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Abstract
Precipitation was claimed to increase over Asian and North African monsoon (AAM) regions during past
interglacial epochs and also under future global warming scenarios. Using CMIP6 model experiments,
this study compares the changes of AAM in interglacial epochs to global warming. Moisture budget
analysis shows that the increased monsoon rainfall during interglacial epochs primarily results from the
dynamic process associated with strengthened monsoon circulation, but is caused by thermodynamic
process under global warming associated with increased mean moisture. To disentangle the mechanism
for the distinct changes in vertical and horizontal monsoon circulation, we further decompose the
response of AAM to global warming into the direct effect from CO2 radiative forcing and the indirect
effect due to increased sea surface temperature (SST), based on idealized CMIP6 experiments. The
results show that the effect of direct CO2 radiative forcing on the AAM is an analogue to that in
interglacial epochs driven by enhanced land-ocean equivalent potential temperature contrast, both of
which are characterized by strengthened vertical and horizontal monsoon circulation despite regional
difference. However, the above effect is overwhelmed by the substantially increased SST under global
warming, which is absent during interglacial epochs. The substantial SST warming acts to weaken the
monsoon circulation by decreasing the land-ocean equivalent potential temperature contrast and
enhancing the atmospheric static stability. Our results demonstrate that the interglacial epoch is not an
analogue of the AAM response to global warming, and the lack of global SST warming is responsible for
their difference.

1 Introduction
The Asian-African monsoon (AAM), including the East Asian monsoon (EAM), South Asian monsoon
(SAM) and North African monsoon (NAFM), is a crucial system to the hydroclimate in the Northern
Hemisphere. The large-scale monsoon circulation brings abundant moisture from the warm tropical
ocean to the land monsoon region during boreal summer, and supplies more than half of the annual
rainfall (Wang and LinHo 2002). The variability of the AAM is largely modulated by the internal variability
of the climate system (Zhang and Delworth 2006; Zhou et al. 2008; Kucharski et al. 2009; Liu et al. 2014;
Li et al. 2017b; Wang et al. 2019) or the external forcing (Giannini 2010; Jiang et al. 2015; Li et al. 2015;
Shi and Yan 2019; Zuo et al. 2019) and greatly impacts the development of the agriculture and economy
(Webster et al. 1998; Gadgil and Rupa Kumar 2006; Mall et al. 2006), which is closely associated with the
livelihoods of billions people in the region. It was suggested that the AAM has suffered decadal changes
in the observational period (Li et al. 2017b).

Given the profound impact of the ongoing global warming on the climate system, future change of the
AAM has received much attention. Forced by the increased concentration of the greenhouse gases, a
stronger warming of the Northern Hemisphere relative to the South Hemisphere accompanied with a
warmer land than the ocean is projected (Sutton et al. 2007; IPCC 2013; Jones et al. 2013; Wang et al.
2021), and the Northern Hemisphere land monsoon system is generally strengthened (Lee and Wang
2014; Cao et al. 2020; He et al. 2020; Wang et al. 2020a; Wang et al. 2021). For the regional changes, the
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Asian summer monsoon rainfall is projected to be robustly increased (IPCC 2013), explained by the “wet-
get-wetter” (Held and Soden 2006; Chou et al. 2009) or the “richest-get-richer” (Hsu and Li 2012)
mechanism due to the increase of mean moisture. The EAM low-level circulation is suggested to be
strengthened (Ueda et al. 2006; Sun and Ding 2010; He and Zhou 2020; Jin et al. 2020), modulated by the
enhanced Asian Continent-North Pacific thermal contrast (Sun and Ding 2010; Kamae et al. 2014; Li et al.
2019) associated with the intensified Tibetan Plateau (TP) thermal forcing (He et al. 2019; Li et al. 2022).
While the SAM low-level circulation is projected to be weakened (Ueda et al. 2006; Sun et al. 2010; Turner
and Annamalai 2012; Menon et al. 2013; Sharmila et al. 2015; Jin et al. 2020; Li et al. 2021). This
weakening is argued to result from the decreased tropospheric meridional temperature gradient (Sun et
al. 2010; Sooraj et al. 2015; Li et al. 2021). While a recent study attributed this change to the SST
warming pattern over the equatorial Pacific (Li et al. 2022). Compared to the Asian summer monsoon, the
projection of NAFM rainfall suffers more uncertainty, due to the competition of the effect of the direct
radiative forcing and the indirect SST warming (Giannini 2010; Biasutti 2013; Gaetani et al. 2017; Mutton
et al. 2022). However, this uncertainty is reduced in the latest CMIP6 models. A more robust increase of
the NAFM rainfall accompanied with the strengthened monsoon westerly is projected (Jin et al. 2020;
Wang et al. 2021), possibly because of the more significant warming over the Sahara. The substantial
Sahara warming results in an intensified and a northward shift of Sahara low pressure (Biasutti 2013;
Gaetani et al. 2017; Jin et al. 2020; Mutton et al. 2022), and this leads to a strengthened westerly over the
North Africa and the weakened advection of the dry air into the monsoon region, which favors an
increased monsoon rainfall.

