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Enhancement of Indian summer monsoon rainfall by

cross-equatorial dry intrusions

Deepika Rai(®'™ and Shira Raveh-Rubin ®'*

The Indian summer monsoon affects the lives of over 1/6 of the world’s population. Precipitation extremes during summer
monsoons have dire socioeconomic impacts. Yet, the mechanisms leading to these extremes are poorly understood, making their
accurate forecasts and reliable future projections a longstanding challenge. Using a Lagrangian-based method, we show that
precipitation extremes link to dry air intrusions from the southern midlatitudes upper troposphere, crossing the equator, and
reaching the Arabian Sea. By triggering intense ocean evaporation, these dry intrusions are associated with modulated moisture
transport patterns toward India and enhanced precipitation by >17% on average, often embedding local extremes. A notable
example is the excessive rain that caused the devastating Kerala flood of 2018. However, depending on the wind pattern, these dry
intrusions may, in some cases, decrease rainfall over land. The emerging connection of rainfall variability with midlatitude weather
systems opens opportunities for improving the forecast of precipitation extremes and understanding their future projections.
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INTRODUCTION

Typically lasting from June to September (JJAS), the summer
monsoon accounts for ~80% of India’s annual precipitation’-.
Consequently, its impact on India’s agriculture and water
resources is immense, with any variability in rainfall substantially
affecting the country’s society and economy>“. The monsoon
rainfall is associated with variability across various timescales, from
intraseasonal to multi-decadal®™®. On year-to-year timescale,
seasonal mean rainfall varies by ~10% (standard deviation) from
its long-term mean'®'". However, the pronounced daily-to-weekly
fluctuations can deviate more than 100% from the long-term
mean'2. A substantial precipitation variability on the daily-to-
weekly scale is due to active and break phases, also known as wet
and dry spells, during which precipitation over the monsoon core
exceeds the long-term mean by one standard deviation for at
least 3 days'2 The break phases are less frequent than the active
phases but last longer'. As such, long breaks are often associated
with a poor monsoon or drought'®, while most of the seasonal
rainfall occurs during the active phases'®. Extreme rain events
significantly increase the possibility of floods'>'®. The devastating
outcomes of such floods are highlighted by the statewide flood in
Kerala during the 2018 summer monsoon, which caused more
than 400 deaths and displaced millions of people'. More frequent
and intense extreme rain episodes are expected under global
warming scenarios'®.

The primary source of moisture during the monsoon season is
the western Indian Ocean'’, encompassing most of the Arabian
Sea and extending up to Madagascar along the coast of East
Africa. During the northern summer, the western Indian Ocean is
associated with a high-intensity cross-equatorial low-level jet (C-
shaped flow between 20°S to 20°N and 40 to 80°E, Fig. 1a). The
low-level jet speed, westerly wind depth, zonal water vapor flux,
horizontal wind shear, and cyclonic vorticity, all affect the heavy
rainfall events over southern peninsular India during the monsoon
season'®. The low-level jet transporting moisture toward India'®
changes its characteristics during active and break phases°.

Typically, active phases are associated with strong low-level
cyclonic circulation over India and the Bay of Bengal and moisture
convergence over the monsoon core region, whereas break
phases are marked by anticyclonic circulation and moisture
divergence?'. Changes in moisture transport along the low-level
jet may thus potentially impact moisture convergence and the
rainfall variability downstream?2,

At times, the large influx of moist air through the low-level jet
encounters the intrusions of stratospheric/upper-tropospheric dry
air from western Asia. This incursion of dry air towards India
intensifies dry conditions and limits the monsoon rain by
inhibiting the vertical growth of deep convection?*-2, Moreover,
the interaction of mid-level dry air from western and central Asia
with the moist low-level flow from the Arabian Sea controls the
onset and progression of the monsoon?’?%, A trajectory-based
climatology of dry intrusions (Dls) suggests, however, that such
airstreams peak in winter?®. Thus, more Dls typically initiate in the
southern hemisphere during the Indian summer monsoon
season?>3°, While descending slantwise toward lower latitudes,
Dls may reach the tropics (hereafter ‘tropical Dls’) and even cross
the equator (hereafter ‘cross-equatorial DIs)?°. Although rare,
cross-equatorial Dls (Fig. 2a, b, cyan contour) are indeed more
frequent than Dls initiated in the northern hemisphere during the
monsoon season?’. Cross-equatorial DIs can dramatically affect
moisture availability during the summer monsoon, especially if
they remain in the lower troposphere. It has been proposed that
the injection of dry air from the southern midlatitudes into the
low-level jet may limit monsoon-related moisture transport and
precipitation®'32, However, the coherent impact of cross-
equatorial DIs on monsoon rainfall remains unclear.

