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ABSTRACT

The present study explores the effects of convection-SST interactions on the 
onset of the South China Sea Summer Monsoon simulated by the superparameterized 
Community Atmosphere Model (SPCAM). The SPCAM is a global multi-scale mod-
eling framework that embeds a 2-D cloud-resolving model in each grid column to re-
place the conventional convective parameterization. Two experiments are performed: 
CTRL uses prescribed sea surface temperature climatology, and CPL is coupled to 
a slab ocean model (SOM). The bias of excessive seasonal mean precipitation over 
Asia during boreal summer in CTRL is reduced in CPL. In the South China Sea, the 
seasonal evolution of precipitation and 850 hPa winds is more realistic in the coupled 
simulation. During the pre-onset stage, the mean pattern of synoptic flow and precipi-
tation, as well as the land-ocean diurnal cycle contrast is also improved in CPL. The 
coupling to SOM does not change the sensitivity of precipitation to column mois-
ture in the SPCAM. The improvements in CPL can be partly attributed to the lower 
SST in response to air-sea interactions, and also partly to the suppression of heavy 
precipitation under high SST regime likely associated with a different atmospheric 
meridional circulation. Our current results demonstrated that the SPCAM coupled 
with SOM could be a potential tool to study the interactions among convection, SST, 
and large-scale atmospheric circulation from seasonal to sub-seasonal time scales.
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1. INTRODUCTION

Simulating the Asian monsoon is a great challenge to 
global climate models (GCMs). Previous studies have iden-
tified biases in the mean state precipitation and circulation 
of the Asian monsoon (e.g., Wang et al. 2005; Annamalai et 
al. 2007, 2017; Randall et al. 2007; Zhou et al. 2009, 2016; 
Cook et al. 2012; Kitoh et al. 2013; Sperber et al. 2013; 
Song and Zhou 2014a, b). The monsoon systems involve the 
regionally-distinct interactions between atmospheric circu-
lation and rainfall (Webster et al. 1998; Sperber et al. 2013). 
Previous works have associated the biases in monsoon sim-
ulation to various components in the climate system, such as 
the atmosphere-ocean coupling (DeMott et al. 2007, 2011), 
convection parameterizations (Slingo et al. 1994; Rajendran 
et al. 2002; Mukhopadhyay et al. 2010; Bush et al. 2015), 
orographic blocking and heating (Boos and Hurley 2013; 
Wu and Hsu 2016; Wu et al. 2017, 2018), large-scale circu-

lation (Sperber and Palmer 1996; Gadgil and Sajani 1998; 
Bollasina and Nigam 2009), land-sea thermal contrast 
(Zhou and Zou 2010), sea surface temperature (SST) pat-
tern (Bollasina and Nigam 2009; Levine and Turner 2012; 
Levine et al. 2013; Marathayil et al. 2013), the interannual 
variability (Zhou et al. 2009; Song and Zhou 2014b; Li et 
al. 2015), and the underestimation of sub-seasonal (2 - 128 
days) variabilities (Kang et al. 2002; Waliser et al. 2003; 
Lin et al. 2008).

The South China Sea (SCS) summer monsoon is a sub-
system of the Asian monsoon (Ding et al. 2004), and con-
nects the other three summer monsoon systems, namely, the 
South Asia, the East Asia (EA), and the western North Pa-
cific (WNP) summer monsoons (Tao et al. 1987; Wang and 
Lin 2002). The unique feature of the SCS summer monsoon 
(SCSSM) is the sharp, abrupt reversal of low-level winds 
from northeasterly to southwesterly and rainfall burst dur-
ing its onset period. This drastic phenomenon occurs clima-
tologically around the 28th Julian Pentad in mid-May, but 
with significant interannual variation (Wang and Lin 2002; 
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Wang et al. 2009). The SCS summer monsoon is a challeng-
ing and yet important area for studying multi-scale interac-
tions (Chang et al. 2006; Wang et al. 2009).