Past climate is an effective reference to the future warming climate, which provides another perspective
to understand the monsoon climate projection (Braconnot et al. 2012; Harrison et al. 2015; Tierney et al.
2020). The Last Interglacial (LIG; 127KaBP) and the Mid-Holocene (MH; 6KaBP) are the two warm
interglacial epochs that have been widely studied. In these two epochs, the greenhouse gas levels are
similar to that in preindustrial period, while the seasonality of the insolation is enhanced due to the
perturbation of the Earth’s axis precession (Otto-Bliesner et al. 2017). The Earth receives more incoming
solar radiation during boreal summer in LIG and MH compared to the glacial epochs and present climate
(Otto-Bliesner et al. 2017). This results in a general warming over the Northern Hemisphere and a stronger
interhemispheric thermal contrast (Braconnot et al. 2012; Zhao and Harrison 2012; Harrison et al. 2015;
He and Zhou 2020), similar to the change pattern of the temperature contrast under global warming.

Evidences from both the proxy data and model simulation have demonstrated an increased AAM rainfall
in interglacial epochs compared to the present climate (Weldeab et al. 2007; Tjallingii et al. 2008; Wang et
al. 2008; Zhao and Harrison 2012; Zheng et al. 2013; Jiang et al. 2015; Shi and Yan 2019). It is suggested
that the magnitude of the change of the natural forcing in the LIG and MH is comparable to that in the
future global warming scenarios (Braconnot et al. 2012; Harrison et al. 2015). As an intensified AAM in
both the interglacial epochs and global warming, one may wonder whether the mechanisms for this
intensification are same under precession change or greenhouse induced climate warming. Few studies
focus on this issue and connect the past change of AAM to the future warmer climate, which is benefit for
the accurate monsoon projection. In the current study, we aim to give a comprehensive comparison of the
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responses of AAM system to orbital perturbation and greenhouse induced climate warming based on a
series of simulation from the latest CMIP6 models. The following questions are mainly to be addressed:
1) How does the AAM change in interglacial epochs (LIG and MH) and global warming in CMIP6 models?
2) What are the fundamental mechanisms for the change of AAM system? Three aspects of the AAM are
investigated in the current study: monsoon rainfall, the regional low-level monsoon circulation (rotational
component of the circulation) and the vertical motion (converge/divergence component of the
circulation).

The rest of paper is organized as follow. Section 2 introduces the data and methods. Changes of AAM in
interglacial epochs and global warming are compared in Section 3. Fundamental mechanisms for the
change of AAM in different warming epochs are investigated in Section 4. The main conclusions are
summarized in Section 5.

2 Data And Methods

2.1 Output from CMIP6 models
The monthly outputs from the following experiments are adopted for analyses: (1) The preindustrial
control (PIC) experiment, which is performed under the fixed external forcing at preindustrial level and is
integrated for hundreds of years (Eyring et al. 2016). (2) The lig127K (LIG) and mid-Holocene (MH)
experiments, in which the levels of the greenhouse gas are similar to that in preindustrial period (Otto-
Bliesner et al. 2017). Following Berger and Loutre (1991), the Earth’s orbital parameters are prescribed in
these two experiments to mimic the LIG and MH. (3) The shared socioeconomic pathway SSP5-8.5
experiment is adopted to represent the future warmer climate, in which the anthropogenic emission
follows a high emission pathway toward 8.5 W m−2 in AD 2100 (O'Neill et al. 2016). (4) The abrupt-4xCO2

experiment, in which the CO2 concentration is abruptly quadrupled from preindustrial level and the model
is integrated for 150 years, is further used to decompose the global warming induced climate response
into fast (direct CO2 radiative forcing) and slow (indirect SST warming) responses. The detailed
information for each model used in this study is listed in Supplementary Table S1.

The last 50 years in the PIC simulation is adopted as the baseline climate in this study. The last 50 years
in the LIG (MH) or SSP5-8.5 experiment is compared with the PIC experiment to extract the orbital
perturbation or global warming induced climate change. All the model data are bilinearly interpolated
onto a 2.5°×2.5° horizontal grid before analyses. The multi-model median (MMM) is used to evaluate the
climate change, for the median is more robust to the outliers (Gleckler et al. 2008). According to Power et
al. (2012), 68% intermodel agreement on the sign of the change equals the 95% confidence level based
on the Student’s t test. In the current study, a tighter threshold 70% intermodel agreement is adopted.

