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ABSTRACT: Mesoscale convective systems (MCSs) are the primary rainfall contributors over the Bay of Bengal (BoB)
during the South Asian summer monsoon. Previous studies have established a strong connection between MCS initiation
over the BoB and diurnal gravity waves propagating from India. However, the precise role these waves play in triggering
offshore MCSs remains unquantified. In this study, we analyze a typical MCS event, representative of the climatological
spatiotemporal characteristics of MCS initiation in the region, to investigate the relative roles of diurnal gravity waves and
other mesoscale processes in offshore MCS initiation. An ensemble-based satellite data assimilation (DA) experiment is
conducted, assimilating all-sky infrared radiances from Meteosat-8 into the Weather Research and Forecasting (WRF)
Model. The ensemble forecast, initialized from DA analyses, shows that many ensemble members accurately capture
both the timing and location of MCS initiation. The analysis of the “successful” members reveals diurnal gravity
waves play a significant role in enhancing lower-tropospheric moisture and destabilizing the offshore environment.
Surprisingly, similar gravity waves and destabilization are also present in members that failed to capture MCS initia-
tion. Further analysis indicates that land-breeze front from northern Sri Lanka is a key factor distinguishing success-
ful from “unsuccessful” members, which, in successful members, is strong enough to lift air above the level of free
convection (LFC) and lead to MCS initiation. Accurately simulating the land-breeze front depends on the correct
representation of pre-MCS clouds and surface winds. This suggests that while diurnal gravity waves contribute to en-
vironmental destabilization, surface and boundary layer processes are crucial for the practical predictability of off-
shore MCS initiation.

SIGNIFICANCE STATEMENT: The majority of summer monsoon rainfall over the Bay of Bengal is attributed to
large and long-lasting thunderstorms. Scientists hypothesized atmospheric waves from India play a role in the initiation
of these thunderstorms, but the role has not been quantified yet. Therefore, we study a typical thunderstorm using satel-
lite data and computer models. The results show that atmospheric waves from India create an environment that is fa-
vorable for thunderstorm formation. However, the favorable environment alone does not guarantee thunderstorm
initiation. A key thunderstorm-triggering process is the land breeze from northern Sri Lanka. Accurately simulating the
land breeze depends on correctly simulating prestorm clouds and near-surface winds. Assimilation of satellite observa-
tions can improve the forecast of thunderstorm initiation.
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1. Introduction

Diurnal offshore rainfall propagation is a prevalent phe-
nomenon observed across many tropical coastal regions, facil-
itated by weak Coriolis forces and abundant moisture (e.g.,
Rotunno 1983; Fang and Du 2022). Previous observational
and modeling studies have associated this phenomenon with
offshore land breezes (e.g., Chen et al. 2014, 2015, 2016, 2017;
Wang et al. 2024; Wapler and Lane 2012; Bai et al. 2021;
Natoli and Maloney 2023) and/or diurnal gravity waves (e.g.,
Jiang 2012a,b; Mapes et al. 2003; Ruppert et al. 2020; Ruppert
and Zhang 2019; Qian et al. 2009; Chen and Du 2024; Hu and
Chen 2025). Both gravity waves and land–sea breeze are com-
ponents of diurnal land–sea circulation driven by land–sea
thermal contrast. Diurnal gravity waves represent the linear
response to this thermal forcing, while the land–sea breeze
manifests as a nonlinear component of the circulation. Of all

tropical coasts, the Indian east coast exhibits the most pro-
nounced diurnal offshore rainfall propagation (Fang and Du
2022). During the summer monsoon season (June–September),
long-range diurnal rainfall propagation is frequently observed
from the Indian east coast to the Bay of Bengal (BoB), driven
by strong southwesterly monsoonal winds and favorable ther-
modynamic conditions. This often results in a characteristic
afternoon rainfall peak at the center of the BoB (Peng and
Chen 2023).

The diurnal convection/rainfall propagation over the BoB
was first investigated by Yang and Slingo (2001) using long-
term satellite brightness temperature observations (OBSs).
Their seminal study revealed a diurnal deep convection prop-
agation from the Indian east coast toward the BoB, spanning
from early morning to afternoon. Following this work, several
statistical studies have identified similar convection/rainfall
propagation patterns (e.g., Li and Carbone 2015; Liu et al.
2008; Zuidema 2003). Based on the observed high propaga-
tion speeds (;15–20 m s21), these studies hypothesized that
diurnal gravity waves, originating from inland India, play aCorresponding author: Xingchao Chen, xzc55@psu.edu
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key role in driving the phenomenon. Additionally, satellite
observations have shown that most monsoonal precipitation
over the BoB is associated with large cloud systems contain-
ing extensive stratiform regions embedded with deep convec-
tive cores (e.g., Chen et al. 2017; Romatschke et al. 2010;
Zipser et al. 2006). This suggests that mesoscale convective
systems (MCSs) might be important contributing systems to
the diurnal rainfall cycle over the BoB during the monsoon
season. Therefore, understanding the initiation and evolution
of MCSs is crucial for explaining the physical mechanisms be-
hind diurnal rainfall propagation in this region.

Using 20 years of satellite observations and cloud tracking/
classification, Peng and Chen (2023) quantified the contribu-
tions of different convective systems, such as shallow, deep,
and MCS convection, to the BoB rainfall diurnal cycle. They
found that MCSs contribute ;75% of the BoB rainfall during
the summer monsoon season. In addition, they identified a
pronounced diurnal offshore-propagating MCS initiation fre-
quency maximum, originating from the eastern coast of India,
plays an important role in shaping the diurnal cycle pattern
over the BoB. Global reanalyses indicated a strong correla-
tion between the offshore-propagating MCS initiation fre-
quency maxima and diurnal low-level wind perturbations,
suggesting the potential role of gravity waves in triggering
MCSs. In a subsequent study (Peng and Chen 2024), they
developed a two-dimensional linear model that can be
driven by realistic meteorological fields from reanalyses. Us-
ing the linear model, they confirmed that the observed offshore-
propagating MCS initiation frequency maxima is consistent with
the propagation of diurnal gravity waves emitted from the Indian
coastline, and they hypothesized that these waves may enhance
the offshore atmospheric instability and create favorable condi-
tions for MCS initiation. Furthermore, they showed that abun-
dant moisture, particularly in the lower troposphere, is essential
for the initiation of offshore MCSs.