We here present a method that combines objective,
Lagrangian-based identification criteria with statistical analysis to
quantify and understand the impact of cross-equatorial DIs on the
summer monsoon rainfall within the target region (marked in
black in Fig. 4). Our findings shed light on the occurrence of cross-
equatorial Dls, their effects on the Indian summer monsoon
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b Moisture transport and ocean evaporation
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Fig.1 Seasonal mean during the climatological period (JJAS). a Wind vectors and speed at 850 hPa (m s~ '), b moisture transport (integrated

from surface to 200 hPa, kgm~'s™', shading) and ocean evaporation (Wm~

precipitable water (TPW, mm).

rainfall, and underlying mechanisms, with implications for rainfall
predictability.

RESULTS
Dry Intrusions reaching the Arabian Sea

Based on 40 summer monsoon seasons from 1979 to 2018,
globally, tropical Dls originating in the southern hemisphere start
the slantwise descent in the extratropics, mostly between 40 and
50°S, with several peak frequencies (>2% of the time in JJAS) in
the eastern Atlantic, eastern Pacific, south Indian Ocean, and
southeast Australia (Fig. 2a, shading). In this season, there is only a
weak signal of tropical Dls initiating in the northern hemisphere,
particularly over western and central Asia, with less than 0.2%
frequency (not shown). At 120 h after initiation (initiation refers to
the start of descent), tropical DI air is mainly found between 15°S
and the equator, with a pronounced frequency of above 6%
around 12°S and a ubiquitous signature over the Indian Ocean
(Fig. 2b, shading). Only in the western Indian Ocean do tropical Dls
cross the equator and reach beyond 10°N, with an occurrence
frequency above 0.5% (Fig. 2a, b, cyan contours). Such tropical Dls
with their origin in the southern hemisphere that cross the
equator and reach the northern hemisphere at some point during
their lifetime are defined here as cross-equatorial Dls.

More than 15% of the global Dls are labeled as tropical DI, with
a peak during July (Fig. 2¢, d). Less than 1% of the global DlIs fall
under the cross-equatorial DI category, with a peak in June (Fig.
2¢, e). Of those, cross-equatorial Dls that specifically reach the
Arabian Sea (Fig. 2b, dashed black box) within 120 h after initiation
are considered Arabian Sea Dls. Although the number of Arabian-
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2, orange contours), ¢ precipitation (mmday~'), and d total

Sea Dils is low, they account for more than 35% of the global cross-
equatorial DIs and peak in June (Fig. 2¢, f). These Dls typically enter
the marine boundary layer below 850 hPa over the central Indian
Ocean (CIO, black box in Fig. 3d) and the Arabian Sea, where they
interact with moisture that feeds the monsoon rainfall.

During the study period, DlIs reaching the Arabian Sea are
aggregated into 137 unique events, i.e.,, 3-4 events per year, with
maximum 8 events in 1993 but none in 2011. For each event, we
define the start time (t,) as the initiation of a DI over the southern
extratropics and the end time (t.) as the time when it ceases to
initiate (see ‘Methods’). With these definitions, the impact of Dls
on the Indian Ocean is expected to occur during the days
following t., when DI air descends slantwise northward toward the
lower troposphere.

