the areal mean over the red box. Error bars denote the 

range of the ensemble members, and the symbols represent the median of the ensemble. The dotted 

areas in a-c are statistically significant at the 5% level for the differences between the stabilized and 

transient scenarios. 

We also observed similar behaviors for some extreme precipitation indices, such 

as the maximum precipitation for five consecutive days (Rx5day, shown in Figure S1), 
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which are useful and relevant for societal vulnerability assessment. Compared to Zhang 

and Zhou (2019) using CMIP5 multi-model projections, the change of Rx5day is here 

more pronounced in southeast China, indicating an enhanced effect under the stabilized 

scenario.  

Therefore, it is of great significance to further explore mechanisms that contribute 

to the projected differences between the two warming scenarios, particularly for 

changes in southeast China. 

3.2 Moisture budget analysis 

To further understand physical processes leading to the precipitation changes, an 

analysis of the vertically-integrated moisture budget (as described in Methods, Eq. 2) 

was performed. The two advection terms are linearly decomposed into dynamic effects 

(in relation to atmospheric circulation) and thermodynamic effects (in relation to water 

vapor changes). Since the horizontal advection term is generally small, we will limit 

our analysis of dynamic and thermodynamic effects to the only effects from the vertical 

advection, as shown in Figure 2 (regional maps) for the two warming scenarios 

respectively. 

It can be seen that, for the stabilized warming scenario, both dynamic and 

thermodynamic terms contribute to precipitation enhancement in southeast China, and 

the dynamic contribution is significantly larger than the thermodynamic contribution. 

This is particularly true for the middle and lower reaches of the Yangtze River. It is 

worth noting that strong values of the dynamic contribution are located in the south 

edge of the Tibetan Plateau and in southeast China, actual regions of much enhanced 

precipitation under the stabilized scenario. In northern China and northeastern China, 

the dynamic contribution shows negative values, while the thermodynamic contribution 

is insignificantly positive, which partially explains the less important increase of 

precipitation in these regions. For the transient warming scenario, it is clear that the 

thermodynamic contribution, as in the stabilized scenario, enhances precipitation in 

most regions of China, especially in the east and south of the Tibetan Plateau. However, 

the dynamic contribution shows much smaller values, compared to the stabilized 

scenario. This is particularly true in southeast China and in the Yangtze River Basin 

where even negative values are found.  

Figure 2e shows the regional average of each term of the moisture budget equation, 

with the vertical advection term decomposed into dynamic and thermodynamic 

contributions, in southeast China (22-33°N, 105-122°E). As expected, the horizontal 

advection term −〈𝑉ℎ
⃑⃑⃑⃑ ∇ℎ𝑞〉′ is much smaller than the vertical advection term. For the 

stabilized warming (transient warming) scenario, the contribution of dynamic term is 

about 0.64 (0.33) mm/day, while that of thermodynamic term is about 0.28 (0.22) 

mm/day in southeast China. Again, we can see that, the dynamic contribution in the two 

scenarios is quite different. The dynamic contribution in the stabilized scenario is about 
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twice larger than its counterpart in the transient scenario. Therefore, the difference of 

precipitation changes, between the transient and stabilized scenarios, for the same 

warming threshold of 1.5°C, is mainly caused by the difference in dynamic terms in 

southeast China. Finally, we need to point out that, in both the transient and stabilized 

scenarios, the evaporation in southeast China increases and contributes positively to the 

enhancement of precipitation. This is a manifestation of intensification of the local 

water recycling in response to global warming. 
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Figure 2. Decomposition of the moisture budget equation allows to quantitatively measure different 

contributing terms to the total precipitation response, and in particular, to evaluate the 

thermodynamic contribution (TC) and dynamic contribution (DC). The dynamic effect constitutes 

the major differentiating factor between the two scenarios. Panels a to d displays the thermodynamic, 

dynamic effects in the two scenarios CESM_LW and CESM-LENS for the same 1.5°C global 

warmer climate. Panel e displays the regional area-averaged moisture budget components (mm/day) 

for southeast China. 