However, in both Peng and Chen (2023, 2024) and earlier
studies, the role of diurnal gravity waves in offshore MCS
initiation has been inferred from the consistent propagation
patterns of these waves and the initiation frequency and/or
rainfall of MCSs. The exact physical mechanism by which di-
urnal gravity waves trigger offshore MCSs has yet to be quan-
tified. Additionally, accurately simulating the diurnal cycles of
convection and precipitation over the BoB remains a chal-
lenge for both regional and global models (e.g., Chan et al.
2022; Dai and Trenberth 2004; Dirmeyer et al. 2012). Peng
and Chen (2024) suggested that diurnal gravity waves emitted
from the eastern coasts of India during the monsoon season
have a characteristic wavelength of slightly longer than 1000 km,
driven by the diurnal land–sea thermal contrast. In theory, models
should be capable of capturing such low-frequency (i.e., diurnal)
and long-wavelength fundamental waves. So why do numerical
models struggle to accurately simulate the diurnal cycle of convec-
tion in this region?

The objective of this research is to deepen our understand-
ing of the role of diurnal gravity waves and other potential
processes in offshore monsoonal MCS initiation over the BoB.
To achieve this, we select a representative MCS case that
aligns with the climatological spatiotemporal characteristics of

MCS initiation in the study region (Peng and Chen 2023,
2024). We then employ ensemble-based satellite all-sky infra-
red radiance data assimilation (DA) techniques to generate an
ensemble forecast for this MCS case. By analyzing the per-
formances of different representative ensemble members, this
study aims to address the following key questions:

1) What is the precise role of diurnal gravity waves in off-
shore MCS initiation? What other processes interact with
diurnal gravity waves to decide the location and timing of
MCS initiation?

2) How do these processes influence the practical predict-
ability (i.e., the different prediction skills across ensemble
members) of offshore MCS initiation?

The rest of this research is organized as follows. Section 2
provides an overview of the typical MCS case. The DA sys-
tem and experimental design are introduced in section 3. In
section 4, we examine the role of diurnal gravity waves in the
MCS initiation. Other mesoscale processes contributing to the
MCS initiation are analyzed in section 5. Finally, section 6
presents the conclusions, discussion, and suggestions for fu-
ture research.

2. MCS case overview

As demonstrated in Peng and Chen (2024), the global MCS
dataset from Feng et al. (2021) reveals a distinct diurnal prop-
agation pattern in the frequency of MCS initiation within
;400 km of the east coast of India. This diurnal signal origi-
nates near the coastline around 0000 LST and propagates
offshore, reaching ;400 km from the coast over the following
few hours (see Fig. 3 in their paper). MCSs initiate frequently
along this diurnal propagation path. The mean propagation
speed of the diurnal MCS initiation frequency signal is
approximately 19 m s21, which aligns with the speed of
offshore-propagating diurnal gravity waves. To illustrate this
climatological feature, a representative MCS event, initiated
over the offshore region of the Indian east coast on 5 July
2018, is selected for investigation. The MCS initiated at
;11.258N, 82.108E (approximately 200 km off the coast)
around 0500 LST (Figs. 1a,b). Consistent with Peng and Chen
(2024), the initiation time of the MCS is defined as the first de-
tection of a cold-cloud top (brightness temperature , 241 K).
Both the location and timing of this MCS event align closely
with the offshore-propagating MCS initiation frequency pat-
tern described by Peng and Chen (2024). Following initiation,
an upscale growth of convection can be observed between
0500 and 0900 LST (Figs. 1b–d). While the physical mecha-
nisms behind this upscale growth also merit further investiga-
tion, this study focuses on the physical processes leading to the
convective initiation of the MCS event. Nonetheless, potential
processes influencing the upscale growth of the MCS will be
discussed in section 6.

Figure 2 shows the fifth major global reanalysis produced
by the European Centre for Medium-Range Weather Fore-
casts (ECMWF) (ERA5) environmental conditions leading
up to the initiation of the MCS event. The fields shown are av-
eraged over 1–6 h preceding the event’s initiation (i.e., from
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2300 LST 4 July to 0400 LST 5 July). The environment over
the BoB appears highly conducive to MCS initiation, consis-
tent with the climatology of the summer monsoon season
(e.g., Chen et al. 2018; Peng and Chen 2023). During the sum-
mer monsoon, the Tibetan Plateau functions as a key elevated
diabatic heating source, creating a thermal low in the lower-
to midtroposphere and an upper-tropospheric South Asia
(Tibetan) high to the north of the BoB. This setup induces
low-level southwesterly monsoon winds (Figs. 2a,b) and an
upper-level easterly jet (Fig. 2c) over the BoB. The low-level
monsoon winds, which originate from the south Indian Ocean,
carry significant moisture evaporated from the tropical ocean
surface and transport it to the BoB. As a result, high convec-
tive available potential energy (CAPE) and total column water
vapor (TCWV) are observed over the BoB (Figs. 2a,b). In addi-
tion, the sharp tropospheric temperature gradient between the
Tibetan Plateau and the BoB generates a pronounced deep-

layer shear between 400 hPa and the surface (Fig. 2c). Previous
studies have suggested that, in tropical regions, stronger envi-
ronmental deep-layer shear can contribute to more organized
and intense MCSs (Chen et al. 2023).

