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ABSTRACT: As one of the most prominent weather systems over the Indian subcontinent, the Indian summer monsoon
low pressure systems (MLPSs) have been studied extensively over the past decades. However, the processes that govern the
growth of the MLPSs are not well understood. To better understand these processes, we created an MLPS index using band-
pass-filtered precipitation data. Lag regression maps and vertical cross sections are used to document the distribution of mois-
ture, moist static energy (MSE), geopotential, and horizontal and vertical motions in these systems. It is shown that moisture
governs the distribution of MSE and is in phase with precipitation, vertical motion, and geopotential during the MLPS cycle.
Examination of the MSE budget reveals that longwave radiative heating maintains the MSE anomalies against dissipation
from vertical MSE advection. These processes nearly cancel one another, and it is variations in horizontal MSE advection that
are found to explain the growth and decay of the MSE anomalies. Horizontal MSE advection contributes to the growth of the
MSE anomalies in MLPSs prior to the system attaining a maximum amplitude and contributes to decay thereafter. The hori-
zontal MSE advection is largely due to meridional advection of mean state MSE by the anomalous winds, suggesting that the
MSE anomalies undergo a moisture-vortex instability (MVI)-like growth. In contrast, perturbation kinetic energy (PKE) is
generated through barotropic conversion. The structure, propagation, and energetics of the regressed MLPSs are consistent

with both barotropic and moisture-vortex growth.
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1. Introduction

Westward- or northwestward-propagating synoptic-scale
disturbances are frequently observed over the Bay of Bengal
during the summer monsoon season. Often referred to as
monsoon low pressure systems (MLPSs), these systems exhibit
a horizontal structure of roughly 2000 km across and extend
vertically from the surface to 100 hPa (Godbole 1977; Sikka
1977; Krishnamurti et al. 1975; Adames and Ming 2018a).
From June to September, around 2-4 MLPSs form per month
on average (Krishnamurti et al. 2013; Thomas et al. 2021,
2022). In spite of their short 3-5-day life cycle, they play an im-
portant role in the hydrologic cycle of South Asia, accounting
for up to 50% of the summer monsoon rainfall (Krishnamurti
1979; Saha et al. 1981; Yoon and Chen 2005; Yoon and Huang
2012; Thomas et al. 2021). The variation of precipitation
brought about by MLPSs significantly impacts agriculture and
fishery (Dong et al. 2017; Thomas et al. 2021). It is not only a
major source of freshwater to one of the most densely popu-
lated areas of the world, but it is also a major cause of life-
threatening floods, as previous studies have documented
(Ajayamohan et al. 2010; Hunt et al. 2018; Hunt and Fletcher
2019).

Although MLPSs have been extensively documented, the
mechanisms responsible for their growth and propagation
have remained elusive. MLPSs are situated in a vertically
sheared environment that is conventionally thought to favor
baroclinic instability (Charney and Stern 1962; Krishnamurti
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et al. 1976, 2013). As a result, previous studies hypothesized
that baroclinic instability (Rao and Rajamani 1970; Saha and
Chang 1983), often enhanced by cumulus heating (Moorthi
and Arakawa 1985; Krishnakumar et al. 1992; Kasture et al.
1993), or baroclinic-barotropic instability can excite and am-
plify these systems (Aravéquia et al. 1995). However, major
disagreements between observations and theory have made
the idea of baroclinic growth in MLPSs questionable (Cohen
and Boos 2016). Vertical cross sections of potential vorticity
documented in previous studies show upright or slightly west-
ward tilted structures and neither of the two is characteristic
of baroclinic instability under easterly shear. Results from ide-
alized simulations of MLPSs also agree that baroclinic insta-
bility does not explain MLPS growth (Diaz and Boos 2019a;
Clark et al. 2020). Also, Moorthi and Arakawa (1985) showed
that a weak vertical shear, along with a weak meridional tem-
perature gradient at lower levels, does not favor baroclinic in-
stability when cumulus heating is absent.

