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ABSTRACT
The present study aims to identify the precipitation bias associated with the interactions among fast physical
processes in the Community Atmospheric Model, version 5 (CAM5), during the abrupt onset of the South
China Sea (SCS) summer monsoon, a key precursor of the overall East Asia summer monsoon (EASM). The
multiyear hindcast approach is utilized to obtain the well-constrained synoptic-scale horizontal circulation
each year during the onset period from the years 1998 to 2012. In the pre-onset period, the ocean precipitation
over the SCS is insufficiently suppressed in CAM5 hindcasts and thus weaker land–ocean precipitation
contrasts. This is associated with the weaker and shallower convection simulated over the surrounding land,
producing weaker local circulation within the SCS basin. In the post-onset period, rainfall of the organized
convection over the Philippine coastal ocean is underestimated in the hindcasts, with overestimated upperlevel heating. These biases are further elaborated as the underrepresentation of the convection diurnal cycle
and coastal convection systems, as well as the issue of precipitation sensitivity to environmental moisture
during the SCS onset period. The biases identified in hindcasts are consistent with the general bias of the
EASM in the climate simulation of CAM5. The current results highlight that the appropriate representation
of land–ocean–convection interactions over coastal areas can potentially improve the simulation of seasonal
transition over the monsoon regions.

1. Introduction
Regional monsoons affect the precipitation and atmospheric circulation where over two-thirds of the
world’s population resides (Zhou et al. 2016). Future
climate projection of the regional monsoon variability is
therefore potentially of great societal concern. However, the state-of-the-art global climate models (GCMs)
encounter great challenges when simulating the monsoon systems, including their evolution and variability
(e.g., Annamalai et al. 2007, 2017; Cook et al. 2012;
Kitoh et al. 2013; Randall et al. 2007; Song and Zhou
2014a,b; Sperber et al. 2013; Wang et al. 2005; Zhou et al.
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2009, 2016), although progressive improvements have
been made from phase 3 of the Coupled Model Intercomparison Project (CMIP3) to phase 5 (CMIP5)
(Christensen et al. 2013).
Various coordinated efforts in the monsoon community have been undertaken for better understanding and
improving global monsoon simulations and prediction
[e.g., Global Monsoon Model Intercomparison Project
(GMMIP); Zhou et al. 2016]. While all experiments are of
the Atmospheric Model Intercomparison Project (AMIP)
or CMIP type in the GMMIP and in most of the earlier
studies listed above, it remains challenging for processlevel understanding of monsoon simulations, especially to
better attribute simulated biases to particular dynamical or
physical processes. As the monsoon systems involve the
regionally distinct interactions between atmospheric circulation and rainfall (Sperber et al. 2013; Webster et al.
1998), the biases in monsoon-related precipitation and
winds in the AMIP- or CMIP-type simulations are usually
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the results of the complex feedback among processes
across different spatial and temporal scales.
The climate model hindcast approach (Phillips et al.
2004) or the transpose-AMIP approach (Williams
et al. 2013) is useful for understanding climate model
errors associated with fast physical processes (i.e.,
moist convection, diurnal cycle, local land–sea breezes, etc.) in the atmosphere, and facilitating model
parameterization improvements. Initialized with the
reanalysis (observation) data, the synoptic-scale circulation and atmospheric states remain close to the
reanalysis (observations) in the first few days of the
hindcasts, while the biases in precipitation and clouds
are possibly the results of parameterization deficiencies (Ma et al. 2013, 2014, 2015; Xie et al. 2012) or a
strong local interaction between the parameterized
physics and dynamics (Williamson 2013). If the biases
in the short-range hindcasts exhibit a good correspondence to the systematic biases in the long-term
climate simulation, reducing the biases in the hindcast
mode can likely improve the climate simulations.
Previous studies (Ma et al. 2014, 2015; Xie et al. 2012)
have shown that the annual and seasonal mean biases
of precipitation and clouds present in the multiyear
short-term hindcasts of the Community Atmospheric
Model, version 5 (CAM5), and other GCMs share
great resemblance to the systematic biases in their
AMIP simulations. However, application of the multiyear hindcast approach to understand the precipitation biases specifically associated with monsoons
or seasonal evolution has not been carried out.
In the present study, it will be the first time that the
multiyear (15 years) short-range hindcast framework is
applied to relate the systematic bias of monsoon precipitation to the interactions among fast physical processes. The CAM5 hindcasts during the onset of the
South China Sea summer monsoon (SCSSM) will be
analyzed. This is the region and period when the CAM5
AMIP simulation exhibits obvious bias in the monsoon
intensity, onset, and duration, as we will show later in
section 3a. The manuscript is organized as follows. The
configuration of the hindcast experiments and the observational and reanalysis datasets to evaluate the simulations are described in section 2. In section 3, the
general bias of Asian monsoon in CAM5 AMIP will be
presented first and compared to the results of the multiyear hindcasts. Then the precipitation bias in the
hindcasts during the pre-onset period and post-onset
period of the SCSSM are analyzed. Section 4 discusses
the details of the precipitation bias associated with the
diurnal-cycle rainfall and sensitivity of precipitation to
ambient moisture. The final conclusions are provided in
section 5.
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2. Datasets
a. Hindcast experiments
We applied the short-range hindcast approach from
the U.S. Department of Energy Cloud Associated Parameterizations Testbed (CAPT) following Ma et al.
(2013, 2014, 2015). The CAPT hindcasts analyzed in this
study were carried out using the CAM5 (version cesm1_
0_5) with finite-volume dynamical core, a horizontal
resolution of 0.98 3 1.258 (latitude by longitude), 30
vertical levels, prescribed SST, and the Community
Land Model, version 4.0 (CLM4). The physics package
pertinent to the hindcast simulations consist of the deep
convection scheme (Zhang and McFarlane 1995; Neale
et al. 2008), the double-moment microphysics scheme
(Morrison and Gettelman 2008; Gettelman et al. 2010),
the diagnostic cloud fraction (macrophysics) scheme
(Park et al. 2014), the shallow convection scheme (Park
and Bretherton 2009), the moist turbulence scheme
(Bretherton and Park 2009), the Rapid Radiative
Transfer Model for GCMs (RRTMG) (Iacono et al.
2008), and the modal aerosol model (Liu et al. 2012).
The 3-day-long hindcasts were initialized at 0000 UTC
every day for the years 1998–2012, with prescribed
NOAA Optimum Interpolation (OI) weekly SSTs and
sea ice (Reynolds et al. 2002). Initial atmospheric state
variables (horizontal velocities, temperature, specific humidity, and surface pressure) are from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
interim reanalysis (ERA-Interim, hereinafter ERA-Int;
Dee et al. 2011). The initialization procedure is described in Ma et al. (2015). Based on the results in Ma
et al. (2013, 2014), the effects of spinup due to initializing the CAM5 model with a ‘‘foreign’’ (ECMWF)
analysis would have impacts on the first 24 h (i.e., day-1
hindcast ensembles). Afterward the tropical precipitation in the hindcasts reaches a relative equilibrium state close to the AMIP simulation of CAM5.
Therefore in this study we concatenated each hindcast
from 24- to 48-h lead time to form the day-2 time series
(48–72 h for day 3) of the data stream from 1998 to
2012. We also performed a companion AMIP simulation for the same period with the same boundary conditions (NOAA OI SST and sea ice).