The positive contribution of the dynamic term under the stabilized warming 

scenario indicates that the projected future atmospheric circulation behaves in such a 

way that precipitation increases. Since the analyses above are the results of vertical 

integration, we need to further investigate the vertical distribution of changes for 

vertical velocity 𝜔 and water vapor q over southeast China (Supplementary Figure 1). 

For the vertical velocity −𝜔′, compared to CESM_LENS, there are large values in the 

whole layer in CESM_LW, with a maximum of about 0.5×10-2 Pa/s located at 300hPa. 

There is consequently a strong ascending motion in this area, which is conducive to the 

increase of precipitation. However, changes in specific humidity q are almost the same 

in the two scenarios. The change in specific humidity q in CESM_LW is larger in the 

lower atmosphere at 1000-850hPa, while that in CESM_LENS is larger in the middle 

and upper atmosphere. Such vertical distribution characteristics are consistent with the 

analysis of the vertically-integrated moisture budget and confirm that the changes in 

vertical velocity of the whole layer (dynamic effect) constitute the main contributor to 

the enhancement of precipitation, while the difference in specific humidity 

(thermodynamic effect) is quite small between the two warming scenarios. 

3.3 Atmospheric thermal structure  

The analysis of the water vapor balance equation clearly indicates that the dynamic 

term in the vertical advection of water vapor is the key to explain the divergent response 

of precipitation between the two warming scenarios in southeast China. We need to 

explore how and why the regional atmospheric circulation behaves differently. Our 

intuition conducted us to firstly examine the regional land-sea thermal contrast which 

is the primary driver for the East Asian summer monsoon (EASM) and precipitation in 

Southeast China (Wang et al., 2000). Figure 3 shows the spatial distribution of surface 

temperature for the two warming scenarios (noted as Δ) and their difference (noted as 

δ). It can be seen that most land areas show temperature increase by more than 1.5°C 

in the transient scenario, while the increase is generally less than 1°C in the stabilized 

scenario. The latter shows, however, a much warmer zone over oceans and along the 

Asian coasts with temperature increase exceeding 1°C. These characteristics can be 

more clearly seen in the differential map in Figure 3c showing the second-order 

difference (noted as δΔ). Most land areas of Eurasia and North America (especially, 

north of 30°N) are cooler by 0.5°C in the stabilized scenario, while most maritime areas 

of the Indian and Pacific Oceans, as well as the Indian Peninsula and the Asian coasts 

(south of 30°N) are 0.5°C warmer. Such a contrast between ocean and land is consistent 

with previous studies showing the warming response is much slower over ocean than 
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over land (Long et al., 2014). With a global warming level stabilized at 1.5°C, the 

stabilized scenario inevitably shows smaller warming over lands and larger warming 

over oceans. 

 

Figure 3. The two scenarios (transient CESM_LENS and stabilized CESM_LW) reveal different 

structural changes of surface temperature ΔTS for the same 1.5°C warmer global climate, with 

colder land and warmer ocean in the stabilized scenario. a, The spatial distribution of ΔTS under 

the stabilized warming scenario. b, Same as a but for the transient warming scenario. c, The 

difference δ(ΔTS) between the stabilized and transient warming scenarios. The dotted areas in a 

and b are statistically significant at the 5% level for the differences between 1.5°C warmer climate 

and present-day climate, in c are statistically significant at the 5% level for the differences between 

the stabilized and transient scenarios. 

Beyond the differential warming rates between land and ocean under stabilized 

and transient scenarios, another factor contributing to the difference of atmospheric 
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thermal structure is the emission projection of aerosols, differently implemented in the 

two CESM simulations (Fig. 4, showing relative changes of JJA aerosol optical depth), 

with consequences on both mean and extreme temperatures expected over major 

aerosol source regions, such as India and South and East China (Wang et al., 2017; Li 

et al., 2015). Actually, there is an obvious decrease of aerosol loading in South and East 

China land areas in CESM_LW, while aerosols continue to increase over India and over 

the Asian monsoon areas in CESM_LENS when the 1.5°C global warming threshold is 

reached. It is clear that the difference of aerosol forcing over the Indian Peninsula and 

land areas of South and East Asia can partly explain the relative warming structure over 

India and East Asia (as in Figure 3c). Our results on both surface air temperature and 

precipitation corroborate what shown by Li et al. (2015) and Zhou et al. (2020). 

