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Abstract
Since the mid-1990s precipitation trends over eastern China display a dipole pattern, characterized by positive anomalies in 
the south and negative anomalies in the north, named as the Southern-Flood-Northern-Drought (SFND) pattern. This work 
investigates the drivers of decadal changes of the East Asian summer monsoon (EASM), and the dynamical mechanisms 
involved, by using a coupled climate model (specifically an atmospheric general circulation model coupled to an ocean 
mixed layer model) forced by changes in (1) anthropogenic greenhouse gases (GHG), (2) anthropogenic aerosol (AA) and 
(3) the combined effects of both GHG and AA (All Forcing) between two periods across the mid-1990s. The model experi-
ment forced by changes in All Forcing shows a dipole pattern of response in precipitation over China that is similar to the 
observed SFND pattern across the mid-1990s, which suggests that anthropogenic forcing changes played an important role 
in the observed decadal changes. Furthermore, the experiments with separate forcings indicate that GHG and AA forcing 
dominate different parts of the SFND pattern. In particular, changes in GHG increase precipitation over southern China, 
whilst changes in AA dominate in the drought conditions over northern China. Increases in GHG cause increased moisture 
transport convergence over eastern China, which leads to increased precipitation. The AA forcing changes weaken the EASM, 
which lead to divergent wind anomalies over northern China and reduced precipitation.

1 Introduction

Summer precipitation over East Asia is mainly associated 
with the East Asian summer monsoon (EASM). Since the 
mid-1990s, the EASM circulation has exhibited a weaken-
ing tendency, characterized by an increase in the sea level 
pressure (SLP) over East Asia and a weakening of the lower-
tropospheric southwesterly wind. Associated with the weak-
ened EASM circulation is enhanced precipitation over the 
middle and lower reaches of the Yangtze River valley and 
over south China, and suppressed precipitation over northern 
China. This pattern of rainfall change is named the “South-
ern Flood Northern Drought” (SFND) pattern (i.e. Wang 
2001; Ding et al. 2008, 2009, although, note the time-period 
used to define the SFND in this study is different due to the 
need to avoid volcanic eruptions).

Since the changes in EASM and associated precipita-
tion can be induced by anthropogenic forcing changes as 
well as by natural variability, many previous studies have 
considered the relative importance of natural and anthropo-
genic forcing changes (Shen et al. 2008; Wang et al. 2012, 
2013; Song et al. 2014). Some studies suggest that external 
forcing, such as the changes in greenhouse gas (GHG) con-
centrations and anthropogenic aerosol (AA) emissions, are 
the most important factors for generating the SFND pattern 
(Chen and Sun 2017; Ma et al. 2017; Wang et al. 2013; Xie 
et al. 2016; Zhang et al. 2017). For example, based on the 
coupled general circulation model (CGCM) Bergen Climate 
Model (BGM), and by using multi-ensemble simulations, 
Wang et al. (2013) argued that the SFND pattern is predomi-
nantly forced by the combined effect of increasing GHG and 
aerosol emissions.

In response to the increase in GHG concentration the 
climate system warms, because the atmosphere traps more 
outgoing longwave radiation and enhances the tropospheric 
radiative warming. Theories and numerical studies suggest 
that the warming caused by the increased GHG concentra-
tions can change the atmospheric circulation by increasing 
the lower-tropospheric water vapor (Vecchi and Soden 2007; 
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Held and Soden 2006). In response to the enhanced condi-
tional instability caused by the increased moisture and warm 
sea-surface temperature (SST), the monsoon rainfall over the 
Western North Pacific Summer Monsoon (WNPSM) region 
increases (Lee et al. 2008). The Asian summer monsoon 
precipitation is also projected to enhance under greenhouse 
warming (Wang et al. 2014; Li et al. 2015; Li and Ting 
2017).

Anthropogenic aerosols (AA) in the atmosphere can scat-
ter and absorb the solar radiation directly, but also alter the 
radiative properties of clouds through aerosol–cloud interac-
tions. The absorption of solar radiation leads to a significant 
heating of the troposphere. Both scattering and absorption 
cause surface cooling. Due to the heterogeneous aerosol dis-
tribution, the efficiency of the top of the atmosphere direct 
forcing of anthropogenic aerosols in causing climatologi-
cal surface temperature change clearly differs from the uni-
formly distributed and long-lasting greenhouse gases (Pen-
ner et al. 2001; Wang 2004). The spatial heterogeneity can 
cause large changes of precipitation in the tropics where 
the circulation is known to be sensitive to horizontal tem-
perature gradients, which is known as the dynamic effect of 
aerosol forcing (Ming and Ramaswamy 2011; Rotstayn and 
Lohmann 2002). This dynamic effect can be described as the 
southward shift of the intertropical convergence zone (ITCZ) 
in response to the heterogeneous aerosol emissions that are 
larger in northern hemisphere than in southern hemisphere 
(Rotstayn and Penner 2001; Williams et al. 2001; Wang 
2006). Changes in AA emissions can also affect precipitation 
by directly altering the EASM system. Dong et al. (2016) 
suggested that the increase of both local aerosol emissions 
and remote emissions over Europe have likely contributed 
to the observed weakening of the EASM.

These previous studies have demonstrated that external 
forcing influences precipitation over East Asia, and suggest 
that changes in both GHG and aerosol emissions play impor-
tant roles in decadal changes of the EASM. However, the 
relative individual contributions of changes in GHG and AA 
emission in generating the SFND pattern, and the exact pro-
cesses that lead to the changes, are still not clear. Therefore, 
this work aims to quantify the relative roles of changes in 
GHG and AA forcing in shaping the SFND pattern and to 
understand the physical processes responsible.

