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Abstract: The differences between the two global warming targets of the Paris Agreement, 1.5 ◦C
and 2 ◦C above pre-industrial levels, have drawn much attention from the scientific community.
However, there is a remaining gap to distinguish regional climate responses in these two most
typical pathways, i.e., transient and stabilization simulations, toward specific warming levels. In
this study, we discern the East Asia summer monsoon (EASM) responses between these two types
of simulations at low-warming targets, based on the fully coupled community Earth system model
(CESM). The two types of responses display a similar increase pattern in the EASM precipitation.
However, the quantitative differences between these two types of responses are as large as those
between the 1.5 ◦C and 2 ◦C warming scenarios. The moist budget analysis reveals that the EASM
precipitation differences are mainly caused by the thermodynamic, dynamic, and transient eddy
effects. Specifically, the thermodynamic effect contributes to the precipitation increment in the
coastal area of East Asia in both types of responses, with the enhanced low-level specific humidity.
The dynamic contribution shows tripolar and bipolar patterns in East Asia in the transient and
stabilization responses, respectively. Remarkably, the transient eddy effect contribution emerges only
in the stabilization responses. Further, we reveal the dominant role of the East Asian subtropical jet
(EASJ) in determining the contributions from dynamic and transient eddy effects. The changes in
the EASJ’s position and intensity are greatly regulated by the temperature change patterns at the
mid-high levels in response to different greenhouse gas emission pathways. Our study highlights the
differences between transient and stabilization climate states on a regional scale.

Keywords: East Asian summer monsoon; transient and stabilization responses; 1.5 ◦C and 2 ◦C

1. Introduction

The East Asian summer monsoon (EASM; majorly covering 100–150◦ E; 20–50◦ N),
one of the most important climate systems in East Asian regions, exerts significant influ-
ence on local water resources, agriculture, social activities, and economic development.
Many previous studies have focused on the historical responses of EASM under global
warming [1] and made future projections of the EASM in warmer climates [2]. In the past
half century, the EASM precipitation has exhibited a strong inter-decadal variability, while
the mean precipitation in eastern China has shown no clear trend [1,3,4]. It is reported
that the position of the EASM rainfall band, not the intensity, is the primary response to
global warming since the 1950s from observation [5–7]. However, climate models generally
project stronger EASM precipitation and circulation throughout the 21st century under
various scenarios [2].

The mechanisms of changes in the regional hydrological cycle are often investigated
by the moisture budget analysis [8,9]. And, the EASM summer precipitation changes can
be well explained by the thermodynamic and dynamic components [9,10]. As simulated by
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climate models in the Coupled Models Intercomparison Project Phase 5 (CMIP5), the ther-
modynamic component of the moisture budget increased consistently among these models
under global warming, which is mainly induced by the higher specific humidity [9,10].
However, the role of the dynamic component is still under debate because of the uncertain
EASM circulation changes in a warming climate. Large model spread exists in simulating
the positions of the western North Pacific subtropical high (WNPSH) [11] and the East
Asian subtropical jet (EASJ) [12], and these systems are closely related to the positions of
EASM precipitation [13]. In addition, the enhanced latent heating over the Tibetan Plateau
is reported to be responsible for stronger EASM circulation in warmer climates [14].

Since the Paris Agreement set the two low-warming goals of long-term global mean
surface temperature (GMST), i.e., 1.5 ◦C and 2 ◦C, some studies have investigated the
EASM responses at specific global warming targets [13,15]. However, as mentioned in the
IPCC special report on global warming of 1.5 ◦C, the definition of a ‘1.5 ◦C or 2 ◦C climate
projection’ remains a major challenge in assessing climate change under low-warming
targets [16]. Thus, it is important and necessary to further distinguish climate responses
between transient and stabilization states, as some research has exposed substantial dif-
ferences between these two types of responses in both terrestrial and marine extreme
events [17,18]. As for drylands, the temperature and drylands-area-coverage increase are
higher in transient responses than those in stabilization responses [19]. On a regional scale,
the Chinese summer precipitation also exhibits divergent responses in these two types of
scenarios [20].