In the configuration that the surface temperature dominates and plays an active 

role, its increase leads to lower sea-level pressure and unstable stratification, which 

favors low-level convergence, ascending motion and occurrence of rainfall. It is 

however worthy of note that the relationship between surface air temperature and 

precipitation can be complex under global warming, especially at regional scale. 

Actually, positive rainfall change may lead to negative surface temperature change 

through increased cloudiness and surface evaporation (Mueller and Seneviratne, 2020). 

In our case of CO2 forcing scenario, the surface air temperature responds quickly to the 

land surface warming at the Eurasian continental scale, and provokes changes of large-

scale atmospheric circulation.  

We further investigate how the atmosphere circulation changes between stabilized 

and transient scenarios. The distinct changes in land and sea surface temperature leads 

to larger meridional temperature gradient and vertical wind shear over 30-40°N. Figure 

5a displays the second-order variation (noted as δΔ, with Δ indicating the 1.5°C global 

warming and δ the difference between CESM_LW and CESM_LENS) for atmospheric 

temperature T (integrated from 850 to 200 hPa) and its meridional gradient -∂T/∂Y. It 

can be seen that there is a larger temperature gradient change under the stabilized 

warming scenario, while the whole layer temperature is more than 0.2°C warmer in the 

south of 30°N and 0.1°C cooler in the north of 40°N. Compared to the transient 

warming scenario, the temperature meridional gradient -∂T/∂Y is approximately 

0.04K/100km larger near 30°N under the stabilized warming scenario. With the thermal 

wind relationship, a stronger vertical shear of zonal wind is generated. Figure 5b 

displays the changes of zonal wind u at 200hPa, superimposed with the CESM model 

climatological u. In the upper atmosphere at 200hPa, the differential zonal wind 

westerly jet is centered at 30-40°N with the main body (2 m/s) extending from East 

China to Japan, and to the North Pacific. There is a clear southeastward shift and 

intensification for the climatological zonal wind westerly jet which is centered at 35-

45°N. 
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Figure 4. The relative changes of aerosol optical depth (AOD) at 550 nm for the two warming 

scenarios (future minus present, noted as Δ) and their difference (stabilized minus transient, noted 

as δ). a, ΔAOD under the stabilized warming scenario. b, Same as a but for the transient warming 

scenario. c, The difference δ(ΔAOD) between the stabilized and transient warming scenarios. 

Dotted areas in a and b are statistically significant at the 5% level for the differences between 

1.5°C warmer future and present-day, in c are statistically significant at the 5% level for the 

differences between the stabilized and transient scenarios. 
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Figure 5. The different responses of the meridional temperature gradient and westly jet in the 1.5°C 

warmer climate between the stabilized and transient warming scenarios. a, The changes in the 

meridional temperature gradient -∂T/∂Y at 850-200hPa (color shading). The contour lines represent 

the tropospheric temperature T. b, The changes in zonal wind U at 200hPa (color shading). The 

contour lines represent the historical U. The dotted areas are statistically significant at the 5% level 

for the differences between the stabilized and transient scenarios. 

3.4 Regional atmospheric circulation 
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The land-ocean thermal contrast and zonal wind changes can explain the changes in 

regional atmospheric circulation. Actually, the ageostrophic wind equation (see Text S1, 

Equation S2) provides us an interesting tool of understanding. Figure 6 displays the two 

inertial-advective components of the ageostrophic wind (horizontal advection of the 

zonal wind) and their sum. It is clear that the zonal wind gradient shows a significant 

increase from north of India to southeast China. In the entrance region of the westerly 

jet, the zonal wind acceleration leads to northward ageostrophic wind at the jet’s altitude, 

as shown in Figure 6c. This excites the secondary circulation with air mass ascending 

at the south flank of the jet (Diao et al., 2018). 

