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ABSTRACT: Southerly wind in the lower troposphere is an essential feature of East Asian summer monsoon (EASM)
circulation, which is reported to be enhanced under global warming scenarios and interglacial epochs. Based on an analysis
of an ensemble of CMIP6 models, this study shows that the magnitude of intensification of the EASM circulation is much
smaller under global warming scenarios than during interglacial epochs. Distinct changes in the western North Pacific
subtropical high (WNPSH) are responsible for the different responses of the EASM circulation. The WNPSH is substantially enhanced during interglacial epochs, which acts to strengthen the southerly wind associated with the EASM on the
western flank of the WNPSH. However, the change in the WNPSH is insignificant and cannot strengthen the EASM under
global warming scenarios, and the weakly enhanced EASM circulation may be a direct response to intensified heating over
the Tibetan Plateau. The land–ocean thermal contrast explains the different responses of the WNPSH. During interglacial
epochs, the summertime surface warming over the subtropical North Pacific is much weaker than over Eurasia due to the
large thermal inertia of the ocean to increased insolation, and the WNPSH is intensified as a response to the suppressed
latent heating over the subtropical North Pacific. The fast response of the WNPSH to abrupt quadrupling of CO2 without
sufficient ocean warming is an analog to the interglacial epochs, but it is offset by the effect of slow oceanic warming,
resulting in an insignificant change of the WNPSH under global warming scenarios.
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1. Introduction
In East Asia, more than half of the annual precipitation
occurs during boreal summer when the East Asian summer
monsoon (EASM) prevails. The southerly wind in the lower
troposphere is an essential feature of EASM circulation, and it
transports water vapor from the tropical ocean into East Asia,
where it is converted into precipitation over China, the Korean
Peninsula, and Japan (Qiu et al. 2017). The EASM features
substantial variability, and the East Asian rainband shifts
northward when the EASM circulation is stronger and vice
versa, for both interannual (Zhou and Yu 2005; Li et al. 2014)
and interdecadal (Wang 2001; Zhou et al. 2009) time scales.
The interannual variability of the climate system, such as El
Niño–Southern Oscillation, modulates the meridional location
of the major East Asian rainband by modulating the strength of
the EASM circulation and associated water vapor transport
(Zhou and Yu 2005; Li et al. 2014, 2018). The decadal weakening of the EASM circulation after the late 1970s resulted in a
southward shift of the East Asian rainband, leading to the
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‘‘southern flood and northern drought’’ pattern over East Asia
at a decadal scale (e.g., Zhou et al. 2009; Lin et al. 2016).
The southerly wind of the EASM is driven primarily by the
zonal land–ocean thermal contrast (Wang and LinHo 2002;
Zhu et al. 2005; Wang et al. 2008; Zhou et al. 2009; Sun and
Ding 2011). As a result of the zonal asymmetric heating due to
the greater thermal inertia of the subtropical North Pacific
Ocean relative to Eurasia, a basin-scale anticyclone forms over
the subtropical North Pacific during summer (Ting 1994; Liu
et al. 2004; Miyasaka and Nakamura 2005), and the western
portion of this anticyclone is called the western North Pacific
subtropical high (WNPSH). Southerly wind prevails on the
western flank of the WNPSH, and it accounts for the formation
of the southerly wind associated with the EASM circulation. In
addition, the large-scale topography associated with the Tibetan
Plateau (TP) also acts to enhance the EASM circulation. The
elevated heating over the TP in summer, including both sensible
heating and latent heating, drives a cyclonic circulation around
the TP and further enhances the EASM circulation (Ding and
Chan 2005; Wang et al. 2008; Xu et al. 2013; Wu and Liu 2016).
Based on state-of-the-art climate models participating in the
phases 3 and 5 of the Coupled Model Intercomparison Project
(CMIP3 and CMIP5), the EASM circulation may be enhanced
under a warmer climate in the future (Sun and Ding 2010; Jiang
and Tian 2013; Kamae et al. 2014; Li et al. 2019). Accordingly,
the East Asian rainband may extend northward, with a higher
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rate of precipitation increase over northern China than in
southern China (Wang and Chen 2014; Liu et al. 2020). Most
previous studies have attributed the enhanced EASM to the
enhanced land–ocean thermal contrast (Sun and Ding 2010;
Jiang and Tian 2013; Kamae et al. 2014; Liu et al. 2020).
However, the WNPSH in summer is not enhanced (He and
Zhou 2015; He et al. 2015; Huang et al. 2016) although the
land–ocean temperature contrast is enhanced, and it has recently been proposed that the enhanced latent heating over the
TP may be responsible for the enhanced EASM circulation
under global warming (He et al. 2019).
Paleoclimate evidence from past warm epochs provides us
another perspective to understand the mechanism of future climate change (Zheng et al. 2013; Kelly et al. 2018; D’Agostino
et al. 2019; Shi and Yan 2019; Scussolini et al. 2019). Both proxy
records and numerical simulations show that the EASM circulation intensifies during interglacial epochs compared with glacial epochs and the present day (Jiang et al. 2013a; Yang et al.
2015; Shi and Yan 2019; Piao et al. 2020; Wang et al. 2020). The
last interglacial (LIG; about 127 kaBP) and the mid-Holocene
(MH; about 6 kaBP) are two recent interglacial epochs that have
been widely studied. It has been proposed that the enhancement
of the EASM circulation under these interglacial epochs is
driven by the enhanced zonal land–ocean thermal contrast
(Jiang et al. 2013b; Cheng et al. 2019; Shi and Yan 2019).
However, it is unclear whether the enhancement of the EASM
shares a similar magnitude and mechanism in global warming
scenarios and interglacial epochs.
A recent series of model experiments has been released
by phase 6 of the Coupled Model Intercomparison Project
(CMIP6). Future climate projections are carried out by CMIP6
models under Shared Socioeconomic Pathway (SSP) scenarios
(O’Neill et al. 2016), but future change in the EASM circulation in CMIP6 models is unknown. CMIP6 also offers standardized climate simulations for the MH and LIG (OttoBliesner et al. 2017). It helps to understand the dynamics of the
response of the EASM circulation to external forcing by
comparing its changes under global warming scenarios with
interglacial epochs. In this study, we focus on the following
question: Are the responses of the EASM circulation under
global warming scenarios and interglacial epochs similar, and
what mechanism is responsible for any difference?
The rest of this paper is organized as follows. The model and
method are described in section 2. The responses of the EASM
under global warming scenarios and interglacial epochs are
evaluated in section 3, based on an ensemble of CMIP6 models.
The mechanisms of the different responses under global
warming and interglacial epochs are investigated in section 4,
and the conclusions are summarized and discussed in section 5.

