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ABSTRACT: Convective vertical transport is critical in the monsoonal overturning, but the relative roles of different

convective systems are not well understood. This study used a cloud classification and tracking technique to decompose a

convection-permitting simulation of the South Asian summer monsoon (SASM) into subregimes of mesoscale convective

systems (MCSs), non-MCS deep convection (non-MCS), congestus, and shallow convection/clear sky. Isentropic analysis is

adopted to quantify the contributions of different convective systems to the total SASM vertical mass, water, and energy

transports. The results underscore the crucial roles of MCSs in the SASM vertical transports. Compared to non-MCSs,

the total mass and energy transports by MCSs are at least 1.5 times stronger throughout the troposphere, with a larger

contributing fraction from convective updrafts compared to upward motion in stratiform regions. Occurrence frequency of

non-MCSs is around 40 times higher than that of MCSs. However, per instantaneous convection features, the vertical

transports and net moist static energy (MSE) exported by MCSs are about 70–100 and 58 times stronger than that of non-

MCSs. While these differences are dominantly contributed by differences in the per-feature MCS and non-MCS area

coverage,MCSs also show stronger transport intensities than non-MCSs over both ocean and land. OceanicMCSs and non-

MCSs show more obvious top-heavy structures than their inland counterparts, which are closely related to the widespread

stratiform over ocean. Compared to the monsoon break phase, MCSs occur more frequently (;1.6 times) but their vertical

transport intensity slightly weakens (by ;10%) during the active phases. These results are useful for understanding the

SASM and advancing the energetic framework.
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1. Introduction

The South Asian summer monsoon (SASM) is the strongest

monsoon system on Earth, contributing ;80% of the annual

precipitation over SouthAsia (Wang et al. 2017). Its large-scale

atmospheric overturning circulation is dominated by a single

cross-equatorial Hadley cell, with a planetary-scale ascent over

South Asia, and a planetary-scale subsidence over the south

Indian Ocean east of Madagascar (Trenberth et al. 2000). In

recent years, the atmospheric overturning circulation of the

SASM has been interpreted through the lens of the convective

quasi-equilibrium (CQE) theory (Emanuel et al. 1994). Within

the framework of CQE, the strength of monsoonal overturning

is related to the horizontal gradient in the moist entropy sup-

plied to the atmosphere by external sources such as radiation

and surface enthalpy fluxes, while the interactions between

convection and the large-scale circulation lie at the heart of the

monsoon energetics (Neelin and Held 1987; Boos and Kuang

2010; Boos 2015; Ma et al. 2019). As a fast process, convection

in the ascending branch of the SASM overturning redistributes

mass, water, and energy vertically, limiting large accumulation

of convective available potential energy (CAPE) and main-

taining a quasi-equilibrium state between convective activity

and the large-scale forcings. Hence, the vertical temperature

structure of the troposphere above the cloud base nearly

follows a moist adiabat (Nie et al. 2010). From a moist entropy

budget perspective, convection modulates radiation and sur-

face enthalpy fluxes by the cloud-radiative (Guo et al. 2015)

and convection–wind–evaporation (Luo and Stephens 2006)

feedbacks in the SASM. In addition, the thermally driven

convective overturning imports or exports moist static en-

ergy (MSE) into or out of the atmosphere column, leading

to a change in the gross moist stability, which further mod-

ulates the large-scale monsoonal overturning (Back and

Bretherton 2006; Raymond et al. 2009; Boos 2015; Inoue and

Back 2015).

The import/export of MSE to the atmosphere column is

sensitive to the vertical motion profiles of convection (Back

and Bretherton 2006; Inoue and Back 2015). Specifically,

convection with a bottom-heavy transport profile leads to a net

import of MSE and negative gross moist stability, and thus

destabilizes the monsoon system through column moistening.

Conversely, convection with a top-heavy transport profile leads

to a net export of MSE and positive gross moist stability, and

thus stabilizes the monsoon system. Analysis of long-term

satellite observations has revealed the complexity of the con-

vective systems occurring during the SASM (e.g., Schumacher

and Houze 2003a; Romatschke et al. 2010; Romatschke and

Houze 2011; Xu and Zipser 2012; Houze et al. 2015; Virts and

Houze 2016). In terms of the vertical depth, the SASM con-

vection can be classified into three categories: deep convection,

congestus, and shallow convection, with cloud tops located much

higher, around, and well below the melting level, respectivelyCorresponding author: Xingchao Chen, xzc55@psu.edu
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(Saikranthi et al. 2014; Bhat and Kumar 2015; Kumar and Bhat

2017). This vertical morphology is consistent with the trimodal

characteristics of convection observed over the tropical oceans

(Johnson et al. 1999). Furthermore, deep convection in the

SASM shows different organizations and horizontal structures

(e.g., Romatschke and Houze 2011). Besides isolated deep

convection, mesoscale convective systems (MCSs) frequently

occur in the SASM; dynamically distinct from non-MCS deep

convection, MCSs contribute more than half of the monsoonal

precipitation over the South Asia region (Mohr et al. 1999;

Houze 2004; Virts and Houze 2016). Convective systems with

different vertical and spatial scales also have distinct vertical

latent heating and transport profiles (Yanai et al. 1973; Zuluaga

et al. 2010; Ahmed et al. 2016).

Our current understanding of the vertical transports asso-

ciated with different convective systems in the SASM remains

incomplete. This is partially due to the lack of in situ obser-

vations over the SASM region, limiting our ability to charac-

terize the essential features of different convective systems.

Furthermore, simulating convection has been notoriously dif-

ficult for globalmodels that rely on cumulus parameterizations,

which severely limit our confidence in using global reanalyses

to investigate convective activity in the SASM. Feasibility of

continental-scale convection-permitting simulations using limited

area models has made it possible to study the convective ac-

tivity in the planetary-scale SASM.

In this study, a convection-permitting regional simulation

and isentropic analysis are used to investigate the relative con-

tributions of different convective systems to the SASM over-

turning. By separating the atmospheric ascents at relatively

higher entropy from the descents at relatively lower entropy,

isentropic analysis provides a useful framework for investi-

gating the atmospheric overturnings across different spatial

scales (e.g., Pauluis et al. 2008; Pauluis and Mrowiec 2013).

Going beyond isentropic analysis of the multiscale atmospheric

overturnings in the tropics and monsoons (Chen et al. 2018c,b,

2020; Sabin and Pauluis 2020), this study combines the isen-

tropic analysis with a cloud classification and tracking algo-

rithm to examine the relative roles of different convective

systems in the SASM overturning. Hence, this study represents

an important step toward an improved understanding of the

SASM and contributes to advancing the energetic framework

by quantifying the role of different convective systems in the

import and export ofMSE (Biasutti et al. 2018). This study also

aims to provide metrics useful for benchmarking the ability of

climate models in representing the convective vertical trans-

ports of mass, energy, and moisture associated with the SASM

overturning.