In transient climate responses, the GMST passes through 1.5 ◦C or 2 ◦C during a
long-term increase. It only takes a few decades for the GMST to reach 1.5 ◦C or 2 ◦C in the
RCP8.5 (representative concentration pathway) scenario and continue to soar thereafter. As
for stabilization climate responses, the GMST would stabilize at 1.5 ◦C or 2 ◦C after several
decades to centuries. Greenhouse gas emissions are specifically designed to decline quickly
in the CESM (community Earth system model) low-warming experiments [21]. Therefore,
the GMST would stabilize at 1.5 ◦C or 2 ◦C during the last 30 years of the 21st century.
Given this, the differences between these two types of climate responses should mainly
come from greenhouse gases concentrations, response time scales, and the GMST trends.

In this study, we aim to distinguish the differences between the transient and stabiliza-
tion responses of the EASM at low-warming targets based on the specifically-designed fully
coupled CESM experiments. In this way, we try to figure out two main questions, which are
whether the EASM responds differently in transient and stabilization simulations and what
exactly the differences are. Moreover, we investigate the major underlying mechanisms
that modulate the EASM responses in both types of scenarios. By these means, we attempt
to answer the question: what leads to the differences? As these questions remain a major
challenge in assessing climate change under low-warming targets, we apply state-of-the-art
model experiments to explore the answer concerning the complicated EASM system. The
paper is organized as follows. Section 2 describes the CESM experiments, observational
datasets, and diagnostic methods. Section 3 presents the differences between the EASM
responses in the transient and stabilization scenarios and analyzes the mechanisms that
modulate the EASM responses. Conclusions and discussions are given in Section 4.

2. Data and Methods
2.1. Data

We apply experiments in the CESM large ensemble project [22] and the CESM low-
warming experiments [21] as the transient and stabilization simulations, respectively,
because the CESM is currently the only fully coupled model, providing both transient
and stabilization experiments online. Both types of experiments branch from the same
historical simulations with the same version of CESM. The CESM 1.1.1 version includes
the community atmosphere model (version 5, CAM5) and the parallel ocean program
(version 2, POP2). All components of CESM1.1.1 are at an approximately 1◦ horizontal
resolution and 30 vertical levels. We use the RCP8.5 simulations in the CESM large ensemble
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project to obtain transient responses. All forcings (such as land use, aerosol emissions, and
ozone) in the CESM low-warming experiments follow RCP8.5 throughout the 21st century
as in Kay et al. [22], except that well-mixed greenhouse gas concentrations are specially
designed. We take two sets of simulations in the low-warming experiments, which would
stabilize at 1.5 ◦C and 2 ◦C, respectively. We apply 11 ensembles each in all three projection
simulations and the corresponding historical simulations.

In addition, we use several observational datasets to evaluate the model performance
during the historical period (1979–2005), including precipitation data from the global pre-
cipitation climatology project (GPCP) [23] and CPC (climate prediction center) merged
analysis of precipitation (CMAP) [24], and 850 hPa wind data from ERA-interim reanaly-
sis [25] and the modern-era retrospective analysis for research and applications version 2
(MERRA-2) reanalysis [26].

Overall, the major features of the EASM during the historical period (Figures S1 and S2)
can be well captured by the CESM1, although the rainfall band from eastern China to Japan
is slightly weaker than observations, which is a common issue for most global climate mod-
els [27]. In addition, the CESM can also well reproduce the south wind over East Asia, which
transports a large amount of moisture from the western North Pacific to East Asia.

2.2. Methods

(1) Several warming levels

We set the 1850–1920 mean climate to represent the pre-industrial levels following
Sanderson et al. [21], which serves as the benchmark to define the levels of global warm-
ing. The present-day level is represented by the last 30 years of historical simulations
(1976–2005). Transient 1.5 ◦C and 2 ◦C warming levels are taken as the time slices in which
the 30-year GMST reaches 1.5 ◦C and 2 ◦C above pre-industrial levels under the RCP8.5
scenario in the CESM large ensemble project for the first time. On average, the GMST
reaches transient global warming of 1.5 ◦C and 2 ◦C during 2015–2044 (centers at 2029) and
2027–2056 (centers at 2041), respectively. Stabilized 1.5 ◦C and 2 ◦C warming levels are the
last 30-year time slices in the 21st century (2071–2100) under specially designed 1.5 ◦C and
2 ◦C warming scenarios in the CESM low-warming experiments.

