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ABSTRACT

Synoptic-scale weather systems are often responsible for initiating mesoscale convective systems (MCSs).

Here, we explore how synoptic forcing influences MCS characteristics, such as the maximum size, lifespan,

cloud-top height, propagation speed, and triggering over the Indian region. We used 30-min interval infrared

(IR) data of the Indian Kalpana-1 geostationary satellite. Cloud systems (CSs) in this data are identified and

tracked using an object tracking algorithm. ERA-Interim 850-hPa vorticity is taken as a proxy for the synoptic

forcing. The probability of CSs being larger, longer lived, and deeper is more in the presence of a synoptic-

scale vorticity field; however, the influence of synoptic forcing is not evident on the westward propagation of

CSs over land. There exists a linear relationship between maximum size, lifespan, and average cloud-top

height of CSs regardless of the nature of synoptic forcing. Formation of CSs peaks around 1500 LST over land,

which is independent of synoptic forcing. Over the north Bay of Bengal, CSs formation is predominantly

nocturnal when synoptic forcing is strong, whereas, 0300 and 1200 LST are the preferred times when synoptic

forcing is weak. Long-lived CSs are preferentially triggered in the western flank of the 850-hPa vorticity

gradient field of a monsoon low pressure system. Once triggered, CSs propagate westward and ahead of the

synoptic system and dissipate aroundmidnight. Formation of newCSs on the next day occurs in the afternoon

hours in the wake of previous day’s CSs and where vorticity gradient is also present. Formation and westward

propagations of CSs on successive days move the synoptic envelope westward.

1. Introduction

Tropical convection (henceforth, convection) exhibits

a hierarchy of scales, both spatial (ranging from cumulus

to planetary) and temporal (from less than an hour to

several days) (Nakazawa 1988). Two important scales in

this hierarchy are meso [linear dimension of precipitat-

ing area in one dimension is at least 100 km and time

scale of a few hours to ;24h (Houze 1989, 2004)] and

synoptic (length scale ;1000km and time scale a few

to ;10 days). Space–time spectra of satellite-derived

tropical cloudiness show significant variance at the

synoptic scales [e.g., Figs. 6 and 7 in Takayabu (1994)].

Major fraction of total precipitation is produced at the

mesoscale and the latent heat released in mesoscale con-

vective systems (MCSs) drives the large-scale tropical

atmospheric circulation (Houze 1989). These, along

with the other underlying rich physical processes in-

volved motivated a large number of studies on MCSs

[Houze (2004) and references therein].

In a slowly evolving synoptic field that facilitates

low-level convergence, severalMCSs with a lifespan of a

few hours to ;24h form and dissipate. MCS formation

is also influenced by the diurnal cycle, over both land

and ocean [Johnson (2011) and references therein]. It is

known that MJO influences the phase and amplitude of

the diurnal cycle of convection over the tropics [Sakaeda

et al. (2017) and references therein]. MCSs get triggered

over land owing to a combination of strong diurnal

heating and local (topographic) features even when

synoptic forcing is absent or weak. Their number may

be relatively a few but they can cause severe weather

over a limited area.Does a strong synoptic forcing produce

anomalously large/long-lived MCSs (Machado et al. 1992;

Nguyen and Duvel 2008; Berthet et al. 2017) or more

number of MCSs without affecting the size/lifespan

distribution (Dias et al. 2017)? Basically, how do the

characteristics of MCSs (e.g., size, lifespan, and height)
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that form during the periods of strong and weak syn-

optic forcing compare? Addressing this question is the

main objective of the paper. We also examine the de-

pendence of preferred locations and timings of MCS

triggering in relation to the synoptic forcing field.

The paper is organized as follows. Study area, data,

and method are described in section 2. Section 3 pres-

ents some case studies of evolution of deep convective

clouds in the presence of synoptic forcing. Section 4

presents characteristics of deep clouds with strong and

weak synoptic forcing. Section 5 contains a discussion

on our findings and section 6 concludes the paper.

2. Study area, data, and method

a. Study area

The Indian subcontinent receives about 76% of its

annual rainfall during the Indian summer monsoon sea-

son (June–September), mainly owing to the frequent

formation of synoptic low pressure systems (Sikka 1978;

Krishnamurthy and Ajayamohan 2010; Hunt et al. 2016a).

Indian summer monsoon is in the transient phase in the

months of June and September. July and August are the

peak monsoon months (Fig. 1a) and the results here are

mainly based on the data of these 2 months. A region

of low sea level pressure, called monsoon trough (Rao

1976), lies between 208 and 258N over the Indian sub-

continent during the summer monsoon season. A large

number of synoptic-scale systems [viz., monsoon depres-

sions and monsoon lows (e.g., Sikka 1978)] either form

or propagate over the monsoon trough. Henceforth,

monsoon lows and depressions are referred to as low

pressure systems (LPSs). They predominantly form over

the northern Bay of Bengal (henceforth, ‘‘Bay’’) and

then move onto the Indian subcontinent (Sikka 1980;

Krishnamurthy and Ajayamohan 2010; Hurley and

Boos 2015; Hunt et al. 2016b). As a result, deep con-

vection is frequent over this region (Fig. 1b). Within a

summer monsoon season, large-scale conditions fluc-

tuate between active and break periods [Gadgil (2003)

and references therein] with the active period charac-

terized by large-scale low-level convergence and en-

hanced 850-hPa cyclonic vorticity (Sikka and Gadgil

1978). Opposite conditions prevail during the break

period. Several active and break periods occur during

the season.