With baroclinic instability unlikely to be the source of growth
of MLPSs, alternative hypotheses have been proposed. One po-
tential theory, namely, is the moisture-vortex instability (MVI)
(Adames and Ming 2018a). As a generalization of the balanced
moisture waves described by Sobel et al. (2001), MVI empha-
sizes the role of prognostic moisture in MLPS-related rainfall
and horizontal gradients of moisture and temperature in MLPS
growth (Fig. 1; Adames 2021). As one of the emblematic fea-
tures, the meridional advection of moist static energy (MSE) in-
duces a moisture tendency to the west of the MLPSs. The
convection is then enhanced by the anomalously high moisture,
which peaks near or slightly to the west of the center of the
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FIG. 1. (left) Schematic of moisture-vortex instability. The light red arrow on the top refers to the westward propa-
gation. The blue curved arrows represent the circulations at low, mid-, and high levels, with a high pressure on the top
and a low pressure on the bottom. The meridional MSE advection is shown as the green arrows. The dark red upward
(downward)-pointing arrow refers to the adiabatic lifting (subsidence). The contours near the surface represent a high
column moisture center, which is partly collocated with the precipitation. The dashed arrow is enhanced convection.

(right) A flowchart showing this mechanism.

vortex. Last, the vortex strengthens due to vortex stretching.
Adames (2021) recently posited that MVI is amplified over
South Asia at the expense of baroclinic instability, potentially
explaining why baroclinic instability is not observed in this
region.

The South Asian monsoon is also characterized by strong
meridional shears in the zonal wind that allow it to be baro-
tropically unstable (e.g., Lindzen et al. 1983; Nitta and Masuda
1981). However, dry barotropic instability alone does not
provide adequate energy to allow MLPSs to grow against dissi-
pation (Diaz and Boos 2019a). As a result, it has been hypothe-
sized that a variant of barotropic instability that includes moist
processes, termed moist barotropic instability, can explain
MLPS growth (Diaz and Boos 2019a,b). Although the explana-
tions for how diabatic heating enhances the vortex are differ-
ent, the theory still shares some similarities with MVI. For
example, the low-level meridional MSE gradient is still a pri-
mary energy source and the moisture advected by the winds
toward the vortex enhances the convection (Diaz and Boos
2021a).

In this paper, we will examine the energetics of MLPSs in or-
der to elucidate the processes that may be able to explain their
growth. Because we are investigating barotropic and moisture—
vortex instabilities, we will emphasize the moist static and per-
turbation kinetic energy budgets. The contents are structured as
follows: the data and methods used in this study are shown in
section 2. The climatological features of monsoons and distur-
bances are depicted in section 3. Section 4 is the analysis on
MVI and barotropic instability energetics. Concluding remarks
are shown in section 5.

Brought to you by UNIVERSITY OF

2. Data and methods

The data used in this study are the fifth reanalysis product
from the European Centre for Medium-Range Weather Fore-
casts (ERAS; Hersbach et al. 2019). We examined the MLPSs
from 1980 to 2019 for the extended boreal summer, June to
September (JJAS), when MLPSs are the most active. The
temporal resolution is 6 h, the spatial resolution is 0.5° X 0.5°
in longitude and latitude, and there are 27 layers ranging from
1000 to 100 hPa in the vertical direction.

Our analysis is based on linear regressions onto an MLPS
index. Different indices were used to represent MLPS activity
in previous studies for different purposes (Boos et al. 2015;
Ditchek et al. 2016). In this study, we put emphasis on
rainfall-related features, so our index is based on precipitation
anomalies that are filtered in space and time and regionally
averaged over a spot with strong rainfall variabilities (Hayashi
1971, 1979; Wheeler and Kiladis 1999; Wheeler et al. 2000).
The applied filter retains data between westward zonal wave-
numbers 3 and 25, and frequencies between 1/15 and 1/2 day ™!,
where the strongest signal shows up on the wavenumber—
frequency diagrams (Adames and Ming 2018b). The outputs
were then averaged over a box area, 85°-90°E, 15°-20°N (red
box in Figs. 2a,b) (Sikka 1977; Godbole 1977; Boos et al. 2015;
Adames and Ming 2018b). This location has a high precipitation
rate and variance. It is also the place for maximum MLPS gene-
sis (Krishnamurthy and Ajayamohan 2010; Boos et al. 2016).
The index was then standardized by subtracting its temporal av-
erage and dividing by the temporal standard deviation. We
have verified that similar results are obtained if an alternative
index based on the sea level pressure is used as a time series or
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FIG. 2. (a) Standard deviation of JJAS mean total precipitation
rate. The MLPS index was calculated by averaging the precipita-
tion anomalies over the area within the red box. (b) JJAS mean
precipitation (shadings), geopotential height (contours, starting
from 1440 to 1540 gpm, at an interval of 10 gpm), and winds at
850 hPa (vectors).