2. Model and method
a. CMIP6 model experiments
The following experiments performed by CMIP6 models are
adopted in this study: 1) The preindustrial control (PIC) experiment, which is performed under fixed external forcing
agents and integrated for hundreds of years (Eyring et al.
2016). The last 50 years in the PIC experiment of each model
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are adopted as a baseline climate. 2) The future climate projection experiments under the SSP2–4.5 and SSP5–8.5 scenarios, in which the concentrations of greenhouse gases (GHGs)
and other atmospheric components are perturbed. Emissions
follow a central (high) pathway toward a radiative forcing of
4.5 (8.5) W m22 in the year 2100 in the SSP2–4.5 (SSP5–8.5)
scenario (O’Neill et al. 2016). The 2050–99 epoch in the SSP2–
4.5 and SSP5–8.5 experiments is compared with the last 50
years in the PIC experiments. 3) The mid-Holocene (MH) and
lig127k (LIG) experiments, in which the parameters of Earth’s
orbit are perturbed to mimic the mid-Holocene and the last
interglacial epochs. The perihelion in the PIC, MH, and LIG
experiments occurs in boreal winter, boreal autumn, and boreal summer, respectively, and the concentrations of GHGs are
mostly similar despite a lower methane concentration in the
MH experiment (Otto-Bliesner et al. 2017). The last 50 years in
the MH and LIG experiments are compared with the last 50
years in the PIC experiment. 4) The abrupt quadrupling of CO2
(abrupt-4xCO2) experiment, in which the concentration of
atmospheric CO2 is quadrupled abruptly from the PIC level,
and the coupled model is continuously integrated for 150 years
(Eyring et al. 2016). Since the ocean warms rapidly after quadrupling CO2 (see Fig. S1 in the online supplemental material),
the first year of the abrupt-4xCO2 experiment is compared
with the PIC experiment to extract the fast response, and the
average of the last 50 years is compared with the first year to
extract the slow response. 5) The Historical experiment, in
which the coupled model is forced by historical external forcing
(Eyring et al. 2016). As most previous studies used the
Historical experiment as a baseline for future climate projection, the SSP2–4.5 and SSP5–8.5 experiments are also compared with the 1950–99 period of the Historical experiment, to
check the dependence of the results on the baseline climate.
The PIC and Historical experiments are also adopted for
model evaluation against the NCEP–NCAR reanalysis
(Kalnay et al. 1996). The CMIP6 model experiments adopted
in this study are summarized in Table 1.
The names and resolution of the models with available experiments are listed in Table S1 in the supplemental information. There are a total of 30 models in which the SSP2–4.5,
SSP5–8.5, and PIC experiments are all available, and these 30
models are adopted for future climate projection study. The
Historical experiment is also available for these 30 models and
is adopted to investigate the sensitivity of the future climate
projection to the baseline selection. There are a total of 10
models available with the MH, LIG, and PIC experiments, and
these 10 models are adopted to investigate the change in the
EASM during the interglacial epochs. The forced response is
defined as the multimodel median (MMM) of the model ensembles, and all the model data are bilinearly interpolated
onto a 2.58 3 2.58 horizontal grid before performing the MMM.
We use the median rather than the mean since the median is
more robust to outliers (Gleckler et al. 2008). The significance
of the forced response is tested based on the consensus of the
individual models. The MMM-simulated change is considered
significant if more than 70% of the individual models agree on
the sign of the change. According to Power et al. (2012), 70% of
the intermodel consistency is equivalent to a Student’s t test at
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TABLE 1. Summary of the CMIP6 experiments adopted in
this study.
Experiment ID
piControl (PIC)
Historical
SSP2–4.5