Above facts and the availability of high temporal res-

olution geostationary satellite data for the region provide

an ideal opportunity to address our objectives. We have

selected the area 158–258N, 758–918E, henceforth referred
to as ‘‘monsoon zone,’’ which encompasses monsoon

trough and part of northern Bay (Fig. 1) for our study.

b. Satellite data

Infrared brightness temperature (IRBT) data of geo-

stationary satellites have been extensively used to study

the life cycle characteristics of tropical MCSs (e.g.,

Mapes and Houze 1993; Machado et al. 1993; Chen and

Houze 1997; Hodges and Thorncroft 1997; Gambheer

and Bhat 2000; Roca and Ramanathan 2000; Mathon

et al. 2002; Zuidema 2003; Kondo et al. 2006; Futyan and

Del Genio 2007; Hennon et al. 2011; Fiolleau and Roca

2013; Berthet et al. 2017; Roca et al. 2017). We use

10.5–12.5-mm channel IRBT data ofKalpana-1, an Indian

geostationary satellite positioned at 748E. The pixel size
is 8 km 3 8 km at the subsatellite point and the tempo-

ral resolution is 30min. The study includes data of five

monsoon seasons (July–August 2010, 2012–15).

For the objectives of this work, temporal continuity in

data is very important. When this aspect was examined,

imageries were found to be missing between 2230 and

0100 Indian standard time (IST) in the month of August

that happens to be the ‘‘satellite eclipse’’ period of geo-

stationary satellite positioned at 748E. During the sat-

ellite eclipse period, satellite’s solar panels do not see

the sun and data are not collected owing to the lack of

power. Except for this period, the fraction of missing

imageries (including those removed after noticing noise

during visual inspection) is about 7%with no preference

to a particular time of a day, and temporal continuity in

IRBT data can be considered as good.

c. Large-scale dynamical fields

A synoptic-scale system is characterized by the large-

scale low-level convergence that manifests as positive

relative vorticity at the 850-hPa level (z850) and diver-

gence in the upper troposphere. The z850 and 700-hPa

geopotential heights (Z700) have been used to infer the

synoptic-scale atmospheric forcing and the position of

the monsoon trough, respectively (e.g., Gadgil 2003).

These fields with 0.758 spatial and 6-hourly temporal

resolution are taken from the ERA-Interim dataset

(Dee et al. 2011). As far as Indian summer monsoon

circulation is concerned, ERA data have a superior quality

(Annamalai et al. 1999). Boos et al. (2015), Sørland and
Sorteberg (2015), and Hunt et al. (2016b) have used

ERA-Interim data to study the structure and dynamics

of LPSs. ERA5 (ECMWF 2017) total column water

vapor (TCWV) data with about 0.38 spatial and hourly

temporal resolution are used for the moisture field. The

smallest size of a CS over its lifespan can be 2000km2

(equivalent linear dimension;45 km) and theminimum

lifespan is 3 h. Therefore, ERA5 is chosen to study the

link between moisture field and spatiotemporal evolution

of a CS.
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FIG. 1. (a) Climatology of TRMM 3B42 rainfall (Huffman et al. 2007) for July–August

2010–14 period and ERA-Interim 850-hPa winds for July–August 2010, 2012–15 period.

(b) Fraction of the time infrared (10.5–12.5mm) brightness temperature was 208K or less

during July–August 2010, 2012–15 and ERA-Interim 200-hPa winds. The rectangular box

shows the study area.
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The base state of the monsoon trough is produced by

the land heating during the boreal summer [termed as

heat low, e.g., Rao (1976)], and a positive low-level con-

vergence and positive z850 are present over most parts of

the study area throughout the summer monsoon season.

The vertical circulation associated with the heat low is

shallow and diverges around 700hPa (Trenberth et al.

2000). When an LPS develops, z850 gets enhanced and

the vertical circulation becomes deep. In the view of this,

z850 . 0 is a necessary but not a sufficient condition

to infer the existence of synoptic-scale forcing over the

monsoon zone. A threshold on z850 is needed to distin-

guish days with enhanced and suppressed synoptic-scale

forcing. To decide the threshold, we examined the tem-

poral variation of 3-day running average of positive z850
over the study area (henceforth denoted by z850), the

fraction of grids with positive z850 and IRBT , 235K,

and IMD defined LPS periods over the region (Fig. 2).

