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Abstract: Analysis of observational precipitation indicates that in last few decades, the
precipitation in boreal summer (June-August) over the South China Sea (SCS) exhibited an
interdecadal variation, characterized by a decrease of 0.59mm/day from the period 1964 -
1981 to the period 1994-2011. Accompanied this decrease in precipitation is weakened
monsoon circulation featured by an anti-cyclonic circulation anomaly over the SCS in the
later period relative to the early period. This work investigates impacts of anthropogenic
forcing changes on this interdecadal change in observations, quantify the relative roles of
greenhouse gases (GHG) forcing and anthropogenic aerosol (AA) forcing. A set of
experiments is designed using the atmospheric component of a state-of-the-art climate
model coupled to a multi-level mixed-layer ocean model forced with GHG concentrations
and AA emissions in two periods. Modeling results indicate a dominant role of
anthropogenic forcing on the observed interdecadal precipitation decrease and weakened
monsoon circulation over the SCS in the late 20t century in which AA forcing plays a more
important role compared with GHG forcing. The mechanisms of GHG influences and AA
induced changes are revealed by individual forcing experiments. Increasing GHG
concentrations can suppress convection over the SCS summer monsoon (SCSSM) region
by warming the tropical Pacific with an EI-Nifo like sea surface temperature (SST) pattern,
which is associated with a weakened Walker circulation. The changes in AA emissions,
mainly through increases in emissions over Asia, lead to cool SST in the north Indian Ocean
and the western North Pacific (WNP), and result in changes in meridional SST gradient over
the tropical Indian Ocean and the WNP in pre-monsoon seasons. This anomalous
meridional SST gradient leads to anomalous local Hadley circulation, characterized by

anomalous ascents around the equator and descents over monsoon region, which
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suppresses convection over the SCS and reduces local precipitation.
Key words: South China Sea summer monsoon, anthropogenic greenhouse gases,

anthropogenic aerosols, precipitation.

1 Introduction

The South China Sea (SCS) locates in Southeast Asia between the equator and South
China coast, from 110°E to 120°E. It is in the center of the Asian-Australian monsoon system
and has a close relation with the East Asian monsoon, South Asian monsoon and Western
North Pacific monsoon due to geographic location (Tao and Chen 1987; Ding 1992,
Murakami and Matsumoto 1994; Wang 1994; Lau and Yang 1997). The climate over the
SCS is mainly controlled by monsoon circulation, characterized by a warm and wet westerly
low-level flow during boreal summer, and cold and dry easterly low-level flow during winter.
In summer, westerly flow comes from the Indian Ocean, turns into southerly and transports
moisture to the East Asian monsoon region. Over the SCS, this cyclonic circulation forms a
local monsoon trough and leads to convection and abundant precipitation.

The SCS summer monsoon (SCSSM) changes in multiple time-scales (Zhou et al. 2005;
Wang et al. 2009; Tong et al. 2009) and can be affected by many different factors, including
solar radiation on orbital time scale (Prell 2011), interdecadal time scale, and sea surface
temperature (SST) variability and land-sea thermal contrast on interannual time scale (Wang
and Zhang 2002; Lau et al. 2004; Zhou et al. 2005; Lau and Wang 2006; Yuan et al. 2008;
Wang and Qian 2009; Zhu et al. 2011). Its intensity is sensitive to the definition since the
SCSSM can be affected by the multiple monsoon subsystems, including the East Asian

summer monsoon (EASM), South Asian summer monsoon (SASM), and western North
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Pacific summer monsoon (WNPSM). Previous researches use some indices to describe
characteristics of the SCSSM, including its southwesterly low-level flow, local convection
and moisture transport convergence (Lu and Chan 1999; Liang et al. 1999; Li and Zhang
1999; Dai et al. 2000; Liang et al. 1999; Wu and Liang 2001; Yao and Qian 2001; Zhang et
al. 2002; Wen et al. 2006; Wang et al. 2008). A meridional shear vorticity index (zonal wind
in the south SCS minus that in the north SCS; Wang et al. 2009) is created to describe the
strength of the SCSSM and is then widely used. Based on 7-year mean of this index, inter-
decadal changes are observed in the early 1970s and the early 1990s (Wang et al. 2009).
However, drivers and physical mechanisms for these interdecadal changes are not fully
investigated.

The interdecadal variation of the EASM and SASM has been attributed to both internal
variability associated with low frequency SST variability in the Atlantic and Pacific (i.e., the
Pacific Decadal Oscillation [PDO] and the Atlantic Multidecadal Oscillation [AMO], Goswami
et al. 2006; Lu et al. 2006; Zhou et al. 2009) and external forcing associated with changes
in greenhouse gases (GHG) and anthropogenic aerosol (AA) emissions (Song et al. 2014;
Li et al. 2015; Li and Ting 2017, Tian et al. 2018, Luo et al. 2019). Most of previous studies
agree that precipitation tends to increase in both EASM and SASM due to increased
moisture content in the atmosphere with increasing GHG forcings. Despite of the increased
moisture content, the effect of GHG and AA on the monsoon circulation is important and
requires further research.

The greenhouse gases (GHG) can change the SASM monsoon circulation by changing
the large-scale tropical Walker circulations and land-sea thermal contrast (Ueda et al. 2005).