 

Figure 6. Changes of the ageostrophic wind at 200 hPa (future minus present, and then stabilized 

minus transient). Panels a, and b are the two inertial-advective components, u𝜕𝑥𝑢. and v𝜕𝑦𝑢 while 

the sum is shown in Panel c to represent the ageostrophic meridional wind 𝑣𝑎. Dotted areas are 

statistically significant at the 5% level for differences between the stabilized and transient scenarios. 

Figure 7 then shows a vertical–meridional section of zonal wind changes, as well 

as the climatological zonal wind averaged over 70°-120°E. For the stabilized warming 

scenario, the vertical wind shear increases over 30-40°N and the center of the East 

Asian subtropical westerly jet is also located, with a significant increase (more than 1.6 

m/s). A secondary circulation cell due to the ageostrophic wind is clearly present in 

Figure 7 with ascents near 30°N, and descents beyond 40°N, which is consistent with 

the northward ageostrophic wind at 200 hPa shown in Figure 6c. It is a direct thermal 
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cell inducing enhanced precipitation in Southeast China. A few previous studies have 

already identified a strong relationship between EASJ and summer precipitation in East 

Asia, that is, EASJ plays an important role in regulating the position of the rain belt in 

China (Horinouchi et al., 2019). We are thus quite confident that the enhanced 

meridional temperature gradient and the EASJ lead to larger increased precipitation in 

southeast China. The large value area of precipitation increase is located near 30°N, on 

the south side of entrance of the westly jet (Supplementary Figure 3). This explains why 

the JJA precipitation increases in southeast China in the stabilized warming scenario 

under the 1.5°C global warming.  

 

Figure 7. The changes of the atmospheric thermal structure induce a southward shift of the East 

Asian Westerly Jet and its slight intensification, which creates, perpendicular to the jet, an 

ageostrophic cell at the entrance zone of the jet. The secondary ageostrophic cell provokes 

precipitation at its ascending branch in southeast China around 30°N. The vertical–meridional 

section displays changes (δΔ) of zonal wind U (color shading) and circulation (arrows) averaged 

over 70°-120°E in the 1.5°C warmer climate (Δ) for the difference (δ) between CESM_LW and 

CESM_LENS. The green contour lines represent the climatological zonal wind. The dotted areas 

are statistically significant at the 5% level.  

Under the stabilized warming scenario, in parallel to increased precipitation in 

southeast China, a second zone of increased precipitation, in the form of an arche, is 

extended from the tropical Indian Ocean off the African coast to the tropical Western 

Pacific by going through India, Indochina, south of the Philippines, as shown in Figure 
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9b. This arche zone is the result of enhanced ITCZ and strengthened tropical monsoon. 

The two clusters of increased precipitation are separated by a decreasing zone in the 

Western Pacific, extending into the north part of the South China Sea, and even to the 

north of the Bay of Bengal. But Indochina has more precipitation, playing a role of 

connection for the two clusters of rainfall in the north and in the south. Figure 8a and 

8b shows the changes in the low-level East Asian summer monsoon circulation in the 

1.5°C warmer climate, which can easily explain the increase precipitation over India 

and southeast China. It can be found that the southwest wind at 850hpa from the Indian 

Ocean to southeast China is stronger under stabilized warming scenario, and there exists 

a cyclonic circulation over the northwest Pacific, which directly leads to moisture 

transport and convergence over East Asia. There also exist ascending motions over the 

tropical Indian Ocean and southeast China, along with the increased water vapor at 850 

hPa shown in Figure 8b, which directly leads to increased precipitation over India and 

southeast China.  