SSP5–8.5
Mid-Holocene (MH)

LIG127K (LIG)

abrupt-4xCO2

9723

HE AND ZHOU

Experimental design
Forced by fixed external forcing at the
preindustrial level
Forced by transient historical forcing
(GHG, aerosols, etc.)
Moderate emission scenario toward a
radiative forcing of 4.5 W m22 by
AD2100
High-emission scenario toward a radiative
forcing of 8.5 W m22 by AD2100
Mid-Holocene (6 kaBP) simulation with
perturbed orbital parameters,
particularly with the perihelion
occurring in boreal autumn
Last interglacial (127 kaBP) simulation
with perturbed orbital parameters,
particularly with the perihelion
occurring in boreal summer
Abruptly quadrupled atmospheric CO2
concentration from the preindustrial
control level, with integration of the
CGCMs for 150 years

the 95% confidence level, under the assumption of independence among individual models.

b. Linear baroclinic model simulation
The Linear Baroclinic Model (LBM), a primitive-equation
model developed by Watanabe and Kimoto (2000), is adopted
in this study to investigate the response of atmospheric circulation to a prescribed diabatic heating anomaly. The model is
run with a T42 dynamic core, and 20 vertical levels in the sigma
coordinate. Three-dimensional diabatic heating fields for the
CMIP6 models are calculated based on the method proposed
by Yanai and Tomita (1998), and the MMM of the changes in
diabatic heating over the subtropical North Pacific is adopted
to force the LBM under the mean state in summer. A total of
two LBM simulations are performed. One is forced by the
projected change in diabatic heating under the SSP5–8.5 scenario, and the other is forced by the change in diabatic heating
in the LIG experiment with respect to the PIC experiment.
Following previous studies (e.g., Ma et al. 2012; Huo and Jin
2016; Qu and Huang 2016; He et al. 2019), each LBM simulation contains only one ensemble member that is integrated
for 50 days, and the average of the last 20 days is considered the
steady-state response.

3. EASM under global warming scenarios and
interglacial epochs
a. A brief model evaluation
The MMM-simulated atmospheric circulation over East Asia
by the PIC (last 50-yr climatology) and Historical (1950–99)
experiments is evaluated against the NCEP–NCAR reanalysis
(1950–99) in Fig. 1. The atmospheric circulation features southerly
wind in the lower troposphere in summer (Fig. 1a), and the

CMIP6 models well capture the general feature of the atmospheric circulation associated with the EASM in both the PIC
and Historical experiments (Figs. 1b,c). The strength of the
southerly wind over East Asia is weaker in the CMIP6 models
than in the NCEP–NCAR reanalysis, particularly over northern China (cf. the shading in Figs. 1b,c with Fig. 1a). Although
the atmospheric circulation pattern looks similar between the
PIC and historical experiments (Figs. 1b,c), Fig. 1d shows that
the southerly wind is weaker in the Historical than in the PIC
experiment, possibly because of aerosol forcing in the twentieth century (Li et al. 2015). The Historical experiment is widely
used as a baseline in future climate projection studies, but the
PIC experiment is adopted in this study to compare the projected future changes and simulated past changes during interglacial epochs. Therefore, the possible dependence of the
projected change in EASM on the choice of baseline is investigated in the following subsection.