(2) Moisture budget

We use the moisture budget equation to diagnose the contribution of different factors to
future EASM precipitation changes and the underlying mechanisms as well. This diagnostic
approach has been widely used in the literature [8,9,28]. The equation in response to global
warming could be expressed as follows:

P′ = − 1
ρwg

∫ surface

100hPa

(
ω∂Pq′ +ω′∂Pq +ω′∂Pq′ + V·∇q′ + V′·∇q + V′·∇q′

)
+ E′ + TE′ (1)

TH′ = − 1
ρwg

∫ surface

100hPa

(
ω∂Pq′ + V·∇q′

)
(2)

DY′ = − 1
ρwg

∫ surface

100hPa

(
ω′∂Pq + V′·∇q

)
(3)

NL′ = − 1
ρwg

∫ surface

100hPa

(
ω′∂Pq′ + V′·∇q′

)
(4)

where the overbar indicates a climatological mean of 1976–2005 in the historical runs
and the prime indicates departures from the climatology. P is precipitation,ω is vertical
pressure velocity, q is specific humidity, V is the horizontal wind vector, E is evaporation
from the surface, ρw is the density of water, and g is the gravitational acceleration. The
model output has the variable of surface pressure, which is referred to as the surface.

In transient responses, the mean moisture convergence (P-E) responses in East Asia
mainly result from the changes in the dynamic (DY’) and thermodynamic (TH’) terms at the
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high level of global warming, whereas the transient eddy (TE’) and nonlinear (NL’) terms
are relatively small [29]. Note that the interactions between dynamic and thermodynamic
processes are not considered here in this study.

3. Results
3.1. EASM Responses and Their Differences

Based on the results from the CMIP3 and CMIP5 models [27,30,31], the EASM pre-
cipitation is expected to increase remarkably under a high-emission scenario, with the
GMST exceeding 2 ◦C above the pre-industrial levels. However, we found that the EASM
precipitation would increase significantly over most regions of East Asia even if the GMST
is limited at two low-warming targets for both transient and stabilization responses, espe-
cially over southern East Asia (Figure 1a–d). Quantitatively, the climatological summer
mean precipitation in East Asia (100–150◦ E; 20–50◦ N) is projected to increase by 5.17%
and 9.16% relative to the present-day level at 1.5 ◦C and 2 ◦C, respectively, in transient
responses, and with values of 10.79% and 13.37% in stabilization responses.
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Figure 1. The responses of EASM precipitation (mm/day; shading) at 1.5 ◦C (a,c) and 2 ◦C (b,d) and
their differences (e,f) (i.e., the stabilization minus transient responses). The EASM region (100–150◦ E;
20–50◦ N) is outlined by red rectangles. The red number in the upper-right corner of each panel
indicates mean precipitation changes in the EASM region. The stippling denotes significance above
the 95% confidence level, determined by the two-tailed Student t-test.

The stabilization responses of the EASM precipitation (Figure 1c,d) are consistent
with the transient responses (Figure 1a,b) in both sign and pattern, with stronger increases
along southern China, South Korea, and Japan (Figure 1e,f). The climatological mean
EASM precipitation differences are 5.62% and 4.21% between the stabilization and transient
responses at 1.5 ◦C and 2 ◦C, respectively. Note that the differences between the two types
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of responses are even larger than the differences between the two low-warming targets
(that is, the EASM precipitation is increased by 3.99% and 2.58% from 1.5 ◦C to 2 ◦C for the
transient and stabilization responses, respectively).

While the EASM precipitation is sensitive to the GMST change, the EASM low-level
(i.e., 850 hPa) circulation only changes slightly at low-warming targets. This may be related
to the small change in the WNPSH in both position and intensity (not shown), although
some other climate models project a significantly strengthened EASM circulation under
the high levels of global warming [32,33]. Given this, we focus on the EASM precipitation
changes in the following sections.