Up to now, most of the attribution studies are based on 
Coupled General Circulation Models (CGCMs), i.e., model 
simulations that use constant emissions to force the CGCMs 
and reach equilibrium after a long integration (Bollasina 
et al. 2011; Li and Ting 2017; Wang et al. 2012, 2013). 
In CGCMs that include full ocean dynamics, the computa-
tional cost of such experiments is considerable. The CGCMs 
also exhibit significant biases in the mean state. For exam-
ple, many CGCMs have a large cold equatorial SST bias 
in Pacific (Vanniere et al. 2013). Ocean thermodynamics, 

rather than dynamics, causes the majority of subseasonal 
tropical upper ocean variability (e.g., Waliser et al. 2004). 
Thus, replacing the 3D ocean GCM with an ocean mixed-
layer model would reduce the cost of the experiments, and 
have a smaller SST bias (due to a prescribed flux correc-
tion), whilst also retaining intraseasonal variability and cou-
pling between the atmosphere and the ocean. Therefore, this 
work is based on a set of experiments using a near-globally 
coupled atmosphere–ocean-mixed-layer model, MetUM-
GOML1 (Klingaman et al. 2011; Hirons et al. 2015).

The structure of this paper is as follows: Sect. 2 describes 
the observed changes in precipitation since the mid-1990s; 
Sect. 3 describes the model and experiments; Sect. 4 evalu-
ates model responses to changes in anthropogenic forc-
ing; Sect. 5 elucidates the physical processes involved in 
these responses and Sect. 6 is devoted to understanding the 
responses in large scale circulations. Finally, the main con-
clusions are summarized in Sect. 7.

2  Observed changes in precipitation

To show the decadal variability in summer (JJA) precipi-
tation in the observations, we define indices of summer 
precipitation averaged over northern China (105°E–20°E, 
32°N–2°N) and southern China (110°E–20°E, 20°N–0°N). 
Figure 1a shows that over southern China, the mean pre-
cipitation is around 6.5 mm/day during the early period (EP, 
1964–1981), which increased to 7.5 mm/day during the pre-
sent day (PD, 1994–2011). Over northern China, the EP-
mean precipitation is around 2.5 mm/day and it is reduced 
to 2.2 mm/day during the PD. The PD mean precipitation 
over southern China is 0.62 mm/day more than the long-
term mean for the period 1950–2012, and 0.16 mm/day less 
over northern China than the long term mean. The difference 
between PD values and the long-term mean in both regions 
is statistically significant at the 10% level based on a two-
tailed Student’s t-test.

To understand the mechanisms underlying the signifi-
cant decadal variability in precipitation, we compare the 
spatial changes of lower tropospheric circulation and pre-
cipitation during the PD relative to those of the EP. As 
shown in Fig. 1b, the changes of circulation are charac-
terized as anomalous northeasterly wind over the eastern 
China, indicating a weakening of the East Asian sum-
mer monsoon (EASM). Additionally, there is a cyclonic 
anomaly in southern China (blue box), indicating stronger 
convection. Associated with the weakening of the EASM, 
the main rain belt shifts southward (Ding et al. 2008, 
2009). As shown in Fig. 1c, in northern China (red box), 
precipitation decreased by up to 0.25–0.5 mm/day and 
in southern China (blue box), it increased by around 
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0.5–1.5 mm/day. This pattern is named as the Southern-
Flood-Northern-Drought (SFND) pattern across the 
mid-1990s.

To understand the drivers of the SFND pattern, and 
the dynamical mechanisms involved, we perform experi-
ments with an atmosphere–ocean-mixed-layer model 
with changes in only GHG, and only AA, alongside an 
all forced experiment, as described below.

3  Model and experiments

3.1  Model

This work uses the model MetUM-GOML1 (Hirons et al. 
2015): a near-globally-coupled atmosphere–ocean-mixed-
layer model. The atmospheric component is the Met Office 

(a)

(b) (c)

Fig. 1  a Time series of precipitation (mm/day) based on CRUTS3.21 
data set over south China (blue) and north China (orange), blue and 
orange range bars indicate the time mean precipitation (mm/day) 
during the early period (1964–1981) and present day (1994–2011) b 
changes of SLP (Pa, HadSLP2r) and wind at 700 hPa (m/s) of NCEP 

reanalysis between PD (1994–2011) and EP (1964–1981) in JJA and 
c precipitation (mm/day) changes between PD (1994–2011) and EP 
(1964–1981) in JJA. Box indicates selected region of south flood and 
north drought
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Unified Model (MetUM) at the fixed scientific configura-
tion Global Atmosphere 3.0 (GA3.0; Arribas et al. 2011; 
Walters et al. 2011). The resolution in current study is 
1.875° longitude and 1.25° latitude (N96) with 85 vertical 
layers, the model lid is at 85 km. The model includes earth 
system components such as an interactive tropospheric 
aerosol scheme which includes the following aerosol: 
ammonium sulphate, mineral dust, sea salt, fossil fuel 
black carbon, fossil fuel organic carbon, biomass burning 
aerosols, and secondary organic (biogenic) aerosols. The 
direct radiative effect due to scattering and absorption of 
radiation by all aerosol species is represented in the model. 
The semi-direct effect, whereby aerosol absorption tends 
to change cloud formation by warming the aerosol layer, 
is included implicitly (Walters et al. 2011). The param-
eterization of the indirect effects is described in detail by 
Jones et al. (2011).