if EOF analysis is used instead in the appendix. Statistical signif-
icance of the regression fields is determined by a two-tailed ¢
test (Davis 1978; Chen 1982; Adames and Wallace 2014) at a
level of 95%. Only anomaly fields that are found to be statisti-
cally significant according to this test are shown.

Most of the fields were integrated through the atmospheric
column. The mass-weighted vertical integrals were calculated
using the following equation (Adames and Ming 2018b):

o =-{"04
o)y =—| odp,
o) o

s

1

where g = 9.8 m s 2 is the gravitational acceleration, p, = 100 hPa
and p;, = 1000 hPa are seen as the tropopause and surface
pressures, respectively, and the open square “0” represents an
arbitrary quantity.

Our study focuses on the MSE and perturbation kinetic en-
ergy (PKE) of MLPSs. The MSE is defined as

m=CT+®+Lg, 2)

where m is the MSE, C, = 1004 J (K kg) ! is the heat capac-
ity at constant pressure, 7 is the temperature, ® is the geopo-
tential, L, = 2.5 X 10° J kg~ ! is the specific latent heat, and
q is the specific humidity. The sum of the first two terms is the
dry static energy (DSE).

The PKE is defined as

’ 1 72 72

where K’ is the PKE and u” and v’ are the zonal and horizon-

tal wind temporal anomalies obtained through the filtering
process. In this paper, we use the prime symbol to represent
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the anomalies in time and the overbar symbol to represent
the background state in which the anomalies propagate.

3. Characteristics of monsoon low pressure systems

To better understand the processes that govern the evolu-
tion of MLPSs, it is instructive to first consider the climatology
of the South Asian monsoon, shown in Fig. 2. The Bay of
Bengal, where MLPS activity is the strongest, is characterized
by average precipitation rates that exceed 4 mm day !
(Fig. 2b). The rainfall maxima are on the west coast of India
and central India as well as on the eastern and northern Bay
of Bengal. Our indexing area is to the east of the monsoon
trough, with a precipitation rate standard deviation higher
than 20 mm day ™! (Fig. 2a). In Fig. 2b, a low-level westerly jet
shows up at around 10°-20°N at 850 hPa. The westerlies peak
near 60°E and slow down when encountering the Western
Ghats at 75°E and the Eastern Ghats at 80°E. Then, they
speed up when entering the Bay of Bengal.

The disturbances and related precipitation (P’) that grow in
this background state are shown in Fig. 3. The lag regressions
were calculated from 2 days before (day —2) the maximum sig-
nal to 2 days after (day 2). At 850 hPa, anomalous anticyclones
are collocated with suppressed precipitation and enhanced pre-
cipitation is in phase with the anomalous cyclones. Although the
circulation and the precipitation anomalies are generally collo-
cated with each other, there is a small displacement between the
two fields with rainfall centers shifted toward the southwest of
the troughs and ridges. Individual highs and lows move across
15° westward while only 5° northward.

On day —2, the centers of the negative precipitation anom-
alies are located near the eastern coast of India and the posi-
tive anomalies are centered over the eastern Bay of Bengal.
From day —2 to day 0, the positive precipitation anomalies
amplify. On day 0, the negative precipitation anomalies are
located in northwestern India and the positive anomalies are
centered over the northwestern Bay of Bengal. From day 1 to
day 2, the positive center and the negative center to the west
weakened, while the newly developing negative center on the
cast intensified along with the anticyclonic flow. On day 2, the
locations of the centers are the same as on day —2 but with a
reversed pattern.