2.2 Definition of the Asian-African monsoon
The definition of the AAM region follows the concept of the global monsoon (Wang and Ding 2006; Wang
and Ding 2008). The monsoon region should satisfy the following two criterions (Lee and Wang 2014):
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(1) The local summer (May-September, MJJAS) precipitation minus the local winter (November-March,
NDJFM) exceeds 2.5 mm day−1; (2) The local summer precipitation contributes more than 55% to the
annual precipitation. The Asian summer monsoon is further separated into the East Asian and the South
Asian monsoons (Wang et al. 2003). The following three land monsoons are the focus of the current
study: The East Asian monsoon (EAM), South Asian monsoon (SAM) and North African monsoon
(NAFM).

2.3 Moisture budget for the change of monsoon rainfall
Moisture budget is performed to identify the dominant source for the change of monsoon rainfall. Based
on Chou et al. (2009), the moisture budget equation can be written as:

where , , ,  and  denotes the monsoon rainfall, vertical motion, specific humidity, horizontal
circulation and evaporation respectively. The prime represents the orbital perturbation or global warming
induced change of a variable, and the bracket represents the vertical integration from the surface to the
top of the troposphere (200hPa). The three terms on the right side of the Eq. 1 denotes the monsoon
rainfall change contributed by vertical moisture advection, horizontal moisture advection and evaporation
respectively. It is suggested that the monsoon rainfall is largely dominated by the term of vertical
moisture advection (also see the evaluation in Fig. 2) (e.g., Seager et al. 2010; Hsu et al. 2012; Huang and
Xie 2015; He et al. 2020; Jiang et al. 2021), and the other two terms can be omitted. That is

The vertical moisture advection term can be further decomposed into dynamic and thermodynamic term.
Finally, one can obtain:

3 Changes Of Asian-african Monsoon In Interglacial Epochs And
Global Warming Scenario
To investigate the changes of AAM in interglacial epochs and global warming, the MMM-simulated
changes of precipitation and wind at 850hPa are shown in Fig. 1. In the LIG, increased rainfall is found
over the land monsoon region. While decreased rainfall is seen over the vast area of ocean, especially
over the tropical ocean (Fig. 1a). The “wet land-dry ocean” pattern indicates a shift of the convection to
the land. The monsoon area expands northward (Fig. 1a), suggesting a strengthening and northward
shift of the AAM system. From a large-scale perspective, the low-level wind is characterized by a cyclone
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anomaly, which covers subtropical North Africa to East Asia (Fig. 1a). Westerly anomalies prevail from
the tropical Atlantic to North Africa and strengthens the climatological NAFM circulation. Easterly
anomalies cover the tropical northern Indian Ocean (IO) where the climatological maximum westerly
locates, implying a weakening of the SAM circulation. This flow turns northward at the eastern IO and
becomes westerly over the Southern TP. East Asia is featured by the southerly anomalies, implying a
strengthening of the EAM circulation. Except for the smaller changes in magnitude, change of the spatial
pattern of the precipitation and low-level wind in the MH (Fig. 1b) is almost the same as that in the LIG
(Fig. 1a). Compared to the previous generations of the climate models, the simulated feature of the AAM
in interglacial epochs by CMIP6 models are similar to CMIP3/5 models (Zhao and Harrison 2012; Zheng
et al. 2013; Kelly et al. 2018; D'Agostino et al. 2019).

Figure 1c depicts the change of AAM in SSP5-8.5 experiment. Similar as in the interglacial epochs, the
land monsoon rainfall over the AAM region increases under the global warming scenario, and the low-
level wind is also featured by a continental cyclone anomaly over the Eurasian continent. The
precipitation also increases over a vast area in the surrounding oceans under the global warming
scenario, especially over the tropical and North Pacific, which is different from the interglacial epochs
(Fig. 1a, b). In general, the characteristics of the changes of continental monsoon rainfall and low-level
circulation in SSP5-8.5 share similar pattern with that in the LIG and MH.