We also display in Fig. 8b the changes in MSE (moist static energy, defined as the 

sum of enthalpy 𝐶𝑃𝑇, geopotential energy 𝑔𝑧 and latent energy 𝐿𝑣𝑞, symbols being 

conventional ones) at 850hPa. Previous studies have revealed that areas with strong 

convection and precipitation nearly coincide with zones of high near-surface moist 

static energy (Seth et al., 2019). Compared to the transient scenario, the stabilized 

scenario shows larger MSE at 850hPa close to the equator with maximum values about 

0.3×103 (m/s)2 over the tropical Indian Ocean. Stronger convective activities and 

rainfall totals are thus expected to occur in a belt extending from the tropical Indian 

Ocean to the tropical Western Pacific, with an increase of JJA total precipitation by 

more than 20mm in most parts of the tropical Indian Ocean.  

In response to the additional diabatic heating caused by the enhanced Indian 

monsoonal precipitation, an atmospheric equatorial Kelvin wave is excited over the 

Maritime Continent and Western Pacific. This is clearly evidenced by the changes of 

the regional atmospheric circulation depicted in Figure 9a. In the Indian Ocean region, 

there is an obvious ascent motion, while the Western Pacific Ocean manifests an 

obvious descent motion. This Kelvin wave, together with the easterly anomalies created 

in the western Pacific (Wu et al., 2010) provides the necessary conditions to alter the 

Western North Pacific (WNP) circulation (Wu et al., 2009). In fact, the easterly wind 

anomalies of the Kelvin wave decreasing northward off the equator, an anticyclonic 

atmospheric circulation is created over the Philippine Sea to enhance the Western 

Pacific Subtropical High in the proximity.   

   Figure 9b shows the changes of vertically-integrated water vapor flux between the 

two warming scenarios, as well as the west position of the Western Pacific Subtropical 

High (WPSH) as defined by He & Zhou, (2015). An anomalous anticyclonic circulation 

clearly exists in the WNP, which makes intensified westward shifted of the WPSH. This 

configuration is a very favorable one for a strong northward moisture transport from 

the South China Sea, and abundant water vapor converges in southeast China, 

increasing precipitation in this region.  
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Figure 8. The low-level circulation changes (1.5°C warmer climate minus present-day, then 

stabilized minus transient) of the East Asian summer monsoon circulation. a, Wind vectors at 

850hPa and vertical motion at 500hPa. b, Specific humidity q (color shaded) and moist static energy 

(contour lines) at 850hPa. Dotted areas in a and b are statistically significant at the 5% level for the 

differences between the stabilized and transient scenarios.  
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Figure 9. Enhanced precipitation in the tropical Indian Ocean exerts influences on the Western 

Pacific Subtropical High (WPSH) through a Kelvin wave across the Indo-Pacific region. The WPSH 

intensified westward shifted increases water vapor transport at its northwest edge and consequently 

the precipitation belt extending from China to Japan. a, Vertical–latitudinal section showing second-

order changes (δΔ) of circulation (vectors) and vertical velocity (10−2∙pa/s, color shading) averaged 

over 10°-20°N in the 1.5°C warmer climate (Δ) for the difference (δ) between CESM_LW and 

CESM_LENS. b, The spatial distribution of changes (δΔ) in water-vapor flux integrated from 1000 

to 100 hPa (102∙kg∙m−1∙s−1, vectors) and summer precipitation totals (mm, color shading). The red 

and blue dotted lines represent the position of the WPSH boundary at 500hPa in CESM_LW and 

CESM_LENS, respectively. The dotted areas in a and b are statistically significant at the 5% level 

for the differences between the stabilized and transient scenarios. 

We can now draw a sketch in Figure 10 to summarize the physical processes and 

mechanisms allowing us to explain the enhanced JJA precipitation in southeast China 

in the stabilized warming scenario, while the transient warming scenario shows only 

modest increase of precipitation. The important ingredient is the divergent response of 

surface warming in the two scenarios. The stabilized scenario shows smaller warming 
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over land and larger warming over ocean and in the Asian coastal regions (as shown in 

the upper part of the sketch). Such a land-ocean thermal contrast causes a larger 

meridional temperature gradient in the atmosphere and enhances the upper-tropospheric 

westly jet, shifts it southward and creates larger precipitation over southeast China. 