The oceanic component is a Multi-Column K Profile 
Parameterization (MC-KPP) mixed-layer ocean model. 
MC-KPP is run as a two-dimensional matrix of 1-D water 
columns, with one column below each AGCM grid point 
that is wholly or partially ocean. Therefore, the horizontal 
resolution of MC-KPP is the same as the MetUM where 
it is coupled. In this study, MC-KPP is configured with a 
depth of 1000 m over 100 vertical levels. The vertical discre-
tization of the MC-KPP columns is defined using a stretch 
function, allowing very high resolution in the upper ocean. 

The vertical resolution is 1.2 m at the surface, and less than 
2 m over the first 41.5 m. Vertical mixing in MC-KPP is 
parameterized using the KPP scheme of Large et al. (1994). 
Since the mixed-layer model (MC-KPP) does not include 
ocean dynamics, a seasonally varying 3D flux corrections 
is applied to both temperature and salinity. The seasonally 
varying 3D temperature and salinity flux corrections are pre-
scribed to represent the mean ocean advection and account 
for biases in atmospheric surface heat and freshwater fluxes.

The oceanic and atmospheric components are coupled via 
the Ocean Atmosphere Sea Ice Soil (OASIS) (Valcke et al. 
2003) coupler. The coupling frequency between atmospheric 
and oceanic components is once every 3 h.

3.2  Experiments

The experiments performed in this study are summarized 
in Table 1. With MetUM-GOML1, we first performed a 
relaxation experiment (R0) for 12 years, in which the tem-
perature and salinity of the ocean (MC-KPP) are relaxed to 
a present day (PD, 1994–2011) climatology derived from 
the Met Office ocean analysis (Smith and Murphy 2007). 
The relaxation experiment uses PD anthropogenic green-
house gas (GHG) and anthropogenic aerosol (AA) forcing 
(Lamarque et al. 2010, 2011), but otherwise the atmosphere 
is not constrained.

Table 1  Summary of numerical experiments

Early period (EP) indicates the period of 1964–1981 and present day (PD) indicates the period of 1994–2011. Note that a slightly different 
period of 1970–1981 for the aerosol forcing in the early period is used since aerosol emissions data before 1970 were not available

Experiment Ocean Radiative Forcing Abv

Coupled run
 Relaxation run Relax to PD mean 3D ocean temperature and salinity 

to diagnose climatological temperature and salinity 
flux corrections

Climatological PD greenhouse gases (GHG) over PD 
and anthropogenic aerosol (AA) precursor emis-
sions over PD with GHG and AA after 2006 from 
RCP4.5 scenario (Lamarque et al. 2010, 2011)

R0

 Coupled EP experiment Climatological temperature and salinity flux correc-
tions from relaxation run

Climatological EP GHG and time mean EP AA 
precursor emissions

EP

 Coupled PD experiment Climatological temperature and salinity flux correc-
tions from relaxation run

Climatological PD GHG and PD AA precursor 
emissions

PDGA

Climatological PD GHG and EP AA precursor emis-
sions

PDG

Climatological EP GHG and PD AA precursor emis-
sions

PDA

AGCM run
 AGCM EP experiment Prescribed daily sea surface temperature from EP 

experiment
Climatological EP GHG and EP AA precursor emis-

sions
AEP

 AGCM SST Prescribed daily sea surface temperature from EP 
experiment + climatological daily SST anomalies 
induced by changes in AA emissions in the coupled 
responses (PDA-EP)

Climatological EP GHG and EP AA precursor emis-
sions

ASST

 AGCM SST + AA The same as in AGCM SST Climatological EP GHG and PD AA precursor emis-
sions

ASA
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The seasonal cycle of daily-mean 3D ocean temperature 
and salinity flux corrections are calculated from the coupled 
relaxation experiment (i.e. they are the average corrections 
that are need to maintain the climatological state). These 3D 
flux corrections are then imposed in the free-running cou-
pled experiments (i.e. the free-running coupled experiments 
include no temperature or salinity relaxation to climatology). 
Although the flux corrections are designed to represent a 
background climatology, the use of flux corrections ensures 
that the temperature and salinity are not fixed and so they 
will respond to changes in external forcing (either GHG or 
AA). Therefore, the response of the EASM to a change in a 
particular forcing in the free-running experiments includes 
both the direct impact of the forcing (i.e. through land sur-
face and atmosphere processes) and the indirect impact, 
which is mediated through the forcing induced SST change. 
The experiments represent the early period (1964–1981; 
EP), All Forcing present-day (1994–2011; PDGA), GHG 
forcing (PDG) and AA forcing (PDA). All experiments are 
run for 50 years and use the climatological PD sea ice extent 
from HadISST (Rayner et al. 2003). The last 45 years of 
each experiment are used for analysis (Table 1).

The response to a particular forcing is estimated by the 
mean difference between a pair of experiments that include 
and exclude that forcing. The combined effect of changes in 
both GHG and AA (hereafter All Forcing) is the difference 
between PDGA and EP experiment (PDGA–EP). The impact 
of change in GHG (hereafter GHG forcing) is the difference 
between PDG and EP (PDG–EP) and the impact of change 
in AA emission (hereafter AA forcing) is the difference 
between PDA and EP (PDA–EP). Statistical significance of 
the mean changes in model experiments is assessed using a 
two tailed Student t-test.

Additionally, three atmosphere-only experiments have 
been performed to understand the relative roles of the direct 
impact of AA changes relative to the AA induced SST 
changes on the EASM and the circulation changes in Pacific 
in coupled simulations. Each AGCM experiment is 32 years 
long, with the last 30 years used for the analysis. The first 
experiment is the CONTROL run, which is an AGCM run 
for early period (AEP). The second experiment (ASST) is as 
AEP, but with the SST anomaly computed by differencing 
the PDA and EP experiments added to the SST in the APE 
experiment. The third experiment (ASA) is as ASST, but 
with PD aerosols. All AGCM experiments use climatologi-
cal PD sea ice extent from HadISST (Rayner et al. 2003).