A set of monsoon metrics is defined to quantitatively measure the changes of monsoon rainfall and low-
level circulation in different warming epochs. Monsoon rainfall indices (i.e., P_EA, P_SA and P_NAF) are
defined by the regional averaged monsoon rainfall over monsoon domains. The EAM circulation index
(C_EA) is defined by the averaged meridional wind (V at 850hPa) over East Asia (20°N-45°N, 110°E-125°E)
(He et al. 2019; Li et al. 2019; He and Zhou 2020). The SAM circulation index (C_SA) is defined by the
intensity of the westerly over tropical northern IO (2.5°N-15°N, 55°E-100°E) where the climatological
maximum westerlies locate (Li et al. 2022). Following Jin et al. (2020), the NAFM circulation index
(C_NAF) is defined as the regional averaged westerly over North Africa (0-12.5°N, 37.5°W-22.5°E).
Changes of the metrics are shown in Fig. 2. The robustly increased monsoon rainfall in interglacial
epochs and global warming scenario is confirmed by the positive changes of monsoon rainfall indices
(Fig. 2a). The C_EA and C_NAF are robustly increased in the LIG, MH and SSP5-8.5 experiment (Fig. 2b),
indicating a robust strengthening of the EAM and NAFM circulation. And the C_SA is significantly
decreased in all the three experiments (Fig. 3b), demonstrating a robust weakening of the SAM
circulation.

The above analyses seem to support that the changes of AAM in interglacial epochs and global warming
scenario are similar in the spatial pattern, despite of the differential changes in magnitude (Fig. 2). It is
suggested that change of the monsoon rainfall results from the combined effect of the dynamic and
thermodynamic processes (Held and Soden 2006; Chou et al. 2009; Hsu et al. 2012; Seager et al. 2010; He
et al. 2020; Jiang et al. 2021). To test the possibly different contributions by thermodynamic and
dynamic terms, the moisture budget based on Eq. 3 is performed. As shown in Fig. 3, the increased
monsoon rainfall in interglacial epochs is primarily attributed to the dynamic process (blue bars in
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Fig. 3a, b), with a modest contribution of the thermodynamic process (orange bars in Fig. 3a, b). On the
contrary, under global warming, the dynamic process suppresses the monsoon convection (blue bars in
Fig. 3c), but the thermodynamic process associated with the increased mean moisture overwhelms the
effect of dynamic term and results in the increase of monsoon rainfall (orange bars in Fig. 3c).

As the change in vertical velocity is responsible for the dynamic term of precipitation change, Fig. 4
shows the MMM-simulated changes of vertical velocity at 500hPa. Substantial ascending anomalies are
found over the land monsoon region in the LIG and MH (Fig. 4a, b). In sharp contrast, the land monsoon
region is featured by descending anomalies in SSP5-8.5 scenario (Fig. 4c). Figure 4d shows the changes
in vertical motion indices (VWI), defined as the regional averaged vertical motion at 500hPa within EAM,
SAM and NAFM regions. It shows that the vertical ascending motion is strengthened over all these three
regions during interglacial epochs (dark blue and light blue bars), but weakened under SSP5-8.5 scenario
(red bars). The strengthened monsoon ascending motion in interglacial epochs leads to the dynamic
increase of the monsoon rainfall, while the weakened monsoon ascending motion under global warming
scenario acts to suppress monsoon rainfall.

The qualitative and quantitative analyses demonstrate that the AAM rainfall increases in both interglacial
epochs and global warming, accompanied with the similar change of low-level monsoon circulation but
different change of vertical motion. The moisture budget analysis suggests that the increased monsoon
rainfall is dominated by the dynamic process associated with the strengthened ascending motion in
interglacial epochs but dominated by the thermodynamic process due to the increased mean moisture
under global warming. Based on the simulation from CMIP6 models, our analyses and diagnoses
demonstrate that the change of AAM in interglacial epochs is not an analogue of that under global
warming, consistent with previous studies based on the CMIP5 models or a single model simulation
(D'Agostino et al. 2019; Shi and Yan 2019).

4 Mechanisms For The Change Of Asian-african Monsoon In
Interglacial Epochs And Global Warming
Observational analyses and modeled evidences have suggested that the land-ocean thermal contrast is
essential for the formation and evolution of the AAM (Li and Yanai 1996; Sun et al. 2010; Wang and
LinHo 2002; Dai et al. 2013; Kamae et al. 2014). In the LIG and MH, the marked feature in surface
temperature is the profound warming over the Eurasian and North African continent, while the SST
change is negligible (Fig. 5a, b). Under global warming scenario, the ocean significantly warms up in
addition to the continental warming (Fig. 5c). The profound global SST warming may weaken the
monsoon by reducing the land-ocean thermal contrast (Shaw and Voigt 2015; He and Zhou 2020) and
enhancing the atmospheric static stability (Kitoh et al. 2013; Kamae et al. 2014; Lee and Wang 2014;
Wang et al. 2020a; Wang et al. 2021), and may be essential for the distinction of the AAM in between
global warming and interglacial epochs.