After studying data of all five seasons, a z850 threshold

of 23 1025 s21 (zt850, henceforth) is adopted. Days with

z850 $ zt850 fairly coincide with the days on which LPSs

were present over the study region and an overall in-

crease in the area under deep convection. Days with

z850 $ zt850 are considered to be in the enhanced vor-

ticity (EV) phase, and other days in the suppressed

vorticity (SV) phase. Days with EV and SV are taken as

strong and weak synoptic forcing periods, respectively.

The total number of days that belong to the EV phase

are 218 out of 310 days of July–August spread over 5

seasons (about 70% of the total). Normal position of

the axis of the monsoon trough lies over the monsoon

zone for about 74% of the time during July–August

(Sikka and Gadgil 1980). Axis of the monsoon trough

shifts to the foothills of the Himalayas during monsoon

break conditions (e.g., Ramamurthy 1969). Thus, fraction

of the days that belong to EV phase is nearly equal to the

fraction of the days axis of the monsoon trough lies

in its normal position. It may be noted that our defi-

nition of EV and SV phases is different from that of

the monsoon ‘‘active’’ and ‘‘break’’ phases, which is

traditionally based on the average daily rainfall either

over entire India or the core monsoon zone (Rajeevan

et al. 2010). SV phase approximately coincides with

the monsoon break phase.

d. Automated cloud tracking

It is typical to specify a threshold on IRBT to detect

deep clouds and then search for connected pixels having

their IRBT less than or equal to the threshold to identify

CSs (e.g., Williams and Houze 1987; Mapes and Houze

1993; Machado et al. 1993; Chen and Houze 1997;

Hodges and Thorncroft 1997; Gambheer and Bhat

2000; Roca and Ramanathan 2000; Mathon et al. 2002;

Zuidema 2003; Kondo et al. 2006; Futyan andDel Genio

2007; Hennon et al. 2011; Fiolleau andRoca 2013; Berthet

et al. 2017; Roca et al. 2017). In this work, deep clouds

are defined by an IRBT threshold of 208K, the same as

that used by Williams and Houze (1987), Mapes and

Houze (1993), Chen and Houze (1997), and Zuidema

(2003). Hereafter, connected pixels having deep clouds

and total area $2000km2 are called as ‘‘objects.’’ Ob-

jects are tracked in subsequent images to understand

their temporal evolution. Overlap method is followed

for tracking objects (Williams and Houze 1987). The

minimum overlap required to locate a successor of an

object in the next image is 25% of the area of smaller of

the overlapping objects.

The IRBT data used in the past cloud-tracking studies

had 3-hourly temporal resolution, and there is ambiguity

in uniquely identifying the successor at this temporal

resolution (Roca et al. 2017). Main advantage of the

30-min temporal resolution is that relatively smaller

objects can be tracked with high confidence and their life

cycle can be studied from an early stage. An object that

lived for at least 3 h and grew larger than 104 km2 during

its lifespan is called a cloud system (CS) in the following.

No constraint on shape of the objects is put in defining

CS. Location of a CS is the position of the center of

gravity (CG) of the object area. Propagation speed of a

CS is calculated by dividing the displacement of its CG

in a given time interval. Examination of the propagation

speeds based on 30-min time interval showed some ab-

normally high values. These occurred due to abrupt

changes in the shapes of CSs that resulted in large dis-

placement of the CGs. Propagation speed based on 1-h

interval reduced the number of occurrences of such

spikes, but some still remained. These cases are filtered

out by applying the 3-sigma threshold criterion to the

propagation speed distribution of each CS.

Propagation and lifetime characteristics of only those

objects that qualified as CS are studied. Since 2230–

0100 IST imageries are missing in August, this month’s

data are not included in the statistics of CSs lifetimes

shown in the results. We did study the characteristics of

CSs that formed in the month of August and observed

that the CS lifespan histograms of July and August

months are not very different from each other. The

main reason is that the eclipse period of Kalpana-1

satellite (i.e., midnight) happens to be the preferred

time of dissipation of CSs over the study area.

3. Organization of deep convection over
monsoon zone

Figures 3a and 3b show longitude–time diagrams

of daily mean IRBT averaged over the latitudinal belt
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158–258N in July 2013 and 2014. Westward propagating

envelops of large-scale cloudiness are observed west-

ward of 858E. These are mostly associated with the LPSs

and last for 2–7 days. Figures 3c and 3d show zoomed-in

views of two LPSs. Here, longitude–time diagrams are

plotted with half-hourly IRBT data. Starting time and

tracks of CSs along with latitudinally averaged z850

are overlaid. Zooming on individual LPSs reveals that

there is a diurnal modulation of deep convection, con-

nected with the triggering, propagation and dissipation

of CSs. Westward of 858E (i.e., mainly over land), CSs

develop in the afternoon hours preferentially in the

western flank of z850 field where the gradient in z850 is

high. Thereafter, CSs propagate westward and move

FIG. 2. 3-day running averages of: (a) z850, (b) fraction of the area with cyclonic vorticity

(solid line) and IRBT # 235K (dashed line) for July 2014 over the study box, and (c) as in

(a) and (d) as in (b), but for August 2014. The letter ‘‘L’’ and the number following it refers to

LPS and its number in that month. Thick horizontal lines show respective durations of LPSs

over the study region given in the IMD monsoon report of 2014.
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FIG. 3. Longitude–time Hovmöller diagram of IRBT (in shading) averaged between 158 and
258N for (a) July 2013, (b) July 2014, (c) zoomed-in view of (a), and (d) zoomed-in view of (b).