The SCS is surrounded by islands and continents with 
complex topography. Diurnal cycle is active over land sur-
rounding the SCS from April (pre-onset) to Boreal summer 
(Aves and Johnson 2008; Li et al. 2010). The ocean precipi-
tation becomes active sharply after onset and is dominated 
by organized coastal systems that are sensitive to vertical 
wind shear (Johnson et al. 2005; Xu and Rutledge 2018). 
Using the multi-year hindcast approach, Chen et al. (2019a) 
identified that the precipitation bias during the SCSSM on-
set period in a conventional GCM, the National Center of 
Atmospheric Research (NCAR) Community Atmospheric 
Model (CAM) version 5, is associated with the weaker di-
urnal cycle over land, the insufficient sensitivity of the cu-
mulus parameterization to moisture, and the inappropriate 
representation of coastal organized convection.

On the other hand, previous studies using the Multi-
scale Modeling Framework (MMF) version of NCAR CAM 
version 3, the superparameterized CAM (SPCAM), have re-
ported improvements, relative to the conventional CAM, in 
the simulated diurnal variation of rainfall (Khairoutdinov et 
al. 2005; Zhang et al. 2008; Pritchard and Somerville 2009), 
low-level moistening prior to major precipitation events 
(DeMott et al. 2007), and mean state of the Asian summer 
monsoon (DeMott et al. 2011). The MMF replaced the con-
ventional cumulus parameterization in each grid column 
by a nested integration of a 2-dimensional (2D; x-z or y-z) 
cloud-resolving models (CRM) that explicitly simulates 
convection at the given grid-mean state variables (Khair-
outdinov et al. 2005, 2008; DeMott et al. 2007). Cheng and 
Xu (2014) demonstrated that the organized mesoscale sys-
tems simulated in the SPCAM also exhibits strong sensitiv-
ity to the grid-scale vertical wind shear, and by varying the 
orientations of the CRM relative to the environmental wind 
shear can improve the simulated monsoon and large-scale 
circulation.

This study aims to investigate the effect of convection-
SST interactions on the sharp transition of SCS summer 
monsoon onset simulated by the SPCAM. We will compare 
the SPCAM experiments with and without the coupling to 
a slab ocean model (SOM). Coupling to a SOM provides 
a method to study intraseasonal phenomena to seasonal 
transition (e.g., the Asian monsoon and the Madden-Julian 
oscillation) under a steady ocean mean state while allow-
ing high frequency air-sea interactions. Here the convec-
tion-SST coupling refers to the process involving radiative 
balance in determining the fast SST variation (Grabowski 
2006). When convection is strong, SST is cooled by stron-
ger evaporation and reduced surface shortwave radiation. 
When subsidence dominates, enhanced surface shortwave 
heating leads to increasing SST. This fast interaction is es-
pecially prominent when the deep convection is explicitly 

simulated as in the superparameterized framework. With 
prescribed SST, such negative feedback is missing, which 
is the major reason of the biased boreal summer rainfall 
hotspots in the SPCAM simulations (Randall et al. 2016). 
Previous studies have shown that coupling SPCAM to a full 
ocean dynamic model improves the simulation of the Boreal 
Summer Intraseasonal Oscillation (BSISO) (DeMott et al. 
2013, 2014) and Madden-Julian oscillation (MJO) (Kim et 
al. 2008; Benedict and Randall 2011; DeMott et al. 2014; 
Klingaman and Woolnough 2014; Stan 2018), due to strong 
convection-radiation-SST interactions, while the effects of 
convection-SST coupling on the sharp monsoon onset has 
not been examined before. Chen et al. (2019b) identified 
that the development of organized convection is the key of 
the moisture development over SCS and hence the SCSSM 
onset. In the SPCAM framework, the organized convection 
tends to be too strong and requires convection-SST coupling 
to reduce its variability; therefore, we expect by coupling to 
a SOM will lead to improvements in the sharp onset feature.

The manuscript is organized as follows. Section 2 de-
scribes the model and the experiment setup; The simula-
tion results are presented in section 3. Discussions on the 
precipitation-moisture dependence and SST-precipitation-
circulation relationships are provided in section 4. Section 5 
gives a summary and conclusion.