3. Data and methodology

a. Data assimilation system

The Pennsylvania State University ensemble Kalman filter
(PSU-EnKF) system is employed to generate a high-resolution
initial ensemble analysis for the MCS event. This system is
mainly composed of an EnKF (Evensen 1994) and a regional
convection-permitting numerical model. The observation op-
erator used for satellite all-sky infrared brightness temperature
(BT) assimilation is the Community Radiative Transfer Model
(CRTM; Ding et al. 2011), and the forecast model used for the

FIG. 1. Plan views of window channel BTs near the east coasts of India and Sri Lanka from Meteosat-8 OBSs at (a) 0300, (b) 0500,
(c) 0700, and (d) 0900 LST. (e)–(h) As in (a)–(d), but from the CTL member. The MCS of interest is located within the white boxes.
White arrows A and B in (f) represent the cross sections from India and northern Sri Lanka through the MCS initiation location.
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study is the Advanced Research version of WRF (WRF-
ARW, version 4.4.2; Skamarock et al. 2019) Model.

In the PSU-EnKF system, information from observation
and background model forecast are combined to create an im-
proved initial condition. This goal can be achieved by the fol-
lowing EnKF update equation (i.e., analysis step):

xa,k 5 xb,k 1 PbH
T(HPbH

T 1 R)21(yo 2 Hxb,k): (1)

The equation calculates a posterior estimate of model state
variables xa,k (also known as the “analysis”) by updating a
prior estimate xb,k (also known as the “background” from pre-
vious forecast) using the information from observations yo.
The H is an observation operator that translates xb,k into ob-
servation space for direct comparison with yo and calculates in-
novations (yo 2 Hxb,k); Pb is the background error covariance
calculated from the model ensemble forecasts, which is used
to estimate the model forecast uncertainty and the correlations
between different model state variables; R represents the ob-
servation error covariance; and PbH

T(HPbH
T 1 R)21 in total

is called Kalman gain, which can weigh the information from
the calculated innovations and propagate the weighted infor-
mation from observation space back to model state space.
To avoid the potential “filter divergence” (Houtekamer and
Zhang 2016), we apply 80% relaxation to prior perturbations
(Zhang et al. 2004) after the analysis step, following our previ-
ous studies (Chan and Chen 2022; Chan et al. 2022; Hartman
et al. 2023).

After each analysis step, an updated ensemble analysis is
generated, which serves as the basis for initializing a short-
term WRF ensemble forecast. This forecast produces the
background state xb,k and background error covariance Pb for
the next analysis step. This process, known as the “forecast
step,” together with the analysis step, completes a single
DA cycle. These DA cycles will be repeated throughout the
entire DA period. The objective is to generate improved
high-resolution initial conditions for the ensemble forecast
of the MCS event. The detailed experimental design is pre-
sented in the following section.

b. Experimental design

The experiments employ a single WRF domain consisting
of 8003 600 grid points with a 4-km grid spacing, centered on
the MCS initiation location (Fig. 3a). Forty-five stretched ver-
tical model levels1 are used, with enhanced resolution in the
boundary layer and a model top at 20 hPa. The model physics
schemes include the WRF double-moment 6-class (WDM6)

FIG. 2. Spatial distributions of (a) surface winds and convective
available potential energy (CAPE), (b) 850-hPa winds and total
column water vapor (TCWV), and (c) 200-hPa winds and deep-
layer shear (DLS) averaged between 1 and 6 h before the MCS ini-
tiation (2300 LST 4 Jul–0400 LST 5 Jul; initiation location is indi-
cated by the white boxes). DLS is measured by calculating the
wind differences between 400- and 1000-hPa layers. The Tibetan
Plateau is enclosed by the gray contour of 4000-m height.

FIG. 3. (a) Model domain and assimilated OBSs and (b) the
timeline of DA experiment and ensemble forecast. The assimilated
OBSs include in situ OBSs, AMVs, and water vapor BTs.

1 The 45 eta levels are 1.000, 0.993, 0.983, 0.970, 0.955, 0.937,
0.917, 0.894, 0.869, 0.842, 0.814, 0.783, 0.752, 0.719, 0.685, 0.651,
0.616, 0.581, 0.545, 0.510, 0.475, 0.441, 0.407, 0.374, 0.341, 0.310,
0.280, 0.251, 0.223, 0.197, 0.172, 0.149, 0.127, 0.107, 0.089, 0.073,
0.060, 0.048, 0.037, 0.028, 0.021, 0.014, 0.009, 0.004, and 0.000.
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microphysics scheme (Lim and Hong 2010), the Rapid Radia-
tive Transfer Model for Global Climate Model (RRTMG) for
longwave (LW) radiation (Iacono et al. 2008), the new God-
dard scheme for shortwave radiation (Chou and Suarez 1999),
the unified Noah land surface scheme (Tewari et al. 2004), and
the Yonsei University (YSU) boundary layer scheme (Hong
et al. 2006). No cumulus scheme is used in the experiments.

The design of the DA experiment and ensemble forecast is
shown in Figs. 3a and 3b. The experiment consists of 50-member
ensemble simulations, initiated at 1800 LST 3 July 2018. To con-
struct the 50-member initial fields, we use ERA5 (Hersbach et al.
2020) data at 1800 LST 3 July, along with the ERA5 10-member
ensemble fields from 1800 LST 29 June, 1800 LST 30 June, and
1800 LST 1 July, 1800 LST 2 July, and 1800 LST 3 July. The en-
semble perturbations are generated by subtracting the ensem-
ble mean from each of the 10-member ensemble fields at these
times. This results in 50 total ensemble perturbations, which are
then recentered to the ERA5 reanalysis fields at 1800 LST
3 July to create the 50-member initial ensemble.

Afterward, the 50-member ensemble is integrated forward
using the WRF Model until 0600 LST 4 July. This 12-h spinup
process ensures a dynamically consistent background error
covariance Pb for the subsequent DA cycles. The DA period
includes 15 cycles spanning from 0600 LST 4 July to 2100 LST
4 July, with each cycle consisting of a 1-h ensemble forecast
following its analysis step. During the analysis step, various
observations are assimilated, including in situ surface and ra-
diosonde data, as well as satellite-derived atmospheric motion
vectors (AMVs) from the Global Telecommunications Sys-
tem (GTS). Additionally, all-sky upper-tropospheric water
vapor channel (channel-5) BTs from the SEVIRI instrument
aboard Meteosat-8 are assimilated (Fig. 3a). To optimize the
assimilation of satellite all-sky infrared radiances, adaptive
observation error inflation (Minamide and Zhang 2017) and
adaptive background error inflation (Minamide and Zhang
2019) techniques are applied. A fifth-order piecewise polyno-
mial function, as defined by Gaspari and Cohn (1999), is used
to localize the influence of observations on model states, reduc-
ing the impact of spurious long-distance correlations caused by
the limited ensemble size. The localization settings for various
observations follow those used in Hartman et al. (2023).

