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Abstract

Despite the decisive role of Bay of Bengal Monsoon Depressions (MDs) in contributing
to the Indian summer monsoon mean rainfall, the exact mechanisms and processes contributing
to their prolonged residence over the Indian landmass remain still elusive. So, a comprehensive
analysis on the factors affecting the inland penetration length of MDs after landfall over the
Indian landmass, is presented here using MDs identified from Indian Meteorology Department
weather reports over 3 decades (1991-2020). Exploration of large-scale atmospheric circulation
features using ERA-5 reanalysis data shed new insights on the processes contributing to the
maintenance and sustenance of land penetrating MDs. Notably, all Higher Inland Propagating
(HIP) MDs were preceded by Mid-Tropospheric Cyclones (MTCs, with cyclonic circulation
in the lower and mid-troposphere) over North-West (NW) India, with this entire region
experiencing increased moisture flux convergence, thus facilitating the deep intrusion of MDs
into the Indian landmass. In contrast, the Lower Inland Propagating (LIP) MDs experience dry
air intrusion from the adjacent desert region, creating unfavorable moisture conditions and
leading to their rapid dissipation. Intriguingly, the HIP MDs were further found to cluster with
the westward propagating large-scale intraseasonal mode (i.e.,10-20 days). Using the updated
GLDAS soil moisture reanalysis, it is further revealed that the precipitation caused by both the
MTC and the 10-20 days intraseasonal oscillation mode saturates the land surfaces before the
arrival of MDs in the northwestern central Indian region during HIP events. In short, our results
provide seminal evidence on the presence of cyclonic vorticity over NW India (with MTC
associated circulations), in association with the large-scale westward propagating (10-20 days)
mode of variability for creating favorable conditions for the existence of HIP events. Further,
the results highlighting the importance of 10-20 days mode and its propensity to cluster with
the land penetrating MDs, assume significance in a changing climate, as the subseasonal Indian

monsoon rainfall variability is projected to increase in the future.
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1. Introduction

Monsoon Depressions (MDs) are northwestward propagating, rotationally dominant
rain-bearing weather systems that bring heavy precipitation to the Indian subcontinent along
and near their tracks. MDs contribute to nearly half of the Indian Summer Monsoon (ISM)
Rainfall (e.g., Yoon and Chen, 2005; Kishtawal et al., 2013; Cohen and Boos, 2014; Hunt et
al., 2016; Patwardhan et al., 2020; Nikumbh et al., 2020, 2021). The large-scale synoptic
conditions that favor the MD genesis include upper-tropospheric easterly waves (Sikka, 2006),
residual Low-Pressure Systems (LPS), which are cyclonic synoptic scale systems from the
South China Sea region migrating westward, (Meera et al., 2019; Vishnupriya et al. 2022), and
slow descending cyclonic circulations in the mid-troposphere (Hunt et al., 2016; Patwardhan
et al., 2020). Additionally, climatological conditions such as warm sea surface temperatures,
low-level cyclonic vorticity, strong vertical wind shear, and abundant moisture extending into
the mid-troposphere (Sikka, 1977; Ajayamohan et al., 2010; Hunt et al., 2016) create favorable
conditions for the formation and intensification of MDs. Most MDs form over the Bay of
Bengal (BoB) and move northwestward along the monsoon trough (Sikka & Gadgil, 1980;
Cohen and Boos, 2014).

Given the contribution of MDs to the ISM rainfall and their role in causing catastrophic
floods over the Indian subcontinent, a comprehensive understanding on various MD statistics
such as frequency of formation, intensity, track, time spent over land, distance traveled after
crossing the coastline, and duration are crucial for improving the skill of weather and flood
predictions in the region. Many of these factors, especially the track and intensity of MDs, have
received significant attention (Krishnamurthy and Ajayamohan 2010; Meera et al., 2019;
Patwardhan et al., 2020; Nikumbh et al., 2020, 2021). The MDs are generally expected to
rapidly decay over land due to the reduced supply of moisture and energy fluxes from the

surface. However, there are cases where MDs penetrate several hundred kilometers into the
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land and persist for extended periods. Many previous studies have highlighted the critical role
of soil moisture in facilitating the deep inland penetration of MDs (Dastoor & Krishnamurthy,
1991; Emanuel et al., 2008; Chang et al., 2009; Baisya et al., 2017; Hunt and Turner, 2017).
Kishtawal et al. (2013) conducted an observational study on landfalling MDs using predecessor
rainfall as an indicator of antecedent soil moisture conditions. They found that the MDs with
wetter inland conditions prior to landfall exhibit greater inland penetration compared to those
with drier conditions. However, this study has limitations, as it focuses only on locally sourced
soil moisture (in-situ moisture from antecedent rainfall).