b. Observation and reanalysis datasets
Daily mean observed winds and humidity for the
same period are taken from ERA-Int with a horizontal resolution of 0.758 3 0.758. Daily mean precipitation estimates are taken from the Global
Precipitation Climatology Project (GPCP) 1DD,
version 1.2 (Huffman et al. 2001), and the Tropical
Rainfall Measuring Mission (TRMM) 3B42, version
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7, dataset (Kummerow et al. 2000; Huffman et al. 2010)
from 1998 to 2015. GPCP precipitation is based on microwave, infrared, and rain gauge observations
(Huffman et al. 1997), with a horizontal resolution of
18 3 18. TRMM 3B42 is the merged microwave, Precipitation Radar (PR), and infrared level-3 rainfall
product at a horizontal resolution of 0.258 3 0.258, with
the calibration of rain gauge data on a monthly basis. We
used two precipitation estimates here to provide the
possible range of observational uncertainty. The model
biases that are robust against both datasets will be the
focus of subsequent discussion.
Vertical profiles of large-scale diabatic heating Q1 2
QR (apparent heat source minus radiative heating)
(Yanai et al. 1973) are retrieved from TRMM PR
based on the spectral latent heating (SLH) algorithm
(Shige et al. 2004, 2007, 2008, 2009), with a horizontal
resolution of 0.58 3 0.58. We note that the PR can only
detect precipitating particles (reflectivity . 17 dBZ),
so the Q1 2 QR estimated by the SLH algorithm is
mainly associated with the deep modes and congestus
modes, while the contribution from weakly precipitating shallow convection is underestimated as
reported in Takayabu et al. (2010) and Tao et al.
(2016). Shige et al. (2007) evaluated the TRMM SLH
Q1 2 QR heating profiles against the sounding-based
analysis of diabatic heating for the 1998 South China
Sea Monsoon Experiment (SCSMEX) derived by
Johnson and Ciesielski (2002) over the northern SCS,
the main focusing area of this study. The key features
of the vertical profiles, particularly the level of maximum heating, agreed well with the sounding estimates.
In the lower atmosphere (below ;5 km) the magnitude
of TRMM SLH Q1 2 QR plus QR from cloudresolving simulation is about 1 K higher than Q1
from sounding analysis, which is likely associated with
sampling bias of PR (Shige et al. 2007). With a narrow
swath width (;215 km), the PR detects moderate to
heavy rainfall more frequently when compared to the
microwave imager, which may lead to underestimation
of stratiform cooling in the lower atmosphere.