Following the DA period, the final ensemble analysis at
2100 LST 4 July is used to initialize the 50-member ensemble
forecast, extending to 2100 LST 5 July. This forecast period
encompasses the MCS initiation occurred around 0500 LST
5 July and its subsequent upscale growth (Figs. 1a–d). The fi-
nal ensemble forecast will be used for further investigation.

In the 50-member ensemble forecasts, 32 members success-
fully capture the timing and location of MCS initiation. A
forecast is considered a successful ensemble member if the
predicted MCS initiation location is within 150 km and the
predicted initiation timing is within 2 h of the observed initia-
tion. Without DA (i.e., without assimilating any observations
during the DA period shown in Fig. 3b), only 13 members
capture the MCS initiation (not shown). This demonstrates
that DA significantly improves the forecast accuracy of MCS
initiation, consistent with findings by Chan et al. (2022).

4. Role of diurnal gravity waves in MCS initiation

In this section, we examine the role of diurnal gravity waves
originating from the east coast of India in the initiation of off-
shore MCS using the ensemble forecast. The same analysis
was performed across all 32 successful ensemble members,
showing consistent diurnal gravity wave characteristics and
similar impacts on the offshore environment. Therefore, we
focus on analyzing gravity waves in one representative mem-
ber, referred to as the control (CTL) member. The develop-
ment of the MCS in CTL is shown in Figs. 1e–h.

While CTL overall realistically captures the initiation and
upscale growth of the MCS event, one difference between
CTL and observation can be noted is the presence of some
spurious cold clouds over the offshore region during the early
forecast hours (0300 LST, Fig. 1e). This feature is commonly
observed in ensemble-based all-sky infrared radiance DA
(e.g., Chan and Chen 2022; Chan et al. 2023; He et al. 2023),
where the ensemble mean is calculated and updated at each
analysis step. Averaging ensemble members can result in thin
upper-level cold clouds in the initial condition. These clouds,
unlike the forecasted MCS initiated around 0500 LST, do
not produce precipitation or exhibit strong vertical motion
(shown later). Hence, we expect they have a limited direct
impact on the MCS initiation. Most of these spurious clouds
dissipate in the following hours of the model integration
(e.g., Figs. 1f–h).

We begin by examining the changes in local low-level tem-
perature and moisture profiles prior to MCS initiation in
CTL, as thermodynamic conditions are known to be critical
for convective initiation (e.g., Chen et al. 2023; Schiro and
Neelin 2019; Schiro et al. 2020). At 2200 LST (i.e., 7 h before
MCS initiation), a dry inversion layer is present between
980 and 930 hPa at the MCS initiation location (Fig. 4a). This
inversion results from leeside subsidence over the offshore re-
gion of Indian east coast, caused by southwesterly monsoonal
winds interacting with mountain ranges over southern India
(Fig. 2, also discussed in Peng and Chen 2023). The inversion
creates a convective inhibition (CIN) of 58 J kg21. However,
this subsidence inversion dissipates over the next few hours
due to a rapid decrease in lower-tropospheric temperatures
(Figs. 4a–c). Simultaneously, the moisture content in the lower-
troposphere increases, approaching near-saturation around
0400 LST (Fig. 4c). From 2200 to 0400 LST (i.e., from 7 to 1 h
before the MCS initiation), the mean temperature in the
980–930-hPa layer drops by ;2.08C, while the mean dew-
point rises by ;4.58C (Fig. 4d). In contrast, surface tempera-
tures remain relatively stable. These thermodynamic changes
from 2200 to 0400 LST result in a notable lowering of the
surface-based LFC from 862 to 960 hPa, an increase in surface-
based CAPE (from 4023 to 4692 J kg21), and the removal of
surface-based CIN (from 58 to 0 J kg21). Furthermore, the
increased relative humidity in the free lower troposphere by
0400 LST suggests a reduced impact of dry air entrainment on
developing convection (e.g., Chen et al. 2022; Neelin et al. 2009;
Schiro and Neelin 2019; Wolding et al. 2020). Overall, the ther-
modynamic conditions become increasingly favorable for con-
vection between 2200 and 0400 LST.
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To determine whether the changes in offshore temperature
and moisture conditions at the MCS initiation location are
linked to diurnal gravity waves originating from the east coast
of India, we further create an east–west cross section, 200 km
in width, extending from the inland area of India to the off-
shore region (white arrow A in Fig. 1f). This cross-sectional
analysis is used to examine the characteristics of diurnal per-
turbation fields (Fig. 5). Here, the diurnal perturbation of
each variable is defined as the difference between the varia-
ble’s value at each hour and its daily mean. The daily mean is
averaged from 2100 LST 4 July to 2100 LST 5 July (the en-
semble forecast period shown in Fig. 3b). To emphasize diur-
nal propagation signals, the diurnal perturbation fields are
further adjusted by subtracting the mean diurnal perturba-
tions averaged along the cross section, following the method
of Ruppert et al. (2020).

At 2200 LST, wedge-shaped positive potential temperature
perturbations develop over the offshore region of India, extend-
ing 0–400 km from the coastline, with a peak around 0.8 km in
altitude (Fig. 5a). Over inland India, negative potential temper-
ature perturbations form from the surface, driven by nighttime
longwave radiative cooling. These negative perturbations ex-
tend vertically from the surface into the troposphere, exhibiting

a wedge-shaped vertical structure similar to the offshore pos-
itive potential temperature perturbations (Fig. 5a). In the fol-
lowing hours, the potential temperature perturbation wedges
propagate offshore (Figs. 5c,e).