Several modeling studies have been conducted to understand the key differences in MD
characteristics over moist and dry land surfaces (Dastoor & Krishnamurthy, 1991; Emanuel et
al., 2008; Chang et al., 2009). For example, a regional modeling study by Chang et al. (2009)
suggested that a wetter and warmer land surface could lead to more intense landfalling MDs.
Recent studies support this hypothesis and emphasize the critical role of soil moisture in
enabling deeper inland penetration of MDs, which in turn modulate the distribution and
intensity of precipitation (Baisya et al. 2017, Hunt and Turner 2017). Sensitivity experiments
by Hunt and Turner (2017) highlighted both local and remote effects of soil moisture on
simulating the track and intensity of the MDs. However, it is difficult to generalize their
findings, as the simulations were conducted only for a single MD event. Nevertheless, these
studies underline the important link between soil moisture and the longevity of MDs. Soil
moisture influences the surface energy balance, significantly affecting the water vapor
availability, atmospheric stability, and circulation, which, in turn, may modulate the track and
intensity of MDs.

While acknowledging the importance of soil moisture in modulating the characteristics
of MDs, it is crucial to understand the underlying mechanisms that cause soil moisture

variations in the first place. Despite modeling studies focusing on the impact of soil moisture
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on MDs, there has been little phenomenological exploration of the fundamental mechanisms
that sustain and maintain MDs over land. Furthermore, it has yet to be demonstrated that land
penetrating MDs are not occurring by chance and that they explain a significant portion of total
MDs. The first step to answer these questions is to characterize the spatial and temporal
evolution of deep penetrating MDs and their associated large-scale circulation features. This
concept was partially explored by Kishtawal et al. (2013); however, they used rainfall as a
proxy for soil moisture, and their analysis was primarily based on datasets available before
2008 and hence not an updated study. In this study, we aim to extend and expand their work
by using more reliable data sets and incorporating a larger sample of land penetrating MD
events from the recent period.

It should be noted that there are only a few studies (e.g., Kishtawal et al. 2013) that
have examined whether any large-scale atmospheric circulation features could potentially
influence the growth and maintenance of land penetrating MDs. We consider the Mid-
Tropospheric Cyclones (MTCs) as one such potential candidate. MTCs are cyclonic systems
characterized by quasi-stationary behavior and typically form during the ISM season in the
northeastern Arabian Sea near Gujarat (Mak, 1975; Carr, 1977; Francis & Gadgil, 2006;
Choudhury et al., 2018; Kushwaha et al., 2021, 2023). Several observational studies have noted
the concurrent occurrence of MTCs in the Arabian Sea and westward propagating LPSs in the
Bay of Bengal (BoB). According to these studies, as LPSs move westward from the BoB,
MTCs tend to intensify (Miller & Keshavamurthy, 1968; Carr, 1977; Choudhury et al., 2018;
Kushwaha et al., 2024). It is possible that the MTCs might help sustain and intensify MDs over
land by facilitating moisture transport from the Arabian Sea. Another potential factor that could
extend the longevity of MDs over land is the Monsoon Intraseasonal Oscillation (MISO). It
has been shown that active monsoon conditions over central India increase the likelihood of

MD genesis through clustering of synoptic activity (e.g., Yasunari, 1981, Goswami et al., 2003;
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Wang 2006; Goswami et al., 2010; Krishnamurthy and Ajayamohan 2010; Suhas et al., 2012;
Meera et al., 2019). These active conditions are driven by two modes of subseasonal variability:
the northward-propagating 30-60 days oscillations and the westward-propagating 10-20 days
quasi-biweekly oscillations (e.g., Goswami et al., 2003; Wang 2006; Goswami et al., 2010;
Suhas et al., 2012). However, the relative importance and contribution of these modes in
modulating the deep penetration of MDs over land remain unclear.