In some model studies, the intensity of the Walker circulation connecting the tropical Pacific
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and monsoon region tends to be weakened (Tanaka et al. 2004; Ueda et al. 2005, May 2002,
Vecchi and Soden 2006; Lau and Kim 2017), which suppresses the convection in the SASM
region. The land-sea thermal contrast is increased as the temperature over land response
to GHG increases is stronger than over ocean (Sutton et al. 2007; Dong et al. 2009). The
land-sea thermal contrast between South Asia and Indian ocean, which is an important
driver of the SASM (Wu et al. 2012), could lead to an enhanced circulation (Hu et al. 2000).
However, the weakened thermal contrast in the upper troposphere might play a more
important role in a long-term trend and weakened SASM monsoon circulation (Sun et al.
2010). For the EASM, Jiang and Wang (2005) and Song et al. (2014) suggested that the
summer monsoon circulation over East Asia is slightly enhanced based on model
ensembles. It is further revealed that the increased GHG leads to enhanced western North
Pacific Subtropical High (WNPSH) and increased southerly on the western boundary of
WNPSH (Tian et al. 2018). Over ocean, Lee et al. (2008) suggested that the low-level
convergence decreases over the western North Pacific and the WNPSM weakens despite
of increasing moisture in the atmosphere in response to CO2 increases.

Some anthropogenic aerosols (AA) can cause surface cooling by scattering and
absorbing solar radiation and change the radiative properties of clouds (Boucher et al. 2013).
Meanwhile, black carbon and organic carbon can absorb reflected solar radiation to increase
the atmospheric temperature (Menon et al. 2002; Ming et al. 2010; Ramanathan et al. 2001).
As AA emissions increased during the last few decades in Asia, it might affect the adjacent
precipitation by altering the land-sea thermal contrast and relative monsoon circulation (Ming
and Ramaswamy 2011; Rotstayn and Lohmann 2002; Dong et al. 2016). In SASM region,

the monsoon circulation changes in response to increased AA emissions are characterized
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by an anomalous meridional overturning circulation that tends to decrease precipitation over
the Indian peninsula (Bollasina et al. 2011). Some model studies suggest the resulted
anomalous meridional SST gradient over the Indian Ocean with cooling on the North Indian
Ocean in response to AA emission changes is the main driver (Ganguly et al. 2012; Ganguly
et al. 2012; Ramanathan et al. 2005; Chung et al. 2006; Luo et al. 2019). In EASM region,
observations show a wet trend in south China and a drought trend in north in past several
decades and this pattern is considered as a result of increased aerosol emissions in China
(Wang 2001; Ding et al. 2008, 2009; Menon et al. 2002; Xie et al. 2016; Tian et al. 2018).
Some studies suggest that the aerosol can cause a regional cooling over land and leads to
a weakened land-sea thermal contrast and thus weakened EASM circulation and
precipitation (Ye et al. 2013; Song et al. 2014, Dong et al. 2016).

In Asian monsoon region, GHG and AA do not always play similar roles for the monsoon
decadal variations. Lau and Kim (2017) suggested that increases in GHG since 1950s
generate an increased land-sea thermal contrast but it is masked by the cooling induced by
AA forcing. This study also suggested that the EASM and SASM are having different
sensitivity to GHG and AA changes. In EASM region, as the circulation is weakened by AA
effect while GHG’s role is negligible due to the offset by its dynamic effect and
thermodynamic effect, AA forcing is more dominating in the decreased monsoon circulation
and tends to reduce the precipitation (Zhang and Li 2016; Song et al. 2014). Luo et al. (2019)
suggested that reduction in precipitation in South Asia in last few decades is related to the
weakened SASM circulation in response to changes in both GHG and AA and that
circulation change induced precipitation decrease is stronger than the increase related to

moisture increase in the atmosphere. All above mentioned studies are on changes of GHG
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and AA emissions on either the EASM or SASM. In contrast, the anthropogenic influences
on the SCSSM and physical processes involved are not fully investigated.

This study aims to elucidate the processes of how GHG and AA affect the inter-decadal
change of the SCSSM in the late 20t century, focusing on: 1) What is the role of
anthropogenic forcing to the observed inter-decadal change? 2) What are the relative roles
of changes in GHG and AA frocings? 3) What are the physical processes? We have
performed a set of model experiments using the atmospheric component of the state-of-the-
art HadGEMS3 global climate model coupled to a multi-level mixed-layer ocean model to
address these questions.

Lots of studies about impacts of anthropogenic forcings on the EASM and SASM use
full ocean Coupled General Circulation Models (CGCM) including CMIP5 models (Song et
al. 2014; Seo et al. 2013; Chen et al. 2016; Sharmila et al. 2015), but these models usually
have significant bias on sea surface temperature (SST) in mean state (Li et al. 2012; 2015;
Levine et al. 2013). As the Australian-Asian monsoon is sensitive to SST, this bias may
cause even larger bias on monsoon simulation. Thus, MetUM-GOML models use an ocean
mixed-layer model replacing the 3D CGCMs, which can reduce the calculation cost and
have a smaller SST bias by a prescribed flux corrections (Hirons et al. 2015, Dong et al.
2017, Tian et al. 2018). So, this work will use a set of experiments based on the second
generation of GOML models (MetUM-GOML?2).