b. Responses of EASM
Based on the MMM of 30 models from CMIP6, the projected changes in meridional wind and wind vectors at 850 hPa
under the SSP2–4.5 and SSP5–8.5 scenarios with respect to PIC
are shown in Figs. 2a and 2b. Southerly wind anomalies are
seen over a vast area of East Asia on the eastern flank of the TP
under both global warming scenarios (Figs. 2a,b), and the
amplitude of the enhancement is stronger under the SSP5–8.5
than under the SSP2–4.5 scenario. The enhanced southerly
wind of the EASM is consistent with previous studies based on
CMIP3 and CMIP5 models with different global warming
scenarios (Sun and Ding 2010; Ding et al. 2013; Jiang and Tian
2013; He et al. 2019; Li et al. 2019; Liu et al. 2020). The
anomalous southerly wind over eastern China is associated
with an anomalous cyclone rotating around the TP, which is
especially evident in the SSP5–8.5 scenario. This is also consistent with the CMIP3 and CMIP5 models (Jiang and Tian
2013; He et al. 2019).
Based on the MMM of 10 models from CMIP6, the changes
in atmospheric circulation at 850 hPa in the MH and LIG experiments with respect to PIC are shown in Figs. 2c and 2d. The
southerly wind is also enhanced in MH and LIG, consistent
with previous studies based on earlier versions of the climate
system models (Jiang et al. 2013b; Cheng et al. 2019; Shi and
Yan 2019; Piao et al. 2020). Compared with the global warming
scenarios (Figs. 2a,b), the amplitude of the enhancement is
much greater in MH and LIG (Figs. 2c,d), particularly in LIG
when the perihelion occurs in boreal summer. The southerly
wind anomaly over East Asia in MH and LIG is also associated
with an anomalous cyclone rotating around the TP, but it
seems to be more closely related to an anomalous anticyclone
over the western North Pacific (vectors in Figs. 2c,d). This
pattern indicates that changes in the WNPSH may contribute
to the enhanced EASM circulation under interglacial epochs.
A quantitative evaluation of the change in the EASM circulation is shown in Fig. 3, where the strength of the EASM
circulation is measured by the regional averaged meridional
wind at 850 hPa over 258–508N, 1108–1208E following He et al.
(2019). The MMM of the changes is 0.06 m s21 in SSP2–4.5 and
0.19 m s21 in SSP5–8.5 with respect to PIC (orange bars in
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FIG. 1. The mean-state meridional wind (shading, unit: m s21) and wind vectors at 850 hPa derived from (a) the
1950–99 climatology of NCEP–NCAR reanalysis, (b) MMM of the PIC experiment, and (c) MMM of the Historical
experiment. (d) The difference between the Historical and PIC experiments.

Fig. 3). Seen from the intermodel consensus, the enhancement
of the EASM circulation is significant under the SSP5–8.5
scenario but marginally significant under the SSP2–4.5 scenario. If the future warming scenarios are compared with the
late twentieth century in the Historical experiment, the EASM
circulation intensity is enhanced by 0.21 and 0.38 m s21 under
the SSP2–4.5 and SSP5–8.5 scenarios (red bars in Fig. 3), and
more than 70% of the individual models agree on both of the
MMM-projected changes. This is consistent with Li et al.
(2015), who found that the EASM weakened in the twentieth
century because the effect of anthropogenic aerosols overwhelmed the forcing of greenhouse gases. In the MH and LIG
experiments, the EASM circulation is enhanced by 0.92 and
2.26 m s21 compared with the PIC experiment, and all of the
individual models simulate an enhancement of the EASM
circulation in both the MH and LIG experiments (see the diamonds in Fig. 3).
If the EASM intensity is measured by the regional averaged
850-hPa meridional wind within 208–408N, 1108–1258E following Wang (2002) or by the zonal gradient of 850-hPa geopotential height between 1308 and 1108E, it also suggests a
much stronger enhancement of EASM circulation during interglacial epochs than under global warming scenarios (Figs. S2
and S3). If the change in EASM intensity is evaluated based on

the MMM of the nine models in which the SSP2–4.5, SSP5–8.5,
MH, and LIG experiments are all available, it still suggests a
much stronger enhancement of EASM circulation during interglacial epochs (Fig. S4). Overall, the amplitude of enhancement of the EASM circulation is much stronger during
interglacial epochs than under global warming scenarios even
for the highest-emission scenario (i.e., SSP5–8.5). Although the
different responses of the EASM are rooted in the distinct
external forcing, the mechanism of the difference is unknown
and will be investigated in the next section.

4. Mechanism for the different enhancement of
the EASM
a. Large-scale perspective of the enhanced EASM
As the spatial patterns of responses are similar between the
SSP2–4.5 and SSP5–8.5 scenarios and between the MH and
LIG experiments despite a difference in amplitude, for conciseness the following analyses are based mainly on the SSP5–
8.5 and LIG experiments. The responses of the large-scale
circulation and precipitation over the Asia–Pacific region
are shown in Fig. 4. Although geopotential height is widely
used to measure the synoptic to interannual variability of
high/low pressure systems, the global geopotential height is
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FIG. 2. MMM-simulated changes of meridional wind (shading, unit: m s21) and wind vectors at 850 hPa in the
(a) SSP2–4.5, (b) SSP5–8.5, (c) MH, and (d) LIG experiments relative to PIC. Stippling indicates significant changes
for which more than 70% of the individual models agree on the sign.