The anomaly ASST-AEP is the impact of AA induced 
SST change and the anomaly ASA-ASST is the direct impact 
of AA change. The anomaly ASA-AEP is the response to the 
combined effect of the direct impact of AA change and the 
AA induced SST change in the AGCM experiment. If air-sea 
interactions are not important, then the anomaly ASA-AEP 
shall be very close to AA impact in the coupled simulation.

4  The southern flood and northern drought 
pattern in model experiments

4.1  Model mean climatology

The SSTs simulated in PD are compared with observa-
tions by Dong et al. (2017), which shows that the biases of 
simulated present day SST in MetUM-GOML1 are much 
smaller (typically between − 0.5 and 0.5 °C) than those in 
CMIP5 models. The large scale patterns of observed SST 
differences between PD and EP are also well captured in 
MetUM-GOML1.

Figure 2 shows the comparison of the climatological 
features of the EASM in the PDGA experiment with the 
observed features. Figure 2a, c shows the spatial patterns 
of 700-hPa wind, SLP and climatological precipitation in 
observations respectively. The main feature of note is the 
subtropical anticyclone over the Western North Pacific that 
causes a southwesterly wind from the Indian Ocean and an 
easterly wind from the tropical Pacific to converge in the 
monsoon trough (green line) and become a strong south-
erly (Fig. 2a). The southerly wind transports moisture to 
East Asia and is related to the strong precipitation there 
(Fig. 2c). Figure 2c also shows that the precipitation in 
China decreases with latitude. The mean precipitation is 
more than 6 mm/day south of 30°N, but less than 2 mm/
day north of 35°N.

The general features of the climatological summer pre-
cipitation, SLP and wind in observations are well repro-
duced by MetUM-GOML1 (Fig. 2b, d). However, the pre-
cipitation is overestimated over northern India and eastern 
China, which may be related to the simulated monsoon 
trough. In particular, the model overestimates the west-
erly wind over the Indian Ocean and the westerly winds 
extend too far to the east and into the Pacific, making the 
simulated monsoon trough deeper than observed, and the 
southerly from the South China Sea (SCS) is weaker.

In general, despite some deficiencies, the simulated 
precipitation and lower tropospheric circulation over East 
Asia compares fairly well with observations, which sug-
gests that this model is an appropriate tool to study the 
response of regional precipitation to different forcings.

4.2  Model simulated changes

The simulated summer-mean changes of SLP, 700-hPa 
wind and precipitation in response to changes in All 
Forcing (both GHG and AA) are illustrated in Fig. 3. The 
changes in All Forcing cause increased SLP over northern 
India, and lead to easterly anomalies, indicating a weaker 
westerly wind from the Indian Ocean (Fig.  3a). The 
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changes in All Forcing also lead to the enhancement and 
westward extension of the Western North Pacific Subtropi-
cal High (WNPSH) and a decrease of SLP to the northwest 
of WNPSH. Corresponding to the changes of SLP, there 
are northerly wind anomalies over northern China around 
(110°–120°E, 40°–50°N) and a cyclonic circulation anom-
aly over southern China (105°–125°E, 10°–35°N).

The weaker westerly wind from Indian Ocean and the 
anomalous northeasterly wind over (110°–120°E, 30°–50°N) 
are also seen in observations (Fig. 1b). However, in observa-
tions, the anomalous northeasterly wind over (110°–120°E, 
30°–50°N) is due to an increase in SLP around (45°N, 
100°E), which is not captured in the model simulation. The 
simulated northwesterly wind anomaly over (110°–120°E, 
30°–50°N) is related to a decrease in SLP to the northwest 
of the WNPSH around (110°–130°E, 30°–50°N). However, 

we found the relationship between the SFND and SLP over 
(100°E–110°E, 40°N–50°N) in observations to be weak on 
decadal time-scales (not shown). For the decadal changes, 
anomalous high sea level pressure over 100°E–110°E, 
40°N–50°N contributes to surface warming in observations. 
While in the model simulated response, anomalous low pres-
sure is the atmospheric response to the surface warming.

The simulated precipitation changes show a dipole pat-
tern similar to the observed SFND pattern (Fig. 3b). There is 
increased precipitation over southern China, and decreased 
precipitation over northern China. The difference in both 
regions is statistically significant at the 10% level based on a 
two-tailed Student’s t-test. While the simulated changes have 
a similar structure to those in observations, the precipitation 
increase over southern China is underestimated compared to 
observations (Fig. 1). The similarity between the simulated 

(a) (b)

(c) (d)

Fig. 2  a, b Climate state of present day (1994–2011) SLP (Pa) and 700 hPa wind (m/s) in observations and model. c, d Climate state of present 
day precipitation (mm/day) (1994–2011) in observation and model
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changes and those observed suggests that changes in anthro-
pogenic greenhouse gas and aerosol emissions did play an 
important role in observed decadal changes in precipitation 
across the mid-1990 over China.

Since changes in All Forcing lead to the SFND pattern, 
the next question is what is the relative contribution from 
changes in GHG forcing and AA emissions. In response to 
changes in GHG (Fig. 4a), the WNPSH is enhanced and 
extends westward. SLP decreases to the northwest of the 
WNPSH. Consistent with the changes of SLP, there is a 
southeasterly wind anomaly at the southeast coast of China. 
Therefore, the increase in precipitation over a large region of 
eastern China (Fig. 4c) is likely to be the result of the anom-
alous southeasterly wind transporting more moisture north-
ward from the South China Sea (SCS). Note the increase in 
precipitation is stronger over southern China (blue box) than 
over the northern China. The difference of regional mean 
precipitation is statistically significant at 10% level based 
on a two-tailed Student’s t-test.