In (a),(b) daily averaged IRBT is shown. Note that the color bar scales are different in the top

and bottom panels, with values of IRBT . 250K not shown in the latter. In (c),(d) object

triggering (‘‘1’’ sign) and their subsequent positions (black circles) are overlaid on the

Hovmöller diagram with radius of the circle proportional to the size of the object at that

instant. The contour lines show relative vorticity at 850 hPa averaged over same latitudinal

band. Contours from 2 3 1025 to 4 3 1025 s21, with an interval of 0.5 3 1025 s21 are plotted.
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out of the zone of high z850 region and dissipate around

midnight when diurnal forcing becomes weak and sur-

face conditions are less favorable for deep convection.

Propagation of CSs is mainly zonal (westward) and me-

ridional propagations are not that prominent (Fig. 4).

Next day around midday, CSs develop in areas having

large z850 gradient and around/behind the longitudes

where the previous day’s CSs had dissipated, and the

cycle repeats. Each day, formations and westward prop-

agations of CSs take the large-scale cloud envelop

westward. Broadly, three types of propagations are em-

bedded in Figs. 3c and 3d. First, deep cloud cover that

spreads farther westward of CSs [which sometimes is

called a ‘‘cloud streak,’’ e.g., Carbone et al. (2002)].

FIG. 4. Latitude–time Hovmöller diagram similar to Fig. 3; quantities are longitudinally

averaged between 758 and 858E.
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Average speed of the streaks is around 20ms21. Similar

mesoscale streaks within the larger-scale convective en-

velopes are observed over the western Pacific and Mari-

timeContinent (Nakazawa 1988;Mapes andHouze 1993;

Chen and Houze 1997), over Africa (Laing et al. 2008),

and over East Asia (Wang et al. 2004). Second, the CSs

have a wider range of propagation speeds (details in the

next section) with an average speed of 7.5m s21. This

discrepancy between speed of propagation of CS and

cloud streak is due to the strong upper-level easterly jet

that is invariably present during the monsoon season

(Fig. 1b) that rapidly advects stratiform cloud mass

westward. Third, the vorticity field which is associated

with the synoptic system, propagates westward at a

slower speed of around 2–3m s21.

The morphology of timing and location of formation

and subsequent propagation of CSs are broadly similar

in all the cases of LPSs we have studied, not only dur-

ing July–August but during the entire Indian summer

monsoon season. The western flank of the low-level

vorticity gradient is the breeding ground of CSs. CSs

develop here in the afternoon hours when diurnal heating

produces the most favorable conditions for convection

over land. Once formed, CSs propagate well outside the

area of formation and then dissipate. Formation of new

CSs on the next day occurs in the wake of previous days

CSs where vorticity gradient is present.

Figure 4 shows the latitude–time Hovmöller diagrams

of IRBT. A well organized southward propagation in

a few cases is observed; the meridional propagations of

CSs over Indian subcontinent, in general, is not as pro-

nounced and as systematic as the zonal propagations.

This point will again be highlighted in section 4c where

CSs propagation statistics are presented. Several studies

have reported southward propagating MCSs over the

Bay (Zuidema 2003; Miyakawa and Satomura 2006; Liu

et al. 2008; Sahany et al. 2010; Jain et al. 2018). We have

observed southward propagating streaks over the Bay

similar to these studies (not shown here). The south-

ward propagation of deep convection over Bay is at-

tributed to the diurnally generated coastal gravity waves

(Mapes et al. 2003).

4. CSs characteristics and synoptic forcing

Figure 5 shows the spatial distribution of formation

locations of objects during the EV and SV phases in

July–August. Note that not all objects became CSs. The

mean Z700 contours and 850-hPa winds show large-scale

cyclonic circulation over monsoon zone during EV phase

(Fig. 5a). During the SV phase, the cyclonic circulation is

absent from the region (Fig. 5b). There are two preferred

areas of formation of objects during EV phase, namely,

north Bay and central India on the eastern and western

flanks of the monsoon trough, respectively (Fig. 5a).