3. Results
a. General bias of the Asian monsoon in CAM5
AMIP
Figure 1a evaluates the overall monsoon domain and
monsoon intensity over Asia in the CAM5 AMIP
simulation from 1998 to 2012 against the precipitation
estimates of GPCP and TRMM 3B42, following the
global monsoon definition by Wang and Ding (2008),
Wang et al. (2011), and Kim et al. (2011) based on the
annual range of rainfall (see caption of Fig. 1 for
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details). Here we use May–September as summer and
November–March as winter for Northern Hemisphere,
and vice versa for Southern Hemisphere. The CAM5
AMIP captures the overall shape of the monsoon domain and intensity, but with obvious bias over specific
regions. Over the Asian continent, the simulated
monsoon domain and intensity agree fairly well with
the two observations, except for underestimation over
the central part of eastern China. However, over the
coastal oceans of the Bay of Bengal (BoB) and the
South China Sea (SCS), as well as in western North
Pacific (WNP), the monsoon domain in CAM5 AMIP
is smaller than either observational estimate, and
within the simulated monsoon domain, the monsoon
intensity is also weaker than both observations.
Figures 1b and 1c show the diagnostic metrics for
summer monsoon onset and duration adopted in
Sperber et al. (2013) and Sperber and Annamalai
(2014), which is based on the fractional accumulation
of precipitation. The onset pentad at each grid (Fig. 1b)
is defined as Julian pentad at which the accumulated
rainfall exceeds 20% of the total annual rainfall of the
grid. The monsoon duration (Fig. 1c) is defined by the
number of pentads between the accumulated rainfall
fraction of 20% and 80%. We noted that Sperber et al.
(2013) evaluated the Asian monsoon performance in
CMIP3 and CMIP5 models using these metrics, and the
CCSM4 (the coupled version of CAM4) is actually one
of the top-performing models. Here we are trying to
identify specific regions where obvious biases still exist
in CAM5 AMIP. Over the oceanic regions where the
monsoon domain is missing or the monsoon intensity is
underestimated (over the BoB, EA, SCS, and WNP),
the CAM5 AMIP shows earlier onset by four pentads
or more, with longer duration of summer monsoon than
both observations (note that over the white areas in
Fig. 1c the duration is longer than 33 pentads,
i.e., .5 months) This indicates that the simulated
summertime precipitation intensity is too weak, such
that it takes a longer time span to reach the 80%
rainfall fraction. Overall, the Asian summer monsoon
characteristics are well simulated by the CAM5 AMIP,
but over specific ocean regions the monsoon is ‘‘too
early, too long, and too weak.’’
Figure 2a shows the bias of monsoon intensity in
CAM5 AMIP simulation relative to TRMM 3B42
within the observed monsoon domain (green contour).
The model significantly underestimates the intensity
over the SCS, the BoB, and the Arabian Sea. The negative bias of monsoon intensity is larger over the windward coastal ocean under the summertime prevailing
low-level southwesterly winds (i.e., the eastern part of
the ocean basins), and the magnitude decreases from
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FIG. 1. (a) Monsoon intensity (shading) and the 850-hPa wind differences between summer and winter (vectors; m s21) within the Asian
monsoon domain (green line). Following Wang and Ding (2008), Wang et al. (2011), and Kim et al. (2011), the monsoon domain is defined
as areas with annual range of precipitation .2.5 mm day21, in which the annual range of precipitation is the local summer mean minus the
local winter mean (May–September mean minus November–March mean in Northern Hemisphere), while the monsoon intensity is
defined as the ratio of the annual range over the annual mean precipitation. (b) Asian summer monsoon onset pentad and (c) monsoon
duration based on accumulated rainfall fraction following Sperber and Annamalai (2014). The onset pentad at each grid is defined as the
Julian pentad at which the accumulated rainfall .20% of annual rainfall in the grid, while the duration is the number of pentads between
the onset pentad and the pentad at which the accumulated rainfall fraction reaches 80% of annual rainfall. Results are calculated from
(left) GPCP precipitation and ERA-Int wind, (center) TRMM 3B42 precipitation and ERA-Int wind, and (right) CAM5 AMIP simulations during 1998–2012.

east to west. A similar figure using the CAM5 CAPT
day-3 hindcast simulations is shown in Fig. 2b. A distinct dipole pattern of bias can be found in the ocean
basins mentioned above. Over the eastern part of the
ocean basin, the seasonal contrast is more suppressed
in the hindcasts, while over the western part of the
ocean basin (leeward shore) the seasonal contrast is
more enhanced. Note that over the SCS the enhanced
seasonal contrast occurs over the northwestern part
(i.e., coast of southern China and Taiwan Strait), while
the Vietnam coastal region south of 178N does not
meet the threshold of observed monsoon domain.
Although the synoptic-scale circulation pattern remains close to ERA-Int within 2–3 days of model integration, large biases can still arise in local circulation

associated with interactions between parameterized
physics and dynamics (fast physical processes) or from the
interactions with the topography over the surrounding
continents. Nevertheless, the bias of monsoon intensity in
Figs. 2a and 2b shows a similar east–west gradient in these
coastal areas (southeast–northwest gradient in the case of
SCS), with a difference in magnitude, indicating that the
bias of monsoon intensity in the AMIP simulation is highly
related to the bias from the fast physics. (More detailed
descriptions of the correspondence between the bias in the
short-range hindcasts and the AMIP bias are provided in
the supplemental text and Figs. S1–S4.)
In the above results, the SCS is the region exhibiting
major monsoon bias in CAM5 AMIP. The monsoon bias
is further examined here over the SCS–East Asian (EA)
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FIG. 2. Bias of monsoon intensity (shading) in (a) CAM5 AMIP simulation and (b) CAPT day-3 simulations over
1998–2012 relative to TRMM 3B42 (shading) within the Asian monsoon domain (green lines).