4.1 Fast and slow responses of AAM to global warming
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The idealized abrupt-4xCO2 experiment performed by CMIP6 models is analyzed in this section (see
Section 2a), to separate the monsoon response to global warming into the direct effect of CO2 radiative
forcing and the indirect effect of SST warming, known as the fast and slow responses respectively.
Following previous studies (Bony et al. 2013; He et al. 2020), the fast response is defined as the
difference between the 1st year in the abrupt-4xCO2 experiment and the last 50 years in the PIC
experiment, and the slow response is defined as the difference between the last 50 years and 1st year in
the abrupt-4xCO2 experiment. The responses of surface temperature, precipitation and vertical velocity
are shown in Figs. 5–7, with regional averaged moisture budget analysis (Fig. 7e, f). This idealized
simulation can basically reproduce the projected change of the AAM in the scenario experiment
(comparing the Fig. 1c and Fig. 6c), suggesting that the decomposition based on the abrupt-4xCO2

experiment is reasonable.

Under the direct CO2 radiative forcing, substantial surface warming is seen over Eurasian continent but
the increase of SST is much weaker (Fig. 5d), and rainfall increases over the land monsoon region
(Fig. 6a) accompanied with the strengthened ascending motion (Fig. 7a, d). The precipitation decreases
over the ocean (Fig. 6a), possibly due to the stabilization of the boundary layer (Cao et al. 2012; He and
Soden 2015; Richardson et al. 2016). The rainfall change exhibits a “wet land-dry ocean” pattern, similar
to that in the interglacial epochs (Fig. 1a, b). Similar to the dominant control of dynamic term on
precipitation, the moisture budget in the fast response demonstrates that the dynamic process
contributes a large fraction for the increased monsoon rainfall in addition to the thermodynamic process
(Fig. 7e), consistent with Bony et al. (2013) which emphasizes the importance of dynamic modulation of
the tropical precipitation under direct CO2 radiative forcing. The low-level monsoon circulation is
characterized by a large-scale cyclonic flow surrounding the Eurasian continent (Fig. 6a). These features
imply a shift of the convection to the land and an overall strengthening of the AAM system, which is
generally the same as in the interglacial epochs (Fig. 1a, b). Similarity between the fast response and
interglacial epochs is also found in the change of each regional monsoon system (comparing the
changes of monsoon metrics in Fig. 2 and Supplementary Fig. S1), suggesting that the change of AAM in
the fast response is an analogue of that in the interglacial epoch.

In the slow response, the low-level monsoon circulation (Fig. 6b; Supplementary Fig. S1) and the
climatological monsoon ascending motion (Fig. 7b, d) show an overall weakening, differing markedly
from the fast response and interglacial epochs. The land monsoon rainfall increases over the Asian
monsoon region but decreases over the NAFM region (Fig. 6b; Supplementary Fig. S1). It is due to the
competition between the dynamic and thermodynamic processes that leads to the inconsistent change of
the regional monsoon rainfall (Fig. 7f). Over the surrounding ocean, substantially increased rainfall is
found, except for the Maritime Continent and tropical North Atlantic, sharing similar pattern with the
scenario experiment (Fig. 1c). The above results suggest that the change of AAM in the slow response is
completely different from the fast response and the interglacial epochs, and it is responsible for the
different changes of AAM in between the interglacial epochs and global warming scenario.
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By decomposing the total response to global warming into the effects of CO2 direct radiative forcing and
indirect SST warming, the above analyses and diagnoses demonstrate that the change of the AAM in
interglacial epoch is an analogue of the effect of CO2 direct forcing instead of the total effect of global
warming. The SST warming further mediates the AAM and largely explains the distinction of the AAM in
between the interglacial epochs and global warming.

