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northeast-southwest oriented belt (Tang et al. 2006; Piao et 
al. 2023; Chen et al. 2024). The TCZ is characterized by dis-
tinct climate and biome gradients, making it an extremely 
delicate ecosystem that is particularly susceptible to climate 
change and prone to natural disasters. Any deficiency or 

1 Introduction

The Transition Climate Zone (TCZ) in East Asia, situ-
ated between monsoon and non-monsoon regions, as well 
as between humid and arid areas, is characterized by a 
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Abstract
The Transitional Climate Zone (TCZ) in East Asia represents a critical region where monsoon and non-monsoon climates 
interface, making it highly vulnerable to climate change. While TCZ precipitation changes under global warming have 
been well-studied, its response to CO2 removal (CDR) remains poorly understood. This study investigates TCZ summer 
precipitation changes under an idealized CDR scenario and reveals a region-wide decrease during CO2 ramp-down, with 
the strongest signals in the northeastern regions. Notably, the precipitation response under equal levels of warming or 
CO2 forcing demonstrates clear asymmetry, characterized by drying during the CO2 ramp-down rather than the ramp-up. 
Moisture budget analysis indicates that the reduction in precipitation during the CO2 ramp-down period is closely associ-
ated with the divergence of vertically integrated atmospheric moisture flux. The divergence is primarily driven by dynamic 
processes (36.4%) rather than thermodynamic effects (5.2%). Quantification of moisture transport shows a net moisture 
output from the TCZ, with 78.6% attributed to the meridional monsoon moisture and 18.3% to the zonal westerlies. Fur-
ther analysis of the East Asia Summer Monsoon (EASM) characteristics demonstrates that during CO2 ramp-down, the 
monsoon system exhibits a weakened intensity, a southward retreat of its northern boundary, and a shortened duration with 
delayed onset and earlier withdrawal. Among these factors, the southward shift of the northern boundary has the greatest 
impact on the precipitation reduction, followed by the changes in monsoon duration. These findings suggest that CDR, 
despite its intended role in mitigating global warming, may enhance drying risks in the TCZ through altered atmospheric 
circulation patterns.
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surplus in precipitation can have significant consequences 
for agriculture, animal husbandry, and socioeconomics. For 
example, in the summer of 2014, seven provinces in north-
ern China experienced severe drought, with some areas 
suffering the most intense drought in 60 years (Wang and 
He 2015). Conversely, the summer of 2021 saw an excep-
tionally intense rainy season in northern China, with rain-
fall levels doubling the average for that time of year, and 
record-breaking hourly precipitation (201.9 mm) recorded 
at Zhengzhou station (Zhou and Lu 2024). Consequently, 
the TCZ is also a disaster-prone belt and a farming-grazing 
ecotone (Neilson 1993; Shi 1996; Lu and Jia 2013). Due to 
its unique geographical location and climate characteristics, 
it has become increasingly urgent to enhance our under-
standing of future climate changes in the TCZ.

The TCZ is shaped by the interannual fluctuations of 
the northern boundary of the East Asia summer monsoon 
(EASM). Previous studies provide different definitions of 
the northern boundary, which can be roughly classified into 
the following two types: one focuses on the air mass inter-
action between warm-humid air from lower latitudes and 
dry-cold air from higher latitudes, using variables such as 
pseudo-equivalent potential temperature, specific humidity, 
precipitable water, moisture transport flux, and wind fields 
to define the northern boundary of EASM. (Tu and Huang 
1944; Wang et al. 1999; Wu et al. 2005; Ha et al. 2020). 
The other is from the precipitation perspective, focusing 
on the seasonal northward advance of the EASM precipita-
tion (Wang and LinHo 2002; Chen et al. 2018; Zhao et al. 
2019c).

Due to its unique geographical location, the dry-wet 
changes of the TCZ are quite complex and influenced by 
both low and mid-high latitude systems. Numerous stud-
ies have investigated the characteristics and mechanisms of 
precipitation changes in the TCZ across interannual, inter-
decadal, and long-term trends. On an interannual scale, fac-
tors influencing summer precipitation in the TCZ include 
local climate systems (e.g., EASM and mid-latitude west-
erlies), remote oceanic forcings (e.g., the North Atlantic 
Oscillation (NAO), Atlantic and Pacific sea surface tem-
perature (SST) anomalies), and atmospheric teleconnection 
modes (e.g., the Polar-Eurasian (PEU), the Circumglobal 
teleconnection (CGT), and Eurasian teleconnection (EU), 
which modulated atmospheric vertical motion and moisture 
supply over the TCZ (Lin 2014; Lin and Wang 2016; Bueh 
et al. 2016; Zhao et al. 2019a, 2020; Wang et al. 2022a, 
2023b). The late 1990s saw the formation of a “Silk Road 
pattern” due to the combined influence of the Atlantic Mul-
tidecadal Oscillation (AMO) and phase shifts in the Pacific 
Decadal Oscillation (PDO), resulting in a 15.7% decrease 
in TCZ summer precipitation and a significant increase in 

drought frequency and intensity (Chen and Sun 2015; Piao 
et al. 2017, 2021a).