The unresolved questions on the deep penetration of MDs over land and the main
objectives of the study are summarized as follows. What are the large-scale environmental
conditions over India and neighboring regions that influence the mechanisms responsible for
the inland penetration of BoB MDs? Is there any possible linkage between the sustenance of
MDs over the Indian landmass and large-scale MISO modes? With these queries in mind, this
study undertakes a phenomenological and process-based approach to understand the physical
mechanisms associated with the maintenance and sustenance of MDs over land interiors using
diagnostic analysis of observational and reanalysis data sets.

Section 2 outlines the data sets used and the methodology adopted. Section 3 elucidates
the observed results and discussions. Finally, Section 4 succinctly summarizes the main

conclusions.

2. Data and Methodology
The MD events occurred between June and September during the period from 1991 to

2020 are identified based on the weather reports (https://metnet.imd.gov.in/imdmausam/)

prepared by the Indian Meteorological Department (IMD). These identified events are verified
by comparing them with the monsoon LPS track database of Hunt and Fletcher (2019). The
main precipitation data used in this study are 24-hour accumulated rainfall values with a

horizontal resolution of 0.25° x 0.25°, obtained from the IMD (Pai et al., 2014). Since the IMD
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data is exclusively available over the Indian landmass, the Multi-Source Weighted-Ensemble
Precipitation (MSWEP) dataset (Beck et al., 2019), which covers the entire South Asian
domain, has been employed to examine the 30-60 days northward-propagating and 10-20 days
westward-propagating subseasonal modes. MSWEP data with a spatial resolution of 0.25° X
0.25° are created by combining precipitation information from various platforms, including
rain gauges, satellites, and reanalysis products. For exploring the circulation and moisture
variability, we used ERAS reanalysis (Hersbach et al., 2020), at 0.25° % 0.25° horizontal
resolution, both at the surface (daily mean relative vorticity at 850-hPa and mean sea level
pressure) and at multiple standard pressure levels (daily mean horizontal winds and specific
humidity). Hourly Vertical Integral of Divergence of Moisture Flux (VIDMF) data obtained
from ERAS reanalysis is also used for analyzing the link between large-scale circulation and
moistening. All these ERAS variables are analyzed for the common time period of 1991-2020.
Daily soil moisture data with a 0.25° x 0.25° horizontal resolution for the period from 1991 to
2020 are obtained from the Global Land Data Assimilation System (GLDAS). The GLDAS-
2.0 (Rodell et al., 2004) dataset is used for the period 1991-2014, while GLDAS-2.2 (Li et al.,
2019) is used for the period 2015-2020. The daily anomalies are estimated by subtracting the
daily climatology from the raw data. The subseasonal variability in circulation and precipitation
fields is obtained by applying a Butterworth band-pass filter (Butterworth, 1930) on their
respective daily anomalies for the two frequency MISO bands. The statistical significance of
the composite fields is tested based on a two-tailed Student's #-fest (Storch and Zwiers, 2002).

In this study, we focus exclusively on MD events originating over the BoB, which,
after crossing the eastern coastline of the Indian subcontinent, moved in a west-northwestward
direction, penetrating into the Indian landmass. During the analysis period, 52 cases of such
MD events were identified. Figure 1 shows a composite of precipitation anomalies, constructed

using the days after the MD event made landfall, highlighting the distribution of precipitation
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over the central Indian region (i.e., secondary rainfall maximum over central India as indicated
in Fig 1) which is also equally important, compared to the rainfall maximum in the coastal
regions, in causing large-scale floods. It is important to note that many studies attribute the
passage of MDs as the main factor that responsible for extreme rainfall events in the central
Indian region (e.g., Krishnamurthy et al., 2009; Ajayamohan et al., 2010; Dash et al., 2011;
Vittal et al., 2013; Bisht et al., 2018, Nikumbh et al., 2020, 2021). However, the contribution
of deep land penetrating MD events to extreme rainfall in the region has yet to be fully
accounted for. To explore the characteristics of the deep land penetrating MD events and
understand the underlying physical processes that sustain their extended life over land, the
identified MD events are classified based on their inland propagation length (IPL). In other
words, the MD events were arranged in descending order based on their IPL after landfall: i.e.,
from the Higher Inland Propagating (HIP) to Lower Inland Propagating (LIP) MD events. The
top eight HIP and bottom eight LIP MD events, so identified, are categorized as HIP and LIP
MD events, respectively (see Tables 1 and 2). As the extreme precipitation occurs in the
vicinity of the MD propagation path, while selecting the top eight HIP events, it is also ensured
to account for their association with daily rainfall extremes. The daily extreme rainfall events
are identified using a percent threshold with daily rainfall intensities exceeding the 99™
percentile (e.g., Krishnamurthy et al., 2009; Ajayamohan et al., 2010; Dash et al., 2011; Vittal
et al., 2013; Bisht et al., 2018) over the region of interest, as marked in Figure 1. Finally, the
individual tracks of the HIP and LIP MD events, shown in Figure S1, illustrate their contrasting
land intrusion characteristics and the tight clustering of the HIP MD events.