Mechanisms enhancing moisture transport

The low-level jet is vital in transporting moisture toward India
during the summer monsoon (Fig. 1). Significant anomalies along
the moisture pathways are evident following the DI events (Fig. 3).
At t;, anomalies in moisture and the low-level jet are weak over
the Indian Ocean (Fig. 3a), particularly the western Indian Ocean
and CIO, as DI air initiates its descent south of 35°S (cyan contour).
With the northward propagation and slantwise descent of DI, the
upper-tropospheric dry air from higher latitudes in the southern
hemisphere reaches the CIO’s lower troposphere and modulates
its thermodynamic properties, including low-level winds (Fig. 3). It
is already known that Dls start their descent in the vicinity of the
upper-tropospheric jet?>33, Mixing of high-momentum DI air into
the lower troposphere is expected to result in the stronger low-
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Fig.2 Frequency of DI occurrence during JJAS. Geographical distribution of the fraction of 3-h time instances (%) at every 0.5° x 0.5° regular
grid point when at least one DI was detected: Shown are tropical Dls that entered the tropics (15°S-15°N) after initiating outside this range
(shaded), and cross-equatorial Dls that crossed the equator northward (cyan contours) at a 0 h, the initiation of their slantwise descent, and
b 120 h from initiation of descent. The spacing between the cross-equatorial DI contours is 0.1-0.6 at 0.1 intervals for (a) and 0.5, 1, 2, and 3 for
(b.) ¢ The mean percentage of tropical, cross-equatorial, and Arabian Sea Dls, calculated with respect to the total number of DIs throughout
the globe during the climatological period JJAS. Arabian Sea Dls are those that initiated in the southern hemisphere and reached the Arabian
Sea box (dashed block in (b)). The percentage of d tropical, e cross-equatorial, and f Arabian Sea DIs, by month.

level wind, as can be seen in Fig. 3. However, a detailed
investigation of this momentum transfer mechanism is yet to be
clarified.

Following the Lagrangian evolution of the DI airmass, specific
humidity increases 36 h into its descent (Fig. 6¢), likely due to
mixing with the moist boundary layer?*34. Locally over the CIO,
the combination of intruding dry air and a stronger low-level wind
triggers enhanced ocean evaporation (Fig. 3b, ¢, Figs. 6e and 7c).
The transport of newly evaporated moisture from the CIO toward
India significantly increases the moisture transport and total
precipitable water (TPW) over the Arabian Sea following a DI event
(Fig. 3b—d, Fig. 4b—d and Fig. 7d). Overall, enhanced wind speed
and moisture transport in the Arabian Sea favor about 10-20%
more transport of moisture toward the southern part India (Fig.
3b-d), compared to the seasonal climatology. After five days
following t, as DI air covers the Arabian Sea, the anomaly patterns
revert to the state when Dls are not present (hereafter ‘no-DI') but
with yet stronger wind speed and higher moisture content over
the Arabian Sea than climatology (Fig. 3d).

The enhanced moisture transport is expected to result in
increased precipitation downstream. Following DI events, the
target region with intensified moisture transport indeed exhibits
increased TPW and precipitation compared to climatology with
positive precipitation anomalies throughout the target region
within 5 days from t. (Fig. 4b—d). The mean daily precipitation
over the target region is enhanced by 17% following a DI (Fig. 5a
and Table 1). About 3% increase in TPW accompanies this
compared to climatology (Fig. 5b). The mean precipitation rates
following DI events reach above 6.5mmday~', compared to
about 5.6 mm day ' for the seasonal climatology (Fig. 5a). Further,
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the lower limit of both precipitation and TPW distributions are
higher following DI events compared to their seasonal distribution
(Fig. 5a, b). Hence, DI events are more likely to produce higher
precipitation and TPW than climatology. In fact, localized extreme
precipitation in the target region, exceeding 100 mm day™"' (e.g.,
Goswami et al.’%), is embedded in 90% of the events, covering in
each event an area of at least 1° x 1°. More extended areas of 40 or
100 grid points of 1°x 1° size experience extreme precipitation in
over 41% or 17% of the events, respectively, within 5 days
following t. (not shown). Thus, extreme precipitation is common
following DI events, with its spatial extent strongly varying among
the cases.

To verify the connection between newly evaporated moisture
from the CIO and precipitation or TPW over the target region, we
conducted a lead-lag correlation analysis between every two sets
of variables for the 6 days following each t; (Fig. 5d, corresponding
to DI events). For comparison, a similar analysis is done for 1096
time steps when no DI was present for 11 days before and after
these time steps (‘no-DI', Fig. 5¢). It is evident that TPW and
precipitation are positively correlated within the target region,
reaching the highest correlation at zero lag, 0.57 during the no-DI
condition and being even higher (0.92) after DI events (Fig. 5¢, d).
However, the connection of ocean evaporation over the ClO
region with TPW and precipitation over the target region are very
different for no-DI conditions and following DI events. The very
weak correlation (<0.2) between the ocean evaporation and TPW
when no Dls are present is replaced by above 0.8 from —72 to
—48 h in the presence of DIs over the Arabian Sea (Fig. 5¢, d). This
indicates that ocean evaporation over the ClIO precedes TPW in
the target region by 48-72h during DI events. Similarly, ocean
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evaporation over the ClO leads to the highly-correlated variability
in precipitation over the target region by 60 h or less (Fig. 5d). In
other words, moisture from the CIO may take about 2-3 days to
reach and precipitate over the target region under DI conditions.
Hence, CIO, under a state of enhanced wind speed and ocean
evaporation in the presence of Dls, becomes a significant moisture
source for precipitation. Indeed, Athira et al.”>. noted that during
the Kerala flood of 2018, which is included in the 137 DI events,
ClO moisture significantly contributed to the extreme precipita-
tion. The active phase during 15-19 August 2018, which produced
the catastrophic flood, was preceded by a DI event during 9-13
August 2018.