2. MODEL AND DATA SET DESCRIPTION
2.1 Model Configuration and Experiment Design

The model used here is the superparameterized Com-
munity Earth System Model (SP-CESM), version 1.1.1, in 
which the atmospheric component uses the superparameter-
ized Community Atmosphere Model (SPCAM). The SP-
CAM is run with CAM4 physics (Neale et al. 2010), and 
its horizontal resolution is 1.9° × 2.5° with 26 levels. The 
embedded CRM is the System for Atmospheric Modeling 
(SAM) using a single-moment five-species bulk microphys-
ics scheme (Khairoutdinov and Randall 2003). It has 32 col-
umns oriented in the north-south direction (y-z), with a hori-
zontal resolution of 4 km and 24 vertical levels. The coupled 
slab ocean model (SOM) is taken from the CESM, which 
follows Bitz et al. (2012). It is constructed from the 20-year 
climatology of a fully coupled run. We note that the SOM 
configuration is more relevant for studying phenomenon 
at intraseasonal to seasonal time scales, but is not suitable 
for simulating interannual variability or climate changes 
because the ocean basic state is given through mixed-layer 
depths and oceanic mixed-layer heat fluxes.

We conduct two experiments in this study, and the only 
difference is the setting in the oceanic component. The first 
simulation (CTRL) uses a prescribed SST from default data 
for F2000 configuration in the CESM. This F2000 SST is 
monthly mean data constructed with present day climatol-
ogy (1982 - 2001) and using linear-interpolation to each 
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model time steps. In the second simulation (CPL), the SOM 
coupled to the atmosphere. Both simulations are integrat-
ed for 10 years, and the hourly output fields are saved for 
analyses.

2.2 Observation and Reanalysis Data

The simulated results are compared with the following 
data sets during the year 1998 - 2014. Daily mean precipita-
tion estimates are taken from the Tropical Rainfall Measur-
ing Mission (TRMM) 3B42 version 7 data set (Kummerow 
et al. 2000; Huffman et al. 2010). It is the combined Micro-
wave Imager (TMI) and Precipitation Radar (PR) rainfall 
product, with a horizontal resolution of 0.25° × 0.25°. Daily 
mean SST is taken from the NOAA Optimum Interpolation 
Sea Surface Temperature (OISST) version 2 (Reynolds et 
al. 2002). Winds fields are taken from the 6-hourly Europe-
an Centre for Medium-Range Weather Forecasts Reanalysis 
Interim (ERA-Int) (Dee et al. 2011) reanalysis with a hori-
zontal resolution of 0.75° × 0.75°. The diagnostics of pre-

cipitation dependence on column water vapor (section 4.1) 
use atmospheric temperature observation from the 6-hourly 
2.5° × 2.5° NCEP-DOE Reanalysis 2 (Kanamitsu et al. 
2002), and the column water vapor (CWV) and precipita-
tion data from the 0.25° × 0.25° TRMM Microwave Imager 
(TMI) v7r1 (Wentz et al. 2015).

3. RESULTS
3.1 Boreal Summer Climatology and Intraseasonal 

Variability

The simulated precipitation and SST during the boreal 
warm season (May to September, MJJAS) is compared with 
the observations in Fig. 1. The observation data are spatially 
re-gridded to the same resolution as the GCM grid (1.9° 
× 2.5°). The main bias in the prescribed-SST simulation 
(CTRL) is in the Asian monsoon region. CTRL produces 
too much rainfall especially around the coasts of India and 
Indochina. On average, it is about 3 mm d-1 higher than ob-
servation in these areas. This bias is also shown by Stan et 

(a)

(b)

(c)

Fig. 1. The boreal summer (May to September) mean precipitation (color shading) and SST (contours at 26 and 29°C) from (a) TRMM 3B42 /OISST 
v2 (1998 - 2014) and the 10-year averages of (b) CTRL, and (c) CPL. The averaged values of precipitation and SST over 45°S - 45°N are shown on 
the upper-right of each panel. All observation data are regridded to the same resolution as the model output.
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al. (2010) who simulate with a previous version of SPCAM. 
The main bias of the coupled simulation (CPL) is in the east-
ern Pacific caused by the Inter-Tropical Convergence Zone 
(ITCZ) shifting southward, while the precipitation bias is 
reduced around the Asian monsoon region and the Western 
Pacific. The MJJAS-mean SST in CPL is colder than obser-
vation over the western Pacific and the India Ocean, but it 
is higher over the eastern Pacific and the Southern Ocean. 
As a result, the global mean SST is slightly higher than the 
observation. In the Asian monsoon region, the SST in CPL 
is about 0.8 K colder than the observation.