3.2. Moisture Budget Analysis

The mechanisms of how the hydrological cycle responds to global warming have
been proposed in many previous studies [8–10]. For large-scale responses, the increase in
low-level water vapor (i.e., thermodynamic contribution) plays a crucial role in determining
the changes in surface net water flux (i.e., precipitation minus evaporation or P-E), which is
the so-called “wet-get-wetter” or “rich-get-richer” mechanism [8,34]. In addition, dynamic
feedback can also substantially alter precipitation anomalies in the convergence zones in
the tropics [35], and the “warmer-get-wetter” mechanism emphasizes the importance of
the SST warming pattern under global warming [36].

According to the transient simulations by CMIP5 models, the future increment of
global monsoon rainfall is attributed to the enhanced atmospheric moisture and surface
evaporation [37,38]. However, the monsoon circulation is projected to become weaker in
warmer climates, which could partly offset the positive thermodynamic effect on the rainfall
change [39]. As a result, the Asian monsoon benefits from a larger surface evaporation
increase and less slowdown of circulation than the other monsoon regions, which leads to
more rainfall increase [40].

We perform the moisture budget diagnosis to explore the mechanisms of the EASM
precipitation responses at 1.5 ◦C and 2 ◦C (Figure 2). It is found that the evaporation,
thermodynamic, and dynamic terms exert positive contributions to the increased EASM
precipitation in both transient and stabilization responses. The thermodynamic contribution
is due to the enhancement of low-level specific humidity that enlarges the vertical moisture
gradient. Note that the effect from the nonlinear term is negligible.

In transient responses, the thermodynamic and dynamic contributions are more impor-
tant than the evaporation contribution (Figure 2a,b). The horizontal and vertical circulation
changes can jointly enhance the dynamic effect. In contrast, the evaporation plays a more
important role in stabilization responses, while the dynamic contribution is only caused
by the vertical circulation change (Figure 2c,d). Interestingly, the transient eddy term only
works for the stabilized responses, which contributed little to the transient responses.

Figure 3 further shows the spatial patterns features of changes in each moisture budget
term for the transient and stabilization responses in the EASM region. The thermodynamic
term exhibits robust positive changes in the coastal area (Figure 3a–d) in both types of
responses which are due to the rapid increase in low-level specific humidity in the coastal
area. Yet, the dynamic term exhibits tripole and bipole patterns in transient and stabilization
responses, respectively (Figure 3e–h). In addition, changes in the transient eddy term are
only obvious in the stabilization responses, favoring more land precipitation over East Asia
north of 30◦ N (Figure 3m–p).

In general, thermodynamic and dynamic terms are still important factors driving
the precipitation change in the stabilization responses, while the transient eddy term
only works for the stabilization responses. Again, the non-linear term remains negligible
(Figure 3i–l).
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Figure 2. The responses of summer (JJA) mean moisture budget terms (mm/mon) in the EASM
region (100–150◦ E; 20–50◦ N) at 1.5 ◦C (a,c) and 2 ◦C (b,d), in transient (a,b), and stabilization
(c,d) responses. TH’, DY’, NL’, and TE’ denote thermodynamic, dynamic, nonlinear, and transient
eddy terms, respectively. For terms in detail, please see Section 2.2.(2).
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in the EASM region (100–150◦ E; 20–50◦ N) at transient 1.5 ◦C (a,e,i,m), transient 2 ◦C (b,f,j,n),
stabilized 1.5 ◦C (c,g,k,o), and stabilized 2 ◦C (d,h,l,p). TH’ (a–d), DY’ (e–h), NL’ (i–l), and TE’
(m–p) denote changes in the thermodynamic, dynamic, nonlinear, and transient eddy term contribu-
tions, respectively.

3.3. Roles of the EASJ

As suggested previously [41], the WNPSH and the EASJ are the two most significant
environmental factors in modulating the large-scale dynamics of the EASM. The low-level
southerly wind along the western flank of the WNPSH is critical for moisture supply to
the East Asian summer rainfall. In the upper troposphere, the EASJ acts to anchor the
position of the rainfall band trough inducing the warm horizontal temperature advection
in the mid-troposphere and thus the mean ascending motion [42]. In addition, the EASJ can
steer transient eddies to regulate active weather disturbances. The jet stream is identified
with the surface front that produces extensive Meiyu [43]. The ageostrophic secondary
circulation associated with the upper-tropospheric jet promotes convection to its south,
forming the rain band [41].