sector (1108–1208E) since the onset of the SCSSM signifies the onset of the broader EA–WNP summer
monsoon (Hung and Hsu 2008; Tanaka 1992; Tao et al.
1987; Wang et al. 2009), and the interannual variability
of SCSSM precipitation can provide an anomalous heat
source, further influencing the EA, Indian, and Australian monsoons (e.g., Ding 1992; Lau and Yang 1997;
Tao et al. 1987; Wang et al. 2004). The Hovmöller diagrams in Figs. 3a and 3b characterize the climatological
seasonal cycle composite of zonally averaged precipitation and 850-hPa wind fields covering SCS and EA
in the observations and reanalysis. The sharp SCSSM
onset is characterized by the abrupt reversal of low-level
winds from northeasterly to southwesterly and coincident rainfall burst occurring around mid-May (;58–
208N). The subsequent northward propagation of
southwesterly winds and heavy rainfall is the key feature
of EA summer monsoon evolution. In the CAM5
AMIP simulation (Fig. 3c), the SCSSM onset is less
drastic, with earlier commencement of rainfall around
mid-April, and less distinct switch in wind direction,
whereas to the north in the EA the southwesterly appears too early, with weaker rainfall during the summertime. Such bias is consistent with previous studies
that found the earlier onset of SCSSM to be associated
with subsequently weaker EA summer monsoon (Chen
et al. 2000; He and Zhu 2015).
The similar seasonal cycle composite of the multiyear
CAPT day-3 hindcasts is shown in Fig. 3d. Even with the
well-constrained synoptic-scale circulation, CAM5 still
overestimates rainfall over SCS from late April to midMay and underestimates rainfall in the post–onset stage
in the hindcast, although the magnitude of the rainfall
bias is less significant than the AMIP simulations. In the
next section, the CAPT hindcasts are analyzed during
the 10-day periods before and after the abrupt onset
each year over the SCS to understand the details of the

bias associated with interactions of the fast physics
parameterizations.

b. Composite analyses of CAPT hindcasts during
SCS monsoon onset
The model precipitation bias is evaluated on the basis
of the pre- and post-onset composites of SCS summer
monsoon. The monsoon onset date was determined by
the circulation-based USCS index (Wang et al. 2004). The
climatological mean onset pentad is 27.5 (;mid-May)
over these 15 years with an interannual standard deviation of 1.7 pentads. The USCS index, which is the
pentad mean u wind averaged over 58–158N, 1108–1208E,
is calculated also using ERA-Int in this study. To capture the presence of the large-scale westerly flow over
SCS region, the onset pentad is identified each year as
the USCS index first turns positive and persists in three
out of the four subsequent pentads, with the accumulative four-pentad mean USCS greater than 1 m s21.
Observations and hindcasts within 10 days before (after) the onset date of each year within the available
periods are averaged to obtain the pre-onset (postonset) composite. We note that during the post-onset
period in the year 2006 the hindcasts simulate the formation of an unrealistically strong tropical cyclone
over SCS regarding the coarse model resolution, so we
subjectively excluded this year in the post-onset composite in the subsequent analyses. The nonexclusive
composite is presented in Fig. S3.
Evaluation exactly targeting the pre- and post-onset
periods benefits from the multiyear hindcast approach.
As the synoptic-scale horizontal circulation is close to
the reanalysis, defining the onset pentad according to
the circulation-based index in the hindcast becomes easy
and realistic. Making similar pre- and post-onset composites for AMIP simulation takes much more effort,
and the results may not be comparable as the onset
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FIG. 3. Climatological latitude–time Hovmöller diagram of 850-hPa horizontal winds (vectors; m s21; red for
westerly component and blue for easterly component) and precipitation rate (contours; mm day21; thick line marks
2 mm day21, with increments of 4 mm day21) over East Asia during 1998–2012. All data are temporally averaged
into pentads and spatially averaged between 1108 and 1208E. Panels show (a) GPCP precipitation and ERA-Int
winds, (b) TRMM 3B42 precipitation and ERA-Int winds, (c) CAM5 AMIP simulation, and (d) CAPT day-3
simulations.

timing and large-scale states can be very different from
the observations. Also, the similar synoptic-scale dynamics in the hindcast enable the attribution of bias to
the interactions of the fast physics.