In response to changes in AA emissions, SLP rises over 
a large region north of 20°N, especially over northern India 
and the Western North Pacific (Fig.  4b). The WNPSH 
is enhanced and displaced eastward with an anomalous 
southerly occurring over the Western North Pacific. The 
changes in SLP reduce the meridional pressure gradient, 
leading to a weakened westerly along 10°N from Indian 
Ocean. Additionally, anomalous northerly wind over east-
ern China (100°–110°E, 30°–40°N) indicate a weakening 
water vapor transport from the South China Sea (SCS). Con-
sistent with the weakening westerly wind from the Indian 
Ocean and southerly wind from the SCS, the precipitation 

is significantly decreased over northern China (Fig. 4d). Pre-
cipitation is slightly increased over southern China (Fig. 4d), 
but the regional-averaged change is insignificant (Fig. 6a).

In summary, the simulated response to changes in All 
Forcing indicates changes in GHG and AA emissions play 
an important role in generating the SFND pattern. However, 
the responses changes in GHG and AA show some differ-
ent characteristics. Model results indicate that GHG forcing 
tends to increase precipitation over eastern China, with a 
maximum over the southern China, and AA forcing is likely 
to reduce precipitation, especially over northern China.

5  The processes related to the southern 
flood and northern drought pattern

In order to explore the different processes that contribute to 
the precipitation changes, the column integrated moisture 
transport convergence has been analyzed. Furthermore, the 
moisture transport convergence is separated into components 
due to anomalous circulation and the part due to anomalous 
specific humidity in order to investigate the dynamic and 
thermodynamic effects (Li and Ting 2017; Li et al. 2015; 
Trenberth and Guillemot 1995).

The changes of precipitation in Figs. 3b and 4c, d are 
compared with the moisture transport convergence in 
Fig. 5a–c. The similarity between changes in precipitation 
and changes in moisture transport convergence indicates that 
the changes of moisture transport convergence in response 
to changes in All Forcing, GHG forcing and AA forcing is 
predominantly responsible for the changes in precipitation.

(a) (b)

Fig. 3  Changes of a 700 hPa wind (m/s) and SLP (Pa) b precipitation 
(mm/day) in JJA in response to All Forcing (PDGA-EP). Box indi-
cates selected region of south flood and north drought, the same as in 

Fig. 1. Grids in b highlight regions where the changes are statistically 
significant at the 10% level using a two-tailed Student t-test
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We then decompose the moisture transport convergence 
into the part due to changes in the dynamics (i.e. the dynamic 
effect, Fig. 5d–f) or the changes due to humidity changes 
(i.e. the thermodynamic effect, Fig. 5g–i). The decompo-
sition shows that the spatial pattern and the magnitude of 
the moisture transport convergence change (Fig. 5a–c) is 
largely due to the dynamic effect (Fig. 5d–f). In response to 
changes in GHG forcing, the thermodynamic effect is also 
relatively large in south China (blue box). By comparison, 
the thermodynamic effect is relatively weak in response to 
AA forcing changes.

To quantify the relative roles of changes in GHG forc-
ing and AA forcing in changes of the EASM and associ-
ated precipitation, we analyze the area-averaged precipi-
tation, moisture transport convergence, and the dynamic 
and thermodynamic components of moisture transport 
convergence over the SFND areas highlighted in Fig. 5. 
Over southern China (Fig. 6a), the increase of precipi-
tation caused by All Forcing (blue bar) is dominated by 
the increase of moisture transport convergence, which is 
mainly due to the dynamical effect.

(a) (b)

(c) (d)

Fig. 4  Changes of 700  hPa wind (m/s) and SLP (Pa) (a, b) and 
precipitation (c, d) between PD and EP experiments in JJA. a, c 
Response to GHG forcing (PDG-EP) and b, d responses to AA forc-

ing (PDA-EP). Box indicates selected region of south flood and north 
drought. Grids in c and d highlight regions where the changes are sta-
tistically significant at the 10% level using a two-tailed Student t-test
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Isolating the roles of different forcings in the model indi-
cates that the increase of precipitation in southern China is 
mainly due to GHG forcing (green bars), which explains up 
to 80% of the simulated precipitation change in response to 
All Forcing. The GHG forced precipitation increase is also 
dominated by the increase of the moisture transport con-
vergence. Both dynamic and thermodynamic components 
increase the total moisture transport convergence due to 
GHG, but the thermodynamic effect is twice the magnitude 
of the dynamic effect. The importance of the thermodynamic 
effect is consistent with the increase in the precipitable 
water in the atmosphere due to GHG forced warming (see 
Fig. 7). Such a GHG effect agrees with the so called “rich 
get richer” mechanism (Chou et al. 2009): i.e., an increased 
moisture content in the atmosphere due to the warming leads 
to a greater moisture transport convergence that enhances 

precipitation over southern China. The enhanced precipi-
tation in turn forces anomalous large-scale low-level con-
vergent flow, which further strengthens the positive rain-
fall anomalies. In comparison with the GHG, the impact 
of changes in AA forcing (yellow bars) on precipitation in 
south China is relatively weak and not significant.