Lagrangian and Eulerian views of DI evolution

The characteristics of DI airmasses evolve from the initiation of
their descent in the extratropical upper troposphere in the
southern hemisphere (reference time 0h) until they arrive at the
marine boundary layer in the ClO. Examination of this Lagrangian
evolution provides insight into the emergence of the moist
anomalies in the ClO. By construction, DIs descend coherently
more than 400 hPa within the initial 48 h, followed by a more
gradual descent, reaching below 900 hPa by 120 h (Fig. 6a, black
line). Overall, more than 75% of the Dls are below 800 hPa at 48 h.
The increase in pressure along the trajectory indicates strong
adiabatic warming. At the same time, however, the mean
potential temperature during the first 48 h shows weak diabatic
cooling from 304 to 298 K (Fig. 6b). The mean specific humidity
increases continuously to 13gkg~"' (Fig. 6c). Given that the
humidity is almost zero, the diabatic cooling during the initial 18 h
is likely due to radiative cooling. From 18 to 48 h, the increasing
specific humidity (Fig. 6¢) with increasing equivalent potential
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temperature (Fig. 6f) suggest that diabatic cooling can also be due
to the evaporation of any liquid droplets as DIs mix into the
relatively warm and moist boundary layer. Accordingly, relative
humidity first decreases to its minimum during adiabatic descent
(warming) from 0 to 18h, while later, the increase in specific
humidity dominates the enhancement in relative humidity, which
remains high until 120 h (Fig. 6d).

A complementary perspective on the impact of DIs incoming
into a given location can be gained from the Eulerian time series
for anomalies of temperature at 850 hPa, specific humidity at
850 hPa, and ocean evaporation at the CIO (Fig. 7a-c). As Dls pass
over the ClO region, their interaction with the marine boundary
layer reduces the temperature by 0.7 K (Fig. 7a). Mixing dry air of
the DIs with the moist boundary layer over the ClIO induces a dry
anomaly and thus enhances ocean evaporation by more than
40 W m~2 within the initial 12 h, due to an enhanced gradient in
moisture and temperature between the surface and lower layers
(Fig. 7a—c). The enhanced ocean evaporation raises the moisture
content over the CIO region during the 36-48 h following t.. The
evaporation rate decreases with the moisture deficit decrease but
nevertheless remains above the climatological mean (Fig. 7c). The
robust moisture transport from the CIO region toward the
Arabian Sea along the low-level jet does not allow a further
increase in specific humidity (Fig. 7b); however, it does contribute
to a more moist Indian subcontinent (Fig. 7d, e). Connecting the
Lagrangian and Eulerian views, it is apparent that the intense
ocean evaporation under DlIs rapidly increases the specific
humidity of the near-surface air and locally supplies moisture to
the DI air. Therefore, the specific humidity further increases along
the DIs, from 7gkg~' at 48h to 13gkg™' at 120 h (Fig. 6c).
Interestingly, ocean evaporation intensifies gradually at earlier
times (Fig. 6e), likely due to associated extratropical
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systems30-3>3% However, the newly evaporated moisture before
36 h is not expected to increase the DI's specific humidity, as 95%
of Dls are above 850 hPa at this stage. From 36 h onward, the
interaction of DIs with the marine boundary layer triggers intense
ocean evaporation, with the feedback also increasing the specific
humidity.
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Flavors of impact

Although the composite view in Figs. 3-7 and the synoptic
conditions during the Kerala flood of 2018'° are similar; the mean
conditions for the 137 DI events are not always representative of
individual events. According to Rodwell*?, the intrusion of dry,
negative potential vorticity air from the southern hemisphere
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Table 1. Mean precipitation (mm day™").