1) PRE-ONSET COMPOSITE
The pre-onset composite mean precipitation and
850-hPa wind field are shown in Fig. 4. Here the observations and reanalysis are smoothed into the CAPT
day-3 model grids to help with the comparison. As
demonstrated by the ERA-Int winds (Fig. 4a), the SCS
region (red box) exhibits mostly easterlies associated
with the subtropical high ridge in the Pacific, which
block the southwesterly monsoon flows from entering
the East Asia region. In the TRMM precipitation
composite, there is already strong precipitation over
the land areas surrounding the SCS region including
southern China, the east coast of Indochina, and Luzon
Island, which are associated with the active diurnal

cycle of convection. On the other hand, precipitation
over the ocean areas of SCS is significantly suppressed.
This strong land–ocean precipitation contrast is a distinct pattern in both TRMM and GPCP (not shown)
during the pre-onset period over the SCS region.
In the pre-onset hindcasts composite (Fig. 4b), the
wind field exhibits a similar easterly flow over SCS,
showing that the synoptic-scale horizontal circulation is
well constrained using the hindcast approach. However,
it is evident that the hindcasts produce too much precipitation over the SCS when compared to the observation, suggesting that the atmospheric conditions over
the ocean in the hindcasts are not suppressed enough
during the pre-onset period. The precipitation bias
over land is also significant. In the TRMM composite,
precipitation over land is generally stronger over the
coastal sides while in the hindcasts it is weaker and
shifted toward the inland region. Another noticeable
bias is that precipitation over Luzon Island is smoothly
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FIG. 4. Pre-onset composite of precipitation and 850-hPa horizontal wind in (a) observations (GPCP and ERAInt) and (b) CAPT day-3 simulations. The observations and reanalysis are smoothed into the CAPT day-3 model
grids. In (a) the red box shows the area sampled in Figs. 5–7, 9, and 10, and the yellow box shows the area sampled in
Fig. 13.

distributed in the hindcasts, probably due to the coarser
resolution in the model to represent orography. The
overall precipitation pattern suggests that, even with
the well-constrained synoptic-scale dynamics, the
CAM5 is unable to capture the land–ocean contrast of
precipitation due to deficiencies in representing interactions among fast physical processes.
The zonal distribution of composite mean precipitation
and column relative humidity (CRH) is presented in
Fig. 5, which is meridionally averaged over the red box in
Fig. 4a. The precipitation (Fig. 5a) shows a sharp land–
ocean gradient in both TRMM and GPCP data. The
magnitude can be up to 2.5 mm day21 on the coast on
the Philippine side. This gradient is much weaker in the
hindcasts mainly owing to the positive precipitation
bias over SCS (;2 mm day21). The simulated precipitation over the Philippines lies within the range
between the two observations, while over the Vietnam
coast an underestimation can be seen. In the CRH
distribution (Fig. 5b), a concave shape with a minimum
located over the ocean can be found in the ERA-Int
data, while the ocean is too moist in the hindcasts and
land–ocean moisture gradient is missing.
To further explore the strong land–ocean contrast of
precipitation and moisture over the SCS, we conditionally
sampled the days when the ocean region exhibits low-level
subsidence or weak updraft (defined as daily mean ERAInt –v , 0.005 Pa s21 over 12.58–18.58N, 1108–1188E in all
levels between 1000 and 500 hPa), which account for 47%
(71 out of 150 days) of the pre-onset period. Figure 6a

shows the conditioned anomalous zonal vertical winds in
ERA-Int and TRMM PR Q1 2 QR heating profiles. A
basin-scale local circulation can be seen over the SCS region, relative to the mean zonal–vertical flow (within the
red box of Fig. 4a). The strong anomalous ascending
motion over the east coast of Indochina and Luzon
Island is accompanied with the deep and concentrated
convective heating maximizing at 500–600 hPa, while
the strong anomalous subsiding motion toward the
center of SCS corresponds to weak (,0.5 K day21) and
scattered heating above 750 hPa. In the hindcasts
(Fig. 6b, sampled on the same dates with the updraft of
the reanalysis), the anomalous updrafts over land are
shallower and Q1-QR heating is horizontally more
spread out. The low-level anomalous subsidence over
the ocean is weaker, with prevailing heating of 0.5–
1 K day21 above 750 hPa. As the warm SST (around
298C during pre-onset) provides a favorable condition
for convection development, the weaker subsidence in
the hindcasts is consistent with the overestimated
precipitation over the SCS. We note that the heating
associated with shallow cumuli is not detected by the
TRMM SLH product, which likely explains the difference between the surface and the 900-hPa levels, the
altitudes where the heating in the hindcasts is dominated by the shallow convection scheme.
The relationship between the strength of local circulation over the SCS basin and precipitation suppression
at the ocean center can be further elaborated in Fig. 7
through the scatterplot of daily mean precipitation over
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FIG. 5. Pre-onset composite mean zonal distribution of
(a) precipitation and (b) column-integrated relative humidity over
SCS from observations (black lines) and CAPT day-3 (green lines).
Data are meridionally averaged over 12.58–18.58N (red box in
Fig. 4a). The vertical dashed lines mark the average location of the
coastlines.