At 1.5 ◦C and 2 ◦C warming levels, we found that the EASJ displays remarkable
changes (Figure 4), while the WNPSH changes little. In transient responses, the EASJ is
significantly decreased over its climatological core area located at about 40◦ N and 250 hPa
(Figure 4a,b). This leads to the upward motion weakening above the Meiyu rainband,
consistent with the negative dynamic term change in this region (Figure 3e,f). As a result,
the EASM precipitation is slightly suppressed along ~30◦ N (i.e., the approximate location
of the Meiyu rainband), while the summer mean precipitation increases significantly over
other East Asian regions (Figure 1a,b). In stabilization responses, the westerly wind is
intensified to the south of the climatological EASJ core (Figure 4c,d), leading to a south-
ward shift of the EASJ and thereby anomalous subsidence (ascendance) south (north) of
~30◦ N. Therefore, the dynamic term (Figure 3g,h) and the EASM precipitation (Figure 1c,d)
strengthen in the south of East Asia.
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1 

Figure 4. The meridional sections of summer (JJA) mean zonal wind change (shading; m/s) and
the meridional and vertical wind change (arrow; m/s and −10−2 Pa/s, respectively) averaged over
115 ◦E–120 ◦ E in transient (a,b) and stabilization (c,d) simulations and their differences (e,f) at 1.5 ◦C
(a,c,e) and 2 ◦C (b,d,f). Contours denote the climatological-mean zonal wind speed (m/s) averaged
over 1976–2005. The arrow in the legend denotes 0.5 m/s and 0.5 × (−10−2 Pa/s) in the meridional
and vertical direction, respectively.

As shown by the differences between the EASJ responses in stabilization and transient
simulations, the positive difference is quite obvious at the westerly jet core (Figure 4e,f).
The shift of the EASJ position regulates the secondary circulation over East Asia, leading to
the apparent difference in the pattern of dynamic term changes (compare Figure 3e,f with
Figure 3g,h) and summer precipitation responses (Figure 1e,f).

Further, we diagnose the responses of weather disturbances associated with the EASJ
(Figure 5). The energetic weather disturbances along the EASJ create favorable conditions
for strong convection [41]. We measure the weather disturbances by the standard deviation
of the high-frequency meridional wind at 200 hPa. A high-pass filter with a cutoff period
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of 8 days is used. In transient responses, weather disturbances weaken significantly at
35–45◦ N (Figure 5a,b), along with the decreased EASJ intensity (Figure 4a,b). In stabiliza-
tion responses, weather disturbances increase in the southern part of the EASJ near the
Korean Peninsula (Figure 5c,d), in association with a southward-shifted EASJ; meanwhile,
the synoptic disturbances reduce significantly over southern China (Figure 4c,d). Therefore,
active weather disturbances in the westerly waveguide reveal the significant differences
between the two types of responses (Figure 5e,f), explaining the differences of the transient
eddy term (Figure 3m–p).
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Figure 5. The responses of standard deviation of the high-frequency (cutoff period of 8 days) meridional
wind (shading; m/s) at 200 hPa in transient (a,b) and stabilization (c,d) simulations and their differences
(e,f) at 1.5 ◦C (a,c,e) and 2 ◦C (b,d,f). The dark green contours indicate the climatological-mean zonal
wind speed (m/s) averaged over 1976–2005. Stippling denotes significance above the 95% confidence
level, determined by the two-tailed Student t-test.

While the uniform thermodynamic responses result from the mean temperature warm-
ing, changes in the EASJ play a crucial role in modulating the contributions from dynamic
and transient eddy terms and thus lead to the differences between the transient and sta-
bilization responses. Thus, we attempted to figure out what causes such differences in
the EASJ responses. We found that the temperature response patterns in the mid-high
troposphere can act to regulate the EASJ responses (Figure 6). Specifically, the strongest
upper-level warming over East Asia is located north of the EASJ in the transient simulations
(Figure 6a,b), leading to the decreased meridional temperature gradient near the EASJ core
region and thus the weakened EASJ (Figure 4a,b). On the contrary, the strongest upper-
level warming is shifted southward to the south of the EASJ over East Asia (Figure 6c,d);
thus, the meridional temperature gradient is increased near the EASJ core region and the
southern part of the EASJ is intensified (Figure 4c,d).