4.2 Thermal control on the monsoon response
In interglacial epochs, the profound warming over the Eurasian continent significantly decreases the sea
level pressure (SLP), and a continental cyclone anomaly is stimulated over the Eurasian land (contours in
Fig. 5a, b). As a part of this anomalous cyclone, the westerly anomaly over North Africa and the southerly
anomaly over East Asia strengthen the NAFM and EAM circulation respectively. Observational and
theoretical analyses have demonstrated that monsoon intensity is closely related to surface equivalent
potential temperature ( ) rather than surface temperature (Nie et al. 2010; Shaw and Voigt 2015; Zhou
and Xie 2018; Hill 2019; Seth et al. 2019; Song et al. 2022),  is thus adopted to evaluate the change of
land-ocean thermal contrast. Figure 8 examines the changes in specific humidity and  at surface. A
profound increase of  is seen over the AAM region during the interglacial epochs (Fig. 8a, b) and in the
fast response to global warming (Fig. 8d), characterized by a belt of higher  extending from the North
Africa to East Asia. This belt of higher  is contributed by both increased temperature and humidity
(Fig. 8a, b, d), and the latter is contributed by the continental cyclone anomaly (Fig. 5a, b) which
transports air mass with higher moisture from the tropical ocean into the land monsoon region. As the
monsoon rainfall follows higher near-surface  (Nie et al. 2010; Hill 2019; Seth et al. 2019), a higher
increase of  over the AAM region and an enhanced land-ocean  contrast favor the enhanced
monsoon convection (Neelin 2007; Shaw and Voigt 2015; Zhou and Xie 2018), with strengthened
monsoon ascending motion and increased monsoon rainfall during the interglacial epochs and the
simulated fast response to global warming. The horizontal monsoon circulation is also strengthened
except the SAM due to a remote forcing from the increased North African monsoon rainfall (Li et al. 2022;
see the discussion in Section 5).

In the slow response, although the amplitude of ocean warming is smaller than the land in terms of
surface temperature (Fig. 5e), higher increase of  is seen over the tropical and subtropical ocean, and
the land-ocean  contrast is decreased (Fig. 8c). This is because of the smaller increase of specific
humidity over the continent than the ocean (contours in Fig. 8e), due to the limited capacity of
evaporation over land (Byrne and O’Gorman 2013). As a result, the land-ocean  contrast is also
decreased in the total response and the SSP5-8.5 scenario (Fig. 8c, f), which favors a weakening of the
AAM system under global warming background.

As previous studies emphasized the role of atmospheric static stability in the weakened ascending
motion over global monsoon regions under global warming (Kitoh et al. 2013; Lee and Wang 2014; Wang
et al. 2020a; Wang et al. 2021), the change in static stability is examined in Fig. 9 in terms of the vertical
temperature profile over the land monsoon region. In the slow response and the SSP5-8.5 scenario, the
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atmosphere warms up profoundly with stronger warming in the upper troposphere than the lower
troposphere (Fig. 9), leading to a robustly enhanced atmospheric static stability. The enhanced static
stability in the slow response acts to weaken the climatological ascending motion (Fig. 7b). In interglacial
epochs and in the fast response to increased CO2 forcing, the static stability keeps generally unchanged
(Fig. 9) and cannot weaken the vertical monsoon motion. With the higher near-surface  and the
enhanced land-ocean  contrast, the ascending motion is strengthened. In all, the existence of
substantial stabilization depends on whether there is sufficient oceanic warming (comparing the dashed
red and blue lines in Fig. 9). Through the moist adiabatic adjustment process (Knutson and Manabe
1995; Seager et al. 2010; Wang et al. 2020b; Wang et al. 2020c), the SST warming is responsible for the
enhanced atmospheric static stability under global warming, as well as the weakening of the monsoon
ascending motion under greenhouse gases forcing (see the quantitative evaluation in Fig. 4d).

The climate change in interglacial epoch is ultimately modulated by the enhanced seasonal cycle of the
solar radiation. The Earth receives more (less) incoming solar radiation during boreal summer (winter),
with almost unchanged intensity of the annual mean solar radiation (Otto-Bliesner et al. 2017). Due to the
larger thermal inertia of the ocean, the SST remains almost unchanged throughout the year while the land
warms significantly during boreal summer in interglacial epochs, leading to an enhanced land-ocean 
contrast and the strengthening of the AAM system. Since the increased greenhouse gases heat the
surface throughout the year, both the land and ocean profoundly warm up. The ocean warming decreases
the land-ocean  contrast and enhances the tropospheric static stability, which offsets the enhancement
of AAM system. It is the nature of the external forcing that determines the response of the AAM system in
the interglacial epochs and global warming.

5 Summary And Discussion
The Asian-African monsoon (AAM) is the crucial system in the Northern Hemisphere, the variability of
which greatly impacts the hydrological cycle. Based on a series of simulation from latest CMIP6 models,
changes of the AAM in interglacial epochs [Last Interglacial (LIG) and Mid-Holocene (MH)] are compared
to that under global warming, to understand the response of the AAM to orbital forcing and greenhouse
induced climate warming. The response of the AAM to global warming is further decomposed into the
direct effect of CO2 radiative forcing and the indirect effect of SST warming, to address the mechanism
for the different response of AAM to global warming compared with its change in the interglacial epochs.
The major findings are summarized as follows.

