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Abstract

North Indian Subcontinent (NIS) is prone to disastrous and life-threatening floods during the summer monsoon period
primarily due to its close proximity with the Himalayan foothills. Indian Meteorological Department (IMD) reported that
during June 13-19, 2013, the Uttarakhand state in North India experienced a cumulative total of 322 mm rainfall, a 847%
weekly departure against the long-term average rainfall (1971-2020) of 34 mm. After a decade, another state in the same
region, Himachal Pradesh, received an unprecedented 223 mm of rainfall in just 4 days, viz 7-11 July 2023, a 436% devia-
tion from the cumulative climatological rainfall of 41.6 mm for 4 days (July 7-11). It is shown that the atmospheric water
vapor is transported towards NIS by two monsoon low pressure systems during the June 2013 event. In contrast, during the
July 2023 flood, the monsoon trough shifted southward, resulting in the moisture transport pathway predominantly over
the northern Indian Ocean. In conjunction, it was shown through upper-level air tracing that southward movement of the
subpolar jet stream creates a trough in the subtropical jet stream, which intrudes along the western boundary of NIS, lead-
ing to upper-level divergence. This pattern was observed in both flood events. By leveraging the mass-conserving nature
and unique capability of a Lagrangian tracing model to track atmospheric water backward in time, our novel analysis of the
2023 flood reveals that two evaporative sources near Madagascar and the western Indian Ocean were key contributors, and
inland evaporation played a comparatively lesser role as compared to the 2013 case. The Bay of Bengal served primarily
as a vapor transport pathway rather than a direct moisture source for both events. This novel Lagrangian approach, which
exposes separate drivers of extreme monsoon rainfall, upstream and at lead times of days-weeks, has the potential to be used
more extensively and operationally.
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1 Introduction

The seasonal reversal of wind patterns across South Asia
forms two distinct monsoon systems in the region. In par-
ticular, on the Indian subcontinent, the southwest monsoon
(June—September), often referred to as the Indian summer
monsoon (ISM), has greater significance compared to the
northeast monsoon due to its large spatial extent and eco-
nomic impact. Crop yields in an agrarian country like India
depend immensely on the spatio-temporal distribution of
summer rainfall, which is majorly driven by various semi-
permanent systems (e.g., monsoon trough, heat low, Tibetan
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anticyclone, tropical easterly jet etc.), results in either of
normal, deficit, or excess monsoon (Jenamani and Dash
2005). However, the occurrence of unusual extreme condi-
tions during the ISM not only hinders economic progress but
also causes massive loss of life and property. Such extreme
conditions include both flooding and drought, where the
flooding can be associated with riverine flood and flash flood
due to excess monsoonal rainfall. A study based on the India
Meteorological Department (IMD) data from 1978-2006,
claimed the occurrence of a total of 2443 flood events, which
caused a death toll of around 45,000 along with a damage
of $16 billion (Singh and Kumar 2013). Notably, 80% of
these floods occurred during the summer monsoon season,
accounting for 90% of total flood-related fatalities. Recent
estimates from The Emergency Events Database (EM-DAT,
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http://www.emdat.be) for the period 2000-2023 identified
approximately 193 events over India impacting 360 million
lives and causing damage worth of $172 million.

The Himalayan region of India often encounters intense
episodic rainfall events during the ISM (Joshi and Kumar
2006; Nandargi and Dhar 2012; Rana et al. 2013). However,
whether that rainfall will translate into flooding depends on
the geographical location. Most of the floods in north-east
India, especially over Assam in recent times, are caused due
to the presence of low-lying basins, vulnerable to overflow
of both the Subansiri and Brahmaputra rivers (Gogoi et al.
2013). In contrast, the floods over the NIS Himalayan region
are usually caused by the combined effects of atmospheric,
cryospheric and geologic processes (Dimri et al. 2016). A
composite study of 34 extreme rainfall events in the west-
ern Himalaya during only summer monsoon of 1979-2013,
reveals the crucial role of extratropical and tropical monsoon
circulation interaction (Vellore et al. 2016). Such interac-
tion can be explained by a few key elements like the Rossby
wave breaking (Hunt et al. 2018a; Vellore et al. 2020),
north-northwest movement of monsoon synoptic systems
and its interaction with western disturbances (Hunt et al.
2021), split pattern of Tibetan anticyclone (Vellore et al.
2020), and the strong convective elements over the foot-
hills of Himalayas. A high-resolution modelling study indi-
cated that the convergence of mid-latitude westerly winds
and weak monsoon circulation during the monsoon break
phase can cause high mid-tropospheric vorticity and pre-
cipitation over Himalayan foothills (Vellore et al. 2014).
Another concurrent research also reported the existence
of positive correlation between precipitation extremes and
cyclonic disturbances, especially those formed over Bay of
Bengal (BoB)(Revadekar et al. 2016). A recent study on
cloudburst events (100 mm of rain in 1 h) using satellite data
reveals that the Rossby wave pattern was different for each
cloudburst events over the Himalayan regions of North India
during 1981-2015 (Gupta et al. 2023). In addition to these
composite analyses, few individual case studies were also
performed to identify the atmospheric factors responsible
for devastating floods over North India.