Atmosphere 2023, 14, 1763 10 of 14

Atmosphere 2023, 14, 1763 10 of 14 
 

 

EASJ core region and thus the weakened EASJ (Figure 4a,b). On the contrary, the strongest 
upper-level warming is shifted southward to the south of the EASJ over East Asia (Figure 
6c,d); thus, the meridional temperature gradient is increased near the EASJ core region 
and the southern part of the EASJ is intensified (Figure 4c,d). 

 
Figure 6. The responses of mid- to high-level temperature (shading; °C; 500–200 hPa mean) in tran-
sient (a,b) and stabilization (c,d) simulations and their differences (e,f) at 1.5  °C (a,c,e) and 2  °C 
(b,d,f). The blue contours indicate the climatological-mean zonal wind speed (m/s) of 1976–2005. 
The EASM region (100°–150° E; 20°–50° N) is outlined by blue rectangles. 

The upper-level temperature warming in the stabilization simulation is relatively 
weaker than that in transient responses (Figure 6e,f), which may be due to the mitigation 
of greenhouse gas emissions in stabilization responses. Moreover, the temperature in 
higher latitudes seems more sensitive to the change in greenhouse gas emissions, as 
shown by larger negative differences. As a result, the distinct temperature warming pat-
terns in the mid-upper troposphere give rise to the different EASJ responses, which causes 
the EASM precipitation responses via dynamic and transient eddy processes. 

4. Summary and Discussion 
Here, we distinguish the differences of the EASM between transient and stabilization 

responses at low-warming targets, utilizing the fully coupled CESM experiments. Alt-
hough the EASM precipitation shares a similar significant increase pattern in both transi-
ent and stabilization responses, the stabilization responses reveal stronger increases than 
the transient responses along southern China, South Korea, and Japan (Figure 1). Notably, 
the quantitative differences in EASM precipitation between the transient and stabilization 
responses are even larger than the differences between the two warming targets (1.5 °C 
and 2 °C) in East Asia. By contrast, the low-level circulation displays little change. 

Figure 6. The responses of mid- to high-level temperature (shading; ◦C; 500–200 hPa mean) in
transient (a,b) and stabilization (c,d) simulations and their differences (e,f) at 1.5 ◦C (a,c,e) and 2 ◦C
(b,d,f). The blue contours indicate the climatological-mean zonal wind speed (m/s) of 1976–2005.
The EASM region (100–150◦ E; 20–50◦ N) is outlined by blue rectangles.

The upper-level temperature warming in the stabilization simulation is relatively
weaker than that in transient responses (Figure 6e,f), which may be due to the mitigation of
greenhouse gas emissions in stabilization responses. Moreover, the temperature in higher
latitudes seems more sensitive to the change in greenhouse gas emissions, as shown by
larger negative differences. As a result, the distinct temperature warming patterns in the
mid-upper troposphere give rise to the different EASJ responses, which causes the EASM
precipitation responses via dynamic and transient eddy processes.

4. Summary and Discussion

Here, we distinguish the differences of the EASM between transient and stabiliza-
tion responses at low-warming targets, utilizing the fully coupled CESM experiments.
Although the EASM precipitation shares a similar significant increase pattern in both
transient and stabilization responses, the stabilization responses reveal stronger increases
than the transient responses along southern China, South Korea, and Japan (Figure 1).
Notably, the quantitative differences in EASM precipitation between the transient and
stabilization responses are even larger than the differences between the two warming
targets (1.5 ◦C and 2 ◦C) in East Asia. By contrast, the low-level circulation displays
little change.

Then, we apply the moisture budget analysis to decompose the responses of the EASM
precipitation (Figures 2 and 3). The thermodynamic term contributes to more precipitation
in the coastal area of East Asia in both types of responses, which is similar in pattern.
The enhanced low-level specific humidity plays an important role in determining the
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thermodynamic contribution, which is consistent with the general understanding of the
hydrological cycle in response to global warming.