In recent decades, under the global warming induced by 
greenhouse gas emissions, North China has exhibited the 
most significant drying trend in China, with the TCZ show-
ing pronounced signals (Ma and Fu 2006; Chen and Sun 
2015; Wang et al. 2017, 2023a; Chen et al. 2019, 2024). 
Different climate models consistently predict that, if global 
warming continues, the northern boundary will shift sig-
nificantly northwestward, and precipitation in the TCZ 
will increase, with the strongest signals in summer. (Piao 
et al. 2021b, 2022; Wang et al. 2022b; Chen et al. 2023). 
However, the uncertainty of internal atmospheric variability 
remains a concern for these projections.

In summary, current studies on TCZ precipitation and 
driving factors primarily focus on present climate and global 
warming scenarios. However, the 2015 Paris Agreement 
proposed a target of “holding the increase in the global aver-
age temperature to well below 2°C above pre-industrial (PI) 
levels and pursuing efforts to limit the temperature increase 
to 1.5°C above PI”. According to the World Meteorological 
Organization’s (WMO) State of the Global Climate 2023 
report, the global near-surface temperature has already 
increased by approximately 1.45 °C above the 1850–1900 
average, with CO2 concentrations increasing by 50%. These 
developments underscore the urgency of reducing carbon 
emissions and enhancing carbon sequestration. However, 
the scientific community lacks consensus on the impact of 
CO2 removal (CDR) on climate systems, prompting initia-
tives like the CDR Model Intercomparison Program (Keller 
et al. 2018). Studies suggest that the climate responses and 
dynamics of CDR on precipitation will differ significantly 
from past climate patterns, particularly in regions like East 
Asia (Long et al. 2020; Hou et al. 2021; Huang et al. 2022; 
Zhou et al. 2022). Global precipitation continues to increase 
after the CO2 peak due to the large thermal inertia of the 
ocean and the weakened influence of CO2 radiative forc-
ing. Even after CO2 decreases and stabilizes, both oceanic 
and terrestrial precipitation do not return to their PI levels 
(Wu et al. 2015; Sun et al. 2021; Yeh et al. 2021; Cao et 
al. 2023; Su et al. 2024). In East Asia, Song et al. (2021) 
and Jo et al. (2022) have studied the asymmetry in mean 
and extreme precipitation frequencies during CO2 ramp-
up and ramp-down periods, which is caused by the per-
sistence of El Niño-like warming in the equatorial Pacific 
Ocean after CO2 begins to decrease. Furthermore, Sun et 
al. (2021) reported that with symmetric CO2 concentrations, 
the EASM rainband moves northward with an earlier onset, 
delayed withdrawal, and longer duration.

While substantial research has focused on precipitation 
changes and their drivers in the TCZ under global warm-
ing, little is known about how these changes will manifest 
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under future CDR scenario. Several key questions remain 
unanswered: What are the spatial and temporal character-
istics of TCZ summer precipitation changes under CDR 
scenario? To what extent are these changes influenced by 
the EASM compared to the mid-latitude westerlies, and 
which aspects of the EASM, including intensity, northern 
boundary position, and influence time have the greatest 
impact on TCZ precipitation? Furthermore, how do the TCZ 
responses differ between CO2 ramp-down and ramp-up 
periods under the same warming levels? This study aims to 
address these questions by investigating TCZ summer pre-
cipitation responses to an idealized CDR scenario. Through 
comprehensive moisture budget analysis and examination 
of monsoon system changes, we seek to understand the 
mechanisms governing TCZ summer precipitation changes 
during CDR, with implications for regional climate adapta-
tion under future carbon neutrality scenarios. The paper is 
structured as follows: Sect. 2 describes the data and meth-
ods employed, Sect. 3 presents the results, and Sect. 4 pro-
vides the discussion and conclusions.

2 Data and methods

2.1 Data

In this study, the observation and reanalysis datasets 
employed include: (1) daily precipitation data from the 
National Meteorological Information Center, with a hori-
zontal resolution of 0.5° × 0.5° (Xu et al. 2020); (2) monthly 
precipitation data from the Climatic Research Unit (CRU) 
at a 0.5° × 0.5° resolution (Harris et al. 2020); (3) monthly 
precipitation reconstruction data over land (PREC/L) from 
the National Oceanic and Atmospheric Administration 
(NOAA) with a horizontal resolution of 1° × 1°(Chen et 
al. 2002). All the above datasets cover a common period of 
1979–2014.