The lag regressions of anomalous column-integrated MSE ex-
hibit a similar pattern as the rainfall anomalies (not shown). Their
root-mean-square amplitude is shown as the contours in Fig. 4.
The shading shows the climatological mean column-integrated
MSE. Mean MSE increases from southwest to northeast and peaks
near 25°N, 90°E. The contours show the west-northwestward prop-
agation of the MLPSs, which approximately follows the contours
of mean MSE from ~70° to 105°E.

The longitude-height cross sections of meridionally aver-
aged (5°-20°N) geopotential height, winds, moisture, and
MSE are shown in Fig. 5. The vertical distribution of geopo-
tential height (contours) is upright during growth and tilts
westward with height when it decays, consistent with previous
findings (Godbole 1977; Hunt et al. 2016; Cohen and Boos
2016). The negative anomalous latent energy (left shadings)
had a maximum near 500 hPa in the growing stage, while it is
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FIG. 3. Lag regressions from (top) day —2 to (bottom) day 2 of
anomalous precipitation rate (shadings), geopotential height (con-
tours, starting from —4 to 4 gpm at an interval of 1 gpm), and winds
(vectors) at 850 hPa onto the MLPS index during JJAS. Only sta-
tistically significant anomalies are shown.

around 800 hPa during its decay. The negative anomalous
MSE (right shading), however, persisted at 500 hPa. The
structure of enhanced latent energy and MSE is similar. The
vertical wind anomalies (1, w, shown as vectors in Fig. 5, with
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FIG. 4. Column-integrated mean MSE is shown as shading. The
contours are the root-mean-square of anomalous MSE regressed onto
the MLPS index from day —2 to day 2 (from 0 to 30 X 10° J m™2 at
an interval of 5 X 10° J m™?).

o scaled for better display) exhibit an upward motion within
the positive moisture and MSE anomalies while downward
motion in the negative MSE anomalies.

As discussed in the previous sections, the upright structure
shown in the vertical cross sections is inconsistent with baro-
clinic instability, which requires an eastward tilt with height.
The peaks of column moisture and the precipitation anoma-
lies, shown in Fig. 6, are collocated with each other near 88°E.
To better present, the values are standardized by subtracting
their temporal averages and then dividing by standard devia-
tions. The anomalous ascent is shifted about 3° westward with
respect to the other two fields. The vertical structure and shift
shown in Fig. 6 are consistent with MVI as shown in Fig. 14 of
Adames (2021). The upright structure in geopotential and
horizontal winds is also consistent with barotropic growth.

4. Energetics

a. Moist static energy budget

In this section, we will investigate MSE and PKE budgets and
show the major possible contributors to the growth and propa-
gation of MLPSs. Following Adames and Ming (2018b), the ten-
dency of MSE can be broken down into the following terms:

6<m’)__< Bm>,_< 6m>,_< 8m>/
Fraai Ul Vay o

+ LW + SW’ + SH’ + L E, 4)

where the prime refers to the anomalies obtained with a 1/2 to
1/15 day~! bandpass filter (see section 2). Angle brackets repre-
sent mass-weighted column integration [Eq. (1)]. The term on
the left-hand side is the anomalous MSE tendency. On the right,
u(@mlox) is the zonal advection of anomalous MSE, v(9m/dy) is
the meridional advection, w(0m/dp) is the vertical advection, LW
is the net longwave radiation flux, SW is the net shortwave radia-
tion flux, SH is the surface sensible heat flux, and L, E is the sur-
face latent heat flux. All the flux terms are positive upward.

To elucidate the processes that lead to the propagation and
growth of MSE anomalies in MLPSs, the fractional contribu-
tions to the tendency and maintenance ({(m’)) of anomalous
MSE from each term in Eq. (4) are shown in Fig. 7. The vari-
ance contributions were defined using the following equation
(Andersen and Kuang 2012):
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FIG. 5. Longitude-height cross sections of (left) anomalous latent energy (L,q’; shading) and (right) MSE (shading)
along with geopotential height (contours, from —5 to 5 gpm at an interval of 1 gpm) and zonal and vertical wind
(vectors; vertical winds are scaled to a larger magnitude) anomalies regressed onto the MLPS index from (top)
day —2 to (bottom) 2 during JJAS. Averaged over 10°-25°N. Only statistically significant anomalies are shown.