The structure of this paper is as follows: Section 2 analyses the observational data and
describes the inter-decadal change of the SCSSM in the late 20t century. Section 3
introduces the model and detailed design of model experiments. Section 4 evaluates the

relative contributions of different forcings to the inter-decadal change. Sections 5 and 6
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reveal the physical processes of changing GHG or AA forcing on the SCSSM respectively.

Finally, our conclusions are drawn in Section 7.

2 Observed inter-decadal change

In this study, we use monthly NOAA's Precipitation Reconstruction (PREC) dataset
(Chen et al. 2002) and precipitation based on GPCP (Adler et al. 2003). Observed 3D
monthly horizontal velocity and vertical velocity come from NCEP Reanalysis 1 (NCEP1;
Kalnay et al. 1996) while monthly sea level pressure (SLP) is obtained from Hadley Centre
Sea Level Pressure dataset (HadSLP2; Allan and Ansell 2006). All variables are averaged
from June to August to describe the boreal summer mean.

To show the inter-decadal variability (IDV) of rainfall change in observations, the area
averaged precipitation in the South China Sea region (10°N-20°N, 105°E-120°E) in JJA is
defined as an index and its time evolution is shown in Figure 1a. One of the most important
features of the time evolution of this precipitation index is the inter-decadal variation across
the 1990s, characterized by a positive precipitation anomaly from 1964 to 1981 (early period,
EP) and a negative precipitation anomaly from 1994 to 2011 (present day, PD). These
periods are selected also to avoid the impact of volcanic eruptions. The mean anomaly in
these two periods is 0.45 mm/day in EP and -0.14 mm/day in PD, respectively, which means
a -0.59 mm/day (which is about 13.6% of the climatological mean of 1979-2018 in GPCP
dataset) decrease from EP to PD.

We compare the spatial pattern of precipitation and circulation associated with this inter-
decadal change (PD minus EP) to understand the physical processes involved. It is found

that the inter-decadal decrease in precipitation mainly centered in the SCS (up to 0.5-2.0
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mm/day), and was accompanied by anomalous anticyclonic circulation in the lower
troposphere (fig. 1b) with anomalous easterlies across the SCS. The anomalous easterlies
over the SCS indicate weakened climatological SCS westerlies in the summer from EP to
PD. The anomalous anticyclonic circulation is also associated with anomalous divergence
in the lower troposphere and anomalous convergence in the upper troposphere (Fig. 1c)
with anomalous descent in the whole troposphere (Fig. 1d), indicating weakened convection
in the SCS and therefore leading to reduced precipitation.

What had caused this inter-decadal decrease in precipitation and monsoon circulation
over the SCS seen in observations? To find out drivers and understand the dynamical
mechanisms behind it, we perform a set of time slice experiments with the atmospheric
component of the state-of-the-art HadGEMS3 global climate model coupled to a multi-level
mixed-layer ocean model with changes in GHG and AA emissions together from EP to PD

or changes in GHG and AA forcing separately.

3 Models and experiments

3.1 MetUM-GOML2 model and experiments settings

In this work, MetUM-GOML2 (e.g., Hirons et al. 2015) is used to perform a set of
experiments. The atmospheric component of the MetUM-GOML?2 is the Met Office Unified
Model (MetUM) at the fixed scientific configuration Global Atmosphere 6.0 (GA6.0) with N96
horizontal resolution (1.875° longitude and 1.25° latitude) and 85 vertical levels. A detailed
description of GAG6.0 is given by Walters et al. (2017). The atmospheric model includes an
interactive tropospheric chemistry scheme (eight aerosol species are included: ammonium

sulphate, mineral dust, fossil fuel black carbon, fossil-fuel organic carbon, biomass-burning,
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ammonium nitrate, sea-salt, and secondary organic aerosols from biogenic emissions. Both
aerosol-radiation interaction and aerosol-cloud interaction (including aerosol indirect effect
and semi-indirect effect) are considered. More details about the parameterization of aerosol
indirect effect are described by Jones et al. (2011) and Bellouin et al. (2011, 2013).

The oceanic component is a Multi-Column K Profile Parameterization mixed-layer ocean
model. The horizontal resolution of MC-KPP is the same as AGCM where they are coupled,
and below each AGCM grid point in ocean region is one water column. The atmospheric
and oceanic components are coupled every 3 hours. Since MC-KPP only simulate vertical
mixing in each grid point and exclude the ocean dynamics, the climatological seasonal
ocean 3D flux corrections are applied on ocean temperature and salinity (Large et al. 1994).
These corrections are intended to represent the mean advection in ocean and account for
biases in atmospheric surface fluxes.