Over northern China (Fig. 6b), changes in All Forcing 
lead to a decrease of the area mean precipitation (blue bars). 
The decrease in precipitation is again dominated by changes 
of moisture transport convergence, which is mainly due to 
the dynamic effect. The thermodynamic component is small 
and insignificant. Considering the response of precipitation 
to different forcings, results show that the reduction in pre-
cipitation over northern China is mainly due to the effect 
of AA forcing, which determines the sign of the precipita-
tion anomaly. The AA forced reduction of precipitation in 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5  a–c Differences of moisture transport convergence (mm/day) between PD and EP experiments in JJA for All Forcing, GHG forcing and 
AA forcing. d–f same as a–c but the differences of dynamical effect. g–i same as a–c but the differences of thermodynamic effect
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northern China explains up to 95% of the simulated precipi-
tation decrease in the All-Forcing experiment. Almost 80% 
of the AA forced decrease in precipitation comes from the 
decrease of the moisture transport convergence, and it is 
dominated by the dynamic component.

The SFND precipitation pattern in the model experiments 
is dominated by the changes of the moisture transport con-
vergence. Over southern China, the enhancement of the 
moisture transport convergence is mainly due to GHG forc-
ing, which involves both the dynamic and thermodynamic 
components. Over northern China, the reduction of moisture 
transport convergence is dominated by the changes in AA 
forcing, through a weakening of the dynamic component of 
the moisture transport convergence.

6  The changes of large scale circulation 
related to the SFND pattern

In Sect. 5 we showed that GHG and AA changes make 
differing contributions to regionally averaged precipita-
tion changes over China. In this section, we explore the 
large scale circulation responses to forcing, and determine 
how the responses to the individual forcings combine to 
produce the observed SFND pattern.

Fig. 6  Area averaged precipita-
tion (mm/day), moisture trans-
port convergence (MT, mm/
day), dynamic effect (D, mm/
day) and thermodynamic effect 
(T, mm/day) in a over south 
flood region (110°E–120°E, 
20°N–30°N) and b over north 
drought region (105°E–120°E, 
32°N–42°N) in response to All 
Forcing (blue), GHG forcing 
(green) and AA forcing (yel-
low). Error bars indicate the 
standard error of mean differ-
ence for a variable

(a) (b)

Fig. 7  Changes of precipitable water (mm) between PD and EP experiments in JJA in response to a All Forcing, b GHG forcing and c AA forc-
ing. Dots highlight regions where the changes are statistically significant at the 10% level using a two-tailed Student t-test



3709Forced decadal changes in the East Asian summer monsoon: the roles of greenhouse gases and…

1 3

6.1  Changes in large scale circulation in response 
to changes in different forcings

In the single forced experiments, one contrasting feature 
over East Asia is the opposing signs of SLP response to 
GHG and AA changes (Fig. 4a, b). In the GHG-forcing 
experiment, the anomalous low pressure over East Asia 
and the enhanced WNPSH leads to enhanced southerly 
winds along the east coast of China (Fig. 4a). These south-
erly winds transport more moisture from the SCS and, in 
turn, contributes to the increased precipitation over south-
ern China (Fig. 4c). In contrast, SLP increases over East 
Asia and WNPSH in AA-forcing experiment (Fig. 4b). 
The anomalies SLP lead to weaker EASM and decreased 
precipitation over northern China. Since the changes in 
subtropical circulation are important for generating the 
SFND pattern, in this section we focus on understanding 

how the subtropical SLP and the related large scale circu-
lation responds to changes in different forcings.

We first place the SLP changes in the global context in 
Fig. 8a–c. In response to changes in All Forcing (Fig. 8a), 
the SLP is generally raised at the subtropical latitudes 
(20°N–30°N), with the maximum over East Asia and West-
ern North Pacific. Over East Asia, the increase of SLP is 
related to the heterogeneous warming over land, which is 
much weaker over northern India (20°N) than over mid-lat-
itude regions (30°N–50°N) (Fig. 8d). The changes of surface 
air temperature (SAT) correspond to the positive anomalies 
of the zonal-mean meridional stream function over East Asia 
(90°E–120°E) between 10°S–10°N (colours in Fig. 9a) and 
sinking anomalies around 10°–20°N (arrows in Fig. 9a), 
which increases the SLP over South Asia at 20°N (Fig. 8a).

Over the Western North Pacific, the increased WNPSH is 
associated with the heterogeneous SST warming (Fig. 8g), 
which has a local maximum in the equatorial Pacific and 

Fig. 8  SLP (a–c, hPa), TAS (d–f, °C), SST (g–i, °C) and Precipita-
tion (j–l, mm/day) difference between PD and EP experiments in JJA 
in response to All Forcing (left column), GHG forcing (middle col-
umn) and AA forcing (right column). Change in g–i has the global 

mean SST anomalies removed. Grids and dots highlight regions 
where the changes are statistically significant at the 10% level using a 
two-tailed Student t-test
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minimum in the subtropical Pacific around 30°N. The warm 
SST is associated with enhanced precipitation over the west-
ern equatorial Pacific (Fig. 8j), consistent with the sensitivity 
of tropical precipitation to modest SST warming (Xie et al. 
2010). As stated in Dai et al. (2013), the latent heat release 
related to the enhanced precipitation warms the upper tropo-
sphere. As a result, the changes of SST and precipitation 
correspond to the positive cell of the zonal-mean meridi-
onal stream function over the west Pacific (120°E–150°W) 
between 0°–20°N (colours Fig. 9b) with anomalous rising 
over the equatorial Pacific (arrows in Fig. 9b) and anomalous 
sinking around 20°N (Fig. 9b), which enhances the WNPSH 
(Fig. 8a).