1 in the domain, X is the right-hand side terms in the budget
;XiYi equations, Y can be either 9(0)/d¢ (tendency) or (0) (main-
BV ®) tenance), and the open square (O0) is either anomalous
Z Y} MSE or PKE. The contributors to tendency can be inter-

preted as the mechanism responsible for propagation, and
where C refers to the percentage of variance explained by the contributors to maintenance correspond to intensity
X with respect to Y, n is the total number of the grid points  variations.
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10°-25°N on day 0. The values are standardized as discussed in
section 3.

As is shown in Fig. 7, the overwhelming contribution to the
MSE tendency comes from the meridional MSE advection. It
peaks at day 0, and the lead and lag regressions are nearly
symmetric with respect to day 0. Other terms contribute little.
The relative contribution of each term to the MSE tendency
changes little from day —2 to day 2.

Unlike the contributions to the MSE tendency, the contrib-
utors to MSE maintenance exhibit pronounced changes from
day —2 to day 2. The positive projection of MSE time ten-
dency to the maintenance illustrates the growth and the nega-
tive represents the decay of the depressions. The system
grows on day —2 and day —1. It starts weakening on day 0.
The decaying process accelerates on day 1, with dissipation
occurring on day 2, the same day that a new vortex forms to
the east (Fig. 5).
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The leading contributors to MSE maintenance are horizon-
tal MSE advection, vertical MSE advection, and longwave ra-
diative heating (bottom panel of Fig. 7). The longwave
radiative heating contribution is due to an anomalous green-
house effect that arises from the presence of anomalous high
clouds in the MLPS, acting as an MSE source (Andersen and
Kuang 2012; Wolding et al. 2016; Adames and Ming 2018b).
The vertical MSE advection is an MSE sink in MLPSs because
the rate of large-scale condensation exceeds the moistening by
vertical moisture advection. When examined together, we see
that longwave radiative heating and vertical MSE advection
change little from day —2 to day 2 and approximately cancel
each other out. In contrast, the horizontal MSE advection terms
vary in time with the MSE tendency. During days —2, —1, and 2,
the growth is predominantly determined by the meridional MSE
advection, while the decay during day 0 is related to zonal MSE
advection and the decay on day 1 is due to both zonal and merid-
ional advection. Although small, surface latent heat fluxes do still
contribute to MSE maintenance.

Horizontal maps of the largest contributors to the MSE prop-
agation and maintenance are shown in Fig. 8. As in Fig. 7, we
see that the positive meridional advection of MSE shows up to
the west of the enhanced MSE anomalies. The pattern is collo-
cated with the MSE tendency anomalies, corroborating that the
propagation of MLPSs is largely determined by the anomalous
meridional advection of MSE. Additionally, on days —2 and
—1, the center of enhanced MSE anomalies has a larger overlap
with the positive meridional MSE advection than with the nega-
tive advection, indicating the growth of the system. The meridio-
nal MSE advection becomes negative on day 1 contributing to
the decay of MLPS. We also see more clearly that the vertical
MSE advection and LW’ are in phase with the MSE anomalies
and tend to cancel one another.
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FIG. 7. Normalized contributions to (top) MSE tendency (9 (m’)/0r) and (bottom) maintenance
((m’)) from the terms in Eq. (4). “Res” is the residual between the left-hand side and the right-
hand side. The five bins within each group represent the lag regressions at days —2, —1, 0, 1, and
2 during JJAS. The red dots are the averages of the 5 days. The contributions are calculated

within 60°-110°E, 10°-25°N.
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significant anomalies are shown.