Vertical structures of circulation also show different 
characteristics between the experiments. Figure 2 shows the 
MJJAS zonal mean meridional circulation over the Western 
Pacific. Reanalysis data and CPL show a double-cell pattern 
from 15°S to 30°N, while CTRL only shows a stronger cell 
in this region. This suggests that the meridional circulation 
in CTRL is too strong especially around the SCS monsoon 
region (5 - 20°N). CPL better represents the double-cell 
feature, although the circulation intensity is slightly weaker 
than that in the reanalysis.

Intraseasonal variability of precipitation is an essential 
feature for the Asian monsoon. Figure 3 shows the percent-
age of intraseasonal variance of 20-80-day bandpass filtered 
precipitation. Overall, the two experiments show similar 
magnitudes of intraseasonal precipitation percentage with 
the observation in the Asian monsoon region, but weaker 
intraseasonal precipitation is produced over the equato-
rial Indian Ocean comparing to the observation data. In the 
SCS, CPL has a higher ratio of intraseasonal precipitation 
than CTRL.

3.2 Monsoon Intensity and Seasonal Evolution

In this subsection, we take a close look at the general 
characteristics of the Asian monsoon. Figure 4 shows mon-
soon domain and monsoon intensity over Asia [following 
Wang and Ding (2008), Kim et al. (2011), and Wang et al. 
(2011); see figure caption for definition]. Over the land ar-
eas, both simulations show a stronger seasonal change in 
low-level winds but weaker monsoon intensity than obser-
vation/reanalysis. Over the ocean, the monsoon domain in 
CPL over West India, East Asia, and Western North Pacific 
(WNP) is closer to the observation than CTRL. In the SCS, 
CPL can simulate comparable monsoon intensity with obser-
vation, while CTRL produces very weak monsoon intensity.

Figure 5 shows seasonal evolutions of surface pre-
cipitation over the SCS region and USCS (averaged 850-hPa 
zonal wind over 5 - 15°N, 110 - 120°E, defined by Wang et 
al. 2004). The 30-day running mean (gray and blue lines) of 
precipitation in CTRL exhibits two monsoon-like periods 
in May to June and November to December, respectively, 
while the USCS evolution exhibits a single maximum around 
June. The unrealistic seasonal change and high total pre-

cipitation in winter lead to the weaker monsoon intensity as 
seen in Fig. 4. On the other hand, CPL exhibits one mon-
soon period as in the observation, with consistent sharp on-
set in both precipitation and USCS, although the onset timing 
is about one month later than the observed climatological 
onset at around mid-May.

3.3 Mean and Diurnal Cycle Precipitation over SCS 
During the Pre-Onset Stage

As a precursor of the East Asia summer monsoon, a 
reasonable simulation in the pre-onset stage of the SCS is 
important. Here we followed the definition of the SCS mon-
soon onset pentad proposed by Wang et al. (2004): (1) the 
USCS is larger than 0 (westerly wind), (2) there are at least 
3 pentads of the USCS larger than 0 in following 4 pentads 
(including the onset pentad), and (3) the 4-pentad mean is 
larger than 1 m s-1. The pre-onset stage in the present study is 
defined as 3 pentads before the onset pentad. Figure 6 shows 
the pre-onset composite mean precipitation and wind fields 
at 850 hPa. Observation shows a dry area over the SCS. 
CTRL produces too much rainfall over the ocean, leading 
to much smaller land-sea contrast of precipitation during 
the pre-onset stage. Therefore, the root mean square error 
(RMSE) is high, and the pattern correlation relative to the 
observation is low in CTRL. In CPL, although the dry area 
is displaced slightly northward, the pattern is much closer to 
the observation, including the land-sea contrast of precipita-
tion and the synoptic-scale anticyclonic low-level flow over 
the SCS/WNP. The wind speed is too strong in both simula-
tions, especially over Indochina to China, which is consis-
tent with the overestimated seasonal wind change in Fig. 4.