The location over the Bay coincides with the location

of maximum frequency of the genesis of LPSs and the

northwest–southeast orientation of CS formation zone

over central India lies along the tracks of LPSs (Sikka

1978; Goswami 2005; Krishnamurthy and Ajayamohan

2010; Hurley and Boos 2015; Hunt et al. 2016a). During

the SV phase, triggering frequency is less and spread

over a larger area with relatively more number of them

occurring around 258N, 858E (i.e., closer to the foothills

FIG. 5. Number of objects triggered per day during (a) EV and (b) SV phase over 18 3 18 spatial grid during

July–August (in shading). Mean 850-hPa winds and 700-hPa geopotential contours during respectives phases are

also overlaid.
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of the Himalayas, and over the peninsular India as

well). Note that the formation of objects is low over the

heavily precipitating areas under the orographic influ-

ence (Western Ghats, Myanmar mountains, and east-

ern Himalaya foothills) during both EV and SV phases,

further supporting the previous results that monsoon

rainfall here is mainly from clouds that are not very

deep and cloud tops that extend to 208K height and

meet the object’s area criterion are less frequent (Arkin

et al. 1989; Durai et al. 2010; Prakash et al. 2011).

a. Size, lifetime, and mean cloud-top temperature

Next we examine the contrasts in CSs properties be-

tween EV and SV phases over the monsoon zone. The

total number of CSs that formed over the study area

during the EV and SV phases in July–August (only July)

are, respectively, 834 (531) and 213 (61). Figure 6a shows

the size distribution of CSs formed over the monsoon

zone during EV and SV phases. Here, all objects dur-

ing the lifespan of CSs are considered (11 930 and 5455

respectively during EV and SV phases). Area of an

object is converted to a linear scale by taking its square

root. The size distribution of objects is well approxi-

mated by a lognormal distribution (not shown), in con-

formity with the previous studies (López 1977; Williams

and Houze 1987; Mapes and Houze 1993). The fraction

of objects with size less than 200km is more during SV

phase compared to EV phase, and the pattern is reversed

for larger objects. Figure 6d shows the cumulative dis-

tribution functions (CDFs) of these size distributions

(solid curves). The dotted curves show CDFs of maxi-

mum areas attained by CSs. It is observed that during

the EV (SV) phase about 35% (25%) of CSs are larger

than 200km. The lifespan distributions (Fig. 6b) con-

sider CSs formed only during July. Most of the CSs die

within 24 h in both phases. The fraction of short-lived

CSs in the SV phase is more compared to that in the EV

phase. The CDFs in Fig. 6e show that during EV (SV)

phase 30% (15%) of CSs live longer than 8h. Figure 6c

shows distributions of mean cloud-top temperature of

FIG. 6. Normalized histograms of (a) size of objects, (b) lifetime of CSs, and (c) mean cloud-

top temperature of objects; and CDF of (d) size of objects, (e) lifetime of CSs, and (f) mean

cloud-top temperature of objects. EV: enhanced vorticity, and SV: suppressed vorticity. The

dotted lines in (d) show CDFs of maximum size of CSs.
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objects during the EV and SV phases. During the EV

phase, mean cloud-top temperature tends to be lower

than that during the SV phase (i.e., CSs are deeper

during the EV phase). The CDFs (Fig. 6f) show that

about 40% (30%) of convective objects have mean

cloud-top temperature colder than 204K during the

EV phase. The two-sample Kolmogorov–Smirnov test

performed on the CDFs of size, lifetime and cloud-top

mean temperature during the EV and SV phases re-

jected the null hypothesis that the two samples are

from the same distribution at 1% significance level. In

summary, the probability of CSs being larger, longer

lived, and deeper is higher during the EV phase. Since

the study area includes both land and oceanic areas, it

is possible that the characteristics of CSs over these

two areas differ, and combining them is not ideal. To

find this out, we repeated the analysis separately for

the population of land and oceanic CSs. The outcome

showed that the broad conclusions drawn from Fig. 6

hold good for the land and oceanic CSs also (Fig. S1 in

the online supplemental material).

Figure 7 shows scatterplots of CSs maximum size ver-

sus lifetime (Fig. 7a) and object size versus mean cloud-

top temperature (Fig. 7b). There is an approximate linear

relationship between CSs size and lifespan during both

phases. The correlation coefficient is 0.78 (0.89) during

the EV (SV) phase. The longest lifespan of CS during the

EV (SV) phase is about 38 (22) h. The largest size at-

tained among all CSs is 639 km. The size of the largest

CS formed over the Indian region is comparable to that

over the TOGA COARE region of the western Pacific

reported by Chen et al. (1996) at the same IRBT thresh-

old. There is a linear relationship between the object size

and mean cloud-top temperature with a correlation co-

efficient of 20.8 during both phases. Thus, there exists a

linear relationship between CSs size, lifespan, and cloud-

top height regardless of the synoptic forcing. Previous

studies have also observed a linear relationship between

the CSs size and lifespan (Chen et al. 1996, Chen and

Houze 1997, Roca et al. 2017), and CSs size and cloud-

top height (Machado et al. 1992, Roca and Ramanathan

2000) in tropical CSs. These studies did not classify the

CSs population according the regime of large-scale condi-

tions inwhich theywere formed.The correlation coefficient

between CSs maximum size and lifetime reported by Roca

et al. (2017) is similar to that found in this study, although

they used 235K (i.e., a much higher IRBT threshold).

b. Diurnal variation

Figures 8a and 8b show diurnal variation of the first

detection time (formation, henceforth) of the objects

over the Indian landmass (188–258N, 758–858E) and over

the Bay area (158–208N, 858–918E), respectively, during

the EV and SV phases. Over land, irrespective of the

phase, object formation peaks during 1500–1800 LST

and the least preferred time is around 0900 LST. Over

the Bay, two peaks are observed in the diurnal variation

of objects triggering during the SV phase. The major

peak is around 1200 LST and the minor peak is around

0300 LST (Fig. 8b). The nocturnal triggering of con-

vection mainly occurs near to the coast (not shown).