Mean precipitation Land + ocean (target region Land (marked
marked in Fig. 4) yellow in Fig. 8d)

Climatological 5.65 7.07
All DI events 6.65 (+17.70%) 8.04 (+13.72%)

Cluster 1 8.19 (+44.96%) 11.21 (4+-58.56%)
Cluster 2 5.39 (—4.60 %) 6.66 (—5.80%)
Cluster 3 7.57 (+33.98%) 8.04 (+13.72%)
Cluster 4 5.19 (—8.14%) 5.86 (—17.11%)

Mean precipitation during t. to t. + 5 days is shown and is compared with
the precipitation climatology during the summer monsoon season. The
numbers in brackets denote the percentage change with respect to the
seasonal climatological mean.
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Fig. 6 Lagrangian time evolution of atmospheric variables along
DI trajectories. Relative to the start of descent (0 h): a pressure level
(hPa), b potential temperature (K), ¢ specific humidity (gkg™"),
d relative humidity (%), e ocean evaporation (Wm~™2), and
f equivalent potential temperature (K). Note the atmospheric
variables are traced along the three-dimensional location of the
DI, while surface ocean evaporation (being a two-dimensional
variable) is taken by considering the DI airmass horizontal location.
The solid black line connects the mean from each time step, and the
cyan and gray shadings represent the 5-95th and 25-75th
percentile range, respectively. The coherent descent is diagnosed
within the 0-48 h window, with an increase in pressure of more than
400 hPa.
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averaged within the target region shown in Fig. 4. The left and right
y-axis presents the mean absolute anomalies (bold line) and
standard deviation (thin line) for the 137 events, respectively.

leads to a southward turning of the low-level flow and, therefore,
to less rain over central and northwestern India. We examined the
case-to-case flow variability and precipitation response, keeping
the southward turning of the low-level flow in mind. To this end,
we classified the 137 DI events into four groups based on wind
speed anomaly at 850 hPa after five days following t, using a self-
organizing map clustering algorithm (Fig. 8). The low-level wind
over the Arabian Sea and India is stronger in clusters 1-3 and
weaker in cluster 4 than climatology. Strong low-level jet favors
more moisture transport and precipitation over India in clusters 1
and 3. In contrast, the weak low-level jet toward the Indian coasts
in cluster 4 and the southern part of India in cluster 2 inhibits
moisture transport and is associated with reduced rain over land
(Fig. 8b, d). In cluster 3, stronger wind speed over the Arabian Sea
is associated with high rain but is limited to the western Ghats
with negative anomaly over land (Fig. 8c). Following Rodwell??,
due to more northward intrusion of air with negative potential
vorticity, the anticyclonic turning of the low-level jet is more
northward in cluster 1 than cluster 3 (Fig. 8a, ¢, Supplementary Fig.
3a, ¢). A stronger and northward-shifted low-level jet in cluster 1
brings more moisture along the west coast and towards the Indian
monsoon region than in cluster 3 (Supplementary Fig. 3).
Enhanced moisture transport facilitates more TPW and precipita-
tion over India for cluster 1 (Table 1, Supplementary Fig. 4).
However, the reason behind more northward wind speed for
cluster 2, with the comparable latitudinal extent of negative
potential vorticity as for cluster 3, is not clear, suggesting other
contributing factors (Fig. 8b, ¢, Supplementary Fig. 3b, c).

The climatological progression of monsoon precipitation
during JJAS adds another perspective to be considered. Most
of India’s rain occurs during July and August, such that
negative seasonal anomalies in the monsoon core region
prevail in June and September (Supplementary Fig. 5). Further,
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Fig. 8 Four clusters were identified using self-organizing map classification by wind speed anomaly at 850 hPa. The composite mean of
wind speed anomaly at 850 hPa (ms~', magenta contours, solid for positive and dashed for negative), potential vorticity at 850 hPa (0 PVU;
black contour, negative values are to its south), and precipitation anomaly in the fifth day following t. (mmday~', shading) for a cluster 1,
b cluster 2, c cluster 3, and d cluster 4. The black rectangle in d presents the area used for clustering, and the yellow line encloses the land

fraction of the target area used in Table 1.

the precipitation anomalies along the west coast are strongly
positive and negative during June and September, respectively
(Supplementary Fig. 5a, d). A closer examination of each cluster
reveals the existence of both positive and negative monthly
precipitation anomalies (Supplementary Fig. 6). Based on the
monthly variability, most DI events during July and August are
associated with clusters 1-2, whereas clusters 3-4 mostly
comprise events from June and September respectively
(Supplementary Fig. 6). Hence the northward movement of
monsoon during June to August and retreat in September has
a clear impact on precipitation over India (Fig. 8, Supplemen-
tary Fig. 5). DIs, however, is associated with enhanced
precipitation even during June and September (Supplementary
Fig. 6¢c, d). Further, extremely heavy precipitation over the
western part of India (near Gujrat) in cluster 1 cannot be
ignored (Fig. 8a). Overall, in the presence of DI events,
precipitation over land in India is enhanced by more than
13%, with about a 58% increase and 17% decrease for cluster 1
and cluster 4, respectively (Table 1).