To better understand how the MSE is advected horizontally,
we decompose the advection into contributions from the anoma-
lies and from the background state, i.e., (v + v’)&y(m + m’)).
Through this decomposition, we find that the meridional advec-
tion of background MSE by the anomalous winds governs the
meridional MSE advection, making up over 90% of it:

am\’ om
L) =) ©

In Fig. 9a, we see that v(dm/dy) and v'(9mi/dy) are in phase
with each other. Thus, the propagation and growth of the
MSE in the MLPS can be qualitatively understood by how its
anomalous winds advect the monsoonal distribution of MSE.
The background MSE (77) is further decomposed into latent
energy (L,q) and DSE contributions (Fig. 9b). In contrast to
the general circulation model results in Adames and Ming
(2018b), the anomalous moisture advection is the major con-
tributor to the anomalous MSE advection in ERAS. The me-
ridional latent energy advection makes up over 75% of the
meridional MSE advection. The zonal latent energy advection
makes up an even larger fraction of the zonal MSE advection.
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2 at an interval of 1 X 10° J m ™). Only statistically

Thus, the horizontal MSE advection in MLPSs is largely due
to horizontal moisture displacements.

b. Perturbation kinetic energy budget

Linear regressions of column-integrated perturbation kinetic
energy K’ are shown in Fig. 10. Positive PKE is observed in as-
sociation with the anomalous cyclone, implying that PKE in-
creases with the passage of these systems. On the other hand,
negative PKE is seen with the anomalous anticyclones, imply-
ing that PKE is reduced during the passage of these systems. A
west-northwest propagation of the PKE anomalies is seen, con-
sistent with the propagation of the MSE anomalies discussed
previously. On day —2, the negative PKE center is seen to the
northeast of the anticyclonic flow. The positive PKE is cen-
tered substantially farther east of the cyclonic flow, near the
South China Sea. On day —1, this center weakens and positive
PKE develops to the east of the center of the anomalous
cyclone. During the following days, the anomalous centers are
on the northeast of the geopotential height centers. Contrary
to the precipitation and MSE anomalies, the centers of PKE
shift slightly northeastward of the geopotential centers, collo-
cating within the strongest horizontal wind anomalies in the
disturbances.
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The column-integrated perturbation kinetic energy ten-
dency can be split into the following terms (Maloney and
Hartmann 2001; Maloney and Dickinson 2003; Diaz and Boos

2019a,b):
ER N e
at ap
= (V- V, @) + (C,) + (Cyy) — (D), ™

where V-V, K’ is the horizontal advection of PKE,
—u'v (971/ + aﬁ _ M’Zaﬁ _ U;ZELU (8)
Jx dy ax ady

is the barotropic energy conversion along the horizontal
plane,

C, =

ou v
Cpy = —u'w’a— - v — 9)

is the vertical barotropic energy conversion, and

a¢>’ , 09’
V-V, = P m

(10)
is the geopotential advection by the anomalous horizontal
winds, indicating the work done by the pressure gradient
force (Diaz and Boos 2019b). The term D’ is the sum of fric-
tion and other processes. Since we are unable to calculate the
friction using reanalysis data, we put friction and other pro-
cesses that cannot be inferred from the current dataset into
the residual (“res”) between the left-hand side and the right-
hand side. The relative share of each term is shown in Fig. 11,
which is calculated following Eq. (5).

As shown in Fig. 11, the major contributors to the PKE ten-
dency are the horizontal advection of anomalous geopotential
by the wind anomalies (v' - V,®’) and the budget residual.
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The budget residual projects positively to the PKE tendency, in-
dicating that the residual is not only a result of dissipation but
may also be the result of processes that are unsolved in the rean-
alysis data, possibly related to subgrid-scale processes (Diaz and
Boos 2019b) or convective systems and internal gravity waves
caused by mountains (Alaka and Maloney 2014; Chen et al.
2016). The other terms have relatively small values. The horizon-
tal advection of PKE by anomalous winds, however, shows a
nonnegligible increase on day —2 and day 2 and a decrease on
day 0. The leading terms to the maintenance of K’ are the
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and the right-hand side of Eq. (7). The five bins within each group represent the lag regression at
days —2, —1, 0, 1, and 2. The red dots are the averages of the five bins. The contributions are cal-

culated within 60°~110°E, 10°-25°N.

horizontal barotropic energy conversion, horizontal advection of
geopotential anomalies, and the residual. The horizontal and ver-
tical advection by anomalous winds serves as small but nonnegli-
gible sinks of PKE.