2. Experimental setup and methodology

a. WRF Model setup

The Weather Research and Forecasting (WRF) Model

(Skamarock et al. 2008), version 3.4.1, is used in this study. A

model configuration similar to that used in Chen et al. (2018a,

hereafter C18) is adopted in this study. In C18, the authors

used a 9-km model horizontal grid spacing without any deep

convection parameterization to simulate the SASM precipi-

tation. Although the 9-km grid spacing is inadequate for sim-

ulating isolated convection, the ‘‘gray zone’’ resolution can

capture the primary characteristics of mesoscale systems, so it

has been widely used in simulating tropical cyclones andMCSs

(e.g., Wang et al. 2015; Chen and Zhang 2019a,b; Chan et al.

2020b; Chen et al. 2021). This study uses a 4.5-km grid spacing

in order to better resolve the characteristics of convection in

the SASM. The simulation is performed over a single domain

that covers most of South Asia with 15543 888 grid points (the

WRF domain is shown in Fig. 2). The model is configured with

45 vertical levels, including 9 vertical levels in the lowest 1 km,

and a model top at 20 hPa.

Similar to C18, the simulation employs the updated Goddard

shortwave scheme (Shi et al. 2010), the GCM version of the

Rapid Radiative Transfer Model (RRTMG) longwave radia-

tion scheme (Iacono et al. 2008), the unified Noah land surface

physical scheme (Chen and Dudhia 2001), and the new version

of the asymmetric convective model (ACM2; Pleim 2007) as

the boundary layer scheme. As suggested by C18, the use of the

WRF double-moment (WDM) microphysics scheme (Lim and

Hong 2010) led to a severe underestimation of stratiform

precipitation. Hence, this study uses the Thompson micro-

physics scheme (Thompson et al. 2008), which leads to a better

simulation of the convective/stratiform rainfall fractions (not

shown here). The model integrations start from 0000 UTC

20 April 2009 as in C18. Analyses will focus on the boreal

summer season from June to August (JJA).

b. Cloud classification and tracking

A novel process-oriented cloud classification and tracking

algorithm is used to identify different types of convective sys-

tems in the WRF simulation. The workflow is similar to the

procedure of the Flexible Object Tracker (FLEXTRKR; Feng

et al. 2018, 2021b), which has been widely used to investigate

the observed and simulated convective systems and their large-

scale environments (e.g., Feng et al. 2016, 2019; Song et al.

2019; Feng et al. 2021a; Hu et al. 2020). Cold cloud systems

(CCSs) associated with deep convection are first identified

from theWRFhourly outputs following themethodologydetailed

in Feng et al. (2018). The WRF simulated outgoing longwave

radiation is empirically converted to infrared (11.5mm) brightness

temperature (Tb) following Yang and Slingo (2001). A CCS is

defined by iteratively growing a cold cloud core with the sim-

ulated Tb , 225K outwards to reach 241K. Each simulated

CCS feature is then tracked if the overlapped area is more than

50% between two successive hourly model outputs. MCS is

defined as a large CCS that exceeds 43 104 km2, with themajor

axis length of its precipitation feature (PF) $ 100 km, the PF

area, PF mean rain rate, PF rain-rate skewness, and heavy rain

(rain rate . 10mmh21) volume ratio larger than the lifetime-

dependent thresholds provided in Feng et al. (2021b) and per-

sisting for at least 4 h. CCSs that do not meet the MCS criteria

are defined as non-MCS deep convection. We have tested the

sensitivity of the algorithm to different MCS size, rainfall pa-

rameters, and lifetime thresholds. Because MCSs in the SASM

are in general long-lived and intense, the cloud classification and

tracking results are not sensitive to small changes in the MCS
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criteria (e.g., changing the lifetime threshold of MCS from 4 to

6 h produces similar results).Readers can also refer to Feng et al.

(2018, 2021b) for a more detailed interpretation of the algo-

rithm. Besides the area occupied by the CCSs, model grid points

with nonnegligible precipitation ($0.5mmh21) and cloud-top

Tb , 270K are defined as the congestus subregime (Wall et al.

2013). The rest of the model grid points are then defined as ei-

ther the clear-sky or shallow convection subregime (hereafter,

shallow 1 clear). Shallow convection includes both shallow

convective clouds and dry shallow convection. In section 3, we

will show that this classification and tracking algorithm can well

separate the typical overturning (or vertical transport) of dif-

ferent convective systems in the SASM. However, it should be

noted that themodel resolution (4.5 km) used in this study is still

inadequate to resolve the detailed dynamics of either congestus

or shallow convection. Hence, results related to congestus and

shallow convection can only be viewed qualitatively.

c. Comparisons with observations and ERA5 reanalysis

The NASA global precipitation measurement (GPM) inte-

grated multisatellite retrievals (IMERG) V06B half hourly

0.18 3 0.18 resolution dataset (Huffman et al. 2019) is used to

evaluate the WRF simulated rainfall. IMERG shows consid-

erable improvement over the Tropical Rainfall Measuring

Mission (TRMM) Multisatellite Precipitation Analysis (TMPA)

dataset in estimating precipitation over the SASM region (e.g.,

Prakash et al. 2018). The 0.258 resolution ERA5 reanalysis

(Hoffmann et al. 2019) is used here as a reference for the

comparisons. Chen et al. (2020) showed ERA5 can better

capture the mesoscale atmospheric overturning circulation

compared to its predecessor ERA-Interim. Figure 1a shows the

temporal evolution of the daily surface rainfall averaged over

the South Asia region from IMERG, WRF, and ERA5. The

WRF simulation realistically captures the daily evolution of

monsoonal precipitation with a similar performance as ERA5,

although the WRF simulation overestimates (9.7mm day21)

and ERA5 underestimates (7.3mm day21) the JJA-averaged

daily rainfall compared to the IMERGobservation (8.5mmday21).

The daily rainfall in theWRF simulation shows a similar spatial

pattern as the IMERG observation and the simulation in C18

(not shown here).

To further evaluate the convection-permitting WRF simu-

lation of different convective systems, cloud classification and

tracking are also performed on the satellite observations and

FIG. 1. (a) Temporal evolutions of daily rainfall averaged over South Asia from the IMERG

observation (black line), ERA5 (blue line), and the WRF simulation (red line). The JJA-

averaged daily rainfall amounts are shown in the upper-right corner of (a). (b),(c) As in (a), but

for theMCS precipitation and the precipitation fraction contributed byMCS. The green box in

the upper-left corner of (a) shows the South Asian region.
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the ERA5 reanalysis. Satellite observations used here include a

global merged geostationary satellite 11.5-mm infrared Tb

dataset produced by the Climate Prediction Center and

National Centers for Environmental Prediction (Janowiak

et al. 2017) and the IMERG rainfall dataset (Huffman et al.