The set of experiments used in this study is the same as those used to investigate SASM
decadal changes in Luo et al. (2019). Here, we use greenhouse gases (GHG) and
anthropogenic aerosol (AA) forcings averaged over 1994-2011 as PD conditions. For EP
forcing, GHG forcing is an average of 1964-1981 while AA forcing is an average of 1970-
1981. The details of experiments are summarized in Table 1. Firstly, a relaxation experiment
is run for 12 years (EO) forced by PD GHG and AA forcing. In this experiment, the MC-KPP
profiles of temperature and salinity were relaxed to a PD climatological ocean temperature
and salinity from the Met Office ocean analysis data (Smith and Murphy 2007). Then we
diagnosed the seasonal cycle of climatological daily-mean 3D ocean temperature and
salinity corrections from EQ. These temperature and salinity are the same and are imposed

in all free running coupled experiments. Therefore, response in the model experiments to a

11
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particular forcing change includes both the fast response to the forcing change (i.e. surface
and atmospheric process) and slow response mediated by forcing induced SST change.
For free coupled experiments, the EP experiment (EP) is forced by GHG and AA forcing of
EP while All forcing present day (PD-ALL) is forced by PD GHG and AA forcing. In addition,
two extra experiments, present-day GHG forcing (PD-GHG) with PD GHG but EP AA and
present-day AA forcing (PD-AA) with PD AA but EP GHG, that are used to analyze the
individual effect of GHG and AA. All coupled experiments are run for 60 years and only last
55 years of each experiment are used for analysis. In all experiments, the annual mean
concentrations of GHG are prescribed uniformly globally while the aerosol emissions include
seasonal cycle and spatial distribution. The spatial distribution of changes in annual mean
sulphur dioxide emissions between the two periods was illustrated in the Fig. 3 in Chen and
Dong (2019) where changes are characterized by decreases over North America and
Europe and increases over South Asia and East Asia.

The response of different forcing is estimated by the difference of climatology between
a pair of experiments. The difference of PD-ALL and EP represent the combine effect of
GHG and AA forcing difference, while PD-GHG minus EP and PD-AA minus EP are
estimation of individual effect of GHG forcing and AA forcing. The statistical significance of

the difference in a pair of models is assessed using a two tailed Student’s t-test.

3.2 Model climatology
In this section, some climatological features of PD experiment are compared with
observations. Fig.2a and b show the precipitation, SLP and 850hPa wind from June to

August (JJA) in PD-ALL forcing experiment and Fig.2c and d show the SLP and 850hPa

12
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wind from NCEP reanalysis 1 and observed precipitation from Global Precipitation
Climatology Project (GPCP; Adler et al. 2003). In observations, spatial pattern of SLP is
characterized by low SLP over the Eurasia continent and high SLP on the tropical Indian
ocean and western North Pacific (WNP). This SLP distribution is associated with westerly
monsoon flow from India and it turns into southwesterly with cyclonic circulation over the
SCS, known as the monsoon trough. This westerly monsoon flow transports a large amount
of water vapor to the SCS and leads to moisture convergence there associated with the
cyclonic flow, inducing convection and producing large precipitation in the region.

The general features of summer climatological precipitation, low-level wind and land-
sea contract of SLP are well reproduced by GOML2 model. However, the westerly from the
Indian Ocean is stronger in the model due to the overestimated meridional land-sea SLP
contrast. Thus, the westerly wind and monsoon trough extend eastward into the WNP in the
model and the simulated precipitation in the monsoon trough is larger than in observations.

Despite these biases, the model simulates the summer climatological precipitation and
low-level circulation over East Asia and adjacent regions well compared with observations,
which suggests this model can be an appropriate tool to study the precipitation change over

the SCS in response to different forcings.

4 Model simulated changes in response to different forcings

To explore the effects of anthropogenic forcing on the SCSSM in model experiments,
the changes in precipitation, low-level circulation and 500hPa vertical velocity in response
to changes in both GHG and AA forcings are shown in Fig.3a. Model simulated responses

to changes in anthropogenic forcing from EP to PD are characterized by anomalous

13



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

208

299

300

301

easterlies from the WNP, across the SCS, into the Indian peninsula, indicating a weakening
of climatological westerlies. The weakened westerlies are associated with reduced
precipitation in latitude band of (10°N-20°N) and increased precipitation to the south. These
features in the model simulations are similar to observed inter-decadal changes between
PD and EP in observations (Fig.1b), indicating that the changes in anthropogenic forcing
might have played a dominant role in the observed inter-decadal changes of the SCSSM
and reduced precipitation over the SCS in the late 20t century.

Shown in Fig.3 b and c are model simulated changes in response to either changes in
GHG or AA forcing. The patterns of large-scale circulation and precipitation in response to
changes in AA forcing (Fig. 3c) are similar to changes in ALL forcing experiment (Fig. 3a).
Although precipitation under GHG forcing reduces as well, the easterly anomaly over the
SCS region is weak. These responses to individual forcing change indicate that model
simulated weakening of the SCSSM and reduced precipitation over the SCS from EP to PD
are predominantly due to changes in AA forcing (Fig.3a, c) with weak contributions from
changes in GHG (Fig. 3b).

To investigate the processes that contribute to the precipitation changes in the model
simulated responses to different forcings, the column integrated moisture flux transports and
their convergences are shown in Fig.4. The moisture flux transports and their convergences
are further decomposed into a dynamic component due to circulation change and a
thermodynamic component due to humidity change (e.g., Li and Ting 2017, Tian et al. 2018).