The model data are from three experiments conducted 
under the Coupled Model Intercomparison Project 6 
(CMIP6), which are the piControl experiment, the 1pctCO2 
experiment, and the 1pctCO2-cdr experiment (Keller et al. 
2018). The 1pctCO2 experiment starts from the 1850 state 
with an atmospheric CO2 concentration of 284.7 ppm and 
gradually increases by 1% per year until reaching four times 
that of the piControl experiment (1138.8 ppm; run for 140 
years). Then, it gradually decreases at the same rate back to 
the piControl level. After that, the CO2 concentration is kept 
at 284.7 ppm for as long as possible, but here only the sub-
sequent 60 years are selected for analysis. It is noteworthy 
that the only externally imposed forcing is CO2 concentra-
tion, while all other forcings remain fixed at 1850 levels.

To date, 9 models have participated in all three CMIP6 
experiments required for this study (Table S1). According 
to the Taylor diagram shown in Fig. S1, the 9 models effec-
tively reproduce the precipitation patterns from reanalysis 
data, with the multi-model ensemble mean (MME) perform-
ing better than any individual model. The spatial correlation 
coefficients for individual models all exceed 0.6, while the 
MME reaches approximately 0.84. All model output data 
are interpolated onto a 1° × 1° grid. Monthly precipitation, 
specific humidity, horizontal wind, and surface pressure 
are used in this study. The ensemble spread is defined as 1 
standard deviation among the 9 models, and the results are 
considered robust if more than 2/3 of the models exhibit the 
same sign as the MME. To minimize the influence of inter-
annual fluctuations, a 21-year running mean was applied to 
filter the data.

2.2 Definition of the TCZ region

According to Chen et al. (2018), the northern boundary of 
the EASM is defined as the 2 mm day− 1 precipitation isoline 
during the boreal summer (i.e., May-September-averaged). 
Therefore, based on this definition, using PREC/L, CRU, 
and CMA precipitation data with a 7-year moving average 
applied, the EASM northern boundaries are derived for the 
years 1979–2014. Consequently, the region where these 
boundaries overlap is referred to as the TCZ region, which 
appears as a southwest-northeast oriented belt that includes 
parts of northern and northeastern China (red box in Fig. 1). 
The TCZ region defined in this study is consistent with find-
ings from previous studies using different data sources and 
definitions (Zhao et al. 2019b; Wang et al. 2021; Piao et al. 
2022), indicating the robustness and reliability of this region 
definition.

2.3 Moisture budget

According to previous studies (Trenberth and Guillemot 
1995; Simmonds et al. 1999), the moisture budget equation 
can be expressed as:

∂W
∂t

+∇ · Q = E − P, (1)

where W represents precipitable water, while E and P 
denote evaporation and precipitation, respectively. Q refers 
to the vertically integrated atmospheric moisture flux, which 
is expressed as:

Q = −1
g

Pt

∫
Ps

V qdp. (2)
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2.4 EASM activity index

2.4.1 EASM intensity index

Previous studies have defined a large number of indices to 
describe the intensity of the EASM (Wang and Fan 1999; 
Wang 2002; Wang et al. 2008; Zhao et al. 2015). According 
to Wang et al. (2008), among 25 different indices, the shear 
vorticity index defined by Wang and Fan (1999) shows the 
strongest correlation (-0.97) with the leading principal com-
ponent obtained from a multivariate empirical orthogonal 
function (MV-EOF) analysis of the EASM. Therefore, to 
measure the changes in EASM intensity, we adopt the nega-
tive of the Wang and Fan (1999) index (WFI):

WFI =U850 (22.5◦ − 32.5◦N, 110◦ − 140◦E)
− U850 (5◦ − 15◦N, 90◦ − 130◦E) ,

 (6)

where U850 represents the 850 hPa zonal wind.

2.4.2 EASM Northern boundary index

Similar to Sect. 2.2, the 2 mm day− 1 precipitation isoline 
is used to represent the northern boundary of the EASM, 
and the mean latitude of this isoline can serve as the EASM 
northern boundary index. First, the EASM northern bound-
aries in climate models exhibit systematic biases from obser-
vations. As shown in Fig. S2a, almost all models simulate a 
northward- shifted boundary compared to the observation. 
Moreover, when CO2 reaches its peaks, the boundaries are 
projected to shift even further northward (Fig. S2b), result-
ing in incomplete boundary representation in the east part. 
Given these model characteristics and following Piao et al. 
(2023), who demonstrated a strong correlation (r = 0.81) 
between the western portion (100°E-110°E) and the full 
extent (100°E-120°E) of the boundary in representing 
its variability, we use the western section to represent the 

Here, Pt and Ps denote the upper-level pressure and sur-
face pressure; g is the acceleration of gravity; V is horizon-
tal wind; and q is specific humidity. Pt is set to 100 hPa here 
since water vapor is mostly concentrated below this level.