During the EV phase, a clear secondary nocturnal peak

over the Bay is not seen.

For the land box, Fig. 8c shows diurnal variation of

formation of CSs. When a CS splits, the larger sized CS

of the two is taken as continuation of the parent CS and

the other is treated as a new one. To understand the

contribution of splits to the statistics of CS formation

time, two cases are shown in Fig. 8c for the land region.

The dashed line includes all the CSs (i.e., including those

formed out of splits) and the solid line includes only

those CSs which did not form by split. Diurnal variation

of CSs formation is more pronounced compared to that

of the objects with a clear preference to ;1500 LST

during both EV and SV phases. Those born out of

CS splitting make only a marginal changes to this.

FIG. 7. (a) Maximum size vs lifespan of CSs. (b) Size vs mean

cloud-top temperature of objects. EV: enhanced vorticity, and

SV: suppressed vorticity.
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Figure 8d shows the diurnal variation of CSs over the

Bay box. A clear difference in the diurnal variation of

objects and CSs is seen in the EV phase with a clear

preference of CSs formation to the early morning

(;0300 LST) hours, and the 1200–1500 LST peak has

subsided. During the SV phase, both early morning

and noon hours have comparable preference and

;1800 LST is the least preferred time.

c. Propagation

Figure 9 shows the distributions of zonal and me-

ridional speeds of CSs in the EV and SV phases. The

propagation speeds of about 95% of CSs are less than

20ms21. Figure 9a shows that regardless of the synoptic

forcing, the majority of the CSs propagate westward.

Eastward propagations are not only lesser in number but

also slower than the westward propagations. The mean

speed of all westward propagations is about 8.5m s21

and that of eastward propagations is about 4.5m s21.

Although, the zonal propagation speed distribution

during EV and SV phases look similar, the two-sample

Kolmogorov–Smirnov test rejected the null hypothesis

that the two samples are from the same continuous distri-

bution at 1% significance level. The westward propaga-

tions of CSs are faster during the SV phase (mean speed5
9.5ms21) than the EV phase (mean speed 5 7.5m s21).

The meridional propagation speed distribution (Fig. 9b)

of CSs is centered around 0m s21; speeds greater than

10ms21 are rare. Southward propagations are favored

over northward propagations during the EV phase.

d. The broad picture

In the statistical analysis, individuality of CSs is lost.

Their large number makes it difficult to carry out a de-

tailed analysis of individual cases. It is observed from

Fig. 6a that the number of objects having size $ 300 km

is relatively small and study of their life cycle can be

attempted. Here, a CS with its peak size $ 300 km is

FIG. 8. Diurnal variation of objects triggering over (a) land, 188–258N, 758–858E (total 1851 during EV and

521 during SV), and (b) Bay, 158–208N, 858–918E, (total 1101 during EV and 119 during SV). These regions are

shown by the boxes in the insets. (c) Dashed and solid lines correspond to diurnal variation of formation of all the

CSs (total 397 during EV and 92 during SV) and only those CSs that did not form by splitting (total 348 during EV

and 77 during SV), respectively, over land. (d) As in (c), but for the Bay region. Number of CSs formed over Bay

without splitting during EV and SV phases are 219 and 22, respectively. The corresponding total number of all CSs

formations are 274 and 27.
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called as ‘‘large CS.’’ Figures 10a and 10b show where the

large CSs were triggered and achieved their maximum

size, respectively. During the EV phase, large CSs get

triggered mainly over the monsoon zone. A stretch on

either of the east coast of India is one of the favorable

locations of formation of large CSs, and then they prop-

agate away from the coast. Over land, they predominantly

propagate westward and achieve their largest size after

traveling several hundred kilometers (Fig. 10b). As a

consequence, more number of large CSs are observed

over the western part of India compared to the eastern

part during the EV phase. Over the Bay, large CSs tend

to propagate away from coast and achieve maximum

size over the open Bay. The northward propagations of

CSs are rare here. This observation is in agreement with

Zuidema (2003) and Miyakawa and Satomura (2006).

The sizes of large CSs are comparable to those over

the Bay and land during the EV phase. During the SV

phase, largest of the CSs are triggered over the Gangetic

plains. CSs triggered near to the foothills of the

Himalayas tend to propagate southward while those

over plains propagate westward. CSs achieve their max-

imum area over Gangetic plains and somewhat to the

south of it during the SV phase. During this phase, the

maximum areal extent of CSs over Bay rarely reached

400 km. Thus, the large CSs that form the tail of the size

distribution in the SV phase (Fig. 6a) occur only over the

parts of Gangetic plains sampled in the study box. Large

CSs form over the equatorial Indian Ocean and south

Bay only during the SV phase.