In many aspects, the patterns of changes in moisture flux convergences and their
magnitudes in response to different forcings (Fig. 4a, d, g) are similar to changes in model

simulated precipitation responses (Fig. 3). This indicates that it is the moisture flux
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convergence responsible for model simulated precipitation changes. However, changes in
dynamic components and thermodynamics components show some different features in
response to different forcings. In response to ALL forcing change, the dynamic components
(Fig.4b) show anomalous westward moisture flux transport and anomalous moisture
transport divergence from the WNP, across the SCS, into the SASM region. These
anomalies in dynamic components are partially offset by anomalous eastward moisture
transports and convergences due to thermodynamic components related to warming mainly
induced by changes in GHG (this will be discussed in section 5). In response to changes in
GHG forcing, the model simulated moisture convergence changes (Fig.4d) are weak over
the SCS due to compensation between the dynamic component related to weakened
circulation (Fig.4e) and thermodynamic component related to increased water vapor in the
atmosphere (Fig. 4f). In response to changes in AA forcing, the changes in moisture flux
transports and their divergences are predominantly due to dynamic components related to
circulation changes with weak contribution from changes in humidity (Fig. 4g, h, and i).

To quantify the regional precipitation changes over the SCS, area averaged precipitation
changes in observations and model simulated changes in response to different forcings are
shown in Figure 5a. ALL forcing change leads to a decrease in precipitation by 0.32mm/day
and contributes approximately 72% of observed inter-decadal decrease (-0.44mm/day),
suggesting anthropogenic forcing changes from EP to PD might have been a dominating
effect for observed inter-decadal decrease in precipitation in the late 20t century. Individual
forcing both have a positive contribution on precipitation decrease with a dominant
contribution from changes in AA forcings. The regional averaged moisture transport

convergence is shown in Figure 5c. As the total moisture transport convergence shows a

15



325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

similar change as precipitation in Fig.5a, the dynamic and thermodynamic components
clearly show how anthropologic forcings change circulation and humidity, and contribute to
the interdecadal deceased precipitation. All forcing, GHG forcing and AA forcing result in
weakened dynamic moisture transport convergence. However, as GHG changes warm the
atmosphere significantly, the thermodynamic part of all forcing and GHG forcing increases
and this offsets the dynamic component partially. AA emission changes do not change the
humidity much, so the thermodynamic component in AA forcing is weak and the weakened
total moisture transport convergence is predominantly related to changes in circulation. It
should be noted a nonlinearity of changes in the SCSSM in response to changes in GHG
and AA emissions (i.e., the response to the combined forcings is not necessarily equal to
the sum of the responses to the individual forcings). In particular, the sum of precipitation
changes over the SCS in response to GHG and AA changes is larger than the change in
response to ALL forcing. The nonlinearity noticed in this study is consistent with some
previous studies (Feichter et al. 2004, Ming and Ramaswamy 2009, Shiogama et al. 2012).
However, detailed investigation of the causes in this nonlinearity is beyond the scope of this
study.

The regional averaged zonal wind components over southern SCS (5°N-15°N, 105°E-
120°E) are shown in Fig.5b. In observations and model experiments, zonal wind in this
region change most significantly. This figure further illustrates that the weakened
precipitation over the SCS in response to changes in anthropogenic forcing (ALL forcing) is
mainly contributed by the weakened zonal wind and reduced moisture transports, and the
response to AA forcing plays a dominant role. In summary, it has demonstrated that the

circulation and precipitation changes in response to changes in individual GHG or AA forcing
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show different characteristics. Thus, in the next two sections, we are exploring physical
processes that are responsible for the large-scale circulation differences in response to

individual forcing respectively.

5 Mechanism related to GHG forcing

The model simulated precipitation changes under GHG forcing show some weak
decreases, mainly resulted from the moisture flux transport compensation between the
dynamic component related to weakened circulation and thermodynamic component related
to increased humidity. What processes are responsible for the circulation and humidity
changes in the model simulations?

In GHG forcing experiment, large scale anomalous descends cover a large area
including the SASM region and the SCS region, accompanied by a low-level easterly
anomaly (Fig.3b). These anomalous local circulation anomalies and descents are
associated with anomalous large-scale divergent circulations in the tropical Indian and
Pacific oceans (Fig. 6). These anomalous large-scale circulations indicate anomalous
convergence over the tropical eastern Pacific in the lower troposphere and anomalous
divergence in the upper troposphere with opposite changes over the tropical Indian ocean
and the western tropical Pacific, being associated with weakened Walker circulation.
Associated with these large-scale divergent circulations are that SST warming is stronger in
the eastern tropical Pacific (over 0.5°C) than western tropical Pacific (about 0.3°C) (Fig.7b),
indicating a weakening zonal SST gradient in the tropical Pacific. This association between
the change in zonal SST gradient and large scale divergent circulations is consistent with

previous researches which suggested that the zonal SSTA gradient change associated with
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ElI-Nino like SST anomalies enhances convection over the eastern equatorial Pacific and
leads to a weakened Walker circulation over the tropics (Ju and Slingo 1995; Timmermann
et al. 1999; Wilhelm, 2002).

How do changes in GHG forcing lead to enhanced warming over the eastern tropical
Pacific than in western tropical Pacific? Firstly, GHG forcing changes surface radiation
balance. With increase in GHG forcing, both clear sky surface longwave radiation (clear-sky
LW) and surface longwave cloud radiative effect (CRE-LW) increase over the equatorial
Pacific (Fig.7c and 7d). Because mixed layer depth is deeper in the western tropical Pacific
than in the eastern tropical Pacific, the response of SSTA is weaker in the west and stronger
in the east. This zonal asymmetry leads to a weakened zonal SST gradient and Walker
circulation through the dynamic processes elucidated above. This mechanism agrees with
previous research (DiNezio et al. 2009; Yeh et al. 2009; Collins et al. 2010) which revealed
the relationship of climate change, EI-Nino like SSTA change and relative trade wind change.
Secondly, as air temperature increases due to increasing GHG concentrations, atmosphere
can hold more moisture over the SCS. Warmer sea surface temperature can also increase
the evaporation locally so both these changes lead to increase in the water vapor in the
atmosphere (Fig.7a).