systematically higher (lower) in warm (cold) epochs if we focus
on the long-term changes, based on the hypsometric equation
(He et al. 2015, 2018). The systematic rise/decline in geopotential height may mask the information about the change in
atmospheric circulation at a decadal time scale and beyond
(Huang et al. 2015; Wu and Wang 2015; Justino et al. 2019; Xue
et al. 2020), since atmospheric circulation is determined by the
horizontal gradient of geopotential height but not the absolute
magnitude of geopotential height (He et al. 2015, 2018).
Therefore, eddy geopotential height (He) at 850 hPa is adopted, which is calculated by removing the zonal mean geopotential height over 08–408N to highlight the gradient (Zhou
et al. 2009; Huang and Li 2015; Huang et al. 2015, 2016; He
et al. 2018).
Under the SSP5–8.5 scenario, He decreases slightly over the
subtropical North Pacific, but the decrease at most grid points
over the western North Pacific is insignificant (Fig. 4a), consistent with previous studies (He and Zhou 2015; Huang et al.
2016). Accordingly, the change in 850-hPa wind features a
weak cyclone anomaly over the subtropical North Pacific
(Fig. 4b). In contrast, He increases substantially over the entire
subtropical North Pacific in the LIG experiment (Fig. 4c), associated with a strong anticyclone (Fig. 4d), suggesting an intensification of the WNPSH in the LIG experiment. Along
with the intensification, the WNPSH also extends westward
during LIG, as seen in the westward expansion of the western
boundary measured by the He 5 0 m contour (contours in

Fig. 4c). The westward extension of the WNPSH explains the
westward shift of the East Asian rainband associated with
decreased precipitation near the Korean Peninsula and Japan
(Fig. 4d). The response of the atmospheric circulation in the
SSP2–4.5 (MH) experiment shows a similar spatial pattern as

FIG. 3. MMM-simulated changes of the intensity of the EASM
circulation (unit: m s21) in the SSP2–4.5, SSP5–8.5, MH, and LIG
experiments with respect to the PIC (orange bars) and Historical
(red bars) experiments. The thin black bars indicate the 30th and
70th percentiles of the individual models, and the diamonds indicate the minimum and maximum among the individual models.
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FIG. 4. MMM-simulated changes in (a) eddy geopotential height (He, unit: m) and (b) precipitation (shading;
unit: mm day21) and wind at 850 hPa (vectors). The He 5 0 m contours in the PIC and SSP5–8.5 experiments are
shown as green and purple contours, respectively. (c),(d) As in (a) and (b), but for the changes in the LIG experiment with respect to PIC.

in the SSP5–8.5 (LIG) experiment but the amplitude is smaller
(figure not shown).
The quantitative change in the intensity of the WNPSH is
evaluated in Fig. 5a, in terms of the change in the regionally
averaged He over 158–508N, 1308E–1808. It is obvious that the
intensity of the WNPSH decreases slightly, but the change is
insignificant under both the SSP2–4.5 and SSP5–8.5 scenarios.
In contrast, the intensity of the WNPSH increases substantially
in MH and LIG, and the magnitude of the enhancement is
greater in LIG than in MH. The enhancement of the WNPSH
during the interglacial epochs explains the enhancement of the
EASM circulation in MH and LIG and also explains the
stronger enhancement of the EASM circulation in LIG than in
MH, since the enhanced WNPSH is associated with the enhanced southerly wind on the western flank of the WNPSH
(i.e., over East Asia). Figure 5b also evaluates the changes in
the surface sensible heating and column latent heating over the
TP averaged within 208–408N, 708–1008E. The changes in sensible heating are weaker than those in latent heating over the
TP in all four experiments, and the latent heating over the TP is
enhanced in all four experiments. The enhanced latent heating
over the TP explains the enhanced EASM circulation under
the global warming scenarios (Wang et al. 2008; He et al. 2019),
even when the change in the WNPSH is insignificant.
The enhanced latent heating over the TP may also contribute
to the intensified EASM circulation during interglacial epochs,
but a greater increase in latent heating over the TP is seen in

SSP5–8.5 than in the MH experiment (Fig. 5b) despite a much
stronger enhancement of the EASM circulation in MH (Fig. 3).
Therefore, the change in latent heating over the TP cannot
explain the weaker change in the EASM circulation under
global warming scenarios than during interglacial epochs.
Based on the changes in the large-scale atmospheric circulation, the distinct changes in the WNPSH explain the different
enhancement of the EASM circulation. The WNPSH changes
little under the global warming scenarios but is substantially
enhanced during the interglacial epochs, which explains the
much weaker enhancement of the EASM circulation under the
global warming scenarios than in the interglacial epochs.
Previous studies have also noted a weak change or slight
weakening of the WNPSH under global warming scenarios
(He and Zhou 2015; Huang et al. 2016), and an enhanced
WNPSH during interglacial epochs (Jiang et al. 2013b; Mantsis
et al. 2013; Piao et al. 2020), based on earlier versions of climate
system models. However, until now it remains unclear why the
WNPSH responds differently under global warming scenarios
and interglacial epochs, and this will be investigated in the
following two subsections.