Analyzing the separately forced experiments we find that 
the positive anomalies of zonal-mean meridional stream 
function and the sinking anomaly over East Asia (Fig. 9a) is 
not simulated in GHG-forcing experiment (Fig. 9c). How-
ever, the sinking anomaly is reproduced in the AA-forcing 
experiment (Fig. 9e). In response to AA forcing, the SAT 
cools over northern India (Fig. 8f). This cooling is related to 
the positive cell of zonal-mean meridional stream function 

between 10°S–10°N (Fig. 9e) and sinking anomaly between 
10°N–20°N (arrows in Fig. 9e), which increases the SLP in 
East Asia (Fig. 8c). In contrast, in response to GHG forcing, 
the SAT warms strongly over Asian Continent (Fig. 8e), cor-
responding to negative anomalies of zonal-mean meridional 
stream function (Fig. 9c) and ascent in the northern Hemi-
sphere (arrows in Fig. 9c), which reduces SLP over East 
Asia (Fig. 9b).

Although there is a contrast in the circulation response 
over East Asia between the separately forced experiments, 
the WNPSH is enhanced in both the GHG-forcing and AA-
forcing experiments (Fig. 8b, c). In GHG-forcing experi-
ment (Fig. 8h), the Pacific SST warming has a minimum 
between 10°N–20°N and maximum near the equator. This 
corresponds to positive anomalies of the zonal-mean meridi-
onal stream function over the west Pacific between 0°–15°N 
(Fig. 9c) with anomalous ascent over the equator and sinking 
anomaly around 20°N (Fig. 9d). In response to AA forcing, 
the SST cools over the subtropical north Pacific. The cool 
SST anomalies relate to more stable atmosphere over the 
subtropical Pacific and suppressed precipitation (Fig. 8i, 

Fig. 9  Zonal mean meridional stream function(kg/s × 1010) and 
wind anomalies (m/s × 10− 3), a, c, e over region (30°S–60°N, 
90°E–120°E), b, d, f over the Pacific (30°S–60°N, 120°E–150°W). 
Dashed lines indicate the climate state of EP experiment. Colours are 

the anomalies in response to changes in a, b All Forcing c, d GHG 
forcing and e, f AA forcing. Dots highlight regions where the changes 
are statistically significant at the 10% level using a two-tailed Student 
t-test
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l). The anomalous SST and precipitation correspond to the 
positive anomalies of zonal-mean meridional stream func-
tion over the west Pacific between 0°–20°N (Fig. 9f) with 
anomalous ascent near the equator and sinking anomaly 
between 20°N–30°N (arrows in Fig. 9f). The sinking anoma-
lies in both GHG- and AA-forcing experiments enhance the 
WNPSH (Fig. 8b, c).

The results above indicate that the enhanced WNPSH is 
a response to changes in both GHG forcing and AA forcing, 
and is the result of heterogeneous SST warming with a maxi-
mum in the equatorial western Pacific. The increased SLP 
over South Asia is mainly due to changes in AA forcing, and 
is consistent with the surface cooling over South Asia, which 
decreases the land sea thermal contrast.

6.2  Understanding the enhancement of WNPSH

The above analysis shows that the changes in the WNPSH 
are important to the SFND pattern, and that changes in the 
WNPSH are associated with the heterogeneous changes in 
Pacific SST. However, it is not clear whether the enhance-
ment of WNPSH is the result of the fast response to the 
changes of GHG and AA forcing or the slow response to the 
changes of SST induced by GHG or AA forcing.

The relative roles of GHG induced SST anomalies and 
the direct impact of GHG radiative effect for changes in 
tropical precipitation are studied in many previous studies 
(Dong et al. 2009; Xie et al. 2010; Li and Ting 2017). These 
studies suggest that the GHG induced SST anomalies, in 
particular the equatorial maximum in SST warming over the 
Pacific, play a dominant role in changing tropospheric stabil-
ity and tropical precipitation. However, further work is still 
needed to understand the changes in local Hadley circulation 
and subtropical SLP in response to changes in AA forcing. 
Thus, we performed another set of AGCM experiments to 
distinguish (1) the direct impact of AA changes (i.e. without 
allowing SST to change), (2) the impact of AA induced SST 
changes and (3) the combined impact (Table 1).

When forcing the AGCM by the change in AA emissions 
together with the anomalous SST induced by AA changes, 
the precipitation is suppressed over the subtropical North 
Pacific and the ITCZ is shifted southward (Fig. 10a). This 
pattern is similar to the response to changes in AA emis-
sions in the coupled model as shown in Fig. 8i. We also find 
that the WNPSH is significantly enhanced (Fig. 10b). The 
suppressed convection and the southward shift of the ITCZ 
are associated with positive anomalies of stream function 
at latitudes between 0°N–30°N corresponding to anoma-
lous ascent in the tropics and anomalous sinking over the 
subtropical ocean (Fig. 11a, b). The similarity between the 
coupled (Fig. 8e, f) and AGCM (Fig. 10a, b) experiments 
suggests that the inclusion of air-sea coupling does not have 
a substantial impact on changes in precipitation and large 

scale circulation in the tropical and subtropical Pacific in 
response to AA emission changes.

In response to AA induced SST anomalies, the changes 
in precipitation (Fig. 10c) and enhanced WNPSH (Fig. 10d) 
are similar to the response to both AA emission and AA 
induced SST changes (Fig. 10a, b). However, in response 
to changes in AA emissions without SST feedbacks there 
are no significant changes in the WNPSH (Fig. 10f) and 
the related stream function and vertical circulations over 
the western Pacific (Fig. 11e, f). Therefore, changes in pre-
cipitation, WNPSH, and local Hadley circulation over the 
tropical and subtropical Pacific in response to the changes 
in AA emissions in the coupled model are primarily due to 
AA induced SST feedbacks. This is consistent with Li et al., 
(2010), which suggests that the SST warming in the tropics 
is primary cause for the weakening of the EASM.