The vertical structures and propagating characteristics of
these diurnal potential temperature perturbations align with
theoretical expectations of diurnal gravity waves. In linear the-
ory, diurnal gravity waves driven by the diurnal cycle of land–
sea temperature contrast appear as tilted temperature rays, with
upward energy propagation along the rays (i.e., upward group
velocity) and downward/offshore phase propagation (Rotunno
1983). The observed diurnal potential temperature perturba-
tions are also consistent with diurnal gravity waves docu-
mented in previous observational (e.g., Peng and Chen 2023)
and modeling (e.g., Mapes et al. 2003; Ruppert et al. 2020;
Ruppert and Zhang 2019) studies. At 0.5-km height, the hori-
zontal offshore propagation speed of the diurnal temperature
perturbations is ;14 m s21, comparable to the propagation
speed of diurnal gravity waves in BoB documented in Peng
and Chen (2024).

In addition to the diurnal potential temperature perturbations,
the diurnal moisture perturbations show similar wedge-shaped
vertical structures and offshore-propagating characteristics

FIG. 4. Skew T–logP diagrams within 25 km of the MCS initiation location in CTL at (a) 2200, (b) 0100, and
(c) 0400 LST. The temperature, dewpoint, and theoretical thermodynamic path of an air parcel lifted from the surface
are represented by the red, blue, and black lines, respectively. The black dot on the black line represents the LFC,
and the red and blue shadings represent the CAPE and CIN, respectively. The turning point of the black line denotes
lifting condensation level (LCL). The dashed lines in (d) are the same as the blue and red lines in (a), while the solid
lines in (d) are the same as in (c). Other thin lines are the basic set of fixed lines that comprise the diagrams.
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(Figs. 5b,d,f). Within;400 km from the coast, the wedge-shaped
positive moisture perturbations are sandwiched between the
positive potential temperature perturbation wedge to the east
and the negative potential temperature perturbation wedge to
the west (left and right columns of Fig. 5). The offshore propaga-
tion of positive moisture perturbations, followed by negative

potential temperature perturbations, contributes to the moisten-
ing and destabilization of the offshore environment from 2200 to
0400 LST (Fig. 4), creating favorable thermodynamic conditions
for the initiation of the MCS. As a result, a convective updraft
begins to develop at the MCS initiation location (;200 km from
the coastline) around 0400 LST (Fig. 5e).

FIG. 5. Cross sections of diurnal vertical velocity (brown contour of 0.1 m s21), potential temperature u (blue and
red shadings), and water vapor mixing ratio (Qv; magenta and green shadings) perturbations along white arrow A in
Fig. 1f in CTL at (a),(b) 2200, (c),(d) 0100, and (e),(f) 0400 LST. The white undulating shadings represent the topogra-
phy of India. The 0 km label on the x axis indicates the location of the coastline.
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Notably, at 2200 LST, strong convective updrafts are already
present more than 800 km from the coastline (Fig. 5a). These
updrafts are associated with a preexisting MCS, which weakens
and moves eastward over the next few hours (Figs. 5c,e). We
also examined the low-level temperature and moisture pertur-
bations induced by this preexisting MCS and found that, due to
its distance from the MCS initiation location of interest, it has a
minimal impact on the initiation process. Instead, the local ther-
modynamic changes at the MCS initiation location are primarily
driven by the offshore-propagating wedge-shaped moisture and
temperature perturbations.

The next question to address is whether these wedge-shaped
diurnal perturbation fields are indeed associated with diurnal
gravity waves. Previous studies by Peng and Chen (2023, 2024)
have shown that diurnal gravity waves over the study region
have a characteristic wavelength slightly longer than 1000 km
during the summer monsoon season. To isolate these long-wave-
length diurnal gravity waves, we perform a Fourier decomposi-
tion along the east–west cross section (white arrow A in Fig. 1f),
using a cutoff wavelength of 1000 km, following the method in
Kruse and Smith (2015). The longwave signals (wavelength $

1000 km) of diurnal potential temperature, moisture, and verti-
cal velocity perturbations are shown in Fig. 6, while the shorter
wavelength signals (wavelength, 1000 km) are shown in Fig. 7.

The results in Fig. 6 closely resemble those in Fig. 5, indicat-
ing that the offshore-propagating diurnal signals from India
are primarily associated with long-wavelength diurnal gravity
waves (note the same color scale is used for Figs. 5 and 6).
One key feature supporting this conclusion is the out-of-phase
relationship between the diurnal potential temperature and
vertical velocity perturbations (Figs. 6a,c,e). This out-of-phase
pattern is a characteristic of gravity waves, as opposed to con-
vective activity, which typically exhibits in-phase vertical ve-
locity and potential temperature perturbations. The ascent
associated with long-wavelength diurnal gravity waves leads
to tropospheric adiabatic cooling, which is a major factor in
reducing surface-based CIN and lowering the surface-based
LFC at the MCS initiation location (Fig. 4). Therefore, con-
vective initiation occurs slightly behind the ascending region
of the long-wavelength diurnal gravity waves (Fig. 6e). This
finding aligns with the results of Peng and Chen (2023, 2024)
and further corroborates the relative positioning of convec-
tive initiation and gravity wave–induced ascent documented
by Ruppert et al. (2022).

As in Fig. 5, Fig. 6 indicates moist (dry) perturbations are
positioned between the cold (warm) perturbations to the west
and the warm (cold) perturbations to the east. Hence, the
long-wavelength moisture perturbations exhibit a high degree
of spatial correlation with the long-wavelength vertical veloc-
ity perturbations (Figs. 6b,d,f), reflecting the vertical advec-
tion of moisture introduced by the diurnal gravity waves.
However, the moisture changes are not only driven by the verti-
cal velocity perturbations associated with the gravity waves
from India. Enhanced moisture perturbations are observed be-
low the gravity wave–induced vertical velocity peaks, suggesting
additional processes may be at play. This question will be fur-
ther explored in section 5.