Figure 7 shows the pre-onset composite diurnal range. 
The observed diurnal range of precipitation is low over the 
ocean but higher over land. This feature is not captured in 
CTRL, in which large diurnal range occurs over the SCS. 
This overestimation of ocean diurnal range is reduced in 
CPL, although over land there is still an underestimation 
in diurnal range compared to the observation, especially 
over the Philippines. This bias may be caused by the low 
resolution in our simulation to resolve the coastlines and the 
orographic effects. Figure 8 shows the pre-onset composite 
diurnal cycle of precipitation for land and ocean separately 
around the SCS region. The observation shows a maxi-
mum of precipitation around 17 LST and a minimum at 11 
LST over the land area. In the ocean, the maximum occurs 
around noon, and the minimum occurs around midnight. 
The major difference between the two simulations is in the 
precipitation amount over the ocean: the overestimation in 
ocean precipitation is reduced in CPL through the day. Also, 
the maximum over the ocean in CTRL occurs too earlier 
(05 - 09 LST), while CPL exhibits peak time around (08 - 
14 LST), which is closer to the observation. Over the land 
area, the two simulations are similar to each other. They 
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(a) (b)

(c)

Fig. 2. Boreal summer (May - September) mean streamfunction (in 1010 kg s-1) for zonal mean meridional circulation averaged between 110 and 
160°E from (a) ERA-Int (1998 - 2014) and 10-year averages of (b) CTRL, and (c) CPL.

(a) (b)

(c)

Fig. 3. The percentage of intraseasonal variance of precipitation over the ocean during the boreal summer (May to September) from (a) TRMM 
3B42 (1998 - 2014, re-gridded to model resolution) and the 10-year simulations of (b) CTRL, and (c) CPL. The color shading shows the variance 
percentage of 20-80-day bandpass-filtered precipitation comparing to unfiltered variance. The grids with mean precipitation < 3 mm d-1 are masked 
in white. The land areas are colored gray.
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(a) (b)

(c)

Fig. 4. Monsoon domain (enclosed by the blue contour), monsoon intensity (color shading), and seasonal change in 850 hPa winds (vectors) over Asia 
from (a) TRMM 3B42 precipitation/ERA-Int winds (1998 - 2014) and the 10-year averages of (b) CTRL, and (c) CPL. Following Wang and Ding 
(2008), Kim et al. (2011), and Wang et al. (2011), the monsoon domain represents the region where annual range of precipitation > 2.5 mm d-1, and 
the monsoon intensity is the ratio of the annual range over the annual mean precipitation. The annual range of precipitation (as well as the seasonal 
change in wind fields) in the Northern Hemisphere is defined as boreal summer (May to September) mean minus the boreal winter (November to 
March) mean, and reversely over the Southern Hemisphere.

(a) (b)

(c)

Fig. 5. Annual cycle of zonal wind and precipitation over the SCS (5 - 15°N, 110 - 120°E) from (a) TRMM 3B42 precipitation/ERA-Int winds 
(1998 - 2014) and the 10-year averages of (b) CTRL, and (c) CPL. The black (gray) line is pentad (30-day running) mean of zonal wind. The blue 
bar (line) is pentad (30-day running) mean of precipitation.
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Fig. 6. The composite precipitation (color shading) and wind field at 850 hPa (vectors) averaged over the 3 pentads before the SCSSM onset from 
(a) TRMM 3B42 precipitation/ERA-Int winds (1998 - 2014, re-gridded to model resolution) and the 10-year averages of (b) CTRL, and (c) CPL. 
The definition of the SCS monsoon onset pentad proposed by Wang et al. (2004) (see text for more details). The pattern correlation and the RMSE 
of precipitation compared with TRMM 3B42 are shown at the top of (b) and (c).

(a) (b)

(c)

Fig. 7. The composite diurnal range of precipitation averaged over the 3 pentads before the SCSSM onset from (a) TRMM 3B42 (1998 - 2014, 
re-gridded to model resolution) and the 10-year averages of (b) CTRL, and (c) CPL. The pattern correlation and the RMSE compared with TRMM 
3B42 are shown at the top of (b) and (c) (in mm day-1).

(a) (b)

(c)
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both underestimate the precipitation at midnight compared 
with the observation.

Based on the results in this section, the coupling to a 
SOM leads to the following improvements in the SPCAM 
simulation:
•  Reducing the overestimation of boreal summer mean pre-

cipitation overestimation over Asia and western North 
Pacific, with a double-cell meridional circulation pattern 
closer to the reanalysis.

•  More realistic monsoon domain and monsoon intensity 
over the ocean; better onset evolution over the SCS, with a 
circulation change consistent with the sharp precipitation 
increase.

•  Stronger land-ocean contrast in mean and diurnal cycle 
precipitation during the SCS pre-onset period, with more 
accurate synoptic-scale horizontal circulation.