b. Mechanism for the distinct responses of the WNPSH
The subtropical highs over subtropical ocean basins are
driven by zonal asymmetric diabatic heating, which originates
from the land–ocean thermal contrast (Ting 1994; Liu et al.
2004; Miyasaka and Nakamura 2005; Li et al. 2012). Therefore,
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FIG. 5. (a) MMM-simulated changes in the WNPSH intensity
(unit: m), with the thin error bar indicating the 30th and 70th
percentiles of the individual models. (b) MMM-simulated changes
in the regionally averaged sensible heating (orange bars; unit:
W m22) and latent heating (blue bars; unit: W m22) over the TP.

changes in the land–ocean thermal contrast are evaluated in
Fig. 6 in terms of temperature and equivalent potential temperature (ue) of the surface air in summer, where the regional
mean change within the whole longitudinal band within 08–
408N is removed to highlight the change in the land–ocean
thermal contrast. The regional averaged amplitudes of change
over Eurasia (continental grid points within 258–508N, 08–
1208E) and the subtropical Pacific (oceanic grid points within
258–508N, 1208E–1208W) are shown in Fig. 7.
Under the SSP5–8.5 scenario, the increase in surface air
temperature is stronger over Eurasia than over the subtropical
Pacific (Fig. 6a), but this enhancement is not seen in the change
in surface air ue (Fig. 6b). As seen in the regional averages
(Figs. 7a,b), the amplitude of Eurasian continental warming is
robustly higher than that of the tropical North Pacific in terms of
temperature (Fig. 7a), but the amplitude of the ue increase has no
significant contrast between land and ocean under either the
SSP2–4.5 or SSP5–8.5 scenario (Fig. 7b). This can be explained
by different changes in the lapse rate associated with limited
moisture availability over land (Privé and Plumb 2007; Byrne
and O’Gorman 2013). In the LIG experiment, a greater increase
in surface air temperature over Eurasia relative to the Pacific is
seen (Fig. 6c), and the increase in ue is also stronger over Eurasia
than over the subtropical North Pacific (Fig. 6d), which differs
from the SSP5–8.5 scenario. The regional averages confirm
that the increase in both temperature and ue in summer is
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substantially greater over Eurasia than the subtropical North
Pacific in the MH and LIG experiments (Figs. 7a,b).
As tropical convection and monsoon rainfall follow higher ue
rather than temperature near the surface (Hill 2019; Seth et al.
2019), the substantially decreased precipitation over the subtropical North Pacific basin during the interglacial epochs
(Fig. 4d) can be explained by the relative cooling of ue over the
subtropical North Pacific with respect to Eurasia (Fig. 6d). As
the increase in ue shares a similar magnitude over the subtropical North Pacific and Eurasia under the SSP5–8.5 scenario, the precipitation does not shift from the ocean to the
continent. Instead, the rainfall increases over both the subtropical North Pacific and the Asian monsoon region under the
global warming scenarios (Fig. 4b), as a result of the increased
atmospheric water vapor content (Held and Soden 2006; Li
et al. 2015; D’Agostino et al. 2019).
The different changes in land–ocean thermal contrast under
global warming and the interglacial epochs are caused by the
nature of the external forcing. The greenhouse effect warms
the surface throughout the year; therefore the changes in surface air temperature in summer are similar to the annual mean
change under global warming scenarios (Figs. 7a,c). Based on
the experimental design, the changes in the seasonal distribution of solar insolation associated with orbit parameters, especially precession, are responsible for the climate change in
MH and LIG (Otto-Bliesner et al. 2017; Kelly et al. 2018; Yi
et al. 2018; Cheng et al. 2019). The perihelion occurs in boreal
winter in PIC (and the present day), but it occurs in boreal
autumn and summer for MH and LIG, respectively. In MH and
LIG, the subtropical Northern Hemisphere receives more solar radiation in summer and less in winter, whereas the annual
mean incoming solar radiation changes little. As expected, the
annual mean surface air temperature changes little over both
Eurasia and the subtropical Pacific during MH and LIG
(Fig. 7c). Due to the large thermal inertia of the ocean, the
surface air temperature warms more slowly over the subtropical North Pacific than over Eurasia from spring to summer in
each year (Cheng et al. 2019), resulting in an enhanced land–
ocean ue contrast in summer and suppressed precipitation over
the subtropical North Pacific during the interglacial epochs.
Idealized experiments are performed by the LBM to verify
the effect of the change in diabatic heating on the change in the
WNPSH. Forced by the change in the three-dimensional
heating profile over the subtropical Pacific (108–308N, 1208E–
1208W) derived from the difference between the SSP5–8.5 and
PIC experiments, the responses of He and wind at 850 hPa
show a weakened WNPSH (Fig. 8a). Forced by the change in
the three-dimensional heating profile over the subtropical
Pacific derived from the difference between the LIG and PIC
experiments, the responses of He and wind at 850 hPa show
an enhanced WNPSH (Fig. 8b). This confirms that the changes
in atmospheric diabatic heating over the subtropical North
Pacific due to land–ocean thermal contrast modulate the intensity of the WNPSH.
Based on the above evidence, the distinct changes in the
WNPSH under the global warming scenarios and the interglacial epochs result from the different changes in the land–
ocean thermal contrast. During the interglacial epochs, incoming
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FIG. 6. MMM-simulated changes in (a),(c) temperature (unit: K) and (b),(d) equivalent potential temperature
(unit: K) in summer for the (a),(b) SSP5–8.5 and (c),(d) LIG experiments. The regionally averaged change within
the 08–408N band is removed to highlight the changes in the zonal land–ocean thermal contrast.