By averaging Eq. (1) over the summer (June-August), the 
first term can be neglected, so the divergence of the verti-
cally integrated atmospheric moisture flux determines the 
precipitation minus evaporation (P-E) exchange with the 
surface. The expression becomes:

P̄ − Ē = −∇ · Q̄ = 1
g

∇ ·
Pt

∫
Ps

V qdp. (3)

Overbars indicate summer means.
For a certain variable X , it can be expressed as the cli-

matological mean Xcli plus the anomaly relative to the cli-
matological mean X ′, as shown in the following form:

X = Xcli + X ′, (4)

Therefore, according to Eq. (3), the P-E anomaly can be 
sequentially decomposed into the dynamic (DY) term 
related to the wind field anomaly, the thermodynamic (TH) 
term related to the specific humidity anomaly, and the non-
linear (NL) term, as shown below:

P ′ − E′ =1
g

∇ ·
Pt

∫
Ps

qcliV ′dp + 1
g

∇ ·
Pt

∫
Ps

q′Vclidp

+ 1
g

∇ ·
Pt

∫
Ps

q′V ′dp.

 (5)

Fig. 1 The 2 mm day-1 isochrones in the 7-year running mean precipitation in boreal summer (i.e., May-September-averaged) from 1979 to 2014 
(orange lines). The red boxes represent the TCZ region
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this data, so the mean of the remaining 8 models is used for 
calculation.

3 Result

3.1 Spatial and Temporal changes of summer 
precipitation

Numerous studies have examined global precipitation 
responses to idealized CO2 concentrations (Wu et al. 2015; 
Sun et al. 2021; Yeh et al. 2021; Cao et al. 2023). However, 
we find that the TCZ experiences more significant changes 
in summer precipitation compared to both the global aver-
age (Fig. 2a) and its southern monsoon-dominated region 
(Fig. S4). This enhanced sensitivity can be attributed to the 
TCZ’s characteristic sub-humid to semi-arid climate, where 
relatively low baseline precipitation makes percentage 
changes more pronounced in response to external forcing. 
This highlights the TCZ’s particular vulnerability to climate 
change compared to other regions. During the CO2 ramp-
up period, TCZ summer precipitation increases by 15% 
(Fig. 2a), remaining elevated for ∼ 20 years post-CO2 peak. 
When CO2 returns to pre-industrial levels, precipitation also 
nearly returns to its original state (Fig. S5). Spatially, the 
TCZ exhibits widespread wetting during ramp-up (Fig. S6a) 
and drying during ramp-down (Fig. 2b). These changes are 
robust throughout the TCZ, with areas approximately east 
of 115°E exhibiting more pronounced shifts.

EASM northern boundary. Additionally, since our focus is 
primarily on the relative movement of the northern bound-
ary rather than its absolute position, the western section 
(average latitude between 100°E and 110°E) provides a reli-
able metric for tracking boundary changes throughout the 
CO2 evolution.

2.4.3 EASM influence time

Following previous studies (Qian and Qin 2008; Wang et al. 
2021), we adopt the 4 mm day− 1 precipitation threshold as 
the criterion to determine whether the EASM influences the 
TCZ. To eliminate the influence of high-frequency oscilla-
tions, we adopt the method used by Wang et al. (2021) to 
filter the daily precipitation time series, thereby obtaining a 
smoother precipitation sequence. The monsoon rainy season 
onset (MRO, units: Day of year, DOY) and retreat (MRR, 
units: DOY) in the TCZ region are defined as the first and 
last dates when the filtered daily precipitation reaches 4 mm 
in the boreal summer (May-September), respectively. The 
monsoon rainy duration (MRD) is then calculated as the 
period between onset and retreat (MRD = MRR - MRO + 1). 
This definition is applied to each segment of the TCZ to 
characterize the temporal evolution of monsoon influence. 
An example of the MRO, MRR, and MRD definitions of 
114°E-119°E and 37.5°N in 1981 is provided in Fig. S3. 
Daily precipitation data is necessary to determine the onset, 
retreat, and duration of the EASM’s influence on the TCZ 
region. Among the 9 models, CAS-ESM2-0 did not output 

Fig. 2 Temporal evolution and spatial pattern of the TCZ summer pre-
cipitation response during the CO2 ramp-up, ramp-down, and stabi-
lization periods. (a) The atmospheric CO2 concentration (black) and 
the 21-year running mean of summer precipitation changes in global 
(blue) and TCZ (red) mean during the CO2 ramp-up, ramp-down, and 
stabilization periods relative to the PI levels. The dashed vertical lines 

indicate the years of CO2 peak (year 140) and stabilization (year 280). 
(b) The spatial pattern showing the difference between the CO2 stabili-
zation (St, years 281–340) and peak (Pk, years 131–150) periods. The 
stippling in (b) denotes areas where at least 2/3 of models agree on the 
sign of the MME change. The TCZ region is highlighted by the red box
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the CO2 ramp-up period, the TCZ experiences an increase 
in summer P-E. However, P-E decreases after CO2 peaks, 
gradually returning to PI levels around the 230th year and 
stabilizing thereafter. Spatially, during the CO2 removal 
phase, there is a general decrease in P-E across the TCZ, 
with the northeastern areas showing the most pronounced 
drying (Fig. 3b). During the CO2 ramp-down period, the 
spatial pattern over the TCZ is characterized by a divergence 