5. Discussion

One question that arises from Figs. 3c and 3d is why

CSs form in the western flank of the vorticity gradient

field?Within the planetary boundary layer (PBL), there

is convergence (divergence) when circulation is cyclonic

(anticyclonic) according to Ekman theory and the ver-

tical velocity at the top of PBL is related to the geo-

strophic vorticity above PBL by the following equation

(Holton and Hakim 2012a):

w(De)5 z
g
5

����Km

2f

����
1/2�

f

jf j
�
, (1)

where w(De) and zg are the vertical velocity and the

vertical component of relative vorticity, respectively, at

heightDe from the surface (the top of the Ekman layer);

Km is eddy viscosity; and f is Coriolis parameter. This

equation suggests a symmetry in the risingmotion within a

barotropic cyclonic vortex (Charney and Eliassen 1964).

Along the monsoon trough, horizontal temperature

gradients cannot be ignored, and the barotropic as-

sumption made in deriving Eq. (1) is not valid. The

other theory used for explaining vertical velocity in

more complex situations is the quasigeostrophic (QG)

theory, according to which in a vertically sheared envi-

ronment low-level ascent is induced in the down-shear

portion of the vortex (e.g., Raymond (1992); Jones

(1995); Frank and Ritchie (2001). Following Boos et al.

(2015), the isobaric form of QG omega equation over a

b plane can be written as

�
s=2 1 f 2o

›2

›p2

�
v522=�Q2

R

p
b
›T

›x
, (2)

where v is the vertical velocity in pressure coordinate,

s 5 r21›p lnu the static stability of atmosphere, b is the

meridional gradient of Coriolis parameter, fo is themean

Coriolis parameter, T is temperature, p is pressure, R is

the gas constant, and Q is a vector containing horizon-

tal derivatives of horizontal velocity and temperature

[chapter 6 of Holton and Hakim (2012b)]. This form was

originally given by Hoskins et al. (1978) over an f plane.

The term of= �Q can be expressed as (Kiladis et al. 2006)
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FIG. 9. Distribution of CSs propagation velocity. (a) Zonal

component and (b) meridional component.
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where c is the streamfunction of the horizontal wind

taken as, c 5 gZ/fo, where Z is geopotential height

(Sanders 1984). Right-hand side (rhs) of Eq. (2) gives

the synoptic forcing on vwhich we calculated using the

ERA-Interim data.

Figures 11a and 11c show vertical velocity and relative

vorticity fields at 850 hPa on one day during the lifetimes

of LPSs shown in the Figs. 3c and 3d, respectively.

Corresponding QG forcing calculated from the rhs of

Eqs. (2) and (3) is shown in Figs. 11b and 11d. Positions

of CSs are overlaid in both figures. Stronger ascending

motion is observed at 850 hPa at two locations—one in

the west-southwest sector of the LPSs where the QG

forcing is positive, and the other along the west coast of

India. The latter is normally attributed to orographic

lifting. QG forcing is dominant in the west-southwest

sector of LPSs and weak over the west coast of India.

Larger CSs formed preferably in the region having high

QG forcing. The ascending motion is suppressed in the

northeast sector of LPSs where the QG forcing is neg-

ative. Formation of CSs is also seen on the eastern side

of LPS over the head Bay (Figs. 11c,d). However, the

CSs formed on the western side are the ones that grow

larger in size and last longer. Broad features observed in

Fig. 11 are similar during other EV events as well (Fig. S2

shows cases of three more EV events).

In a recent study, Adames and Ming (2018b) showed

that the advection of dry static energy by the large-scale

circulation of LPS promotes larger clouds on its western

side. They also show that the convective heating term

associated with the clouds contributes predominantly to

the total ascent on the western side of the LPS; the as-

cent also maintains the moisture anomalies of the LPS.

It is observed from Figs. 3c and 3d that there is some

FIG. 10. Spatial distribution of (a) formation and (b) peak in the size of large CSs during the EV phase. (c) As in

(a) and (d) as in (b), but during the SV phase. The size of a symbol is made proportional to the peak area of the CS.

Different types of symbols refer to different size categories—1)d: 300# size, 400 km, 2)m: 400# size, 500 km,

and 3) j: size $ 500 km.
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preference for the CSs to form in the neighborhood

where CSs of the previous day had dissipated. Adames

and Ming (2018a) with the help of linearized primi-

tive equations showed that the intensification of LPS is

possible only when the moistening is ahead of the LPS.

To examine this possibility in the monsoonal LPSs, we

plotted the total column water vapor (TCWV) anomaly

field from the ERA5 dataset for the LPS cases shown in

Figs. 3c and 3d (Fig. 12). The triggering and dissipa-

tion locations of CSs are also shown. It is observed from

Fig. 12 that the moisture anomalies propagate with the

CSs and ahead of the synoptic system.NewCSs formnext

day in areas with positive moisture anomaly. Figure S3

shows four more EV cases similar to Fig. 12.