land versus anomalous updraft at 500 hPa over open
ocean within SCS (red box in Fig. 4a; the open ocean is
defined as the area between 1108 and 1188E). In the
observational and reanalysis data (black open circles), it
is clear that stronger land precipitation is associated with
stronger anomalous ocean subsidence (negative values).
In the hindcasts (blue crosses), the relationship between
the land precipitation and ocean subsidence exists but is
much weaker and uncertain.
The above results indicate that the bias of shallower
and spatially less concentrated convection over the
surrounding land generates a weaker basin-scale circulation, which cannot sufficiently suppress ocean
precipitation, and hence produces weaker land–ocean
precipitation contrast. As precipitation during this
period over the surrounding land of the SCS is

VOLUME 32

FIG. 6. Pre-onset meridional distribution of Q1 2 QR diabatic
heating profiles (shading; K day21) and anomalous zonal–vertical
circulation over SCS (vectors) from (a) ERA-Int and (b) CAPT
day 3. The model Q1 2 QR is the sum of the temperature tendency
of all physical processes excluding radiation. The vectors are the u
wind anomaly and 2100 3 omega anomaly, with units of m s21 3
Pa s21. Days are only conditionally sampled when open ocean
areas exhibit low-level subsidence or weak updraft (daily mean
ERA-Int –v , 0.005 Pa s21 over 12.58–18.58N, 1108–1188E in all
levels between 1000 and 500 hPa). The hindcasts were sampled on
the same dates with the updraft of the reanalysis meridionally averaged over 12.58–18.58N (red box in Fig. 4a), and the anomaly
fields are relative to the areal average over 12.58–18.58N, 1068–
1238E.

dominated by the diurnal variation, the bias of weaker
and shallower land precipitation in the hindcast is
likely tied to the weaker and smoother diurnal cycle of
rainfall in the model, which will be discussed in section
4 in more detail.

2) POST-ONSET COMPOSITE
Figure 8 presents the precipitation and 850-hPa wind
field composite for the post-onset period. The observational and reanalysis data (Fig. 8a) show that the
southwesterly flow dominates the SCS-EA regions, and
heavy precipitation occurs mainly over ocean to the west
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FIG. 7. Scatterplot of pre-onset daily mean precipitation over
land vs updraft anomaly at 500 hPa averaged over open ocean in
the SCS (red box in Fig. 4a), with conditionally sampling of the days
as in Fig. 6. Black circles are TRMM precipitation vs ERA-Int
updraft anomaly, while blue crosses are CAPT day-3 output. The
black solid line (TRMM vs ERA-Int; slope 5 20.0025, R2 5 0.53)
and blue dashed line (CAPT day 3; slope 5 20.0003, R2 5 0.05) are
linear regression lines of the data points, respectively. The land
areas within the red box in Fig. 4a cover Luzon Island and the east
coast of Vietnam. The open ocean areas are defined here as 12.58–
18.58N, 1108–1188E (red box between the two vertical yellow
dashed lines in Fig. 4a). Updraft anomaly values are relative to the
areal mean over 12.58–18.58N, 1068–1238E.

of the Philippine coast. In the hindcasts (Fig. 8b), the
overall synoptic-scale flow pattern remains similar to
observation, with a slightly stronger southwesterly flow
south of Taiwan. The simulated precipitation over the
SCS is significantly weaker and spread out over the basin. The zonal distribution of precipitation over SCS in
Fig. 9a, which is meridionally averaged over the red box

in Fig. 4a, shows a distinct east–west gradient in both
TRMM and GPCP observation. In the hindcasts, precipitation gradient is relatively weak across the domain.
The zonal distribution of CRH (Fig. 9b) suggests that
the environment is moist across SCS domain and the
hindcasts only show a small overestimation. The heavy
precipitation over the Philippine coast is mostly contributed by large, organized convective systems (e.g.,
Chen 2016; Ciesielski and Johnson 2006; Johnson et al.
2005; Wang and Carey 2005; Zhou et al. 2007; Xu and
Rutledge 2018), which is not represented by the hindcasts appropriately, despite the moist environment.
Also, these coastal organized convections are propagating mesoscale systems that are often triggered by
land–sea breezes and/or the boundary layer gravity
waves associated with land convection (Houze et al.
1981; Mapes et al. 2003; Mori et al. 2004; Wapler and
Lane 2012; Yokoi et al. 2017). Therefore, the underestimation of heavy rainfall might also be tied to the
bias in representing the land diurnal cycle, as discussed
in the next section.
Figure 10 demonstrates the vertical structure of Q1 2
QR heating and mean circulation. In the TRMM estimation, deep convective heating occurs over both land
and ocean. The ascending motion in ERA-Int vertically
extends from low- to upper-level troposphere (900–
300 hPa). In the hindcasts, the convection produces
strong heating with ascending motion in the upper levels
(500–300 hPa), and the ‘‘top heavy’’ shape of the heating
profile is particularly evident over the ocean. We examined the heating tendency contributed by individual
physics scheme in the model. The heating between 400
and 300 hPa is mainly contributed by the combination of

FIG. 8. As in Fig. 4, but for the post-onset composite (excluding year 2006; see text for detail).

Unauthenticated | Downloaded 01/09/23 09:43 PM UTC

4500

JOURNAL OF CLIMATE

FIG. 9. As in Fig. 5, but for the post-onset composite (excluding
year 2006).

the cumulus convection schemes and the macrophysics
(cloud fraction) scheme. The heating contribution at
350 hPa is shown in Fig. S5.