Furthermore, the ascending motion, accompanying the positive SST and precipitation 

anomalies over the India Ocean, is able to remotely enhance the anticyclone in the 

western North Pacific, a favorable situation for abundant moisture circulating from 

tropical oceans to southeast China. 

 

Figure 10. The schematic diagram showing the mechanism for the increase of JJA total precipitation 

over southeast China in the 1.5°C warmer climate under the stabilized warming scenario compared 

to the transient scenario. The red (blue) contours indicate positive (negative) surface temperature 

anomalies. The purple and black dotted arrows represent the enhanced Walker circulation and westly 

jet, respectively. The green curved arrows represent the moisture transport. The solid circle with 

arrows represents the anticyclone over the western North Pacific (WNP).  

4. Conclusion 

The main conclusion drawn from the present study is that two different pathways, 

leading to the same global warming level of 1.5°C, present however divergent regional 

responses of JJA precipitation in China. This implies that different adaptation measures 

should be taken in function of how the warming level is reached while it perfectly 

respects the Paris Agreement on climate change. The first pathway used in this work is 

the transient scenario following the RCP8.5 configuration. The second one is the 

stabilized scenario with global warming maintained at 1.5°C during the simulation.  

The regional responses of JJA precipitation were distinctive between the two 

scenarios. Significant increasing precipitation was shown in southeast China in the 

stabilized scenario compared with the transient one. The increasing precipitation is 13.3% 
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larger in the stabilized scenario than that in the transient scenario. By analyzing the 

water vapor budget equation and decomposing it into dynamic contribution (in relation 

to changes of atmospheric circulation) and thermodynamic contribution (in relation to 

changes of water vapor content), it is found that the dynamic effect is the major 

contributor for the differences between the two pathways to reach the same target of 

global warming at 1.5°C. The dynamic term is about 0.64 mm/day in southeast China 

under the stabilized scenario, while only 0.33 mm/day under the transient scenario.  

We furthermore analyzed possible mechanisms allowing to explain the difference 

of precipitation response. It is mainly caused by a differential structure of surface 

warming which is smaller over land and larger over ocean (as well as along the Asian 

coasts) in the stabilized scenario. Such a thermal configuration leads to a larger 

meridional temperature gradient and enhances the East Asia westly jet, causing a direct 

thermal cell with ascending motion and enhanced precipitation in Southeast China. 

Simultaneously, stronger convection occurs from the tropical Indian Ocean to the 

tropical Western Pacific, and leads to a more rigorous India summer monsoon, which 

is favorable to enhance precipitation and diabatic heating over the tropical Indian Ocean. 

The equatorial Kelvin wave created and maintained at the east side of the diabatic 

heating corresponds to easterly wind anomalies over the tropical Western Pacific. The 

intensity of the Kelvin-wave-associated easterlies decreases away from the equator, 

which results in an anomalous anticyclone in the western North Pacific. The enhanced 

westward shifted Western Pacific Subtropical High is then able to transport a larger 

amount of moisture northward from tropical oceans to southeast China and to enhance 

the precipitation there.  

Finally, we need to point out that the diagnosis and analysis of the present paper 

are based on simulations of the single model CESM, which may limit the general scope 

of our conclusions. They need to be further verified with results from multi-models, 

such as CMIP6 simulations which are progressively available. 
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Text S1. Ageostrophic wind at entrance zone of a jet stream  

Associated to zonal wind acceleration (or deceleration) at the entrance (exit) zone of a 

jet stream, a secondary circulation perpendicular to the main zonal wind is excited and 

can be described by the ageostrophic wind equation: 

                              𝑣𝑎 =
1

𝑓

𝑑𝑢

𝑑𝑡
                               (1) 

where 𝑣𝑎  is the meridional ageostrophic wind, 
𝑑𝑢

𝑑𝑡
  the zonal wind acceleration, 

expressed as a total (Lagrangian) derivative of the zonal wind, and f the Coriolis 

parameter. Eq. 1 can be further transformed into its Eulerian form (local tendency and 

advective components): 