7  Conclusions

In observations there is a rapid increase of precipitation over 
southern China and a decrease over northern China across 
the mid-1990s, named as Southern-Flood-Northern-Drought 
(SFND) pattern. Corresponding to changes in precipitation 
is the weakened EASM, characterized by positive SLP 
anomalies over Asian continent and India, weaker southeast-
erly flow from the Indian Ocean and less moisture transport 
to northern China. In this study, we have performed a set of 
time-slice experiments using MetUM-GOML1 to quantify 
the roles of changes in: (1) All Forcing, the combined effects 
of greenhouse gas (GHG) and anthropogenic aerosols (AA) 
emissions, (2) GHG forcing and (3) AA emissions in gen-
erating the observed SFND pattern. Our principle results 
are as follows:

1. When forced by changes in All Forcing between two 
periods MetUM-GOML1 shows a dipole pattern of 
precipitation over China, which is similar to observed 
SFND pattern, and a weakened EASM. This similarity 
suggests that changes in the GHG and AA emissions 
contributed to the decadal changes of precipitation over 
East Asia across the mid-1990s, and the associated 
weakening in the EASM.

2. The forced increase in precipitation over East Asia 
is dominated by the changes in GHG forcing. The 
increased GHG enhances the Western North Pacific Sub-
tropical High (WNPSH) and SLP over southern China 
decreases, which leads to enhanced southerly winds on 
the western boundary of WNPSH and increased mois-
ture transport from the South China Sea. In addition, the 
GHG induced warming increases the moisture content 
in the atmosphere, leading to enhanced moisture trans-
port and transport convergence over East Asia. There-
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fore, both the thermodynamic and dynamic processes 
are important in leading to more precipitation over East 
China.

3. The decrease in precipitation over northern China is 
dominated by the changes in AA forcing. The significant 
decrease in precipitation in response to AA changes is 
dominated by the dynamic effect related to AA induced 
circulation change. AA forcing changes lead to the 
increase of SLP around 20°N, with the maximum over 
northern India and Western North Pacific, which corre-
sponds to a weakening in EASM. Thus, less water vapor 
is transported to East Asia, corresponding to reduced 
precipitation.

4. The changes in SLP are one of the important fac-
tors in generating the SFND pattern. Over East Asia, 
the changes in SLP are related to the heterogeneous 
changes of surface air temperature. Changes in GHG 

forcing lead to surface warming over the Asian conti-
nent, which is related to anomalous ascent and decreased 
SLP. Changes in AA forcing leads to surface cooling 
over northern India and southern China, which corre-
sponds to anomalous sinking and increased SLP. Over 
the western Pacific, the changes in SLP are related to the 
heterogeneous changes of SST. Changes in GHG forcing 
are related to SST warming with the maximum in the 
equatorial ocean. In contrast, changes in AA forcing lead 
to a subtropical cooling, which makes the ITCZ shift 
southward. The changes in ITCZ in response to both 
changes in GHG and AA forcings enhances the sinking 
anomalies over subtropical latitudes, which enhance the 
WNPSH.

It should be noted that in this work the GHG forcing 
and AA forcing are taken as independent forcing factors. 

(a) (b)

(c) (d)

(e) (f)

Fig. 10  Precipitation (mm/day) and SLP (hPa) difference between 
present day (ASST and ASA) and early period (AEP) AGCM exper-
iments in JJA. In response to changes in both SST and AA forcing 
(ASA-AEP, top row), only SST forcing (ASST-AEP, middle row) and 

only AA forcing (ASA-ASST, right row). Grids and dots highlight 
regions where the changes are statistically significant at the 10% level 
using a two-tailed Student t-test
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Previous studies (Feichter et al. 2004; Ming and Ramas-
wamy 2009; Shiogama et al. 2012) indicated a nonlinear-
ity of responses to changes in different forcings (i.e., the 
response to the combined forcings is not necessarily equal to 
the sum of the responses to the individual forcings). In this 
study, we also noticed a nonlinearity of EASM changes in 
response to changes in GHG and AA emissions. However, 
detailed discussion of this nonlinearity is beyond the scope 
of this study.

This work also suggested that the change of local Hadley 
cell in response to different forcings is strongly related to the 
changes of SST pattern which has the maximum warming 
over equatorial Pacific and minimum warming over subtropi-
cal Pacific (Fig. 8d–f). Further studies are needed to under-
stand the mechanisms through which the GHG and AA lead 
to the SST patterns.

Although the model appears to capture the SFND pat-
tern, it is important to note that the results may be sensi-
tive to the model or experimental design. For example, this 
work is based on the time-slice experiments forced by early 

period (1964–1981) and present day (1994–2011) GHG 
and AA emission. Additionally, the oceanic component of 
the model used is a mixed-layer model, in which the ocean 
dynamic processes are not fully considered. Therefore, the 
simulated changes in SST and some other variables may not 
be the same as those in Coupled General Circulation Models 
(CGCMs) that include a fully dynamic 3D ocean. As Li and 
Ting (2017) revealed, while the thermodynamic response of 
Asia monsoon is robust across the CMIP5 models, there is 
a lack of consensus for the dynamic responses, possibly due 
to the multiple physical processes evolving on different time 
scales. Hence, in the future the results in this paper should 
be tested using different different models. Particularly, it will 
be useful to compare our results with other studies which 
considered the temporal evolution of the climate changes 
and also the responses of the oceanic general circulation.
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