2019), with a combined spatiotemporal resolution of 10 km and

hourly (Feng et al. 2021b). Considering the ERA5 reanalysis

and WRF simulation are at different spatial resolutions, the

MCS identification criteria for ERA5 have been adjusted fol-

lowing Feng et al. (2021a). In particular, PF mean rain rate and

rain-rate skewness thresholds for ERA5 follow those derived

from the 25-km resolution datasets in Feng et al. (2021a) to

account for weaker precipitation and reduced spatial vari-

ability at coarser resolution.

From the cloud classification, we obtain 2009 JJA non-MCS

deep convection daily rainfall rates of 1.3mm day21 for WRF

and 0.9mm day21 for ERA5, closely aligning with 1.1mm day21

from satellite observations. However, both WRF and ERA5

overestimate the rainfall produced by congestus, with average

daily rainfall amounts of 1.2, 3.1, 2.5mm day21 in JJA in the

satellite observations, WRF, and ERA5, respectively. The

observed variations of daily rainfall over South Asia (Fig. 1a)

can be largely explained by the variability of MCS precipita-

tion (Fig. 1b). MCSs contribute to around 67% of the total

rainfall over South Asia (Fig. 1c), with a JJA-averaged daily

rainfall amount around 5.9mm day21. The ERA5 reanalysis

severely underestimates the MCS daily rainfall (2.7mm day21;

Fig. 1b), only accounting for 34% to the total monsoonal pre-

cipitation (Fig. 1c). Although the WRF simulation shows

similar underestimation of the MCS rainfall, the biases are

greatly reduced (4.9mm day21 and 49%, respectively; Figs. 1b,c).

One may notice that the WRF simulation considerably un-

derproduces MCS precipitation in September (Figs. 1b,c). This

is because WRF simulated two tropical cyclones that were

MCSs in the satellite observations over the Bay of Bengal.

Since the analysis will focus on the JJA period, this model bias

in September would not influence the results shown in

this paper.

WRF simulation also better captures the spatial distribu-

tions of the MCS daily precipitation, total number, and mean

rain rate (Fig. 2). The mean MCS rain rates in Fig. 2 are only

calculated over grid points withmore than twoMCS samples to

avoid sampling errors. In particular, the WRF simulation

captures the two regions with enhanced MCS activity from

observations over the Western Ghats and the west coast of

Myanmar (Figs. 2a,b,d,e). Strong monsoonal precipitation

over these two regions (not shown) is mostly contributed by

MCSs. In contrast, ERA5 considerably overestimates theMCS

number and underestimates MCS rainfall amount over eastern

India and Bangladesh (Figs. 2g,h), while the mean MCS rain

rate is significantly weaker (Fig. 2i). It should be noted that,

although theWRF simulation is better than the coarse-resolution

FIG. 2. Spatial distributions of the observed MCS (a) daily precipitation, (b) total number, and (c) mean rain rate from satellite

observations averaged over 2009 JJA. (d)–(i) As in (a)–(c), but for the WRF simulation in (d)–(f) and ERA5 reanalysis in (g)–(i). The

WRF and ERA5 results have been interpolated to the IMERG reference resolution (;10 km). In (c), (f), and (i), only regions with

number of MCS . 2 are shown. Thick gray line shows terrain height larger than 3000m above sea level.
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ERA5 in capturing the SASMMCSs, it still underestimates the

number and overestimates the rainfall intensity of MCSs when

compared to satellite observations.

TheMCS area, propagation speed, mean infrared brightness

temperature, and strong rainfall ($5mmh21) fraction in the

WRF simulation are further compared with the satellite ob-

servations. The vertical transport in the simulated MCSs could

be sensitive to these metrics (e.g., Senior et al. 2021). Overall,

the WRF simulation realistically captures the area and prop-

agation speed of MCSs (Figs. 3a,b). The propagation speed is

calculated using the cold cloud shield centroid location dif-

ferences between two model output times. It reflects the

movement of the upper-level cold clouds, but is also influenced

by the changes in the shape of cold clouds. As a result, the

calculated propagation speed may be slightly faster than the

visually estimated propagation speed of the MCS features.

TheWRF simulation slightly underestimates theMCSmean

brightness temperature, with the simulated kernel of the

probability distribution ;2K colder than the observed one

(Fig. 3c). It reflects that the WRF simulation slightly overes-

timates the depth of the SASMMCSs, which is likely related to

overly strong and wide convective updrafts with the 4.5-km

grid spacing (Prein et al. 2021). The probability distributions of

strong rainfall fraction from the satellite observations and

WRF simulation are similar to each other, but noticeable

differences can be found (Fig. 3d). The WRF simulation

underestimates the probability of MCSs with small (#0.05)

and large ($0.17) strong rainfall fractions but overestimates

the probability of MCSs with medium (.0.05 and ,0.17)

strong rainfall fractions. The differences reflect the model

biases in simulating MCSs’ convective/stratiform rainfall frac-

tions, which are long-standing biases in convection-permitting

simulations (Hagos et al. 2014; Varble et al. 2014; Fan et al.

2017; Han et al. 2019).

In summary, although unavoidable model biases exist,

the convection-permitting WRF simulation provides a useful

dataset for studying the SASM convection. The potential im-

pacts of the WRFModel biases on the results will be discussed

in section 5.

d. Isentropic analysis

An isentropic analysis technique is used in this study to in-

vestigate the vertical mass, water, and energy transports asso-

ciated with different convective systems in the SASM. The

isentropic analysis sorts the vertical transports in terms of the

equivalent potential temperature (ue) of air parcels and com-

putes the atmospheric overturning in the isentropic coordi-

nates of ue and height (Pauluis and Mrowiec 2013). The

isentropic distribution of the vertical mass transport on a given

isentropic slice is defined as (Chen et al. 2020):

hrWi(z, u
e0
)5

1

P

ðP
0

ðLy

0

ðLx

0

rW(x, y, z, t) d[u
e0

2 u
e
(x, y, z, t)] dx dy dt (1)