3.2 Moisture budget

To unravel the causes behind summer precipitation changes 
in the TCZ region, we diagnose the moisture budget (Fig. 3). 
According to the moisture budget equation (Eq. (3)), the 
summer P-E is balanced by the divergence of the vertically 
integrated moisture flux, with a correlation coefficient of 
0.67 during the CO2 (Fig. 3a). As shown in Fig. 3a, during 

Fig. 3 (a) The 21-year running mean changes of P-E (blue) and the 
convergence of vertically integrated moisture flux (red). Spatial dif-
ferences of (b) P-E, (c) the vertically integrated moisture flux (vectors, 

unit: kg·m-1·s-1) and its divergence (shadings) between the CO2 St and 
Pk periods (unit: mm·day-1). The stippling and red box are the same 
as in Fig. 2b
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through each boundary (Fig. 4a, Fig. S7). In summer, the 
TCZ experiences a net moisture output of 0.16 × 107 kg·s− 1, 
composed of a zonal net input of 2.32 × 107 kg·s− 1 and a 
meridional net output of 2.48 × 107 kg·s− 1. Given that zonal 
moisture transport primarily reflects westerly influence 
and meridional transport represents monsoon circulation, 
we conducted regression analysis of these components 
against the vertically integrated moisture flux divergence 
over the TCZ (Fig. 4b, c). The spatial pattern reveals that 
zonal moisture transport mainly reduces moisture flux in 

of vertically integrated atmospheric moisture flux (Fig. 3c), 
leading to a reduction in P-E. Notably, anomalous northeast-
erly and easterly moisture transport prevails throughout the 
TCZ, indicating a weakening of the westerlies and summer 
monsoon circulation in this region.

The westerlies and monsoon are the primary sources 
of moisture transported into the TCZ (Wang et al. 2023b; 
Ren et al. 2024). To examine the relative contributions of 
these two components during the CO2 ramp-down period, 
we calculate the changes in moisture transport into the TCZ 

Fig. 4 (a) Moisture transport differences (unit: 107 kg·s-1) across each 
boundary of the TCZ during summer between the CO₂ stabilization 
(St) and peak (Pk) periods. (b, c) Regression coefficients of zonal and 

meridional net moisture transport against the vertically integrated 
moisture flux divergence (unit: 10–13 m-2). The stippling and red box 
are the same as in Fig. 2b

 

1 3

Page 7 of 17   153 



X. Su et al.

is also conducted to quantify the association between these 
components and the P-E in the TCZ, with the correspond-
ing coefficients of determination displayed in Fig. 6. The 
dynamic component, related to anomalies in the wind field, 
contributes the most, with the explained variance amounting 
to 36.4%. During the CO2 ramp-down period, the dynamic 
component consistently reduces P-E input across the TCZ 
with good robustness. In comparison, the thermodynamic 
component, associated with specific humidity anomalies, 
exhibits a much smaller contribution with the explained 
variance of 5.2%, along with minor amplitudes and poor 
robustness in the region. In addition, the contributions and 
variations of the nonlinear component are also negligible.

the eastern TCZ, while meridional transport causes a more 
uniform reduction across the entire region. Together, they 
result in more pronounced moisture decreases in the region 
east of 115°E (Fig. 3b). Overall, meridional transport has a 
greater impact on TCZ moisture flux, with coefficients of 
determination of 18.3% and 78.6% for zonal and meridional 
transport, respectively, underscoring the dominant role of 
monsoon moisture compared to westerly moisture in driv-
ing summer net moisture budget changes.

To further investigate the drivers of changes in the ver-
tically integrated atmospheric moisture flux divergence, a 
decomposition into dynamic, thermodynamic, and nonlinear 
components is performed (Eq. (5)). Figure 5 shows their tem-
poral and spatial variations. A multiple regression analysis 

Fig. 5 (a) The 21-year running mean changes of dynamic (blue), ther-
modynamic (red), and nonlinear (green) components (yellow) rela-
tive to PI levels in summer in the TCZ. (b-e) Spatial differences of 

dynamic, thermodynamic, and nonlinear components between the CO2 
St and Pk periods (unit: mm·day-1). The stippling and red box are the 
same as in Fig. 2b
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effect results in a total net moisture output of 0.50 × 107 
kg·s− 1 from the TCZ, leading to widespread moisture diver-
gence and consequently a reduction in precipitation. This 
imbalance between zonal and meridional moisture transport 
suggests that the weakening of the summer monsoon circu-
lation during the CO2 ramp-down period plays a crucial role 
in modulating the TCZ’s moisture budget. Further moisture 
decomposition analysis (Fig. 9) reveals that the asymmetric 
response of TCZ summer precipitation is primarily driven 
by the dynamic component, specifically through the weak-
ening of vertical motion (Fig. S9). The contributions of ther-
modynamic and nonlinear components are relatively minor, 
which is consistent with the mechanisms driving the reduc-
tion in precipitation during the CO2 stabilization period 
compared to the peak period.