In the next section, we will investigate the differences 
between the two simulations from the perspectives of (1) 
sensitivity of precipitation to column moisture and (2) rela-
tionships between precipitation, SST, and large-scale circu-
lation in the next section.

4. DISCUSSION
4.1 Dependence of Precipitation on Column Water 

Vapor

The diagnostics of Kuo et al. (2018) is used to identify 

the sensitivity of precipitation to ambient moisture over the 
tropical ocean, as shown in Fig. 9. Each colored line repre-
sents the conditional sampling by a different value of mass-
weighted column-averaged temperature. The observation 
shows a sharp precipitation pickup with increasing CWV, 
and all the colored lines can be collapsed nicely when shift-
ing CWV by the critical column water vapor (wc). On the 
other hand, both simulations show a dependence of precipi-
tation pickup on temperature (i.e., lines are spread out along 
CWV-wc), and the slopes of the fitted pickup lines are flat-
ter, indicating weaker precipitation efficiency, for the high-
temperature condition. This leads to bias in the probability 
density function (PDF) of the simulated CWVs, which do 
not immediately drop off as in the observation when CWV 
> wc. Such bias becomes severer as the temperature gets 
higher, especially for 275 K in CTRL. In general, the di-
agnostic results show similar sensitivity of precipitation to 
CWV in the two simulations.

4.2 The Relationship Between Precipitation, SST, and 
Circulation

In the coupled-SOM simulation, the SST is allowed 
to respond to atmosphere-ocean interactions. In Fig. 1, we 
found that the boreal summer global mean SST in CPL 
is only slightly higher than observation, but the regional 
SST over Asian monsoon domain the is colder. Part of the  

(a) (b)

(c)

Fig. 8. The composite diurnal cycle over SCS (7 - 26°N, 104 - 128°E, the domain in Fig. 7) and averaged over the 3 pentads before the SCSSM onset 
from (a) TRMM 3B42 (1998 - 2014) and the 10-year averages of (b) CTRL, and (c) CPL. The red line is the average over land only, and the blue 
line is over ocean only. The local standard time (LST) is based on +8 UTC.
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improvements in CPL identified in section 3 might be re-
lated to the lower SST over the Asian monsoon region. To 
understand the effects of lower SST, another experiment, 
named SST = SOM, is conducted. In this additional experi-
ment, the SST is prescribed using the monthly mean SST 
saved during the 10-year integration of CPL. Most results 
of SST = SOM are similar to CPL, including the MJJAS 
mean precipitation, pre-onset precipitation, diurnal cycle 
of precipitation, and convective diagnostic result (e.g.,  
Figs. 10a and b). Therefore, we can explain the improve-
ments in these features in CPL (relative to CTRL) to the 
lower regional SST when it can interact with the atmo-

sphere. However, the most apparent difference between 
CPL and SST = SOM is in the timing and transition of the 
SCSSM onset, as shown in Fig. 10c. The SCS monsoon on-
set date in SST = SOM is later than both CPL and CTRL, 
and the onset dates exhibit high interannual variability. This 
result implies that the dynamic interaction between the at-
mosphere and SST is required to capture the accurate tim-
ing of the sharp seasonal transition over the SCS. A similar 
situation may also occur in other regions with prominent 
sub-seasonal variability where convection-radiation-SST 
interactions are active.

The effects of the lower SST on precipitation in the 

(a)

(b)

(c)

Fig. 9. Convective transition statistics for the ocean region 20°S - 20°N, 70 - 160°E and for (a) observation, (b) CTRL, and (c) CPL. The observation 
temperature is from the NCEP-DOE Reanalysis 2, and the column water vapor (CWV) and precipitation data are from TRMM Microwave Imager 
(TMI) v7r1. Different colors of dots represent the mass-weighted column average temperature from 267 to 275 K. The X axis is CWV relative to 
estimated critical column water vapor (wc) which is the CWV when the average precipitation makes pickup. The left panel is conditional average 
precipitation on the relative CWV. The dashed line is the average precipitation pickup curve fitting. The right panel is probability density function 
(PDF) based on the relative CWV.
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three simulations are illustrated by Fig. 11, which shows the 
precipitation intensity conditionally sampled by SST from 
each grid within the Asian monsoon region. For SSTs lower 
than 28°C, the observation and all experiments show that 
precipitation gradually increases with increasing SST, and 
the simulated precipitation intensity is close to the obser-
vation. For SSTs higher than 28°C, CTRL produces much 
stronger precipitation than observation, and keep increas-
ing with higher SST. However, when the prescribed SST is 
also above 28°C in SST = SOM, the simulated precipitation 
intensity is much weaker and falls off with increasing SST, 
which is closer to the results in the observations and in CPL.