solar radiation over the subtropical Northern Hemisphere increases in summer, but the annual mean changes little. Despite
the weak change in annual mean temperature, continental
warming in summer is much stronger than in the subtropical
North Pacific due to the large thermal inertia of the ocean under
the abrupt increase in summertime insolation. Therefore, precipitation decreases over the subtropical North Pacific, and decreased latent heating forces an enhancement of the WNPSH,
enhancing the EASM circulation to its west. However, the
WNPSH remains generally unchanged under the global warming scenarios, since the land–ocean thermal contrast changes
little as measured by ue due to the existence of strong oceanic
warming.

c. Fast and slow responses of the WNPSH and EASM to
increased CO2 concentration
The climatic effect of oceanic warming under global warming scenarios can be extracted in terms of the slow response of
the climate system model to abrupt CO2 quadrupling (Chen
et al. 2014; Chen and Bordoni 2016; Ceppi et al. 2018; Zheng
et al. 2019), and the abrupt-4xCO2 experiment of the CMIP6
models (Eyring et al. 2016) is adopted to investigate the fast
and slow responses of the WNPSH to the increase in CO2
concentration. The fast response, defined as the change in the
first year of the abrupt-4xCO2 experiment relative to PIC,
shows an increase in He over the subtropical North Pacific
(Fig. 9a), associated with an anomalous anticyclone and

decreased precipitation over the North Pacific basin (Fig. 9b),
indicating an enhanced WNPSH. The slow response, however,
features a weakened WNPSH and increased precipitation
over the North Pacific basin (Figs. 9c,d). The opposite changes
of the WNPSH in the fast and slow responses are consistent
with Chen and Bordoni (2016). In view of the changes in
WNPSH and EASM, the fast response of CGCMs in the absence of sufficient ocean warming looks like an analog to the
interglacial epochs.
Measured by the intensity of southerly wind at 850 hPa over
East Asia (258–508N, 1108–1208E averaged), the EASM circulation is enhanced by 0.80 m s21 in the fast response but
weakened by 0.61 m s21 in the slow response (Fig. 10a). The
intensity of the WNPSH (measured by the averaged He within
158–508N, 1308E–1808) also increases in the fast response but
decreases in the slow response, which is consistent with the
changes in the EASM circulation (Fig. 10b). Latent heating
over the TP (averaged within 208–408N, 708–1008E) is enhanced in both the fast and slow responses, due to the increase
in precipitation over the TP (Fig. 10c). Therefore, the almost
opposite changes in the EASM circulation between the fast
and slow responses can be explained by the changes in the
WNPSH rather than the thermal forcing of the TP.
In the MMM of the total response as a sum of the fast and
slow responses, the EASM circulation is significantly enhanced
by 0.25 m s21, but the WNPSH is insignificantly weakened
(Figs. 10a,b). These features are consistent with the SSP5–8.5
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FIG. 8. LBM-simulated responses of He (shading; unit: m) and
wind at 850 hPa to prescribed changes in three-dimensional diabatic heating over the subtropical North Pacific. The prescribed
diabatic heating is based on the difference between (a) the SSP5–
8.5 and PIC experiments and (b) the LIG and PIC experiments.

FIG. 7. (a) MMM-simulated changes in surface air temperature
(unit: K) in summer over Eurasia (orange bars) and the subtropical
North Pacific (blue bars) in the SSP2–4.5, SSP5–8.5, MH, and LIG
experiments, with the thin error bar indicating the range between
the 30th and 70th percentiles of the individual models. (b) As in (a),
but for the equivalent potential temperature (unit: K) of surface air
in summer. (c) As in (a), but for the annual mean surface air
temperature.

scenario with similar radiative forcing at the end of the twentyfirst century, again suggesting that the enhanced EASM circulation in the total response cannot be explained by the
WNPSH. Based on He et al. (2019), the direct cause of the
enhanced EASM under global warming is the enhanced latent
heating over the TP. Indeed, the latent heating over the TP is
enhanced in the total response, as well as in the fast and slow
responses (Fig. 10c). The enhanced latent heating over the TP
contributes to the enhancement the EASM circulation, but the
fast and slow responses of EASM circulation are dominated by
the WNPSH. Since the changes in WNPSH intensity are strong

but opposite in the fast and slow responses, the role of TP
forcing can be seen in the total response when the opposite
changes in the WNPSH are offset. Our results based on the
abrupt-4xCO2 experiments by the CMIP6 models are consistent with previous studies based on earlier versions of model
experiments (Chen and Bordoni 2016; Li and Ting 2017).
Overall, the weakened land–ocean thermal contrast associated
with slow oceanic warming weakens the EASM circulation by
weakening the WNPSH, which explains the much weaker enhancement of the EASM circulation under the global warming
scenarios than in the interglacial epochs.