These findings highlight that TCZ’s hydroclimate may 
respond differently to future carbon removal scenarios com-
pared to the warming phase. Despite symmetric changes 
in CO2 concentrations or global mean temperature, the 
precipitation response shows a clear asymmetric pat-
tern, with more pronounced drying during the ramp-down 
period. This asymmetry underscores the complexity of the 
TCZ’s hydroclimatic response, which may diverge signifi-
cantly under carbon removal strategies. Based on the above 
results, future research should focus on the differences in 
the dynamic impacts on the TCZ’s hydroclimate during the 
CO2 ramp-up and ramp-down periods, which are essential 
for accurately predicting the region’s response to carbon 
removal strategies and for better assessing the long-term 
effects on its hydroclimatic stability.

3.4 EASM activity

Based on the findings presented in Sect. 3.2, the meridional 
moisture transport driven by monsoon circulation plays a 
more significant role in modulating the summer moisture 
budget in the TCZ. Therefore, this section further investi-
gates how the moisture budget and precipitation changes in 
the TCZ are affected by the EASM. Conventionally, quanti-
tative assessments of the EASM have focused primarily on 
its intensity, with numerous indices proposed to represent it. 
However, besides EASM intensity, it is equally important 
to consider the location of the EASM northern boundary 
and the timing of its impact on the TCZ. Consequently, the 
impact of the EASM on the TCZ is broadly classified into 
three aspects: EASM intensity, EASM northern boundary, 
and EASM influence time.

Based on the EASM intensity index defined by Wang and 
Fan (1999) (Fig. 10a), the monsoon strengthens during the 
CO2 ramp-up period, with a trend of 0.118 m/s/decade. At 
the initial stage of the CO2 ramp-down period, the monsoon 
intensity decreases gradually (trend of -0.075 m/s/decade), 

3.3 Asymmetric response

In addition to examining the differences during the CO2 
stabilization and peak periods, we also observe an obvi-
ous asymmetry in the TCZ summer precipitation response 
(Fig. 7). To investigate the asymmetric change in precipi-
tation, we selected two 20-year time slices (years 61–80 
and 239–258; gray bands in Fig. 7), representing periods 
when the global mean surface temperature increases to 2 °C 
during CO2 ramp-up and returns to 2 °C during CO2 ramp-
down. This approach is intended to exclude the influence of 
delayed global mean surface warming during the CO2 ramp-
down (Zhou et al. 2022). Our analysis reveals that, com-
pared to the CO2 ramp-up period, the TCZ experiences a 
notable reduction in summer precipitation during the ramp-
down period (Fig. 7b), accompanied by the divergence of 
the vertically integrated moisture flux (Fig. 7c). Regarding 
the asymmetry of precipitation, previous studies have typi-
cally focused on comparing two-time slices with identical 
CO2 concentrations during the CO2 ramp-up and ramp-
down periods (Yeh et al. 2021; Song et al. 2021; Zhang et 
al. 2023). However, our analysis reveals that, regardless of 
whether we consider periods of equal temperature increases 
or equal CO2 concentrations the TCZ summer precipitation 
during the CO2 ramp-down period consistently exhibits a 
similar reduction compared to the ramp-up period (Fig. S8).

To elucidate the mechanisms driving this asymmetry, 
we conduct a detailed analysis of moisture transport across 
the four boundaries of TCZ (Fig. 8). During the CO2 ramp-
down period, while there is a zonal net moisture input of 
1.11 × 107 kg·s− 1, this is more than offset by a meridional 
net moisture output of 1.61 × 107 kg·s− 1. The combined 

Fig. 6 Coefficients of determination from multiple linear regressions 
of the dynamic, thermodynamic, and nonlinear components against the 
P-E changes in TCZ
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Fig. 7 (a) The atmospheric CO2 concentration (black), the 21-year run-
ning mean of global mean surface temperature change (red), and TCZ 
summer precipitation change (blue) during the CO2 ramp-up, ramp-
down, and stabilization periods relative to the PI levels. The two grey 
bands covering years 61–80 and 239–258 denote the two representa-

tive time slices of 2 °C global mean warming during CO2 ramp-up and 
ramp-down. Spatial differences of summer (b) precipitation, (c) the 
vertically integrated moisture flux (vectors, unit: kg·m-1·s-1) and its 
divergence (shadings) between CO2 ramp-down and ramp-up periods 
(unit: mm·day-1)
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consistent with previous studies on global warming (Zhou 
et al. 2018, 2020; Moon and Ha 2020). Following the recov-
ery of CO2 levels, the monsoon intensity also recovers.