Here, z is the height above the mean sea level (MSL) and t is

the model integration time; W is the vertical velocity, and r is

the mass per unit volume. The terms Lx and Ly are the spatial

extent of the averaging domain;P is the time period over which

the averaging is performed. Here, ue0 is the frozen equivalent

potential temperature as defined in Pauluis [2016, Eq. (2)]. The

frozen equivalent potential temperature considers the latent

heating associated with freezing processes, so it is typically

larger than the ue over liquid water (Emanuel 1994) and can

FIG. 3. Probability distributions of the MCS (a) area, (b) propagation speed, (c) mean infrared brightness

temperature, and (d) strong rainfall fraction from satellite observations and the WRF simulation.
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better capture the convective overturning above the melting

level (Chen et al. 2018c). The d is a Dirac function that is equal

to 1/Due for ue between ue0 2 0.5Due and ue0 1 0.5Due and 0

elsewhere. The Due used here equals to 1K. In practice, the

integral in (1) amounts to summing the vertical mass transports

over the averaging domain at each constant height in finite ue
bins on an interval of width Due. Compared with the traditional

Eulerian analysis, the isentropic analysis is a more efficient

methodology to separate the vertical transports at different

entropies, which emphasizes the fact that the atmospheric

overturnings across different scales are all due to the combi-

nations of ascending warm moist air parcels at high entropy

and compensated descending colder drier air parcels at low

entropy (e.g., Pauluis et al. 2008; Mrowiec et al. 2015, 2016;

Slawinska et al. 2016; Fang et al. 2017; Wu et al. 2019; Chen

et al. 2020).

Another advantage of the isentropic analysis is its efficiency

in characterizing the upward and downward mass, water, and

energy transports associated with different convective systems

with the two-stream approximation (Pauluis and Mrowiec

2013; Chen et al. 2018b). The upward M1 and downward M2

mass transports are defined as

M1(z, t)5

ð‘
2‘

hrWiH(hrWi)du
e
, and (2)

M2(z, t)5

ð‘
2‘

hrWiH(2hrWi)du
e
, (3)

whereH is a Heaviside step function (value is zero for negative

arguments and one for positive arguments). Similarly, the up-

ward and downward water (WT1 andWT2) and energy (EG1

and EG2) transports can be calculated as follows:

WT1(z, t)5

ð‘
2‘

hrW3qiH(hrWi)du
e
, (4)

WT2(z, t)5

ð‘
2‘

hrW3qiH(2hrWi) du
e
, (5)

EG1(z, t)5

ð‘
2‘

hrW3MSEiH(hrWi) du
e
, and (6)

EG2(z, t)5

ð‘
2‘

hrW3MSEiH(2hrWi)du
e
, (7)

where q is specific humidity. MSE 5 CpT 1 gz 1 Lyq is the

moist static energy, with the specific heat capacity of dry airCp,

temperature T, gravitational acceleration g, and the latent heat

of vaporization Ly. The isentropic analysis is performed for

each convective subregime (i.e., MCS, non-MCS deep con-

vection, congestus, shallow 1 clear) in the WRF simulation

and averaged over 2009 JJA. Model grid points with topogra-

phy higher than 3000m are excluded in the isentropic analysis.

3. Roles of different convective systems in the
SASM overturning

Figure 4 shows the isentropic distributions of the WRF simu-

lated instantaneous vertical mass transports summing over the

MCS, non-MCS deep convection, congestus, and shallow1 clear

subregimes averaged over JJA 2009 [Eq. (1)]. The black solid

lines represent the horizontal-mean ue profiles averaged over

different convective subregimes. The MCS overturning circu-

lation is dominated by a strong and deep upward mass trans-

port at high ue values (;350–365K, shown by the warm colors

in Fig. 4a), which corresponds to the warmmoist updrafts in the

MCS clouds. The ue value of the upward mass drops from the

surface to the melting level (at;6 km), which is mainly due to

the entrainment of environmental drier air. Above the melting

level, the MCS upward mass is almost vertical in the ue coor-

dinate with little change of its ue value, reflecting the reduced

dilution by entrainment above the freezing level. The mean ue
value of the upward mass is higher than the horizontal-mean

ue in the lower troposphere but similar to the horizontal-mean

ue above the melting level. The MCS upward mass transport

intensity peaks at around 10 km. Besides the deep upwardmass

transport, a shallow and weak downward mass transport can

also be found in the MCS subregime (shown by the cold colors

in Fig. 4a). The downward mass transport mostly occurs below

the melting level, with ue values lower than the horizontal-

mean ue profile, likely associated with themesoscale downdraft

in the stratiform rain region of MCSs (Houze 2004; Schumacher

et al. 2015). In addition, the ue values of the downward mass

increase from the melting level to the surface, which corre-

sponds to the mixing between the subsiding air and the de-

trained high-entropy air from the MCS updrafts.

Non-MCS deep convection (Fig. 4b) shows a similar over-

turning structure with MCS, which includes a deep upward

mass transport at high ue values and a shallow downward mass

transport at low ue values. However, the total air mass vertically

transported by non-MCS deep convection during the SASM

is significantly less than (;50%) that transported by MCS.

FIG. 4. Isentropic distributions of the WRF simulated vertical

mass transports (kg s21K21) associated with (a)MCS, (b) non-MCS

deep convection, (c) congestus, and (d) shallow 1 clear averaged

over 2009 JJA. The black solid lines show the horizontal-mean

profiles of equivalent potential temperature averaged over differ-

ent convective subregimes. The black dashed lines in (b)–(d) are

the same as the black solid line in (a).
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Their relative contributions to the total SASMoverturning will

be quantitatively compared later in this section using the two-

stream approximation. In the lower and middle troposphere,

the horizontal-mean ue profile averaged over the MCS sub-

regime is around 3K warmer than that averaged over the non-

MCS deep convection subregime (Figs. 4a,b). This may imply

that moister and warmer environment is required in the lower

troposphere for MCS initiation and/or such environment may

explain MCS’s stronger diabatic heating effect compared to

non-MCS deep convection.

Different from MCS and non-MCS deep convection, the

congestus subregime shows an upward mass transport intensity

peaks at around 3.5 kmwithout any noticeable downward mass

transport (Fig. 4c). Figure 4d shows the atmospheric over-

turning over the shallow 1 clear subregime. Two distinct

components can be found in this subregime: a strong down-

ward mass transport from the upper to the lower troposphere

occurring at ue values close to the horizontal-mean ue profile,

and a shallow atmospheric overturning at high ue values below

3 km. The downward mass transport in the troposphere cor-

responds to the subsidence occurring in the clear-sky regions,

with ue values of the downward mass reducing from the

upper to the lower troposphere due to radiative cooling effects.

The overturning in the lower troposphere, on the other

hand, is associated with shallow convection in the SASM.

Without strong latent heating, the horizontal-mean profile

of ue over the shallow1 clear subregime is around 10K colder

than that in the MCS subregime in the lower and middle tro-

posphere (Fig. 4d).

To understand the asymmetric structures of MCS and non-

MCS vertical mass transports (Fig. 4a vs Fig. 4b), their atmo-

spheric overturnings are further separated into the strong

($5mmh21) and weak (,5mmh21) precipitation subregions.