Tables 1 and 2 further show an interesting observation that while the LIP events
occurring during the core monsoon months of ISM (July and August) are absent, the preference
of HIP events to occur in the peak ISM season is the rule in general. In other words, most of

the LIP events occur at the beginning or end of ISM period, which is in contrast with HIP
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events. The individual tracks of the HIP and LIP MD events illustrate their contrasting land

intrusion characteristics and the tight clustering of the HIP MD events (Figure S1).

3. Intrusion of MDs into the Indian landmass: searching for new linkages

As the HIP MD events cluster in a rather narrow path and constitute a significant
fraction of all MD events, it is likely that certain large-scale atmospheric features create a
favorable environment for their persistence over land and their observed spatial clustering. To
identify the large-scale processes that support HIP MD events, life cycle composites of
circulation, relative vorticity, moisture transport and soil moisture have been constructed for
HIP MD events and compared with those of LIP MD events. Figures 2 and 3 illustrate the
spatial and temporal evolution of circulation and Relative Vorticity (here onwards, { )
anomalies in the lower and mid-troposphere associated with HIP MD events over the South
Asian region. The composites reveal a cyclonic circulation anomaly developing over
Northwest (NW) India and the adjacent Arabian Sea in both the lower and mid-troposphere
several days prior to landfall. This anomaly first appears in the lower troposphere (Figure 2),
then intensifies and extends vertically to the mid-troposphere (i.e., MTC associated circulation,
e.g., Raymond and Jiang 1990; Choudhury et al., 2018; Nikumbh et al., 2020; Kushwaha et al.,
2021, 2023), reaching maximum strength approximately two days before landfall. As the MDs
form over the Bay of Bengal (BoB) and propagate northwestward across the Indian landmass,
the cyclonic circulation anomaly over NW India begins to weaken (Figures 2 and 3). In
contrast, Figures 4 and 5 showing the circulation and { anomalies during LIP MD events,
exhibit only a weak cyclonic circulation anomaly in the lower and mid-troposphere over NW
India prior to landfall. Furthermore, anticyclonic anomalies are observed over this region
immediately following landfall. The strength of LIP MD events diminishes quickly as they
move toward the Himalayan foothills after landfall. An interesting observation from the figures

2 and 4 is that the low-level circulation is very strong over peninsular India for the HIP events,
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while it is weaker for LIP events. Hence, shear vorticity of the low-level jet is also conducive
in the formation of HIP MDs in contrast to LIPs.

Figures 6 and 7 present the life cycle composites of vertically integrated moisture
transport from the surface (1000-hPa) to the mid-troposphere (400-hPa) for HIP and LIP MD
events, respectively. Figure S2 additionally quantifies the results, as area averaged over the
region of interest (20°-25°N and 72°-78°E). For further illustration, the time-longitude
distribution (Figure S3) of VIDMF anomaly fields is also prepared. These composites reveal a
marked contrast in the spatial and temporal distribution of moisture fluxes between the two
types of events. During HIP MD events, before Day 0, widespread moisture flux occurs over
the Indian subcontinent, including the Arabian Sea and BoB (see Fig. 6). In particular, the
central India experiences stronger and more widespread moisture transport from Arabian Sea
(see Fig S2). During the same time period (i.e., Day -2), one can also see strong moisture
convergence (Figure S3a, as revealed through negative values of VIDMF) over the northeastern
Arabian Sea, and the adjoining NW Indian region for HIP events, thus further signifying the
pre-existing cyclonic circulation over NW India well ahead of MDs. In contrast, the LIP MD
events exhibit weaker and more localized moisture transport, mainly confined to the northern
BoB (Figure 7). Again, for the LIP events, even though there was a slight convergence of
moisture over 70°-75°E (Figure S3b), the sign has become opposite (positive VIDMF anomaly)
from Day -2 onwards, indicating moisture divergence. In accordance with this, the moisture
transport is very weak (Figure 7), with negative anomalies dominating central and northern
India, indicating less favorable conditions for convection before the MD's landfall, which may
hinder the westward propagation of MDs with low IPL. This is further exemplified in Figure
S2, with the LIP MDs exhibiting weak moisture transport compared to HIP on all days. There
is a steady drop in moisture transport as the time progress, which could be possibly due to

large-scale divergence as stated above. After the landfall, the values even become more