The barotropic term is shown in the leftmost column in
Fig. 12. The locations of negative and positive centers of the bar-
otropic term are identical to the PKE (contours). A strong nega-
tive barotropic conversion initiates at the east coast of India and
the western Bay of Bengal on day —2, collocated with an anticy-
clonic anomalous flow. The pattern indicates that kinetic energy
transports from eddies to the mean state in the anticyclonic
anomalies. As the negative center moves northwestward, a weak
positive center (transporting kinetic energy from mean state to
disturbances) forms and grows in the northern Bay of Bengal.
On day 2, the positive center moves to north India and the nega-
tive center disappears.

The horizontal advection of anomalous geopotential by the
wind anomalies is shown in the middle column of Fig. 12,
which can be viewed as the work done by the pressure gradi-
ent force (Diaz and Boos 2019b). From the examination of
the composites, it is clear that this term is nearly always in
phase with the PKE (contours). Given that the nondivergent
component of the winds is parallel to the isobars in MLPSs
(Fig. 3), it follows that the positive (v' - V,®’) anomalies are
the result of the strong divergence that is associated with the
anomalous convection that is located near the center of the
anomalous cyclones and anticyclones (Figs. 3 and 5).

The residual is shown in the rightmost column of Fig. 12.
The pattern exhibits more northward propagation than west-
ward propagation. The enhanced residual centers are to the
south of the negative PKE tendency and to the north of the
positive PKE tendency.

5. Discussion and conclusions

In this study, we created an MLPS index by filtering precip-
itation data to retain westward-propagating wavenumbers
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from 3 to 25, and frequencies between 1/2 and 1/15 day ', and
averaging over the head of the Bay of Bengal. The index was
used to create lag regressions that elucidated the structure of
MLPSs and their governing processes. The regression results
were then compared with three theories that have been pos-
ited to explain MLPS growth and propagation: dry barotropic,
baroclinic, and moisture-vortex growth. The consistency be-
tween observations and theories is summarized in Table 1.

We found that none of the theories alone are capable of ex-
plaining all the features we found in MLPSs. However, most
of them are consistent with the combination of barotropic and
MVI-like growth. Thus, we posit that these two mechanisms
could be potential explanations for MLPS growth and propa-
gation. Evidence for this statement can be found by revisiting
the MSE and PKE budgets. As seen in Fig. 7, the meridional
advection of mean MSE by anomalous winds is vital to both
the propagation and growth of the MSE anomalies. Long-
wave radiative heating is also important to the maintenance
of MSE, in both MLPSs and other slow-propagating convec-
tively coupled systems across the tropics (Yasunaga et al.
2019; Andersen and Kuang 2012; Mayta et al. 2022). How-
ever, this positive feedback is balanced out by the vertical ad-
vection of MSE. The anvils caused by the vertical motion
suppress the outgoing longwave radiation and hence compen-
sate for the MSE sink from vertical MSE advection (Andersen
and Kuang 2012; Adames and Ming 2018b; Inoue et al. 2020).
So only when horizontal MSE advection is considered can we
explain the growth of MSE within MLPSs. The contributions
from horizontal MSE advection to maintenance are approxi-
mately equal to the projection from MSE tendency. A positive
projection of MSE tendency to maintenance implies an increase
in MSE, and a negative projection indicates a decrease.

The examination of the PKE budgets shows that the baro-
tropic conversion from the horizontal shear is important for the
maintenance of PKE in MLPSs. The downgradient advection
of anomalous geopotential, on the other hand, cannot be ex-
plained with barotropic growth. The nondivergent component
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Only statistically significant anomalies are shown.

of horizontal winds in MLPSs is approximately geostrophic or
gradient wind balance and tends to be parallel to the isobars
(Adames 2022). In the absence of convection, these winds can
induce barotropic growth but exhibit a negligible downgradient
advection of anomalous geopotential. In MVI, however, winds
that blow down the pressure gradient would be explained by
the irrotational flow that is brought about by the existence of
convection near the center of the MLPS. Thus, this contribution
to the PKE maintenance likely comes from MVI-like processes.
Together, barotropic energy conversions and downgradient

winds can generate enough PKE to maintain MLPSs against
sinks.