Previous studies have shown that 5mmh21 can be used as an

approximate criterion to separate convective and stratiform

precipitation (e.g., Tokay and Short 1996). The rain-rate cri-

terion successfully separates the overturnings ofMCS and non-

MCS deep convection into two distinct modes (Fig. 5). A deep

upwardmass transport that connects the surface with the upper

troposphere can be found in the strong precipitation subre-

gions (Figs. 5a,b). This upward mass transport corresponds to

the strong convective updrafts in the CCSs. Downward mass

transport associated with strong precipitation in the strong

precipitation subregion is largely offset by the convective up-

ward transports at similar ue values. Hence, no distinct down-

ward mass transport can be found over the subregion. In the

weak precipitation subregion, an upwardmass transport can be

found above the melting level, while a downward mass trans-

port can be found below the melting level (Figs. 5c,d). This

feature is consistent with the vertical velocity profile of stratiform

precipitation (e.g., Schumacher et al. 2015). The horizontal-

mean ue profile in the strong (convective) precipitation subregion

is warmer than that in the weak (stratiform) precipitation

subregion, especially in the lower troposphere. It reflects that

the convective subregion has warmer temperature and/or higher

moisture content than the stratiform subregion. The total up-

wardmass transport in theMCS convective subregion (Fig. 5a)

is considerably stronger and deeper than that in the non-MCS

convective subregion (Fig. 5b). This difference reflects a larger

convective contributing fraction in the MCS overturning,

which will be further discussed later in this section.

The relative roles of different convective systems in the

vertical mass, water, and energy transports during the SASM

are examined using the two-stream approximation (Fig. 6).

The total upward mass transport of the SASM shows a double-

peak structure (black line in the right panel of Fig. 6a), with a

primary peak at 3.5 km and a secondary peak at 10 km. This

vertical feature is consistent with the analysis in Chen et al.

(2018c), which indicated that the lower peak is mainly con-

tributed by the convective-scale overturning circulations and

the upper peak is closely related to the meso- to synoptic-scale

overturning circulations. The upward mass transport associ-

ated with shallow convection is mostly concentrated below

2.5 km. The WRF simulation shows that MCS and congestus

contribute most at 42% and 36%, respectively, to the total

upward mass transport peak at 3.5 km. The contribution from

non-MCS deep convection in the lower troposphere is much

smaller (;17% at 3.5 km). However, one should note that the

contribution from congestus is very likely to be overestimated

since WRF overproduces the total precipitation of congestus

by a factor of 2.6. In addition, WRF also underproduces

the total precipitation of MCS (;83% of the observed

value). Hence, MCS might play an even more crucial role

than congestus in the upward mass transport in the lower

troposphere. MCS becomes more dominant in the upper

troposphere and contributes ;63% of the total SASM up-

ward mass transport at 10 km in the WRF simulation. The

contribution from non-MCS deep convection at the same

altitude is ;36%. In general, the upward mass transport

associated with MCS is at least 1.5 times stronger than that

of non-MCS deep convection throughout the troposphere.

FIG. 5. Isentropic distributions of vertical mass transports

(kg s21 K21) summing over (a) MCS convective, (b) non-MCS

convective, (c) MCS stratiform, and (d) non-MCS stratiform

subregions. The black solid lines show the horizontal-mean profiles

of equivalent potential temperature. The black dashed lines in

(c) and (d) are the same as the black solid line in (a) and (b).
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In addition, the MCS upward mass transport is strong

from the lower (;3.5 km) to upper (;10 km) troposphere.

However, the non-MCS upward mass transport shows a

prominent upper-tropospheric peak at 10 km. The upper-

tropospheric downward mass transport during the SASM

(left panel in Fig. 6a) is mainly contributed by the clear-sky

descent. Shallow convection plays an important role in the

total downward mass transport below 2.5 km. Meanwhile,

the contributions from congestus, MCS, and non-MCS deep

convection to the total downward mass transport are rela-

tively smaller.

Because moisture is mostly concentrated in the lower

troposphere, both the total upward and downward water

transports show bottom-heavy structures (Fig. 6b). The total

upward water transport peaks at around 2 km during the

SASM, with the MCS, non-MCS deep convection, con-

gestus, and shallow convection overturnings contributing

about 35%, 13%, 34%, and 18% at this altitude. Again, the

contributing percentage from congestus may be overestimated

since WRF considerably overproduces the total precipitation

of congestus and slightly underproduces the total precipitation

of MCS. Taking the model biases into account, MCS should

play a much more important role than congestus in upward

water transport in the lower troposphere. MCS dominates the

upward water transport in the upper troposphere, with con-

tributing percentages above 60% at all vertical levels above

8 km. The total downward water transport peaks at around

1 km, which is mostly contributed by shallow convection.

Figure 6c shows the vertical energy transports associated with

different convective systems. The vertical structure of energy

transports is similar to that of mass transports. Overall, Fig. 6

shows that the total upward mass/water/energy transports

are stronger than the total downward mass/water/energy

transports during the SASM (black lines in Fig. 6). Because

shallow convection shows an approximate symmetric upward

and downward transport structure, the net upwardmass, water,

and energy transports are mainly contributed by the over-

turnings associated with MCS, non-MCS deep convection, and

congestus. MCS plays a crucial role in the vertical mass, water,

and energy transports during the SASM.

An MCS occupies a much larger area than a non-MCS deep

convection.More importantly,MCSs contain larger convective

areas with wider and stronger updrafts, and broader stratiform

regions of mesoscale ascent in the upper troposphere. Hence,

the per-feature mass, water, and energy transports associated

with MCS and non-MCS deep convection are further com-

pared. The numbers of JJA-averaged instantaneous MCS and

non-MCS feature within the analysis domain are 9.5 and 376.8.

Here, the per-feature transport is defined as the instantaneous

total transport summed over each subregime divided by the

instantaneous feature number in the subregime. Hence, the

vertical structure of the per-feature transports (Fig. 7) is

the same as that of the total transports (Fig. 6). However, the

per-feature upward mass/water/energy transports associated

with an individual MCS is on average around 70–100 times

stronger than that of a non-MCS deep convection, mainly due

to the larger area of MCSs. Figure 7 also shows the per-feature

convective and stratiform transports for the MCS and non-

MCS deep convection. The downward mass, water, and energy

transports are mainly contributed by the stratiform down-

drafts. On the other hand, the lower-tropospheric upward

mass/water/energy transports are predominately produced

by the convective updrafts. One major difference between

the MCS and non-MCS deep convection is that the upper-

tropospheric upward mass and energy transports in non-MCS

deep convection is mainly contributed by the stratiform ascents,

which lead to a prominent top-heavy structure (Figs. 7d,f).