4. Discussion
As precipitation over the SCS exhibits strong diurnal
variation around the onset period (Aves and Johnson
2008; Chen 2016; Chen et al. 2016; Park et al. 2011), it is
worth discussing how model represents the diurnal cycle
under the hindcast framework, and how this may contribute to the composite mean bias shown above. The
composite diurnal evolution of precipitation during the
pre-onset (Fig. 11) and post-onset (Fig. 12) periods can be
compared between TRMM observation and the day-3
hindcasts. During the pre-onset period (Fig. 11a), there
is a pronounced diurnal cycle over the coastal land areas
surrounding the SCS with a diurnal peak greater than
24 mm day21 at around 1700 local time. This diurnal

VOLUME 32

FIG. 10. As in Fig. 6, but for the post-onset composite, and the
vectors show composite mean zonal–vertical circulation (u wind
and 2100 3 omega; m s21 3 Pa s21) instead of the anomalies,
shown without conditional sampling, but excluding year 2006. Note
that the scale of wind vector differs from Fig. 6.

evolution is missing in the hindcasts (Fig. 11b) with weak,
persistent precipitation throughout the day. This can
potentially be related to problems in the cumulus parameterization including the inability to capture the
transition from shallow to deep convection over land
(Chaboureau et al. 2004; Derbyshire et al. 2004; Guichard
et al. 2004; Kuang and Bretherton 2006; Wu et al. 2009;
Chao 2013) or the inadequate design of the triggering
function (Bechtold et al. 2004; Hong and Pan 1998; Jakob
and Siebesma 2003; Rogers and Fritsch 1996; Wang et al.
2015; Xie et al. 2004; Xie and Zhang 2000). The underrepresentation of topographic blocking and heating
effect due to the coarse resolution may also contribute to
the issue (Boos and Hurley 2013; Wu et al. 2017, 2018; Wu
and Hsu 2016). A spatially and diurnally more concentrated convection over land is probably more effective in
producing the basinwide local circulation to suppress
the ocean precipitation. A companion cloud-resolving
simulation with land–ocean configuration similar to the
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FIG. 11. Diurnal cycle of precipitation over the SCS and surrounding areas from pre-onset
composites of years 1998–2012 from (a) TRMM 3B42 (shown at 0.258 resolution) and
(b) CAPT day-3 simulations. In (a) and (b), subpanels, clockwise from the upper-left corner,
show the composite 3-hourly mean precipitation at 0000 (LST08), 0300 (LST11), 0600
(LST14), 0900 (LST17), 1200 (LST20), 1500 (LST23), 1800 (LST02), and 2100 UTC (LST05),
respectively.
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FIG. 12. As in Fig. 11, but for the post-onset composite (excluding year 2006).

scale of the SCS basin is ongoing to further confirm this
anticipation.
During the post-onset period, the observed land
diurnal-cycle rainfall remains prominent (Fig. 12a). The
aggregated convection over the SCS off the Philippine

coast also shows a clear diurnal evolution in the observation: rainfall is triggered along the coast around midnight (0200 LST), and then intensifies and propagates
westward to the open ocean throughout the day. The
observed propagating mesoscale convection systems
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exhibit similar features to those observed over the
coastal ocean of the Maritime Continent and South
America (Houze et al. 1981; Mapes et al. 2003; Mori
et al. 2004; Wapler and Lane 2012; Yokoi et al. 2017).
The formation of these systems, which also has a strong
diurnal signal, has been linked in previous studies to the
land–sea breeze and boundary layer destabilization associated with the gravity wave generated by the land
convection. Also, the occurrence of the organized
tropical convection is sensitive to both environmental
moisture and low-level wind shear (Tsai and Wu 2017).
When the land–sea breezes interact with the background southwesterly flow, which provides a vertical
wind shear environment, it is possible to contribute to
the development of organized convection in the coastal
region. Observations in the 1998 SCSMEX indicated
that the vertical wind shear is a dominant control on the
oceanic convection during the onset period of the
SCSSM (Johnson et al. 2005). In the hindcasts (Fig. 12b),
the diurnal cycle over land is stronger than the pre-onset
period but the intensity is still weaker, and the timing is
shifted compared to the observation. The aggregated
propagating convection over SCS is largely missing in
the hindcast, with precipitation occurring on the coasts
of both the Philippine and Vietnam sides. These biases
can potentially relate to the fact that the land diurnal
cycle and land–sea breeze are not properly resolved with
the coarse GCM grid size, and/or the convective parameterizations are not sufficiently sensitive to the environmental wind shear.
The precipitation bias can also be examined from the
perspective of precipitation sensitivity to environmental
moisture. The precipitation should be small when CRH
is low and followed by a critical transition at high CRH,
even on the basis of daily mean statistics (Kuo et al.
2017). The dependency can be viewed as the selforganized criticality of the deep convection when a
critical CRH is met, and such behavior can have a strong
connection to entrainment rate (Holloway and Neelin
2010; Kuo et al. 2017; Neelin et al. 2009). Figure 13 examines the relationship between CRH versus the precipitation during the pre-onset (Fig. 13a) and post-onset
(Fig. 13b) periods for observation and the hindcasts. The
statistics are collected grid by grid over a broader ocean
area covering SCS, marked by the yellow dashed box in
Fig. 4a. The stronger sensitivity is evident in ERA-Int
versus observational precipitation in both the pre- and
post-onset periods. In the hindcast simulation, there is
more precipitation in the low CRH (50%–75%) regimes
during the pre-onset period. During the post-onset period, given the high CRH environment (.80%), the
model precipitation exhibits mean values close to the
observed estimates, but with much smaller variability.