The preference for the westward propagation by

the tropical MCSs is a globally observed phenomenon

(Tulich and Kiladis 2012; Dias et al. 2017) and this

preference is seen here in the Indian monsoonal CSs

over land during both EV and SVphases. Triggering and

propagation of CSs are two independent aspects; the

former is influenced by synoptic forcing and orography,

and the latter is governed by the large-scale wind field

and MCS dynamics, in particular, by the convectively

generated gravity waves and cold pools (Cotton et al.

2010a). Vertical shear of winds can force the gravity

waves to propagate westward (Stechmann and Majda

2009). Tulich and Kiladis (2012) explain the westward

propagation of MCSs by linking it to the westward

propagating inertial-gravity waves modulated by the

low-level vertical wind shear. During the Indian sum-

mermonsoon season, vertical shear in the zonal winds is

omnipresent although its strength may differ between

the EV and SV phases (Fig. 13b). Meridional winds are

comparatively weaker over the land region (Fig. 13c)

FIG. 11. (a) Vertical velocity (Pa s21) at 850 hPa from ERA-Interim data, (b) quasigeostrophic forcing

(310215 Pa21 s23) at 850 hPa calculated from Eqs. (2) and (3) using ERA-Interim data. Both fields are shown at

1200 UTC 11 Jul 2013. (c) As in (a), (d) as in (b), but at 1200 UTC 21 Jul 2014. Contours show z850 field with values

starting from 2 3 10215 s21 with a contour interval of 2 3 10215 s21. Black symbols show locations of CSs

and smaller tracked objects formed on respective days. Different types of symbols refer to different peak size

categories – 1) d: 50 # size , 100 km (not classified as CS), 2) m: 100 # size , 300 km, and 3) j: size $ 300 km.
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and may not affect CS propagation. It is plausible that

the westward propagation of monsoonal CSs are cou-

pled to the convectively generated gravity waves. Con-

vergence caused by the cold pools on the upwind side

of the MCSs is also a possibility (e.g., Rotunno et al.

1988). The midtroposphere is drier during the SV phase

compared to the EV phase (Fig. 13a). The differences

below 800hPa are less between the two phases, and

owing to this, the downdrafts driven by the evaporative

cooling of falling raindrops (Cotton et al. 2010b) may

not be very different, and hence no major difference

in the propagation characteristics of the two phases is

expected.

6. Conclusions

Modulation of properties of CSs by the synoptic forc-

ing during Indian summer monsoon season is studied

using the Kalpana-1 satellite data and a tracking algo-

rithm. The 850-hPa vorticity field is used as a proxy

FIG. 12. Longitude–time Hovmöller diagram of ERA5 total column water vapor (TCWV)

field (kgm22) in shading, averaged between 158 and 258N for (a) July 2013 and (b) July 2014.

The filled and open circles show the triggering and dissipation locations, respectively, of CSs as

per the tracking algorithm.

FIG. 13. Mean vertical profiles of ERA-Interim (a) relative humidity (RH), (b) zonal winds (U), and (c) meridional winds (V) averaged

over 158–258N, 758–858E [region shown by the box in (b) during EV and SV phase]. The shading shows one standard deviation.
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for the synoptic-scale forcing. Following conclusions are

drawn from this study:

1) There is a systematic organization of CSs within the

LPSs. Large, long-lasting CSs predominantly form on

the western side of LPSs in the region of z850 gradient

and propagate farther westward with a mean speed

of 7.5ms21. CSs propagation over the Indian land is

mainly zonal during both EV and SV phases, implying

that the westward propagation of CSs is not particu-

larly associated with the synoptic vorticity filed.

2) EV phase promotes formation of larger, deeper, and

longer-livedCSs over themonsoon zone.During the SV

phase, large CSs form over the Gangetic plains. Their

sizes are comparable to those formedovermonsoonzone

during the EV phase. Irrespective of the phase of the

large-scale forcing, there is a linear relationship between

CSs size, lifespan, and mean cloud-top temperature.

3) During the EV phase, triggering of CSs mainly occurs

over a northwest–southeast-oriented narrow corridor of

monsoon zone. This corridor is connected by two max-

ima, one over the north Bay and the other over central

India; and it coincides with the climatological passage of

propagation of synoptic systems. During the SV phase,

the triggering is more widespread over the region and it

is predominantly tied to the orographic features.

4) The diurnal variation of CSs formation is more pro-

nounced during the SV phase than the EV phase over

Indian land and Bay. Over land, there is a sharp peak

at 1500 LST irrespective of the synoptic forcing. Over

the Bay, during SV phase two peaks are seen, one at

0300 LST and the other at 1200 LST, whereas, during

the EV phase, CSs formation mainly occurs in the

nocturnal hours; theseCSs grow subsequently and split

during the daytime forming more number of smaller

CSs over the Bay.
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