The results above indicate that the decreasing precipitation and weakened monsoon
circulation over the SCS in GHG forcing experiments are caused by anomalous descend

which is related to weakened Walker circulation.

6 Mechanism related to AA forcing

In response to changes in AA forcing, the changes in moisture flux transports and their
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divergences are predominantly due to dynamic components related to circulation changes
with weak contribution from changes in humidity (Fig. 4g, h, i). In AA forcing experiment,
there are significant easterly anomalies over the monsoon region from the Arabian Sea to
the western North Pacific (Fig. 3c).

To understand the mechanism of these circulation changes, we analyze the zonal mean
(60°E-150°E) meridional overturning circulation changes in response to AA forcing (Fig.8a).
These anomalous overturning circulations are characterized by anomalous descents around
monsoon region (10°N-25°N) and anomalous ascends around the equator, indicating a
change in local Hadley circulation. Previous researches suggest that this anomalous local
Hadley circulation might be a result of SSTA meridional gradient (Ganguly et al. 2012;
Ganguly et al. 2012; Ramanathan et al. 2005; Chung et al. 2006; Luo et al. 2019). However,
the SSTA gradient change in JJA is weak in response to AA forcing (Fig. 8b). The SSTA
over ascend region is about -0.05°C and it is about 0°C over descend region (Fig8b). This
association between anomalous ascents (descents) with anomalous cold (weak) SST
seems counterintuitive. However, this simultaneous association includes atmospheric
feedbacks on SST changes. Thus, we explore the SSTA in pre-monsoon seasons (Fig.9).
There is no significant SSTA over the northern Indian Ocean (NIO) and the SCS in JJA, but
during December to February (DJF) and March to May (MAM), SST is cooled to the north
of the equator in this region (about -0.1°C to -0.3°C). This meridional SST gradient in pre-
monsoon seasons is key processes for local Hadley circulation anomaly in JJA.

To understand the process of how aerosol changes affect SSTA and circulation in the
pre-monsoon seasons, seasonal evolutions of zonal averaged changes over the monsoon

region (60°E-150°E) are analyzed and they are illustrated in Fig. 10. Results indicate that
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large summer monsoon precipitation and circulation changes occur in June and become
weaker in July and August (Fig.10a and 10b). The meridional SSTA gradient with relative
large cold anomalies of about 0.2°C in the northern subtropics sustains during pre-monsoon
seasons until it gets weaker after May and June when monsoon establishes (Fig.10c). This
SSTA pattern and associated meridional SST gradient (cooler in north than in south)
sustains until May and June when it drives a local Hadley circulation which causes an
anomalous descend over monsoon region and then weakened westerly low-level flow and
less precipitation.

This SSTA annual cycle is driven by surface radiation changes. In response to AA
forcing, clear-sky surface shortwave radiation (clear-sky SW) decreases all year round over
the ocean with maximum changes during SON and MAM (Fig.10d), which cause a cooler
SSTA locally. The clear-sky SW changes are closely related to the aerosol-radiation
interaction and aerosol-cloud interaction. Changes in aerosol optical depth (AOD), cloud
droplet effective radius (CDER) and cloud droplet number (CDN) are larger over the NIO
and the SCS in pre-monsoon seasons (largest during SON) than in JJA since aerosol
emissions are advected by the prevailing winds to these regions (Fig.11j-11i). These
changes are characterized by increases in AOD, decreases in CDER, and increases in CDN.
Note that seasonal changes in CDER show some differences in comparison with changes
in AOD and CDN since CDER-CDN relationship is not linear (Jones et al. 2001) and CDER
change is more sensitive to the basic state environment than CDN over ocean where the
atmosphere is cleaner (Carslaw et al. 2013). These changes in AOD, CDN, and CDER are
responsible for the seasonal evolutions of changes in surface clear sky SW and SST (Fig.

10c, d). As aresult, the SSTA is cool over the NIO to equatorial IO since SON and sustains
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until May and Jun.

In May and June, the SST is still cooler over the NIO than around the equator, which
drives a local Hadley circulation. However, upward surface latent heat flux reduces related
to weakened low-level westerlies (anomalous easterlies) over monsoon region (positive
downward in Fig.10e). Meanwhile shortwave cloud radiative effect shows positive changes
(CRE-SW, Fig.10f) due to less cloud cover associated with reduced convection. These
feedbacks associated with the changes in circulation and surface radiation damp cold SST
anomalies induced by AA change in pre-monsoon seasons, leading to weak SST anomalies
in JJA and weak meridional SST gradient.