                       𝑣𝑎 =
1

𝑓
(𝜕𝑡𝑢 + 𝑢𝜕𝑥𝑢 + 𝑣𝜕𝑦𝑢)                     (2) 

𝜕𝑡𝑢 in Equation 2 is the time partial derivative of u, which can be ignored since its 

long-term mean is much smaller than other terms. The zonal wind gradient in zonal 

direction plays a leading role in the change of jet-induced ageostrophic wind. In the 

Northern Hemisphere, the entrance zone of a jet stream produces a northward 

ageostrophic wind, creating a direct thermal circulation with ascent in the south and 

descent in the north. The Eulerian form of the ageostrophic wind equation is particularly 

helpful for us to calculate the ageostrophic wind and to interpret changes of atmospheric 

circulation due to global warming or between the stabilized and transient scenarios. 
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Figure S1. Same as Figure 1, but for the relative changes in JJA Rx5day (relative to 1986-2005, 

considered as present-day climate) in the 1.5°C warmer climate (relative to preindustrial). 
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Figure S2. The vertical profiles of the changes in vertical velocity 𝜔 (solid line with circle markers, 

10-2pa/s) and specific humidity q (dash line with triangle markers, g/kg) averaged over southeast 

China (22-33°N, 105-122°E, land areas) in the 1.5°C warmer climate. The red and blue lines 

represent the results in CESM_LW and CESM_LENS, respectively. 
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Figure S3. The enhanced precipitation in Southeast China resulted from a direct thermal cell with 

ascending motion. The meridional profile of changes in precipitation averaged over 105°-122°E in 

the 1.5°C warmer climate for the difference between CESM_LW and CESM_LENS.  
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Table S1. Names, atmospheric horizontal resolutions and model centers of the 21 selected CMIP5 

models. 

Model name 

Atmospheric 

resolution 

 (lat × lon) 

Modeling center and country 

BCC-CSM1-1 2.81258°× 2.81258° 
Beijing Climate Center, China 

Meteorological Administration, China 
BCC-CSM1-1-M 1.125°×1.12° 

BNU-ESM 2.8°×2.8° 

CanESM2 2.8°×2.8° 
Canadian Centre for Climate 

Modelling and Analysis, Canada 

CCSM4 1.25°×0.94° 
National Center for Atmospheric 

Research, United States 

CNRM-CM5 1.4°×1.4° 

Centre National de Recherches 

Météorologiques– Centre Européen de 

Recherche et de Formation Avancée en 

Calcul Scientifique, France 

CSIRO-Mk3-6-0 1.875°×1.875° 

Commonwealth Scientific and 

Industrial Research Organization, 

Australia 

FGOALS-g2 2.8°×1.4° 
Flexible Global Ocean-Atmospheric-

Land System Model gridpoint 

GFDL-CM3 

GFDL-ESM2G 

GFDL-ESM2M 

2.5°×2.0° 
NOAA/Geophysical Fluid Dynamics 

Laboratory, United States 

HadGEM2-ES 1.875°×1.24° 
The Met Office Hadley Centre, United 

Kindom 

IPSL-CM5A-LR 3.75°×1.895° L’Institut Pierre-Simon Laplace, 

France IPSL-CM5A-MR 2.5°×1.27° 

MIROC5 1.40625°×1.40625° National Institute for Environmental 

Studies, The University of Tokyo, 

Japan 

MIROC-ESM 2.815°×2.815° 

MIROC-ESM-CHEM 2.815°×2.815° 

MPI-ESM-LR 1.875°×1.875° 
Max Planck Institute for Meteorology, 

Germany 
MPI-ESM-MR 1.875°×1.875° 

MRI-CGCM3 1.125°×1.125° 

NorESM1-M 1.8725°×2.5° Norwegian Climate Centre, Norway 
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Table S2. The regional average of JJA precipitation in China and southeast China for three sets of 

ensemble simulations. the number in brackets represent the minimum and the maximum of the 

ensemble members. σ is the standard deviation of the ensemble members. Units: %. 

 

 