1) The AAM rainfall is identified to increase in both interglacial epochs and global warming, accompanied
with the similar change of low-level monsoon circulation. However, the increased monsoon rainfall
primarily results from the dynamic (thermodynamic) process in interglacial epochs (global warming)
associated with the strengthened monsoon circulation (increased mean moisture), suggesting that the
interglacial epoch is not an analogue of the AAM response to global warming. With the aid of the
decomposition of the fast (direct CO2 radiative forcing) and slow (indirect SST warming) responses to
global warming, further analyses show evidences that the interglacial epoch is similar to the fast
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response of AAM to increased CO2 forcing under global warming, and SST warming further mediates the
AAM and causes the distinctive responses in between the interglacial epochs and global warming.
Change of the AAM can be explained by the change of land-ocean  contrast. The specific physical
mechanisms for the change of AAM are summarized in the schematic diagram of Fig. 10.

2) In interglacial epochs, incoming solar radiation to the northern hemisphere is intensified in boreal
summer. Forced by the enlarged seasonal cycle of incoming solar radiation, the land at northern
hemisphere warms up in boreal summer while the SST change is negligible. The profound Eurasian
warming induces a local continental-scale cyclone anomaly (Fig. 10a), and results in the strengthening of
the low-level EAM and NAFM circulation. The higher mean moisture from the tropical ocean is
transported into the land monsoon region, which profoundly increases the local humidity and . With an
enlarged land-ocean  contrast and an almost unchanged atmospheric static stability, the climatological
ascending motion is strengthened (Fig. 10a). As a result, the monsoon rainfall is dynamically increased.

3) Under global warming, the direct CO2 radiative forcing acts to enhance AAM through a similar
mechanism as in interglacial epochs, but the indirect effect of global SST warming acts to weaken AAM
and is responsible for the distinctive AAM changes under global warming. The substantial global SST
warming, which is absent in interglacial epochs, reduces the magnitude of the intensification of AAM by
decreasing land-ocean  contrast and enhancing tropospheric static stability (Fig. 10b). The weakened
land-ocean  contrast is due to the combined effect of the change in temperature and specific humidity
associated with SST warming. The weakened land-ocean  contrast and enhanced static stability both
tend to suppress the monsoon rainfall, while the thermodynamic process associated the increased mean
moisture compensates the negative dynamic effect and results in a net increase of monsoon rainfall.

This work mainly focuses on the entire AAM system, though regional difference exists within the AAM
domain. Different from the strengthened EAM and NAFM circulation, the low-level SAM circulation is
weakened in both interglacial epochs and global warming scenario (Fig. 2b; Supplementary Fig. S1b).
The regional difference primarily results from the interplay among the regional monsoon systems and the
SST warming pattern. In interglacial epochs and in response to direct CO2 forcing, the westerly horizontal
wind of SAM circulation is weakened by the enhanced latent heating over NAFM region as a Kelvin wave
response (Fig. 10a) (Li et al. 2022). Under global warming scenario, the weakening of the SAM westerly is
largely attributed to the slow El Niño-like oceanic warming pattern over the equatorial Pacific associated
with the weakened Walker circulation and suppressed convection over the Maritime Continent (Fig. 10b)
(Li et al. 2022), in addition to weakened land-ocean  contrast and enhanced static stability.
Nevertheless, the change in the vertical monsoon circulation and precipitation are coherent among the
EAM, SAM and NAFM regions.

The current study indicates that the future monsoon change involves more complicated processes than
that in the interglacial epochs. The results highlight that the SST warming under global warming scenario
is the key for the distinctive changes of AAM in between interglacial epochs and global warming, and
accurate projection of the pattern and amplitude of the SST warming is required for future monsoon
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climate projection (Chen and Zhou 2015; Li et al. 2017a; Xie et al. 2015). However, large uncertainty of
global warming induced SST change still exists among the current state-of-art climate models (Xie et al.
2015), for example, an El Niño-like or a La Niña-like SST warming pattern over the equatorial Pacific
(Coats and Karnauskas 2017; Li et al. 2016; Seager et al. 2019). Great effort is required to narrow this
uncertainty and give a more accurate monsoon projection in the future work.
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Figure 1

MMM-change of the precipitation (mm day−1) and low-level (850hPa) wind (m s−1) in the (a) Last
Interglacial (LIG), (b) Mid-Holocene (MH) and (c) SSP5-8.5 scenario experiment relative to the
preindustrial (PIC) experiment. The blue and orange lines denote the land monsoon region in the PIC and
the warming epochs respectively. EAM and SAM regions are separated by the red line (105°E). The gray
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contour denotes the topography. The dot indicates the change agreed in sigh by at least 70% of the
individual model.