DISCUSSION

This study reveals the crucial impact of episodic, cross-equatorial
DIs on the Indian summer monsoon rainfall and its extremes by
providing a Lagrangian-based 40-year climatology containing 137
DI events. The DlIs studied here originate from the upper
troposphere in the extratropical southern hemisphere, descend
to the lower troposphere over the ClO, and finally reach the
Arabian Sea within 5 days (Fig. 9a). Though rare (<1% of the global
DIs and just over 3 events per season), DI events over the ClO are
associated with the more intense low-level jet. Anomaly in the
Indian summer monsoon rainfall during the days following Dils is
summarized in Fig. 9. The DI airmasses are initially almost void of
moisture, but upon reaching the boundary layer over the CIO
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(shading in Fig. 9b), they trigger intense ocean evaporation
(>60 W m~2 above climatology) because of the moisture deficit at
the air-sea interface and the strong wind speeds. Increased
moisture uptake from the CIO due to the intensified low-level jet
enhances moisture transport toward India. Thus, Dls create a
positive anomaly of specific and relative humidity, as well as TPW,
enhancing precipitation over the Indian region downstream. As a
result of the modified moisture availability and transport over the
target region following Dls, TPW increases by 3%, and precipita-
tion increases by 17% on average. Further, out of 4 clusters
comprising 137 events, cluster 1 is the stand-out flavor in terms of
enhanced precipitation (+58% over land on average) and wind
speed, with cluster 2 closer to cluster 3 and cluster 4 exhibiting
reduced precipitation (—17% over land on average) and surface
winds (Fig. 8, Table 1). Indeed, more than 55% of the break and
active spells from 1979 to 2014 were preceded by such DI events
(Supplementary Tables 1 and 2). From a mechanistic point of view,
it is yet to be understood if and how the enhanced momentum of
the low-level jet is related to the descending DI air. Moreover,
detailed analysis based on individual cases is required to
determine the relationship between the DI and the airmass,
which finally precipitates over the target region—is it the same
airmass?

In summary, the interaction of southern midlatitude systems
with the moist marine boundary layer over the tropics enhances
moisture transport and strongly modulates the summer
monsoon rainfall, depending on the wind pattern often
associated with its extremes. Prior knowledge of such interac-
tions can improve the forecast of precipitation extremes during
the Indian summer monsoon, given the potentially high
predictability of extratropical weather. This knowledge is even
more valuable for the assessment of flood-bearing rain extremes
in a changing climate.
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Fig. 9 Schematic summary of the anomalies following cross-equatorial DI events that reach the Arabian Sea. Progress and position,
horizontally and vertically, of the dry intrusions are shown in a. Line contours present the horizontal progress of Dls relative to the initiation
time of descent, i.e, 0 (green), 48 (orange), and 120 (cyan) hours respectively. The shaded trajectory represents the vertical position along a
schematic example of a DI event for 120 h. The mean anomalies of ocean evaporation (orange arrows), wind speed at 850 hPa (red arrows),
and precipitation (blue drops over India) during the days following DIs are shown in (b). The horizontal blue line marks the equator.

METHODS

Atmospheric data

All the atmospheric fields, except precipitation, are taken from the
5th reanalysis of the European Centre for Medium-Range Weather
Forecasts (ERA-5)37. The ERA-5 data are interpolated to 0.5° x 0.5°
horizontal resolutions and 137 vertical hybrid levels at 3-h time
intervals.

Precipitation data at high resolution (0.1°x 0.1° horizontal and
3-h temporal) are taken from Multi-Source Weighted-Ensemble
Precipitation (MSWEP) version 2.8, which takes advantage of the
complementary strengths of gauge, satellite, and reanalysis-based
data to provide reliable precipitation estimates over the entire
globe3®40, Precipitation from ERA-5 is highly correlated with
MSWEP data over the target region (Supplementary Fig. 1).
Overall, the data cover 40 Indian summer monsoon seasons (JJAS)
from 1979 to 2018.