In comparison with long-wavelength diurnal gravity waves,
short-wavelength diurnal gravity waves are generally less pro-
nounced (Fig. 7). The former might be caused by the large-scale
land–sea thermal contrast, while the latter can be attributed to
the thermal contrast by small-scale terrain (e.g., Du et al. 2024).
Based on the temperature perturbations at 0.5-km height,
we estimate that the horizontal phase speed of the short-
wavelength diurnal gravity waves is ;11 m s21, whereas that of
the long-wavelength diurnal gravity waves is ;17 m s21. This is
because at a given frequency (i.e., diurnal), a longer wavelength
results in a higher phase speed. Despite the different phase
speeds, both the long and short waves destabilize the lower tro-
posphere around 200 km from the India–BoB coast prior to the
MCS initiation (causing red line changes in Fig. 4d). In addition
to the temperature perturbations, moist perturbations also lead
to the destabilization of the same location (causing blue line
changes in Fig. 4d).

In summary, using the CTL simulation as an example, we
show that diurnal gravity waves propagating from India play a
key role in preconditioning the environment for offshore MCS
initiation. The ascents associated with diurnal gravity waves
lead to adiabatic cooling and moistening in the lower tropo-
sphere. These processes destabilize the offshore atmosphere by
lowering the surface-based LFC, eliminating surface-based CIN,
and mitigating the negative effects of potential dry air entrain-
ment. Together, these factors create a favorable thermodynamic
environment for MCS initiation. Compared to short-wavelength
waves, long-wavelength diurnal gravity waves ($1000 km) play
a more dominant role in the environmental preconditioning.

5. Other processes contributing to MCS initiation

After confirming the role of diurnal gravity waves in pre-
conditioning the offshore environment, we now explore the
following question: Why do some ensemble members fail to
capture MCS initiation? Is this due to their inability to accu-
rately simulate the diurnal gravity waves and their impact on
the offshore environment, or are other factors at play? To ex-
plore this, we present the results from one of the unsuccessful
members (NoCI) and compare them with CTL. We performed
the same analysis across all unsuccessful members and con-
firmed that the results presented here are consistent and ro-
bust for the entire group.

First, we examine the changes in temperature and dewpoint
profiles prior to MCS initiation in NoCI (Fig. 8). Similar to
CTL, NoCI also shows a decrease in low-level temperature
and an increase in low-level dewpoint at the MCS initiation
location prior to the MCS initiation (Figs. 8a,c,e). These ther-
modynamic changes lead to a lowering of the surface-based
LFC and the elimination of surface-based CIN. However, de-
spite these favorable conditions, no MCS initiates over the
offshore region in NoCI. Direct comparisons of the vertical
profiles from NoCI and CTL are shown in Figs. 8b, 8d, and 8f.
Interestingly, the thermodynamic conditions in both simula-
tions are nearly identical, although the dewpoint in NoCI is
slightly lower than in CTL at a few vertical layers.

The diurnal perturbation fields along the east–west cross
section from India (white arrow A in Fig. 1f) in NoCI are also
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analyzed. The slopes, amplitudes, and propagation speeds of
the temperature and moisture diurnal perturbation wedges in
NoCI (Fig. 9) closely resemble those observed in CTL (Fig. 5).
We also examined the long-wavelength and short-wavelength
diurnal perturbations separately. The results show no significant
differences from those in CTL (not shown here). These findings
indicate that the diurnal gravity waves and their impacts on

offshore environments are well represented even in the un-
successful ensemble members. This suggests that other pro-
cesses are responsible for the differing performance between
the successful and unsuccessful members.

Besides favorable thermodynamic conditions, convective ini-
tiation also requires a mechanical triggering (i.e., lifting) mecha-
nism. To explore whether differences in such mechanisms exist

FIG. 6. As in Fig. 5, but for the LW (wavelength $ 1000 km) signals of diurnal vertical velocity (black contour at
0.01 m s21 intervals; no zero contour), potential temperature u (blue and red shadings), and water vapor mixing ratio
(Qv; magenta and green shadings) perturbations. The up and down arrows denote the LW signals of upward and
downward motions, respectively.
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between the successful and unsuccessful members, we start by
comparing the temperature and moisture fields at 0.75-km height
in both NoCI and CTL (Fig. 10). At this height, these fields ex-
hibit the most pronounced changes when compared to other alti-
tudes (Fig. 8).

Before 0500 LST, a relatively cold and moist air mass is ob-
served south of the MCS initiation location in both NoCI and
CTL (marked as “C” in Fig. 10). This air mass originates near

the east coast of Sri Lanka and subsequently propagates
northward to the MCS initiation location. During this process,
its moisture content gradually increases. The sharp increase in
boundary layer moisture near the MCS initiation location at
0400 LST, seen in Figs. 5f and 9f, corresponds with the arrival
of the air mass. Since MCS initiation in CTL occurs immedi-
ately after the air mass reaches the initiation location, we hy-
pothesize that the northward-propagating cold and moist air

FIG. 7. As in Fig. 5, but for the LW (wavelength . 1000 km; contours at 0.6 K and 1 g kg21 intervals; same as the
shadings in Fig. 6) and SW (wavelength, 1000 km; color shading) signals of diurnal potential temperature u and wa-
ter vapor mixing ratio (Qv) perturbations.
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from Sri Lanka may play a key role in triggering the offshore
MCS initiation.

The northward-propagating signals from Sri Lanka are also
evident at the surface in both NoCI and CTL (Fig. 11). These
surface signals manifest as density currents due to their colder
nature (marked as C in Fig. 11) than surrounding oceanic en-
vironment. These density currents are offshore-propagating
land breezes, instead of cold-pool outflows from precipitation,
given there is no significant nighttime rainfall over Sri Lanka
(e.g., Figs. 1a,e). The land breezes travel ;300 km from the
Sri Lankan coast, aided by the strong background surface
monsoonal winds. Upon reaching the MCS initiation location

in CTL, these land breezes trigger the MCS, which subse-
quently generates multiple cold pools (seen as bubble-like
contours within the white boxes in Fig. 11f). In contrast, no
MCS initiation occurs in NoCI at the same location (within
the white boxes in Fig. 11c). Notably, the land breezes from
East India do not reach CTL’s MCS initiation location before
0500 LST in both NoCI and CTL. Additionally, CTL incor-
rectly simulates a cold-cloud convective system to the east of
Sri Lanka (Fig. 1e). The convective system generates multiple
local cold pools (seen as bubble-like contours ;10.008N,
82.508E in Fig. 11f). However, the cold-pool outflow bound-
aries also do not reach the MCS initiation location.