279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

negative. Thus, the distribution of moisture fluxes during HIP MD events suggests that active
monsoon phases are likely a major factor contributing to the widespread in moisture fluxes.
The observed clustering of monsoon LPSs during periods of active monsoon (as highlighted in
Introduction) over the central Indian region further supports this hypothesis (e.g., Goswami et
al., 2003; Wang 2006).

Given that the soil moisture is known to influence the MD characteristics, the spatial
and temporal evolution of soil moisture during HIP and LIP MD events is also analyzed (Figure
8). This will also contextualize the strong linkage between large-scale moisture transport and
soil moisture variability over the Indian landmass. However, soil moisture is a highly localized
parameter, and any influence it exerts on MDs is likely limited to the regional scale. To account
for differing MD trajectories, composites are created using an MD-centered coordinate system,
where the MD location is defined as the origin, and "Lag-0" represents two days after landfall
of MD events. Figure 8 (see the figure caption for the methodology followed) illustrates the
difference in soil moisture between HIP and LIP MD events, highlighting significant positive
soil moisture anomalies during HIP MD events, particularly to the northwest of the MD center.
This finding supports the observations of Kishtawal et al. (2013). However, a key distinction
in our study is the use of actual soil moisture data, which captures both local (in-situ)
precipitation and moisture transported from remote sources such as the Arabian Sea and BoB.
In contrast, Kishtawal et al. (2013) relied on antecedent rainfall as a proxy for ground wetness,
which only accounts for in-situ moisture.

MISO is another large-scale factor that may provide a conducive environment for the
occurrence of HIP MD events. The observed clustering of LPS events during active rainfall
episodes (Goswami et al., 2010; Suhas et al., 2012; Meera et al., 2019), along with the similarity
in spatial rainfall distribution during active rainfall spells and HIP MD events, suggest a

supportive role of MISOs in facilitating HIP MD events. However, previous studies have not
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clearly established whether both MISO modes (30-60 days mode and 10-20 days mode, e.g.,
Goswami et al., 2003; Wang 2006) are equally influential in modulating HIP MD events, or
one mode plays a more dominant role. A recent study by Karmaker et al. (2021) examined the
influence of northward propagating MISOs on the genesis and amplification of MDs. Although
they found an association between the intensification of MDs and MISOs, they did not find a
significant relationship between the phases of MISOs and MDs. This observation casts doubt
on the role of the 30-60 day mode in clustering MD events during the active phase of the ISM
and its subsequent role in leading to HIP MD events. To differentiate the contribution of the
two MISO modes, we analyze rainfall characteristics associated with both MISO modes during
HIP and LIP MD events. Since westward and northward propagating rainfall anomalies are
unique features of the two MISO modes, we examine time-longitude (see Fig 9a,c) and time-
latitude (see Fig 9b,d) distributions of rainfall anomalies during HIP and LIP MD events, to
assess the roles of the MISOs. Figure 9 a,c reveals a marked difference in the 10-20 days MISO
rainfall anomalies between HIP and LIP MD events. While the HIP MD events show the
presence of a coherent and strong westward propagation of rainfall anomalies (a typical
signature of the 10-20 days MISO mode, see Fig 9a), it is conspicuously absent during LIP MD
events (see Fig 9c). This contrast underscores the critical role of 10-20 days MISO mode in
promoting the HIP MD events. In contrast, rainfall anomalies associated with the 30-60 days
MISO mode peak a few days prior to MD rainfall and remain confined south of 20°N during
HIP events (Figure 9 b). In other words, latitudinal variation of 30-60 days mode is not
prominent, which implies a relatively less influence of this lower frequency mode on synoptic
scale MDs. Furthermore, spatial variance analysis of rainfall anomalies for both MISO modes
carried out for HIP and LIP MD event days demonstrates the dominant influence of 10-20 days
MISO mode during HIP MD events (Fig 10, compare 10a and 10b). It suggests a limited role