Figure 2

Changes of the (a) monsoon rainfall indices (unit: mm day−1) and (b) low-level monsoon circulation
indices (m s−1) in LIG, MH and SSP5-8.5 experiment relative to the PIC experiment. The monsoon rainfall
indices are defined as the averaged monsoon rainfall over each monsoon region. The EAM circulation
index (C_EA) is defined by the averaged meridional wind (V at 850hPa) over East Asia (20°N-45°N, 110°E-
125°E). The SAM circulation index (C_SA) is defined by the westerly over tropical north Indian Ocean
(2.5°N-15°N, 55°E-100°E). The NAFM circulation index (C_NAF) is defined as the regional averaged
westerly over North Africa (0-12.5°N, 37.5°W-22.5°E). The green bar indicates the MMM, and the thin
black bar denotes the range between the 30th and 70th percentiles of the individual models.
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Figure 3

Moisture budget for the change of monsoon rainfall in the (a) LIG, (b) MH and (c) SSP5-8.5 experiment
based on the Eq. 3 (unit: mm day−1). The color bar indicates the MMM, and the thin black bar denotes the
range between the 30th and 70th percentiles of the individual models. The dots represent the MMM-
change of the monsoon rainfall, the magnitude of which is same as the monsoon rainfall indices shown
in Fig. 2a.
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Figure 4

MMM-change of vertical motion (500hPa; unit: 10−2 Pa−1 s−1) in the (a) LIG, (b) MH and (c) SSP5-8.5
scenario experiment relative to the PIC experiment. Changes agreed in sign by at least 70% of the
individual models are stippled. (d) Change of the vertical motion index (VMI; unit: 10−2 Pa−1 s−1) in
different warming epochs, which is defined as the averaged vertical motion at 500hPa within EAM, SAM
and NAFM regions. The color bar indicates the MMM, and the thin black bar denotes the range between
the 30th and 70th percentiles of the individual models.
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Figure 5

(Left panel) MMM-change of the surface temperature (TS; shading, unit: K), sea level pressure (SLP;
contour, unit: Pa) and horizontal wind at 850hPa (vector, unit: m s−1) in the (a) LIG, (b) MH and (c) SSP5-
8.5 scenario experiment relative to the PIC experiment. (Right panel) Same as the Left panel, but for the
(d) fast response and (e) slow response to the abruptly quadrupling of CO2 concentration, and (f) their
sum. The contours in (a) are from −350Pa to 350Pa with the interval of 70Pa, and the contours in (b)-(f)
are from −250Pa to 250Pa with the interval of 50Pa.



Page 25/30

Figure 6

Same as Fig. 1 but for the (a) fast response and (b) slow response to the abruptly quadrupling of CO2

concentration and (c) their sum.
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Figure 7

MMM-change of vertical motion (500hPa; unit: 10−2 Pa−1 s−1) in the (a) fast response and (b) slow
response to the abruptly quadrupling of CO2 concentration and (c) their sum. (d) Change of the vertical

motion index (VMI; unit: 10−2 Pa−1 s−1) in the fast and slow responses and their sum. (e-f) Moisture
budget for the monsoon rainfall change in the (e) fast response and (f) slow response based on the Eq. 3.
The color bar indicates the MMM, and the thin black bar denotes the range between the 30th and 70th
percentiles of the individual models.
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Figure 8

(Left panel) MMM-change of near-surface (2m) equivalent potential temperature (; shading, unit: K) and
specific humidity (contour; unit: g kg−1) in the (a) LIG (contour starts from 1 g kg−1 with a 1 g kg−1

interval), (b) MH (contour starts from 0.2 g kg−1 with a 0.4 g kg−1 interval) and (c) SSP5-8.5 (contour
starts from 3 g kg−1 with a 0.5 g kg−1 interval) scenario experiment relative to the PIC experiment. (Right
panel) Same as the Left panel, but for the (d) fast response (contour starts from 1.2 g kg−1 with a 0.2 g
kg−1 interval) and (e) slow response (contour starts from 3 g kg−1 with a 0.5 g kg−1 interval) to the
abruptly quadrupling of CO2 concentration and (f) their sum (contour starts from 4 g kg−1 with a 0.5 g

kg−1 interval).
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Figure 9

MMM-change of the vertical profile of the tropospheric temperature (unit: K) over the land monsoon
region in LIG, MH and SSP5-8.5 scenario experiment relative to the PIC experiment and in the fast
response, slow response and their sum.
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Figure 10

Schematic diagram illustrating the mechanisms for the change of AAM during boreal summer in (a)
interglacial epochs and (b) global warming. The blue line indicates the monsoon region, the shading over
the ocean and land indicates the SST change and the increased rainfall respectively, and the arrow
indicates the monsoon circulation. See the detailed mechanisms in Section 5.
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