FIG. 8. As in Fig. 4, but for NoCI at (a) 2200, (c) 0100, and (e) 0400 LST. The solid lines in (b), (d), and (f) are the
same as the blue and red lines in (a), (c), and (e), while the dash–dotted lines are from CTL.
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It is also noteworthy that the western BoB displays a gen-
eral increase in moisture prior to the MCS initiation in both
NoCI and CTL (Fig. 11, from 2300 to 0500 LST). This noctur-
nal moisture increase can be attributed, at least in part, to the
intensification of surface monsoonal winds, which extract
more moisture from the ocean (e.g., Peng and Wu 2020). The
surface winds intensify in the nighttime due to the southwest-
erly wind enhancement induced by the diurnal gravity waves
from India (Du 2023).

Figures 10 and 11 suggest that the land breezes from Sri
Lanka may contribute to the MCS initiation in CTL and play a
crucial role in differentiating the performance of ensemble mem-
bers. To further investigate their potential influence, an addi-
tional cross section, with a width of 100 km, is created extending
from northern Sri Lanka to the western BoB, passing through
the MCS initiation location (white arrow B in Figs. 1f and 11f).
This cross section is oriented approximately parallel to the sur-
face and boundary layer wind directions (Figs. 10 and 11). The

FIG. 9. As in Fig. 5, but for NoCI.
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vertical structures of offshore winds (Figs. 12–14), temperature
(Fig. 12), moisture (Fig. 13), and wind divergence and surface-
based LFC (Fig. 14) along the cross section from NoCI and CTL
are compared to assess the role of the land breezes.

Both NoCI and CTL show that the land breezes from north-
ern Sri Lanka, characterized by cold potential temperature

and offshore wind, extend to the western BoB between 2200
and 0400 LST (Fig. 12). The offshore-propagating land breezes
generate enhanced convergence at their leading edge (i.e.,
land-breeze front; green dots in Fig. 14), which lifts surface
air and causes both adiabatic cooling and moistening in the
boundary layer (Figs. 12 and 13). This process explains the

FIG. 10. Plan views of horizontal wind (vector), potential temperature (black contour of 303 K; the cold side is marked as C), and water
vapor mixing ratio (shading) near the coasts of India and Sri Lanka (gray line) at 0.75-km height in NoCI at (a) 2300, (b) 0200, and
(c) 0500 LST. (d)–(f) As in (a)–(c), but for CTL. The MCS in CTL initiates within the white boxes around 0500 LST.
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consistent positioning of moist air mass at 0.75-km height
(Fig. 10) ahead of the land breezes (Fig. 11). The lifting as-
sociated with the land-breeze front destabilizes the lower
troposphere, lowering the surface-based LFC (indicated by
red lines in Fig. 14) immediately behind the front. This low-
ered LFC moves offshore in tandem with the advancing
land-breeze front.

Between 2200 and 0100 LST, both NoCI and CTL show
that the land breezes and the associated frontal convergence
propagate from northern Sri Lanka to the western BoB at a
speed of ;11–14 m s21 (Figs. 14a–d). Given the land-breeze
depth of ;600 m (Fig. 12a), the potential temperatures of 303 K
for the oceanic environment and 299 K for the land-breeze air
mass (Fig. 12a), and the average background surface monsoonal

FIG. 11. As in Fig. 10, but at the surface. Only the black contours of 300, 301, and 302 K are plotted, with the cold side marked as C. White
arrows A and B in (f) are the same as that in Fig. 1f.
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wind speed of 8 m s21 (Fig. 11), the theoretical density current
propagation speed is estimated to be ;17 m s21 (Markowski
and Richardson 2010). However, this theoretical speed does not
account for the impacts of surface momentum and heat fluxes.

According to Grant and Heever (2018), interactions between the
surface and the density current can reduce the propagation speed
by as much as 50%, which likely explains the slower observed
speeds in the simulations.

FIG. 12. Cross sections of offshore wind (gray contours), vertical velocity (brown contour of 0.1 m s21), and poten-
tial temperature (shading) along white arrow B in Fig. 11f in NoCI at (a) 2200, (c) 0100, and (e) 0400 LST. (b),(d),(f)
As in (a), (c), and (e), but in CTL. The green dots indicate the leading edges of land breeze. The white undulating
shadings represent the topography of northern Sri Lanka.
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Compared to CTL, NoCI exhibits weaker land breezes
(Figs. 12–14). At 2200, 0100, and 0400 LST, the maximum off-
shore wind intensities associated with the land breeze in NoCI
are 12.0, 14.6, and 14.3 m s21, respectively. In contrast, the cor-
responding values in CTL are 12.7, 14.9, and 14.8 m s21. The
weaker land breezes result in weaker convergence at their leading
edge (Fig. 14). From 2200 to 0400 LST, the frontal convergence

in NoCI ranges from 211 to 24 3 1025 s21, whereas in CTL, it
varies from220 to293 1025 s21. This difference in frontal con-
vergence directly contributes to the variation in MCS initiation
between NoCI and CTL. By 0400 LST, a noticeable broadening
of the low-LFC region occurs in both NoCI and CTL (cf. the red
lines in the third row of Fig. 14 to those in the second row). This
broadening is due to the cold phase of the offshore-propagating

FIG. 13. As in Fig. 12, but for water vapor mixing ratio (Qv; shading).
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diurnal gravity waves from India reaching the MCS initiation
area, an effect that is visible in the cross section from northern Sri
Lanka. The lowest LFCs in both NoCI and CTL are similar, con-
sistent with the similarity in diurnal gravity waves between the
two simulations (Figs. 5 and 9). In CTL, the convergence at the
leading edge of the land breezes is strong by 0400 LST, and this
convergence is deep enough to lift surface air above the LFC,

resulting in convective initiation at approximately 300 km from
the Sri Lankan coastline (Fig. 14f). However, in NoCI, the land-
breeze-induced convergence is much weaker and has difficulty
lifting the surface air above the LFC, thus preventing MCS initia-
tion (Fig. 14e).