4503

FIG. 13. (a) (top) Pre-onset daily precipitation conditionally
sampled by column relative humidity (CRH) at grids within SCS
(68–18.58N, 1108–1188E; yellow dashed box in Fig. 4a) from observations (gray bars) and CAPT day 3 (blue bars), only sampling
the days when open ocean areas exhibit low-level subsidence or
weak updraft (as in Fig. 6). Observational precipitation data from
GPCP (light gray bars) and TRMM 3B42 (dark gray bars) are both
displayed and sampled by CRH from ERA-Int, all interpolated to
same horizontal resolution as CAM5. At each CRH interval, the
vertical bar spans the range from the first to the third quantiles,
while the horizontal line shows the median value of the precipitation rate. (bottom) The probability density function of CRH
in the top panel for ERA-Int (black line) and CAPT day 3 (blue
line). (b) As in (a), but for post-onset composites (without conditional sampling, but excluding year 2006).

The result is consistent with previous studies (Del Genio
et al. 2012; Derbyshire et al. 2004) showing that the
sensitivity of convective parameterization to the environmental moisture is not sufficient. Although entrainment has already been considered in the convection
scheme of CAM5 to improve such sensitivity, our results
indicate the fundamental challenge to represent such a
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sharp transition by the cumulus parameterization in
both the pre- and post-onset periods, and different signs
of precipitation bias emerge under different large-scale
moisture states. When weak precipitation is triggered
too easily in the model under moderate CRH conditions, the moisture is consumed too quickly and cannot
be properly accumulated; an even higher CRH is thus
needed to produce intense rainfall.

5. Conclusions and summary
As the EA and SCS summer monsoon rainfall in the
CAM5 AMIP simulation generally exhibits a ‘‘too early,
too weak’’ bias, the present study identifies the contribution of the interactions among the fast physical processes to such bias. The multiyear hindcasts allow for
evaluating the simulated monsoon system given wellconstrained synoptic-scale winds at the exact period surrounding the abrupt onset each year over the SCS, a key
precursor of the overall EA summer monsoon onset.
Compared with the observation data, CAM5 is unable to
capture the land–ocean precipitation contrasts around
SCS during the monsoon onset. In the pre-onset period,
the warm ocean environment is usually suppressed by the
subsidence associated with the basin-scale local circulation. With shallower vertical heating and a weaker diurnal
cycle over land, CAM5 produces stronger precipitation
over the ocean consistent with weaker subsidence. With
high sea surface temperature over the SCS, the early development of precipitation is likely to promote an early
EASM onset. In the post-onset period, the convective
systems tend to aggregate and produce strong precipitation over the coastal ocean near the Philippines. The
heavy rainfall is underestimated in CAM5 hindcasts with
an overestimated upper-level heating, which can be associated with the overall weaker EASM rainfall. These
biases were further manifested by the fact that the model
fails to capture the timing and amplitude of the diurnal
cycle, and the challenge of realistically representing the
precipitation–moisture sensitivity by the parameterizations during the SCSSM onset period.
The present results indicate that with the weaker
diurnal-cycle convection over land, the basin-scale local circulation and the land–ocean contrast might be
underrepresented in the model. This argument can be
further investigated using a similar hindcast approach
with sensitivity tests on the cumulus parameterization,
such as the modification of the triggering function, to
see if the improvement of the diurnal cycle of land
conditions can improve the local circulation. Experiments with higher horizontal resolution can also be
carried out to investigate the effects when local topography is better resolved.

VOLUME 32

The present results also give prominence to the importance of land–ocean–convection interactions and coastal
convection systems when simulating the precipitation during the seasonal transition over the major monsoon regions.
These are also the major scientific themes of several extensive international field campaigns that are recently ongoing, including the Years of the Maritime Continent
(YMC; 2017–19; see http://www.bmkg.go.id/ymc/ and
http://www.jamstec.go.jp/ymc/), the South China Sea
Two-Island Monsoon Experiment (SCSTIMX; 2016–19;
Lin et al. 2016; see https://scstimx.as.ntu.edu.tw/), and
the Propagation of Intra-Seasonal Tropical Oscillations
(PISTON; 2018–19; https://onrpiston.colostate.edu/).
The associated intensive field observations and cloudresolving modeling activities are particularly helpful to
advance the understandings to the processes controlling
the responses of the coastal diurnal convection to the
large-scale condition of moisture and wind shear, as well
as the upscale effects of the organized coastal systems
during the transition period of the large-scale states.
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