The atmospheric circulation may be one of the factors 
suppressing the precipitation over high SST regimes in SST 
= SOM. Figure 12 presents regions where the probability for 
heavy rainfall is low when high SST occurs (dotted areas). 
Such areas are broad in the observations (Fig. 12a) except 
over eastern Bay of Bengal, eastern tropical Indian Ocean, 
and Tropical Western Pacific. CPL captures most of these 
areas well with observation. SST = SOM shows a similar 
pattern with CPL. In CTRL, the areas of high SST but sup-
pressed heavy precipitation is missing around 10 to 20°N. 
This is also the latitudinal band exhibiting significant bias 
in the meridional circulation over SCS/Western Pacific in 

CTRL (Fig. 2), indicating that the overestimation of precipi-
tation in this area is likely associated with the bias in large-
scale circulation under the prescribed climatological SST.

5. SUMMARY AND CONCLUSION

The present study investigated of effects of atmosphere-
ocean interactions in a global MMF, the SPCAM, focusing 
on the features associated with the South China Sea Sum-
mer Monsoon Onset. In the 10-year simulation of SPCAM 
coupled to a slab ocean model, general improvements can 
be identified in boreal summer mean precipitation (Fig. 1) 
and meridional vertical circulation (Fig. 2), Asian monsoon 
domain over the ocean, and monsoon intensity over the SCS 
(Fig. 4), relative to the simulation with the F2000 SST. More 
specifically, the seasonal evolution of precipitation and winds 
over SCS is more realistic and clearer in the coupled simu-
lation (Fig. 5), with more significant pre-onset suppression 
of ocean precipitation and diurnal cycle rainfall closer to the 
observations (Figs. 6, 7, and 8). The dependence of precipi-
tation on column water vapor does not change significantly 
when coupled to the SOM (Fig. 9). The additional experi-
ment using prescribed SST from the coupled simulation (SST 
= SOM) reveals that the colder SST can explain part of the 

(a) (b)

(c)

Fig. 10. As in (a) Fig. 6, (b) Fig. 8, and (c) Fig. 5 but for the experiment SST = SOM.
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Fig. 11. Relationship between precipitation and SST for the region 10°S - 25°N, 60 - 130°E during the boreal summer (May to September). The 
observation of precipitation is from TRMM 3B42, and SST is from OISST v2 (1998 - 2014, re-gridded to model resolution). There are 20 bins of 
SST between 25 and 31°C. The upper penal shows the average precipitation rate over 0.08 mm d-1 in every bin of SST. The lower panel shows the 
occurrence probability of each SST bin.

(a) (b)

(c) (d)

Fig. 12. The regions where the probability for heavy rainfall (10 mm d-1) is lower than 20% when high SST regime (28°C) occurs during boreal 
summer (dotted area) for (a) observation, (b) CTRL, (c) CPL, and (d) SST = SOM. The contour line is boreal summer mean SST = 28°C.
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improvements. Also, the precipitation-SST relationship in 
the coupled and SST = SOM simulations follows more close-
ly to the observation, while the control simulation produces 
heavy precipitation too frequently over the high SST regime 
over SCS/Western Pacific (Figs. 11 and 12), which is likely 
associated to the bias in large-scale atmospheric circulation.

Although the SPCAM coupled with SOM exhibits bias 
in the precipitation-moisture dependence, our current re-
sults demonstrated that it is a useful tool to study the interac-
tions among convection, SST, and large-scale atmospheric 
circulation from seasonal to sub-seasonal time scales, owing 
to the realistic representations of the sharp monsoon onset 
feature and the precipitation-SST-circulation relationship. 
This is an important foundation for subsequent study. In the 
future we will carry out more sensitivity studies to examine 
the details of how convection-related processes (e.g., wind 
gustiness, cloud radiation) and air-sea coupling frequency 
influence the coupling strength of the convection-SST feed-
back, and the sensitivity of the monsoon seasonal transition 
to the coupling strength.
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