Examining the movement of the EASM northern bound-
ary (Fig. 10b), there is a significant northward shift during 
the CO2 ramp-up period, consistent with previous stud-
ies (Huang et al. 2021; Wang et al. 2022b). As CO2 levels 
decrease, the northern boundary retreats rapidly southward, 
returning to its initial position around the 240th year. It then 

but it begins to decline more rapidly (trend of -0.306 m/s/
decade) around the 240th year. This decrease is not only 
reflected in the EASM intensity index but is also evident 
in the reduced precipitation (Fig. S4) and anomalous north-
east winds (Fig. S10) in the monsoon region. Furthermore, 
unlike the precipitation decrease in the TCZ, which is pri-
marily driven by dynamic processes, the reduced precipita-
tion in the monsoon region is predominantly governed by 
thermodynamic processes (figure not shown). This result is 

Fig. 9 The same as Fig. 5b-d, but showing the differences between CO2 ramp-down and ramp-up periods

 

Fig. 8 The same as Fig. 4a, but 
showing the differences between 
CO2 ramp-down and ramp-up 
periods
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119°E-124°E at 41.5°N; and 124°E-129°E at 45.5°N. 
From June to July, the 4 mm day− 1 precipitation isochrone 
advances northward, gradually influencing the TCZ, reach-
ing its northernmost extent by late July (highlighted by the 
thick contour in Fig. 12), which aligns with previous stud-
ies. It then retreats southward, withdrawing from the TCZ 
between August and September (Table S2).

When CO2 concentration changes, the MRO, MRR, 
and MRD also vary (Fig. 13). During the pre-industrial, 

continues to retreat slightly until around the 280th year, 
when it begins to recover, eventually returning to nearly its 
original position (Fig. S11).

To quantitatively characterize the timing of monsoon 
influence on the TCZ region, the monsoon rainy onset 
(MRO), retreat (MRR), and duration (MRD) are analyzed. 
For convenience, the TCZ is divided into five segments, each 
spanning five degrees of longitude (Fig. 11): 104°E-109°E 
at 35.5°N; 109°E-114°E at 35.5°N; 114°E-119°E at 37.5°N; 

Fig. 11 Boundaries of TCZ 
(red box) and simplified five 
segments of TCZ southern 
boundary (green or blue lines) 
and their corresponding affected 
areas (dashed lines). The five 
segments are 104°E-109°E 
at 35.5°N, 109°E-114°E at 
35.5°N, 114°E-119°E at 37.5°N, 
119°E-124°E at 41.5°N, and 
124°E-129°E at 45.5°N

 

Fig. 10 The 21-year running mean time series of (a) the EASM inten-
sity index and (b) the EASM northern boundary index during CO2 
ramp-up and ramp-down periods. The shading in (a) indicates one 
standard deviation across the 9 models. The light and dark blue lines in 

(b) indicate interannual and running mean variations, respectively. The 
dashed vertical lines indicate the CO2 peak (year 140) and stabilization 
(year 280) years
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correlation is observed between P-E and MRD, particularly 
for the 114°E-119°E, 37.5°N segment (correlation coeffi-
cient of 0.91). Averaging the correlation coefficients across 
the five segments, the values for MRO, MRR, and MRD 
with respect to P-E are − 0.78, 0.80, and 0.83, respectively. 
The correlation coefficient between EASM intensity and 
P-E is the lowest with only − 0.78. As a result, the EASM 
northern boundary has the greatest impact on P-E in the 
TCZ, followed by the EASM influence time, with duration 
having a greater impact than onset and withdrawal. The 
least impact comes from the EASM intensity.

4 Summary and discussion

This paper investigates summer precipitation changes in the 
TCZ under an idealized CO2 removal simulation. It demon-
strates that the TCZ exhibits more pronounced responses to 
CO2 forcing due to two key characteristics. First, as a sub-
humid to semi-arid region, the TCZ receives significantly 
less precipitation than the monsoon-dominated regions to its 
south. This relatively low baseline precipitation means that 

the southernmost segments (35.5°N) exhibit earlier MRO 
(mid-June) and a later MRR (mid-September) compared 
to the northern segments (37.5°N and above), which show 
later onset (late June) and earlier retreat (late August). This 
latitudinal variation reflects the decreasing monsoon influ-
ence with increasing latitude, resulting in longer duration 
in southern segments (∼ 100 days) compared to northern 
ones (∼ 60 days). When CO2 peaks, the onset advances by 
up to 15 days and the retreat delays by approximately 6–7 
days, leading to an extended rainy season. During the CO2 
removal period, these timing changes show partial recov-
ery but exhibit clear asymmetry, particularly in the MRD: 
all five segments display overshoot, reflecting the system’s 
hysteresis. While absolute values of MRO, MRR, and 
MRD may be influenced by model precipitation biases, our 
analysis focuses on the relative changes across CO2 change 
scenarios.

A correlation analysis between the aforementioned 
EASM activity indices and P-E in the TCZ is conducted, 
with the results presented in Table 1. The strongest corre-
lation is found with the EASM northern boundary, show-
ing a correlation coefficient of 0.96. Additionally, a strong 

Fig. 12 Dates of the (a-c) northward advance and (d-f) southward 
retreat of the 4 mm d-1 isochrones in precipitation (7-day running 
mean) for the (a, d) piControl, (b, e) CO2 peak, and (c, f) CO2 stabili-

zation periods. Contours indicate calendar dates starting from January 
1st. Thick contours indicate the 210th day of the year
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reduction in precipitation during the ramp-down period, 
despite reaching the same global mean surface temperature.