In summary, when changes in AA emissions are advected by prevailing winds from the
Asian continent to the NIO and the SCS in pre-monsoon seasons, the SST is cooled by
reduced clear sky SW while changes in both clear sky SW radiation and SST are weak in
the southern hemisphere. These result in anomalous meridional SST gradient in Asian
sector and this meridional SST gradient sustains until boreal summer, which in turn drives
weakened monsoon circulation and precipitation over the SCS in summer. In May and June
when precipitation is reduced, the SST warms over the NIO due to increased shortwave
cloud radiative effect (Fig. 10f) related to reduced cloud cover and weakened latent heat flux
(Fig. 10e) related to weakened westerlies. These processes tend to damp cold SST
anomalies in pre-monsoon seasons lead to weak summer mean SST anomalies over the

NIO (Fig.9d, Fig. 10c).

7 Conclusion and discussion

Base on observations, there is a significant inter-decadal decrease of precipitation over
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the SCS between 1964-1981 and 1994-2011 during boreal summer monsoon season (JJA).
Corresponding to the change in precipitation is a weakened SCSSM circulation,
characterized by anomalous descend over the SCS, weaker westerly monsoon flow in the
lower troposphere and less moisture flux transport convergence to the SCSSM region. In
this study, a set of experiments based on MetUM-GOML2 model is used to investigate the
role of anthropogenic forcing (including GHG and AA emission) changes and quantify the
relative roles of GHG and AA forcing, on the inter-decadal decrease of the SCSSM and
precipitation. The main results are summarized as follows:

1. Model results suggest that the changes in anthropogenic forcing from EP (1964-
1981) to PD (1994-2011) might have played a dominant role in the observed inter-decadal
changes of the SCSSM and reduced precipitation in the late 20th century in which AA forcing
plays a more important role compared with GHG forcing.

2. Increased GHG concentrations lead to positive changes in surface longwave
radiation over the tropical Pacific. Due to the asymmetric mixed layer depth, warming in the
eastern equatorial Pacific is greater than in the western tropical Pacific. This EI-Nifo-like
SSTA pattern leads to a weaker Walker circulation and causes a large-scale descend in
both Indian monsoon and SCS monsoon region, and causes a weaker westerly low-level
flow. This weakened monsoon circulation leads to weakened moisture flux transport
convergence and therefore reduced precipitation over the SCS. Meanwhile, the warm SST
anomalies lead to increases of evaporation and the water vapor in the atmosphere. This
leads to increased moisture flux transport convergence and therefore enhanced
precipitation over the SCS. Due to this compensation between dynamical moisture transport

and thermodynamic moisture transport, the changes in moisture transport convergence, and
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therefore precipitation over the SCS are weak.

3. In response to changes in AA emissions, CDN and AOD increase while CDER
decreases over continental Asia due to increased AA emissions over Asia. In pre-monsoon
seasons, aerosol emissions are transported to the northern Indian Ocean and the SCS by
prevailing winds, leading to increases in CDN and AOD and decreases in CDER in these
regions. These changes lead to reduced surface clear-sky shortwave radiation in the
northern subtropics with weak changes in southern hemisphere. As a result, the SST in the
northern subtropics decreases by about 0.2°C in pre-monsoon seasons and this cold
anomaly sustains until the establishment of summer monsoon. This nonuniform SST change
leads to a meridional SST gradient which in turn induces a local Hadley circulation change
with anomalous descending at monsoon region and the anomalous easterly wind in the
lower troposphere which transport less moisture to the SCS monsoon region, leading to
reduced precipitation.

Our modelling results suggest that changes in GHG concentrations and AA emissions
might have played an important role in decreased SCSSM and reduced precipitation on the
SCS in the late 20t century in which AA forcing plays a more important role compared with
GHG forcing. This result is in agreement to some previous researches about role of AA
changes in the East Asian summer monsoon based on CMIP5 models (Song et al. 2014;
Zhang and Li 2016 ) .

Although the observed inter-decadal decrease of SCSSM precipitation can be captured
by this model, it should be pointed out that these results and processes are based on this
specific model and experiment design. For example, these experiments use GHG and AA

forcing of two specific periods (1964-1981 and 1994-2011) and the ocean model is a mixed
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layer model. Therefore, the role of ocean dynamics are not included in our experiments. In
the future, the reliability of the physical processes in this study can be tested by comparing
with other models’ results which consider the oceanic circulation changes in response to
different forcings. In addition, it should be noted a nonlinearity of changes in the SCSSM in
response to changes in GHG and AA emissions (i.e., the response to the combined forcings
is not necessarily equal to the sum of the responses to the individual forcings). The
nonlinearity noticed in this study is consistent with some previous studies (Feichter et al.
2004, Ming and Ramaswamy 2009, Shiogama et al. 2012), and needs to be investigated

further.
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Table 1 Summarize of numerical experiments

Experiment Ocean

Radiative Forcing

EO

EP

PD-ALL

PD-GHG

PD-AA

Relax to PD mean 3D

ocean temperature and

Relaxation run  salinity to diagnose

climatological temperature

and salinity flux correction

climatological temperature

Early period

and salinity flux corrections

experiment

from relaxation run

Present day all

forcing same as above
experiment
Present day GHG

same as above
forcing
Present day AA

same as above
forcing

Climatological PD (1994-2011)

greenhouse gases (GHG) and

anthropogenic aerosol (AA) precursor

emissions. The GHG and AA forcing

after 2006 are from RCP4.5 scenario

Climatological EP GHG (1964-1981)

and EP AA(1970-1981) precursor

emissions

Climatological PD GHG and PD AA

precursor emissions

Climatological PD GHG and EP AA

precursor emissions

Climatological EP GHG and PD AA

precursor emissions
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Fig.1 a) Time series (line) and 9 years moving mean (color bar) of (June-July-August) JJA
mean precipitation (mm day-1) over the South China Sea region (10°N-20°N,105°E-120°E)
based on NOAA_PREC data set. b)-d) changes between present day (1994-2011) and
early period (1964-1981).