In short, while the diurnal gravity waves destabilize the
lower troposphere by drastically reducing surface-based CIN

FIG. 14. As in Fig. 12, but for offshore wind divergence (shading). The red lines represent the surface-based LFCs.
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in both CTL and NoCI, they do not necessarily initiate an
MCS. Instead, the land-breeze front from northern Sri Lanka
plays a critical role in triggering the MCS and differentiates
the performance of CTL and NoCI. The weaker land-breeze
front in NoCI can be partially attributable to the initially
weaker land breeze in NoCI compared to CTL. It is because
NoCI overestimates cloud cover over northern Sri Lanka,
compared to both CTL and observations (Figs. 15a,c,e). Since
clouds reduce longwave emission to space, there is less ex-
tended and weaker surface cooling over northern Sri Lanka
in NoCI (Figs. 15b,d).

To assess whether CTL and NoCI are representatives of all
successful and unsuccessful ensemble members, respectively,

we analyze the relevant mesoscale processes across the entire
50-member ensemble. Figure 16a compares CIN at the ob-
served MCS initiation location at 0400 LST between success-
ful and unsuccessful members. The results indicate that CIN
across all ensemble members ranges from 0 to 1 J kg21, sug-
gesting that diurnal gravity waves effectively preconditioned
the offshore environment in all cases. Furthermore, there is
no statistically significant difference in CIN between success-
ful and unsuccessful members, implying that gravity wave pre-
conditioning was similar across the ensemble. In contrast, the
difference in land-breeze frontal convergence at 0400 LST be-
tween successful and unsuccessful simulations is statistically sig-
nificant at the 95% confidence level, with successful members

FIG. 15. Plan views of window channel BTs over northern Sri Lanka at 2100 LST from (a) NoCI, (c) CTL, and (e)Me-
teosat-8OBSs. (b),(d) As in (a) and (c), but for surface potential temperature u.
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exhibiting significantly stronger frontal convergence (Fig. 16b).
In addition, the land-breeze intensity at forecast initialization
(2100 LST) also shows a statistically significant difference be-
tween successful and unsuccessful simulations at the 95%
confidence level (Fig. 16c). This trend persists when examin-
ing land-breeze intensities from 2100 to 0400 LST (not shown),
further supporting our conclusion.

The improved MCS initiation forecast skill with satellite
data assimilation (as mentioned in section 3b) may partly
stem from better-constrained initial cloud and moisture fields
through all-sky infrared radiance observations. However, how
the initial cloud/moisture fields influence the practical predict-
ability of offshore MCS initiation deserves further investiga-
tion, such as systematically modulating these initial fields, as
done in Hartman et al. (2024).

6. Conclusions and discussion

In this research, we employ a convection-permitting 50-member
ensemble-based satellite data assimilation experiment to inves-
tigate the roles of diurnal gravity waves and other mesoscale
processes in the initiation of a typical summer monsoon MCS
over the western BoB. The original objective of using the model
simulations is to ascertain the underlying mechanisms responsi-
ble for the frequent MCS initiation within the low-level ascend-
ing areas of diurnal gravity waves, as indicated by Peng and
Chen (2023, 2024). The result shows that the low-level ascents
induced by the diurnal gravity waves from India indeed serve
as convective preconditioners, causing adiabatic cooling and
moistening in the lower troposphere. The processes destabi-
lize and moisten the lower troposphere, thereby facilitating

MCS initiation. Therefore, climatologically, MCSs are fre-
quently initiated following the low-level ascending areas of
diurnal gravity waves.

However, we find that diurnal gravity waves are not the
sole factor contributing to MCS initiation. Our results indicate
that the land-breeze front from northern Sri Lanka plays a
crucial role in determining the timing and location of MCS
initiation. Whether an ensemble member can successfully cap-
ture offshore MCS initiation largely depends on its ability to
accurately simulate the cloud cover, surface temperature, as
well as the development of land breeze over northern Sri Lanka.
Thus, the practical predictability of MCS initiation heavily relies
on the model’s capacity to represent pre-MCS clouds and sur-
face-to-boundary layer processes accurately. The assimilation of
satellite all-sky radiances significantly enhances the prediction of
offshore MCS initiation, likely because it better constrains the
initial moisture and cloud fields.

In this case study, we demonstrate that the land breeze
from northern Sri Lanka is a potential mesoscale trigger for
offshore MCS formation. However, this does not preclude the
influence of other boundary layers and/or surface processes,
such as cold pools, in initiating MCSs in the region. Future in-
vestigations comparing different MCS initiation cases are war-
ranted to better understand these contributing mechanisms.
Also, we primarily focus on the mesoscale processes leading
to MCS initiation (i.e., deep convective initiation) in this
study. This investigation addresses some of the open ques-
tions raised in our previous papers (Peng and Chen 2023,
2024). However, the physical processes governing the upscale
growth of deep convection following its initiation are equally im-
portant, remain incompletely understood, and deserve further

FIG. 16. (a) Surface-based CIN and (b) land-breeze frontal divergence at 0400 LST, along with (c) land-breeze intensity (defined as offshore
wind speed within 200 km of the coastline) at 2100 LST, in successful (orange boxes) and unsuccessful (blue boxes) members.
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investigation. Our findings show that the assimilation of all-sky
satellite radiance data not only enhances the forecast accuracy
of MCS initiation but also improves predictions of the upscale
growth of convection, compared to the experiment without data
assimilation. Previous studies have suggested that a variety of
environmental factors, including environmental moisture and
wind shear, may influence the upscale growth of tropical MCS
(e.g., Schiro et al. 2020; Chen et al. 2023). We also plan to con-
tinue utilizing these ensemble members to explore the impact
of various environmental factors}such as moisture at differ-
ent levels and wind shear}on the upscale growth rate of deep
convection, using ensemble sensitivity analysis and sensitivity
experiments.
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