However, convective updrafts account for a larger fraction

of the MCS overturning and greatly (;38%) contribute to

the upper-tropospheric upward mass and energy transports

(Figs. 7a,c).

In addition, the column-integrated vertical MSE advections

[h2v(›MSE/›p)i] per MCS and non-MCS deep convection

feature are calculated based on the isentropic averaged mass

flux shown in Fig. 7. Quantifying the column integrated vertical

MSE advections associated with deep convection is important

FIG. 6. (a) Vertical distributions of the downward (left) and upward (right) mass transports associated with the SASM (total) and the

different convective systems. (b),(c) As in (a), but for vertical water and energy transports, respectively.
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for understanding the roles of deep convection in the SASM

energetics. The column integrated vertical MSE advection is

comparable to the gross moist stability, which can be used to

estimate the net MSE export/import produced by convective

overturning (Back and Bretherton 2006). A positive column

integrated vertical MSE advection reflects convection imports

MSE, and a negative value represents convection exports MSE

to the atmosphere column. Both MCS and non-MCS deep

convection lead to net MSE exports during the SASM, while

the per-feature MSE export produced by MCS (23.03 3
1013W) is about 58 times stronger than that of non-MCS deep

convection (25.16 3 1011W). The intensity of MCS MSE ex-

port (2315Wm22) is also slightly stronger than that of non-

MCS deep convection (2294Wm22). The low-level (below

the melting level) integrated vertical MSE advections are cal-

culated in order to further understand the MSE imports pro-

duced by MCS and non-MCS deep convection in the lower

troposphere. The result indicates that, in the lower tropo-

sphere, MCS imports much more MSE (1.67 3 1013W) per

feature into the atmosphere compared to non-MCS deep

convection (0.17 3 1011W). It is consistent with the stronger

and much wider convective updrafts and broader stratiform

ascent within the MCS subregime (Fig. 7a).

The spatial distributions of the lower-tropospheric (1.5 km)

upward mass transports associated with different convective

systems are shown in Figs. 8a–8d. MCS, non-MCS deep

convection, and congestus show a similar spatial pattern

(Figs. 8a–c), with two centers over the Western Ghats and

the west coast of Myanmar. These two convective centers also

correspond to the rainfall maxima during the SASM. Shallow

convection mostly occurs over the inland region, with a maxi-

mum over theMiddle East where the surface condition is warm

and dry. At the same time, another shallow convection center

can be found over the Arabian Sea, which is likely induced by

the enhanced westerly low-level winds and surface evaporation

during the SASM (Fig. 8d). Almost no upward mass transport

can be found over the congestus and shallow 1 clear sub-

regimes in the upper-troposphere (Figs. 8g,h). However,

the upward mass transport associated with MCS and non-

MCS deep convection increases from the lower to the upper

FIG. 7. (a) Vertical distributions of the per-feature MCS (solid line), MCS convective (dashed line), and MCS stratiform (dotted line)

downward (left) and upward (right) mass transports. (d) As in (a), but for non-MCS deep convection. (b),(e) As in (a) and (d), but for

vertical water transports. (c),(f) As in (a) and (d), but for vertical energy transports. Note that the transport magnitudes of the axes are

different between the first and second rows.
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troposphere (Figs. 8e,f), which is consistent with the vertical

structure shown in Fig. 6a. The upward mass transport asso-

ciated withMCS is stronger than that associated with non-MCS

deep convection at both altitudes, with the ratios of 2.7 and 1.7

between the MCS and non-MCS total upward mass transports

at 1.5 and 11 km, respectively.

Past observation studies have pointed out the distinct char-

acteristics of offshore and inland deep convection during the

SASM (e.g., Romatschke et al. 2010; Romatschke and Houze

2011; Virts and Houze 2016). In general, large convective

systems with broad stratiform region are most widespread over

ocean, while smaller but deeper convection frequently occurs

over land. The larger stratiform fraction in deep convection

over ocean may form due to the warm, moist boundary layer

with small diurnal variability and/or the near-moist adiabatic

stratification of the free atmosphere (Schumacher and Houze

2003b). The oceanic and inland vertical mass, water, and

energy transports associated with MCSs and non-MCSs are

further compared in Fig. 9. Results show that MCSs have

larger contributions to the total vertical mass, water, and

energy transports than non-MCSs over both ocean and land

(Figs. 9a–c). In addition, the MCS total upward mass/energy

transports over ocean are significantly stronger than that over

land (Figs. 9a,c). The results are consistent with Figs. 8a,e,

which indicate that MCS upward mass transport frequently

occurs over ocean. On the other hand, the non-MCS total

upward mass and energy transports over ocean are only

slightly stronger than that over land. Both the MCS and non-

MCS vertical water transports are stronger over ocean

(Fig. 9b), which is likely related to the moister environment

over the offshore region.

Besides the total vertical transports, the MCS and non-MCS

vertical mass/water/energy transport intensities are also com-

pared in Figs. 9d–f. Here, the transport intensity is defined as

the instantaneous total transport of each subregime divided

by the detected instantaneous area in the subregime. Over

both ocean and land, MCSs show stronger vertical transport

intensities than non-MCSs. For example, over land (ocean),

the upward mass transport intensity of MCSs is ;1.35 (1.36)

times stronger than that of non-MCSs at 10-km altitude. The

number changes to ;1.80 (1.95) at 3.5-km altitude. These re-

sults imply that mesoscale organization of deep convection

plays an important role in modulating the overturning circu-

lation of the SASM. The vertical transports associated with the

inland MCSs/non-MCSs (solid lines in Figs. 9d–f) are clearly

deeper than that associated with the oceanic MCSs/non-MCSs

(dashed lines in Figs. 9d–f). The mass/energy transport inten-

sities in the middle and upper troposphere are significantly

stronger over the inland region. For example, the inland MCS

and non-MCS upward mass transport intensities at 8-km alti-

tude are around 1.2 and 1.6 times stronger than their oceanic

counterparts (Fig. 9d). Both the MCS and non-MCS upward

mass transports show a more obvious upper-tropospheric peak

over ocean (Fig. 9d). In particular, the top-heavy structure of

non-MCS vertical mass transports shown in Fig. 7d is largely

contributed by the oceanic non-MCSs. This is because strati-

form regions contribute more to the total upper-tropospheric

vertical transports over ocean than that over land (not shown

here). This result is consistent with the long-term satellite ob-

servations that show that stratiform regions are more wide-

spread over the offshore regions (Romatschke et al. 2010).