of the 30-60 days MISO mode in supporting HIP MD events. Figures 11-12 show the lower
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and mid-tropospheric circulation anomalies, associated with the 10-20 days MISO mode during
various stages of HIP and LIP MD events. The presence of a coherent pair of off-equatorial
cyclonic and anticyclonic circulation anomalies, and their westward propagation from west
Pacific to central Indian region during HIP MD events (Fig 11) is remarkable, which may
further reinforce the pivotal role of the 10-20 days MISO mode during HIP MDs. Because the
horizontal scale of the 10-20-day mode is larger than that of MDs (Chatterjee and Goswami,
2004), its occurrence prior to MD formation—contrary to the widely held belief that the 30—
60-day mode is dominant—helps establish a favorable environment for MD amplification and
enhanced inland penetration, through processes such as land surface saturation from
precipitation and moisture advection into the core region of the MD. However, the possible
intriguing role of the west Pacific circulation in supporting the westward propagating (10-20

days) mode during HIP events, needs further detailed explorations in the future.

4. Summary and perspectives

This study examines the dynamics of inland penetrating MDs to the Indian subcontinent
during ISM period, considering their potential to produce extreme rainfall events and
catastrophic flood conditions with tremendous effects (Kishtawal et al., 2013). The goal is to
bring new insights on the processes and mechanisms contributing to the maintenance and
sustenance of inland penetrating MDs.

Intriguingly, all the HIP MDs exhibit anomalous cyclonic vorticity signatures in the
lower to mid-troposphere over NW India prior to its landfall (Figs. 2-3) which is conspicuously
absent in the LIP cases (Figs. 4-5). This does not seem to be a coincidence as we inferred that
there is a dynamic linkage between the pre-occurring large-scale cyclonic circulation over NW
Indian landmass and BoB MD. It is shown that these anomalous circulation features increase

the transport of moist Arabian Sea air to the Indian subcontinent (Fig 6 and Fig. S2), thus acting
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as a source of moisture content for the atmospheric column over central Indian landmass.
Subsequently, an MD reaching central India might be exposed to abundant water vapor content
to sustain the MD over landmass and thus allowing them to intrude further westward (i.e.,
longer IPL). In contrast, the LIP MDs showed a diverging center of moisture flux centered over
NW India due to the anticyclonic circulation patterns (Fig S3), which may cause dry air
intrusion from heat low over Rajasthan and neighboring regions (Fig 7 and Fig §;
Krishnamurthi et al., 2010; Parker et al., 2016). This creates unfavorable background moisture
conditions for the sustenance of the MD structure, which results in the rapid dissipation of MD
thus limiting its progression into the Indian landmass through stabilization of lower-
atmosphere (Narayanan et al., 2004; Someshwar Das et al., 2007; Das et al., 2021; Singh &
Sandeep, 2022; Kushwaha et al. 2024). The contrast in the northwestward propagation of HIP
and LIP MD events can also be explained using the Potential Vorticity (PV) framework (Boos
etal.,2015,2017). Boos et al. (2015) demonstrated the role of PV advection in the propagation
of MD events. During HIP MD events, the abundant supply of moisture over the landmass
northwest of the MD location, within a conditionally unstable monsoon environment, leads to
stronger convection and greater latent heat release. This enhanced latent heating induces
anomalous circulation patterns that, in turn, facilitate more pronounced inland northwestward
propagation of MD events (Boos et al., 2017).

It is interesting to note that most of the LIP events occur at the beginning or end of ISM
period, while the HIP events show preference to occur during the peak ISM phase (Table 1,
and 2). This distinct seasonality in occurrence of LIP and HIP events suggests strong linkage
of these events with the annual cycle. So, the dry air intrusion from Rajasthan and surrounding
regions as inferred in the context of LIP events and the absence of it in the HIP events, is further

consistent with this observation, as recent studies noted the role of dry air intrusions in marking
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the seasonal transition of the monsoon (i.e. onset and withdrawal months of the monsoon, see
Parker et al., 2016; Deoras et al 2024).