According to moisture budget diagnoses, it is found that a 
reduction in P-E across the TCZ during the CO2 ramp-down 
period, particularly in the northeastern areas, correspond-
ing with the divergence of vertically integrated atmospheric 
moisture flux with a correlation coefficient of -0.67. Further 
decomposition reveals that the dynamic component, related 
to wind field anomalies and demonstrating the strongest 
robustness, contributes the most to the P-E change, account-
ing for 36.4%. The thermodynamic and nonlinear compo-
nents contribute 5.2% and 7.0%, respectively. Meanwhile, 
the dynamic component is also the primary factor for the 
asymmetric response of TCZ summer precipitation under 
the condition of the same global-mean temperature increase 
during both CO2 ramp-up and ramp-down periods. Given 
that the TCZ is influenced by both the westerlies and the 
monsoon, we analyze moisture transport into the TCZ 
through four boundaries and assess the total moisture bud-
get. During the CO2 ramp-down period, the TCZ experi-
ences a net moisture output of 0.16 × 107 kg·s− 1, composed 
of a zonal net input of 2.32 × 107 kg·s− 1 and a meridional net 
output of 2.48 × 107 kg·s− 1. The zonal and meridional mois-
ture transport contribute to changes in vertically integrated 

even moderate absolute changes can result in large percent-
age variations. Second, unlike the arid regions to its north 
that are beyond monsoon influence, the TCZ is situated at 
the northern margin of the EASM. This location makes it 
particularly susceptible to monsoon variability, which often 
induces substantial precipitation changes.

During the CO2 ramp-up period, precipitation increases 
across the region, reaching a 15% increase relative to PI 
levels at the CO2 peak, and remains elevated for about 20 
years. Following this, precipitation in the TCZ decreases 
in line with CO2 removal. Notably, the asymmetry in sum-
mer precipitation during the CO2 ramp-up and ramp-down 
periods is evident, with the TCZ experiencing a pronounced 

Table 1 Pearson correlation coefficients between precipitation in 
the TCZ and the EASM activity index. The first numbers in MRO, 
MRR, and MRD represent the average correlation coefficients of the 
TCZ’s five segments shown in Fig. 11, with ranges shown in brackets. 
WFI stands for the EASM intensity index, NBI stands for the EASM 
Northern boundary index, IFT stands for the EASM influence time, 
and MRO, MRR, and MRD represent the monsoon rainy season onset, 
retreat, and duration, respectively
WFI NBI IFT

MRO MRR MRD
0.78 0.96 -0.78

(-0.71∼-0.87)
0.80
(0.72 ∼ 0.89)

0.83
(0.73 ∼ 0.89)

Fig. 13 The 21-year running mean time series of the summer mon-
soon influencing time over the TCZ. The red, blue, and black solid 
lines represent the monsoon rainy season onset, retreat, and duration, 

respectively. The corresponding values in the PI periods are indicated 
by red, blue, and black horizontal dashed lines. The dashed vertical 
lines mark the CO2 peak (year 140) and stabilization (year 280) years
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water vapor flux divergence by 18.3% and 78.6%, respec-
tively, indicating that the monsoon primarily drives summer 
net moisture budget changes in the TCZ.

The impact of the monsoon can be assessed through 
various aspects: EASM intensity, EASM northern bound-
ary, and EASM influence times, including onset, retreat, 
and duration. During the CO2 ramp-up period, the EASM 
shows a strengthening intensity, a significant northward 
movement of the northern boundary, and earlier onset, later 
retreat, and longer duration of the monsoon rainy season. 
Conversely, during the CO2 ramp-down period, the EASM 
shows a weakening intensity, a significant southward retreat 
of the northern boundary, and later onset, earlier retreat, and 
shorter duration of the monsoon rainy season. Among these 
factors, the EASM northern boundary exhibits the greatest 
impact on the P-E decrease, with a correlation coefficient 
of 0.96, followed by the EASM influence time. The EASM 
intensity has the least impact.

In conclusion, this research comprehensively investigates 
the TCZ precipitation response to CO2 removal, reveal-
ing several novel findings: (1) despite equivalent global 
warming levels, TCZ summer precipitation is lower dur-
ing CO₂ ramp-down than ramp-up phases, highlighting its 
asymmetric response; the dynamic component contributes 
more significantly to precipitation changes (36.4%) than the 
thermodynamic component (5.2%) throughout CO₂ evolu-
tion; (3) the identification of distinct EASM characteristics 
affecting TCZ precipitation during CO2 changing, with 
the northern boundary shift showing the strongest impact. 
These insights advance our understanding of regional cli-
mate response to CO2 removal scenarios and have important 
implications for future climate adaptation strategies.
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