5. Conclusions and discussion
In this study, the response of the EASM circulation to global
warming is compared with the change during interglacial epochs,
based on an ensemble of recently released CMIP6 model outputs. From the perspective of large-scale atmospheric circulation, the distinct change in the WNPSH is responsible for the
much weaker enhancement of the EASM under global warming
scenarios than during the interglacial epochs. The mechanism of
the distinct responses of the WNPSH is investigated by diagnostic analysis and LBM simulation, and the land–ocean thermal
contrast is identified to be responsible for the distinct response of
the WNPSH. Finally, the experiment with abrupt quadrupling of
CO2 is analyzed, to separate the roles of the fast and slow responses under GHG forcing. The major findings are summarized
and discussed as follows.
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FIG. 9. (a),(b) Fast and (c),(d) slow responses of the atmospheric circulation to abrupt quadrupling of atmospheric CO2 concentration: (a),(c) responses of He (unit: m) at 850 hPa and (b),(d) responses of precipitation (unit:
mm day21) and wind at 850 hPa.

The amplitude of enhancement of the EASM circulation is
much weaker for the global warming scenarios than the interglacial epochs, even under the highest-emission scenario
(SSP5–8.5). Based on the MMM of the CMIP6 models and
compared with the PIC experiment, the amplitudes of the
enhancement of southerly wind associated with the EASM
circulation are only 0.06 and 0.19 m s21 in the late twenty-first
century under the SSP2–4.5 and SSP5–8.5 scenarios, but the
amplitudes of enhancement are 0.92 and 2.26 m s21 for MH and
LIG in the interglacial epochs with 100% intermodel consensus. The distinct changes of the WNPSH explain the different
enhancement of the EASM circulation. The WNPSH is substantially enhanced and expanded westward during the interglacial epochs, which acts to enhance the EASM circulation on
the western flank of the WNPSH. But the change in the
WNPSH is insignificant under both the SSP2–4.5 and SSP5–8.5
scenarios, and the weakly enhanced EASM circulation under
the global warming scenarios may result from the anomalous
cyclone stimulated by the enhanced latent heating over the TP.
The enhanced land–ocean thermal contrast between Eurasia
and the subtropical North Pacific in summer explains the
substantial enhancement of the WNPSH and EASM in the
interglacial epochs. Forced by the redistribution of solar radiation among seasons, the summertime warming of the subtropical North Pacific is much weaker than that of Eurasia in
the interglacial epochs with increased insolation in summer,
due to the greater thermal inertia of the ocean. As convection

follows higher surface ue, the increased land–ocean ue contrast
suppresses precipitation over the subtropical North Pacific.
Therefore, the decreased latent heating over the subtropical
North Pacific gives rise to a substantial enhancement of the
WNPSH and EASM circulation in the interglacial epochs, as
confirmed by the idealized experiments based on the LBM.
With the existence of slow oceanic warming, the thermal
contrast between Eurasia and the subtropical North Pacific
does not increase as measured by ue under the global warming
scenarios, which is responsible for the insignificant change in
the WNPSH. Based on the response of CMIP6 models to
abrupt quadrupling of CO2, the WNPSH enhances substantially in the fast response when there is no sufficient oceanic
warming, similar to the interglacial epochs. But the slow response of the WNPSH due to subsequent oceanic warming is
opposite to the fast response, and the change of the WNPSH in
the total response is insignificant. As a result, the total response
of the EASM to GHG forcing is dominated by the atmospheric
circulation anomaly stimulated by enhanced latent heating
over the TP rather than the change in WNPSH.
Land–ocean thermal contrast and the thermal forcing of the
TP are both claimed as the driver of EASM circulation. In this
study, a comparison between the global warming scenarios and
interglacial epochs suggests a combined effect of TP thermal
forcing and land–ocean thermal contrast on the EASM. Under
future global warming, the weakly enhanced EASM circulation is dominated by TP thermal forcing, regardless of the
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epochs due to precession, resulting in a much stronger increase
of tropical monsoon rainfall than under the global warming
scenarios. The East Asian summer monsoon is located over the
subtropics to midlatitudes, which may be indirectly associated
with the Hadley circulation, and the possible role of the Hadley
circulation in the response of the EASM to GHG and orbital
forcing deserves further investigation.
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