Further examination of the association of sub-seasonal modes of variability with MDs
revealed a strong linkage between HIP MDs and a westward propagating 10-20 days mode,
with only a limited role from the northward propagating 30-60 days mode (see Figs 9 and 10).
Thus, the preference of HIP MDs to concur with the large-scale 10-20 days mode, as
highlighted here, brings a new perspective as the prevailing wisdom advocates that the
dominant intraseasonal variability (i.e., 30-60 days mode) tends to cluster MD activity, as
stated in Introduction. It is also revealed that HIP MDs had higher soil wetness, due to the
precipitation primarily caused by both MTCs and 10-20 days MISO mode (but with a
secondary contribution from the 30-60 days mode, see Fig. 8), over the area ahead of the MD
compared to LIP MDs, thus allowing HIP MDs to penetrate deeper into the land before
dissipation. This is in line with prior investigation using antecedent rainfall data (Kishtawal et
al., 2013). It is further inferred that the atmospheric circulation patterns associated with the 10-
20 days mode facilitate the northwestward movement of HIP MD events (see Fig 11). In LIP
events, where the 10-20 days mode and associated circulations are absent, the MDs take
climatological path and end near Eastern Himalayan foothills (see Fig 12).

In brief, our results reveal the influential role of MTC and 10-20 days MISO mode in
facilitating the sustenance and westward propagation of HIP MD events. Thus, the analysis
reveals that the occurrence of MTC prior to MD landfall is very critical for HIP MD events
(see Figs. 2-3). The cyclonic circulation associated with the MTC not only helps in sustaining
the cyclonic circulations but also strengthens and extends the longevity of the MD events by
bringing moisture laden air from the Arabian sea (Figs. 6 and 7). Clear contrasts observed in
vertically integrated moisture transport for HIP and LIP events further support this inference

(Fig S2). Additionally, precipitation caused by both MTCs and 10-20 days MISO mode
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saturates the land surfaces ahead of MDs arrival over the NW central Indian region (see Figs.
8 and 9). The higher soil moisture content ahead of MDs helps in sustaining the MDs over the
landmass (see Fig 8). For example, higher soil moisture increases the evaporation and provides
additional moisture to the atmosphere, lowering the sensible heat flux and hence cooling the
surface (Seneviratne et al. 2010). This sets up a wet cool boundary layer, which in turn, acts to
vertically extend the warm core of the MD and increase the convectively available potential
energy around the MD (Hunt and Turner, 2017). This result suggests the well-known warm
over cold structure of MDs (Praveen et al., 2015) with a steeper vertical temperature gradient
which is an indication of strengthened MD (Hunt et al, 2016). The latent heat released during
condensation strengthens the MD by providing the necessary energy to sustain its circulation
(Baisya et al., 2017). Finally, according to the moisture-vortex instability theory (Adames and
Ming, 2018), enhanced moisture content ahead of the MD by creating a positive moisture
gradient facilitates a favorable environment for convection and the development of atmospheric
disturbances, thus supporting the maintenance and propagation of HIP MDs.

The results from this study have larger implications. Firstly, it suggests a possibility
that by closely monitoring these antecedent circulation features originating in the Gujarat or
NW Indian region, we might improve the anticipation of intense MDs that could travel farther
west-northwestward across the Indian landmass. Our study assumes further importance, as
recent studies showed an increasing trend in the extreme daily rainfall intensities over the
regions of our interest (Ajayamohan et al., 2010; You and Ting 2021), which calls for careful
monitoring of MTCs and other cyclonic circulations over NW India and BoB MDs to better
anticipate the flood-producing daily rainfall extremes.

Finally, as per Menon et al. (2013), the sub-seasonal ISM rainfall variability is
increasing with global mean temperature under an unmitigated climate change scenario. So,

the current results highlighting the importance of 10-20 days mode and its tendency to cluster
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with the land penetrating MDs may have larger implications in a global warming scenario.
Moreover, Sandeep et al. (2018) showed a shift in the MDs to the Indian landmass in the future
warming scenario. In this context, as part of future research work, we may explore whether the

land-falling MDs exhibit analogous increasing trends using CMIP6 future projections.
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Landfall day

IPL (degree
longitude)

Duration (days)

Duration after
landfall (days)




20-08-1997 12.5 10 8
25-07-2003 13.6 6 5
30-07-2005 11.7 7 5
02-07-2006 10.7 8 5
03-08-2006 10.2 12 9
05-07-2007 11.5 8 6
20-07-2009 12.1 8 6
07-08-2019 19.6 10 6