b) Precipitation (mm/day) of NOAA_PREC and 850hPa wind(m/s) of NCEP reanalysis.
Changes of precipitation in slash regions are statistically significant at the 10% level using
a two-tailed Student’s t-test.

c) Vertical profile of vorticity (10-¢/s) over the SCS region, d) profile of vertical velocity

(Omega, hPa/s) in pressure coordinate over the SCS. Red box highlights the SCS region.
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Fig.3 Simulated changes of precipitation (shade, mm/day), 500hPa Omega (contour,
0.01Pa/s) and 850hPa wind (vector, m/s) in JJA. a) Response to anthropogenic forcing
(PD-ALL minus EP), b) response to GHG forcing (PD-GHG minus EP), and c) response to
AA forcing (PD-AA minus EP) Changes of precipitation in slash regions are statistically
significant at the 10% level using a two-tailed Student’s t-test. Red box highlights the SCS

region.
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Fig.4. Simulated changes of vertically integrated moisture flux transport (kg/m*s) and its

convergence (mm/day) in JJA between PD and EP of All forcing (a, b, ¢), GHG forcing (d,
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e, f), and AA forcing (g, h, ). (a, d, g) total moisture flux and its convergence.

(b, e, h) dynamic components related to changes in circulation.

(c, f, i) thermodynamic components related to changes in humidity. Red box highlights the

SCS region.
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Fig.5 a) precipitation (mm/day) change between PD and EP in observations

(NOAA_PREC), all forcing, GHG forcing and AA forcing over the SCS region (10°N-

20°N,105°E-120°E) in JJA.

b) zonal wind (m/s) change between PD and EP in observations (NCEP reanalysis 1), all

forcing, GHG forcing and AA forcing over south SCS region (5°N-15°N,105°E-120°E) in

JJA. The error bars indicate the standard errors of the mean difference,

c¢) simulated change of vertically integrated moisture transport convergence (blue, mm/day)

between PD and EP in all forcing, GHG forcing and AA forcing over SCS region (10°N-

20°N,105°E-120°E) in JJA. Green bars and yellow bars are the same as blue bars but for

dynamic component and thermodynamic component of moisture convergence.
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Fig.6 Simulated changes in velocity potential (shaded,105 m2/s) and divergent wind

825

a) at 850hPa,

(vectors m/s) in JJA in response to GHG forcing (PD-GHG minus EP).
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and b) at 200hPa. Red box highlights the SCS region.
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Fig.7 Simulated changes in JJA between PD and EP in response to GHG forcing. a)

precipitable water (kg/m2), b) sea surface temperature (°C), c) surface clear sky net

longwave radiation (W/m2), and d) cloud radiative effect of longwave radiation (W/m?2).

Radiations are positive downward. Dot regions are statistically significant at the 10% level

using a two-tailed Student’s t-test.
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Fig.8 Simulated changes in JUA between PD and EP in response to AA forcing. a) zonal

mean meridional circulation(vector) and vertical velocity(contour). Unit of meridional wind:

m/s, unit of vertical wind :0.01Pa/s.

b) zonal mean sea surface temperature (°C).

43



844

845

846

847

a}ISSTlof SON (:’;\AJ

30N 1
0 -
308 d——cpiii : : : :
60E  90E 120E 150E 180 150W 120W
b}SSTIOT DJF fA.A) | . | .
30N 1
0 .
30S
BOE 90E 120E 150E 180 150W 120W
C)SST of MAM (AA)
30N - -
0 i
308 =28 . : ROOTBEOL. - o
G0E 90E 120E 150E 180 150W 120W
d)SST of JUA (AA) . . .
30N 1
0 -
308 R : A :

60E 90E 120E 150E 180 150W 120W
[ | |

[ —— |
-06 -04 02 0 02 04 06

Fig.9 Simulated seasonal changes (color, °C) in sea surface temperature between PD

and EP in response to AA forcing and corresponding climatology (contour, °C) in the EP

experiment. a) boreal autumn (SON), b) winter (DJF), c¢) spring (MAM), and d) JUA. Dot

regions are statistically significant at the 10% level using a two-tailed Student’s t-test.
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Fig.10 Simulated seasonal evolutions of zonal averaged changes over the sector (60°E-
150°E) between PD and EP in response to AA forcing. a) precipitation change (mm/day)
b)850hPa zonal wind(m/s), ¢) sea surface temperature(°C), d) surface clear sky net short
wave radiation, e) surface latent heat flux( W/m2), and f) surface cloud radiation effect of

short wave radiation (W/m?2). Radiation and flux are positive downward.
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Fig.11 Simulated seasonal changes of aerosol optical depth (AOD, left panels, unitin 0.1)

at 0.55 um, cloud droplet effective radius (CDER, middle panels, unit in um) and cloud

droplet number (CDN, right panels, unitin 10® m-2) between PD and EP in response to AA

forcing. a)-c) DJF. d)-f) MAM, g)-h) JJA, j)-I) SON.
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