4. Subseasonal variations

The SASM exhibits strong subseasonal variability in the

form of ‘‘active’’ and ‘‘break’’ spells of monsoon precipitation

with a dominantmode on a time scale of 30–60 days (e.g., Sikka

and Gadgil 1980; Yasunari 1981; Goswami and Ajayamohan

2001). In this section, the subseasonal variability of atmospheric

overturning associated with different convective systems in

the SASM is further studied in the context of the isentropic

analysis.

Figure 10a shows the temporal evolution of the total upward

mass transport summed over the WRF domain. Following

FIG. 8. Isentropic upward mass transport (kg s21) associated with (a) MCS, (b) non-MCS deep convection, (c) congestus, and

(d) shallow convection at 1.5-km altitude averaged over 2019 JJA. (e)–(h) As in (a)–(d), but for 11-km altitude. Coastlines are shown by

the black lines and topography higher than 3000m is shown by the gray contours.
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Chen et al. (2018c), themonsoon active phase is defined here as

days on which the total monsoonal overturning and rainfall are

significantly enhanced, which occurs on 21 June–23 July and

13–29 August during JJA 2009 (shown by the black dashed

lines in Fig. 10a). Days other than the active phase are defined

as the monsoon break phase. The column integrated upward

mass transport averaged over the active phase is around

1.22 times stronger than that during the break phase (Fig. 10a).

The statistical significance of the differences in the total up-

ward mass transports for the active and break phases is tested

using Student’s t test. Results show that the increase in upward

mass transport during the active phase is statistically significant

at the 99% confidence level. During the active phase, the col-

umn integrated upward mass transport is enhanced by ;24%

for both MCS (Fig. 10b) and non-MCS (Fig. 10c). The con-

vective component accounts for a relatively larger fraction of

upward mass transport in MCS than that in non-MCS deep

convection during both the active and break phases. The

highest altitude at which the convective updraft still accounting

for more than half of the upwardmass transport is 9.5 km in the

MCS subregime (Fig. 10b) and 8 km in the non-MCS deep

convection subregime (Fig. 10c). Congestus contributes about

31%of the total upwardmass transport below themelting level

(Fig. 10d). During the active phase, the column integrated

upward mass transport associated with congestus is enhanced

by ;22%. Shallow convection contributes around 26% of the

total upwardmass transport below 3 km (Fig. 10e). The column

integrated upward mass transport of shallow convection is only

enhanced by;8% during the monsoon active phase (Fig. 10e).

The upward energy transport in the SASM shows similar

subseasonal variations as the upward mass transport (not

shown here). Figure 11 shows the temporal evolutions of the

upward water transports during the SASM. The column in-

tegrated total upward water transport is enhanced by ;17%

during the active phase (Fig. 11a). MCS contributes 41% of the

column integrated total upward water transport during the

SASM (Fig. 11b). Specifically, MCS accounts for around 38%

(59%) of the total upward water transport below (above) the

melting level (;6 km). During the active phase, the column

integrated upward water transport associated with MCS is

FIG. 9. (a) Vertical distributions of the downward (left side) and upward (right side) mass transports associated with inland MCS (red

solid lines), offshore MCS (red dashed lines), inland non-MCS (blue solid lines), and offshore non-MCS (blue dashed lines). (b),(c) As in

(a), but for vertical water and energy transports, respectively. (d)–(f) As in (a)–(c), but for the intensities of vertical mass, water, and

energy transports.
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enhanced by ;16%. Non-MCS deep convection only con-

tributes 17% of the column integrated total upward water

transport (Fig. 11b), while the contribution from congestus is

around 29% (Fig. 11d).Most upward water transport produced

by congestus is confined below the melting level, which is en-

hanced by ;22% during the active phase. The upward water

transport associated with shallow convection mostly exists

below 3 km (Fig. 11e). Shallow convection contributes ;13%

of the column integrated total upward water transport. The

upward water transport associated with shallow convection

shows weak subseasonal variations and is enhanced by only 3%

during the monsoon active phase.

The subseasonal variations of the per-feature mass, water,

and energy transports associated withMCS and non-MCS deep

convection are further compared in Fig. 12. The occurrence

frequency of MCS is considerably increased during the active

phase. The average number of MCSs that simultaneously exist

in the WRF domain during the monsoon active (break) phase

is 10.5 (6.5). Though the MCS number increases considerably

in the monsoon active phase, the column integrated upward

mass, water, and energy transports per MCS feature are

slightly weakened by around 8%, 14%, and 7%, respectively

(Figs. 12a–c). The occurrence frequency of non-MCS deep

convection also increases during the active phase. The average

number of non-MCS deep convections that simultaneously exist

in the WRF domain during the active (break) phase is around

402.0 (274.1). However, the per-feature mass/water/energy

transports associated with non-MCS deep convection show

negligible subseasonal variations (Figs. 12d–f) during the SASM.

The subseasonal variations of the per-feature mass, water,

and energy transports associated with MCS can be induced by

changes of MCS area and/or vertical transport intensities.

Cloud tracking results show that the averaged areas of MCS

during the monsoon active and break phases are similar, which

are around 96 317 and 96 287 km2, respectively. The MCS up-

ward mass/water/energy transport intensities, on the other

hand, are clearly weakened during the monsoon active phase,

which leads to the subseasonal variations of the MCS per-

feature vertical transports (not shown). The weakening of

MCS vertical transport occurs over both land and ocean

FIG. 10. Evolution of isentropic total upward mass transports (color shading; kg s21) asso-

ciated with the (a) total SASM overturning, (b) MCS, (c) non-MCS deep convection,

(d) congestus, and (e) shallow convection. The black dashed lines mark the beginning and end

of two monsoon active phases. Black contours in (b) and (c) show the contributions of con-

vective overturning to the upward mass transports for theMCS and non-MCS deep convection

subregimes. The contours start at 50% with a 20% interval.
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(Fig. 13), which is mainly caused by the reduced convective

area during the active phase (not shown). The subseasonal

variations of the MCS vertical transport profile reflect that

MCSs during the break phase tend to have a relatively stronger

MSE import effect, while MCSs during the monsoon active

phase tend to have a relatively stronger MSE export effect,

over both land and ocean. The subseasonal changes of theMCS

overturning may be closely related to the subseasonal varia-

tions of the large-scale SASM environments, which is beyond

the scope of this study but deserves future investigations.

Different from MCS, neither the area nor the transport in-

tensities of non-MCS deep convection shows clear subseasonal

variation during the SASM (Fig. 13).