658
659  Table 1: Details of the MDs (date of landfall of each MDs along with their inland propagation

660 length IPL, in degree longitudes) as categorized under HIP

661
Landfall day IPL (degree | Duration (days) [ Duration  after
longitude) landfall (days)
22-09-1991 0.6 5 2
17-09-1995 1.9 2 1
26-09-1995 0.9 2 1
27-06-1997 1.4 6 3
28-08-1997 1.9 5 5
27-08-2003 22 4 3
20-09-2006 1.0 9 4
22-09-2011 2.0 5 4
662

663  Table 2: Details of the MDs under LIP
664
665

666  Main Figures
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670  Figure 1: Composite plot for precipitation (mm day-') anomaly for MD days post landfall (a
671  total of 249 days corresponding to 52 MDs). The anomaly is calculated by subtracting daily
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Figure 2: Time-lagged (from Day -4 to Day 4) plot of daily (anomalies (x107 s™!) along with
streamlines at 850 hPa, as composited for the HIP MD events (see Section 2). Day 0 is the

landfall day of each MD. In all the panels, the anomalies that are above 90% confidence levels

are indicated by asterisk (*).
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Figure 3: Same as Figure 2, but for the composite plot of HIP MD events at 500 hPa.
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Figure 4: Time-lagged (from Day -4 to Day 4) plot of daily {(anomalies (x10-%s!) along with
streamlines at 850 hPa, as composited for the LIP MD events (see Section 2). In all the panels,

the anomalies that are above 90% confidence levels are indicated by asterisk (*).
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Figure 5: Same as Figure 4, but for the composite plot of LIP MD events at 500 hPa
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Figure 6: Time-lagged (from Day -3 to Day 4) composite plot of vertically integrated
anomalous moisture transport for HIP MD events. The color shades represent the magnitude
of the moisture transport (in Kg m! s!), with black vectors indicating the direction of the
moisture transport. Vertical integration of moisture transport is performed from 1000hPa to

400hPa levels. In all the panels, green contours indicate the anomalies that are above 90%
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Figure 8: The relative longitude-relative latitude plot of contrast between the HIP and LIP
composites for soil moisture content above the Day 2 (i.e., 2 days after landfall) region, from
Lag -5 to Lag 0. For Day 2 of each MD, the highest positive {(anomaly at 850 hPa level is
identified and assigned as the location of the vortex center of the MD. Then, the soil moisture
content above the Day 2 region is determined for the day when the MD is above this region (as
designated by Lag 0). This computation is performed for each HIP and LIP MD events and
also went backward in time by 1, 2, and 3 days with respect to Lag 0 (as marked by Lag -1,
Lag-2, and Lag -3, respectively). The soil moisture information is then centralized to 0° latitude
and 0°longitude to create relative longitude - relative latitude composites. The contrast in soil
moisture content is depicted by subtracting out the LIP composite from the HIP composite.
The hatches represent the regions where the composite difference is statistically significant

above 90% confidence level. Units are in mm day!.
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Figure 9: Time-longitude (in a and c) and time-latitude (in b and d) distributions of
rainfall anomalies as composited for HIP and LIP MD events, respectively, from Day -8
to Day 8. In (a) and (c), 10-20 days bandpass filtered precipitation anomalies (i.e.,
latitudinally averaged between 20-25°N) with longitude on the x-axis for HIP and LIP
composites, respectively. In (b) and (d), 30-60 days bandpass filtered precipitation
anomalies (longitudinally averaged between 70-90°E) with latitude on the y-axis for HIP

and LIP composites, respectively. Units are in mm day.
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Figure 10: Variance plot for (a) 10-20 days bandpass filtered precipitation anomaly as
computed using HIP (left panel) and LIP (right panel) events. In (b), same as (a), but for 30-60

days bandpass filtered precipitation anomaly. Units are in mm? day.
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742  Figure 11: Time-lagged (from Day -1 to Day 4) plot of 10-20 days bandpass filtered anomalies
743  of {(x107 s!) and wind vectors (m s!) at 850 hPa level, as composited for HIP MD events.
744  Day 0 is the landfall day of each MD. In all the panels, the anomalies that are above 90%

745  confidence levels are indicated by asterisk (*).
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747  Figure 12: Time-lag composite plot, similar to Figure 12, but for LIP MD events.