With barotropic and MVI-like growth being consistent with
most of the features of MLPSs, it follows that baroclinic growth
does not need to be invoked. Further, most of the features of
MLPSs disagree with this type of growth, such as the upright
structure, and collocating of water vapor, rainfall, and vorticity.
This result supports previous works that have posited that baro-
clinic growth is of little importance to MLPSs (Cohen and Boos
2016; Adames 2021).

TABLE 1. A summary of the features in MLPSs documented in this study and which growth process is consistent with.

Observed feature MVI-like Dry barotropic Moist baroclinic
Upright vertical structure Yes Yes No
Tilts against horizontal shear No Yes No
Synoptic horizontal scale of ~1000 km Yes Yes Yes
Moisture, precipitation, and vorticity have an in-phase component Yes No No
MSE anomalies follow the contours of mean MSE Yes No Yes
Meridional MSE advection important for MSE growth Yes No Yes
Barotropic energy conversion important for PKE generation No Yes No
PKE generation through downgradient geopotential advection Yes No Yes
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It is worth noting that the moist barotropic instability mech-
anism proposed by Diaz and Boos (2019b) has many similari-
ties to MVI. Diaz and Boos (2021a) also posit that meridional
MSE advection is essential to MLPS growth. In a way, moist
barotropic instability can be viewed as a combination of MVI
and dry barotropic instability. Hence, we do not discuss this
growth mechanism in Table 1 but acknowledge that it can
also explain the observed features of MLPSs.

Caveats and future work

There are a few caveats in this study. Although residuals
exist in both MSE and PKE budgets, their contributions are
different. The MSE budget residual is negligibly small. The
PKE budget residual, however, is significant. It functions as a
sink of PKE but acts to propagate the PKE northwestward.
Frictional dissipation could be the reason for the vortex de-
cay. Subgrid-scale processes that are not well represented in
ERAS, such as convective momentum transports, could ac-
count for the contribution to propagation (Chen et al. 2016).
Also, the residual may be a result of numerical errors due to
the complex topography of the region.

Because we used linear regression to understand MLPSs, our
analysis does not account for nonlinearities that may be present
in individual systems. Also, the index and the linear regressions
emphasize the weaker MLPSs and not the stronger monsoon de-
pressions. The stronger depressions differ from MLPSs in that
latent heat fluxes are also important for the growth of depres-
sions (Fujinami et al. 2020; Diaz and Boos 2021b).

In this study, we only present evidence that MSE advection is
a key factor in MVI-like growth. Recent work has indicated that
the disturbances that grow from MVI extract latent energy from
the background circulation (Mayta and Adames Corraliza 2023,
manuscript submitted to J. Climate; Adames Corraliza and
Mayta 2023, manuscript submitted to J. Climate). Extending the
results to this study would lead to the hypothesis that MLPSs ex-
tract latent energy from the Indian monsoon, thereby weakening
it. Testing this hypothesis will be the focus of future research.
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APPENDIX

Index Sensitivity Test

Empirical orthogonal function analysis is applied over the
domain shown in Fig. Al. EOF1 explains 14.3% of the total
variance, and the pattern is similar to the disturbance
growth (day —1 in Fig. 3). EOF2 explains 13.6% of the var-
iance and is similar to the pattern of decay on day 1.

The filtered mean sea level pressure, averaged over the
head of the Bay of Bengal (red box in Fig. 2), was also
tested as an index (Fig. A2). The disturbance has the same
growth and propagation features as the one with precipita-
tion as its index but has a relatively smaller magnitude in
rainfall but stronger winds and geopotential anomalies.
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FIG. Al. The leading two EOFs of the filtered precipitation
anomalies.
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