5. Summary and discussion

The vertical mass, water, and energy transports produced

by convection play important roles in the SASM overturning

and energetics. The SASM shows complicated convective

organization morphology but our current understanding of

the vertical transport characteristics of different convective

systems in the SASM is still incomplete. Using a convection-

permitting regional simulation, we examine the roles of

different convective systems in the vertical mass, water, and

energy transports during the SASM. A cloud classification

and tracking technique is used to separate the regional

simulation into the MCS, non-MCS deep convection, con-

gestus, and shallow convection plus clear-sky (shallow 1
clear) subregimes. Comparison with satellite observations

show that the convection-permitting simulation is a more

useful dataset than global reanalyses such as ERA5 for the

purpose of this study, primarily because the model simu-

lated MCS population and associated precipitation char-

acteristics are more realistic than those from the ERA5

compared to observations. An isentropic analysis technique

is used to quantify the vertical mass/water/energy trans-

ports associated with different convective systems. The is-

entropic analyses of vertical mass transports realistically

capture the overturning structures over different convec-

tive subregimes. The two-stream approximation analysis

shows that MCS plays a crucial role in the monsoonal ver-

tical mass/water/energy transports.

The WRF simulation shows that MCS and congestus contrib-

ute the most and comparably to the upward mass/water/energy

transports below the melting level. Above the melting level,

the MCS overturning becomes much more dominant, which

contributes around 2/3 of the total upward mass and en-

ergy transports. However, the contributing percentage from

FIG. 11. As in Fig. 10, but for vertical water transports.
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congestus is very likely to be overestimated since WRF

overproduces the total precipitation of congestus by a factor

of 2.6.

In addition, MCS shows much stronger per-feature vertical

transports than non-MCS deep convection. The per-feature

upward mass/water/energy transports associated with MCS is

around 70–100 times stronger than that associated with non-

MCS deep convection. MCS also shows a different vertical

mass/energy transport structure compared to non-MCS deep

convection, withMCS upward mass/energy transports showing

larger convective fractions and are broadly peaked throughout

the troposphere while the non-MCS deep convection upward

mass/energy transport is more dominated by stratiform over-

turning with a prominent top-heavy structure. Both the MCS

and non-MCS deep convection lead to netMSE exports during

the SASM. Per convection feature, the net MSE export by

MCS is 58 times stronger than that of non-MCS deep convec-

tion. Both MCS and non-MCS vertical mass transports show

more obvious top-heavy structures over ocean than that over

land. Such top-heavy structures may also be expected over

other tropical ocean regions, where stratiform rainfall fre-

quently occurs due to the warm, moist boundary layer and/or

the near-moist adiabatic stratification of the free atmosphere

(Schumacher and Houze 2003b). In addition, the MCS ver-

tical mass/water/energy transport intensities are significantly

stronger than that of non-MCS over both land and ocean. This

implies that mesoscale organization of deep convection may

play an important role in modulating the SASM overturning

and energetics.

The subseasonal variations of the vertical mass/water/energy

transports associated with different SASM convective systems

are also studied. Results show that the column integrated

upward mass/water/energy transports associated with MCS,

non-MCS deep convection, and congestus are enhanced by

15%–25% during the monsoon active phase. In contrast, the

subseasonal variation of the shallow convection overturning is

negligible. The per-feature vertical transports associated with

MCS show a stronger subseasonal variability than that of non-

MCS deep convection, which is explained by the changes of

the MCS convective intensity. The vertical mass/water/energy

FIG. 12. (a) Vertical distributions of per-feature downward (left side) and upward (right side)mass transports associated withMCS. The

solid line shows themass transport during the active phase. The dashed line shows themass transport during the break phase. (d) As in (a),

but for non-MCS deep convection. (b),(e)As in (a) and (d), but for vertical water transport. (c),(f) As in (a) and (d), but for vertical energy

transport.
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transport intensities of MCS become weaker during the mon-

soon active phase compared to that in the monsoon break

phase. The detailed mechanisms still deserve future studies.

Although the regional convection-permitting WRF simula-

tion better captures the SASM convective systems than ERA5,

it considerably overestimates the precipitation amount of

congestus (;2.6 times) and slightly underestimates the pre-

cipitation amount of MCS (;83% of the observed value).

Because surface precipitation is closely related to the latent

heating strengths, the current results may have underestimated

the contributions fromMCSand overestimated the contributions

from congestus, with the potential ofMCS playing an even more

important role in the SASM vertical mass/water/energy trans-

ports than depicted here. In addition, the model grid spacing

(4.5 km) used in this study is not fine enough to realistically

resolve the vertical circulations associated with congestus and

shallow convection. The resolution is also inadequate to re-

solve small non-MCS deep convection. Model biases could be

expected for the results related to these subregimes. For ex-

ample, the prominent top-heavy structure of the non-MCS

vertical mass/energy transports may also be partially influ-

enced by the model biases (Johnson 1984) and/or nonadjacent

stratiform from MCSs. A better dataset is needed to further

quantify the roles of different convective systems in the SASM

overturning and the MSE import/export. Recent studies

have shown that using advanced data assimilation tech-

niques to integrate satellite observed all-sky radiances into

high-resolution simulations can yield an improved analysis

for tropical/monsoonal convection (e.g., Chan et al. 2020a,b),

which should be considered in future studies. Multiseasonal

simulations should also be considered in the future in order to

investigate the impacts of interannual variability on the con-

vection type contributions. As the first step to understand the

roles of different convective systems in the SASMenergy cycle,

this study investigates the vertical transports associated with

different convective systems. Future studies investigating the

monsoon energetics from a moist entropy budget view may

further advance our understanding of the roles of deep con-

vection in the SASM and its subseasonal variability. We find

different vertical transport structures and intensities of MCSs

FIG. 13. (a) Vertical distributions of the downward (left side) and upward (right side) mass transport intensities associated with inland

MCS (red lines) and non-MCS deep convection (blue lines). The solid line shows the active phase. The dashed line shows the break phase.

(b),(c) As in (a), but for vertical water and energy transport intensities, respectively. (d)–(f) As in (a)–(c), but for offshore MCS and non-

MCS deep convection.
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and non-MCSs in this study. This suggests that positive

convection–wind–evaporation and cloud-radiative feedbacks

as well as moist static energy exports may be significantly dif-

ferent for different deep convection types.

Climate models relying on cumulus parameterizations to

represent deep convection often fail to simulate MCS (e.g.,

Van Weverberg et al. 2018; Feng et al. 2021a). Given the sig-

nificant differences between the per-feature magnitude and

structure of vertical transports of mass, energy, and moisture,

and net MSE export between MCS and non-MCS convective

systems, climate models that fail to simulate MCS may inher-

ently have limited skill in modeling the SASM, its role in the

global energy and water cycles, and its response to different

forcings. The vertical transports by different convective sys-

tems quantified in this study may provide important bench-

marks for evaluating and diagnosing errors in the SASM

overturning simulated by climate models, understanding the

implications to model projections of future SASM change, and

guiding model development for future improvements.
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