The dynamic contributions are also positive in both types of responses. While the
horizontal and vertical circulation changes cooperate to enhance the dynamic effect in
transient responses, only vertical circulation change works to enhance the dynamic effect
in the stabilization responses. More importantly, the dynamic term displays tripolar and
bipolar patterns in East Asia in the transient and stabilization responses, respectively.

Remarkably, the effect of the transient eddy term emerges in the stabilization responses,
exerting positive contributions to precipitation in northern China, South Korea, and Japan.

While the WNPSH and low-level circulation exhibit little change in East Asia at the
two low-warming targets, the EASJ and high-level circulation are the critical factors, leading
to the differences between transient and stabilization responses (Figure 4). The intensity of
the EASJ decreases at its climatological core area and intensifies south of its climatological
core area in transient and stabilization responses, respectively. The differences in the EASJ
intensity and position in the two types of responses result in the differences in secondary
circulation over East Asia, especially the intensity and position of the upward motion.
Therefore, the dynamic term displays the distinct patterns in the two types of responses,
consistent with the circulation shift. Then, the EASM precipitation difference in the south
of East Asia is largely attributed to the EASJ difference via the dynamic effect.

In addition, the EASJ also regulates the energetic weather disturbances along the EASJ
(Figure 5). Hence, the two types of responses display distinguishable weather disturbances
in the westerly waveguide, impacting the EASM precipitation via the transient eddy effect.
Especially, the positive transient eddy effect offsets the negative dynamic effect in northern
China in stabilization responses, leading to the increment in boreal summer precipitation.

Here, we reveal the crucial role of the EASJ in determining the distinct EASM
precipitation changes in transient and stabilization responses. Furthermore, it is the
mid- to high-level temperature change patterns that lead to the different EASJ alteration
(Figure 6). The maximum mid- to high-level temperature warming locates north (south)
of the EASJ in East Asia, in transient (stabilization) responses. The mid- to high-level
warming patterns change the temperature gradient along the EASJ, modifying the EASJ
intensity and position.

In the first place, it is the inequality of regional climate impacts and local capacities
that motivates many countries to support and pursue the more stringent 1.5 ◦C warming
target [44]. Our results expose the considerable differences in the most important regional
weather and climate system in East Asia, i.e., the EASM system, between transient and
stabilization responses. Specifically, southern China would be exposed to more severe ex-
treme precipitation and flood risk in stabilization responses. It was largely underestimated
in research based on traditionally transient simulations. Consequently, local agriculture is
closely related to the amount of precipitation, and flooding is one of the major disasters
affecting people’s living and economic activities. Fundamentally, it is the different green-
house gas emission pathways behind the two types of responses. Therefore, how GMST
reaches specific goals is also crucial to regional climate responses. Our study not only high-
lights the differences between transient and stabilization climate states on a regional scale,
but also indicates potential differences in different scenarios applying different greenhouse
gas emission pathways.

In this study, we apply the single CESM model, because the CESM was the only
model providing fully coupled stabilization simulations. However, the coupled model
intercomparison project Phase 6 (CMIP6) has now released their results. The scenario
model intercomparison project (ScenarioMIP) is the primary activity within CMIP6. It
provides the basis for investigating a number of targeted science and policy questions that
are especially relevant to scenario-based analysis, including the consequences of scenarios
that limit warming to below 1.5 ◦C/2 ◦C [44]. We believe future work based on ScenarioMIP
simulations could provide more comprehensive results.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/atmos14121763/s1, Figure S1: The summer precipitation climatology
in East Asia during historical period (1979–2005). a uses the GPCP data, b uses the CMAP data,
c is simulated by the CESM. The red rectangle denotes the EASM region (100–150◦ E, 20–50◦ N);
Figure S2: The summer 850-hPa wind climatology in East Asia during historical period (1979–2005). a
uses the ERA-Interim reanalysis data, b uses the MERRA-2 reanalysis data, c is simulated by the CESM.
The red rectangle denotes the EASM region (100–150◦ E, 20–50◦ N).
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