Identification of Dls

In general, DIs are defined as the slantwise descent of dry air
parcels from the extratropical upper troposphere towards the
lower troposphere in lower latitudes, often behind extratropical
cyclones*'*2, The slantwise descent is quasi-adiabatic, following
the downward-sloping isentropes towards the equator®®. The
dryness of the air can potentially be expressed in terms of its
water vapor content. However, humidity fields are highly sensitive
to regional and seasonal variability. Considering this issue, Raveh-
Rubin?? established the descent-based Lagrangian criteria for Dls
to avoid further complications related to moisture variability and
obtained the degree of DI dryness as a result of the air descent
rather than an assumption. In this study, the Lagrangian analysis
tool LAGRANTO*3, driven by the time-varying three-dimensional
wind fields from ERA-5, is used to identify DI airstreams. For each
3-h start time in JJAS, 1979-2018, DI trajectories are identified if
the air parcels descend at least 400 hPa during the initial 48-h of
their initiation above 600hPa level, following Raveh-Rubin?°.
Extending the trajectories further until 120 h from their start of the
descent, we label the trajectories as tropical, cross-equatorial, or
Arabian Sea Dls. Tropical DIs are defined as Dls that entered the
tropics (15°S-15°N) after initiating outside this range. The fraction
of tropical DIs initiated in the southern hemisphere and crossed
the equator while moving northward are defined as cross-
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equatorial DI. The cross-equatorial DlIs reaching the Arabian Sea
(Fig. 2b, dashed black block) are defined as the Arabian Sea Dls.
Our study focuses on Arabian Sea Dls, which are hereafter termed
‘Dls’ for simplicity.

Definition of DI events

We consider a DI event to be a collection of DlIs that initiate in
consecutive time steps during a 3-120 h period. The time gap
between the end of one DI event and the start of the next DI
event is set to be at least 5 days (Eg. 1), meaning that DIs that
occur within 5 days of each other are part of the same event, e.g.,
the first event in Supplementary Fig. 2. The start and end of DI
event initiations are denoted by t; and t., respectively, while n is
the event number.

ts.n+1 - te,n Z 5 dayS (1)

The additional 5-day gap criterion ensures we can examine the
time-dependent influence of DIs on the downstream flow and
humidity distribution without interference from other Dls (recall
that each DI trajectory is tracked for 5 days). Additionally, to avoid
noise caused by the presence of very few Dls, we require (i) that DI
occurrence at a given time step is considered if at least 10 Dls are
identified and (ii) each event lasts at least 6 h.

Based on the above criteria, 137 DI events were identified for
the 40 summer monsoon seasons during 1979-2018, consisting of
110,062 DI trajectories that initiate during 1737 time steps, i.e., 4%
of the time steps in JJAS.

Self-organizing map (SOM) classification algorithm

The self-organizing map (SOM), introduced by Kohonen in the
1980s, is an unsupervised neural network based on competitive
learning**. This algorithm has been used in meteorological and
climatic sciences since the late 1990s as a clustering and pattern
recognition method*’. Being trained using competitive learning
rather than error-correction learning, the SOM has many
advantages over conventional feature-extraction methods, such
as principal component analysis or K-means methods. The SOM
algorithm was successfully utilized to classify atmospheric flow
patterns®>46, In this study, the SOM algorithm is used to
understand the variability of the lower-tropospheric flow and its
impact on the distribution of precipitation over India. The SOM
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algorithm classified DI events based on the seasonal anomaly of
850-hPa wind speed in the Indian Ocean during the 5th day
following t. (Fig. 8d, black box). Four clusters exhibiting major
differences in their mean wind anomalies are chosen in a 2-by-2
map configuration. Bigger configurations do not exhibit informa-
tive differences among the clusters.

DATA AVAILABILITY

ERA-5 data is freely available at https:/cds.climate.copernicus.eu/#!/search?
text=ERA5&type=dataset. MSWEP precipitation data can be downloaded at http://
www.gloh2o.org/mswep/. Figures are produced with MATLAB (version 2020b).
Lagrangian analysis tool LAGRANTO is used to calculate the trajectories. All data and
codes in this paper are available upon request to Deepika Rai
(deepika.rai@weizmann.ac.il).
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