According to the IMD monsoon report of 2013 (Ray
et al. 2014), one such catastrophic flood occurred between
June 15th and 18th over Uttarakhand. The Indian state of
Uttarakhand received a total rainfall of 322 mm from June
13th to 19th, which was 847% higher than its average value.
This catastrophic event impacted around 100,000 local resi-
dents and claimed a loss of over 500 human lives (Ray et al.
2014; Kaur and Gupta 2017). According to reports from
the Government of India, the Uttarakhand flood led to the
loss of approximately 9,200 cattle/livestock and hundreds of
animal shelters (https://india.mongabay.com/2018/06/five-
years-since-uttarakhand-floods-continued-disregard-for-the-
environment-is-an-open-invitation-for-more-calamities/). An
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ecological damage assessment study by Rawat et al. (2016)
revealed a substantial loss of 33.16 hectares of dense mixed
forest and 59.28 hectares of open mixed forest in the Utta-
rakhand district due to torrential rainfall in June 2013. A
detailed analysis using different observational and reanalysis
dataset revealed that the displaced westerlies towards sub-
tropics and the Rossby wave in mid-latitudes increased the
wind speed ahead of the trough, resulting in divergence in
the upper levels (200hPa). Consequently, strong anomalous
low-level convergence formed over the region and together
with the monsoon low pressure systems it maintained a con-
stant flow of moisture from Arabian Sea and Bay of Bengal
(Ranalkar et al. 2016). A previous study by Joseph et al.
(2015) also referred to similar dynamics, responsible for
the event, however their analysis further added the skill of
Ensemble Prediction System (EPS) on predicting the event.
They concluded that the EPS was able to detect the extreme
event 10-12 days in advance but failed to capture the mid-
latitude influence and hence the correct rainfall amount. In
addition to these outcomes, earlier studies also suggested the
dominance of orographic lifting, which distinguishes it from
other similar floods in Leh and Pakistan (Houze et al. 2017).

After a decade since the Uttarakhand flood, a similar
devastating event occurred during July 7th to 11th, 2023,
primarily impacting the Indian state of Himachal Pradesh.
Over these four days, the entire state received 223 mm of
rainfall, which was 436% more than its climatological value
(reference period 1971-2020) . While the rainfall depar-
ture was most pronounced over eastern Himachal Pradesh
(861% of its average value), the total precipitation during
these days was highest over the southern part of the region.
The sustained rainfall led to the overflowing of major rivers,
road blockages, landslides, and associated damages, result-
ing in the loss of approximately 72 lives and 7850 million
Indian rupees worth of property (IMD Press Release titled
“Unprecedented Rainfall in Himachal Pradesh for the Period
07.07.2023—11.07.2023 Brief Write Up". Shimla, 2023). In
one of the few studies conducted on this event, Gupta et al.
(2024) concluded that the heavy precipitation was primarily
caused by multi-day low-pressure and convergence over the
area. However, they noted that antecedent soil moisture con-
tributed to the flood by reducing the infiltration rate. Another
study proposed similar dynamics to the Uttarakhand flood,
whereby the interaction between an eastward-propagating
mid-tropospheric trough and monsoonal low played a sub-
stantial role (Raghuvanshi and Agarwal 2024). The analysis
further emphasised the importance of Rossby Wave break-
ing, which allowed subtropical stratospheric air to encroach
upon the equatorial troposphere.

Interestingly, a few recent studies have shed light on
the similarities of broad-scale atmospheric circulation pat-
terns between the July 2023 Himachal Pradesh and June
2013 Uttarakhand floods (Gupta et al. 2024; Raghuvanshi
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and Agarwal 2024). These studies have provided a broad
overview of the atmospheric precursors to NIS floods but
lacked detailed investigation. For instance, both the above-
mentioned studies reported that the upper-level meridional
wind divergence, caused by the southward intrusion of mid-
latitude westerly winds, is a common factor for the June
2013 and July 2023 flood events. However, whether that
meridional wind divergence over NIS resulted from zonal
wind convergence from both the eastern and western side
or just due to the winds from the western boundary remains
unclear. The origin of air-masses that intrude southwards
causing divergence in the upper levels and atmospheric water
sources which resulted in those two extreme rainfall events
are unidentified until now. Additionally, most of the NIS
flood studies rely on composite analysis, which is an effec-
tive way to reveal common factors responsible for various
floods, but cannot explain the uniqueness between individual
flood cases. A thorough investigation into individual flood
events can identify targeted areas of model improvement for
better flood forecast. To address the above-mentioned open
scientific questions, we used the Lagrangian parcel tracing
algorithm TRACMASS (D66s 1995; Aldama-Campino
et al. 2020) along with Eulerian maps of relative vorticity
at 850 hPa, integrated water vapour transport, wind speed
and divergence at 200 hPa. This study, for the first time,
traces the origin of air masses responsible for upper-level
wind divergence during the June 2013 Uttarakhand and July
2023 Himachal Pradesh flood events. In addition, atmos-
pheric moisture trajectories are also employed to identify
and quantify the atmospheric water sources and pathways
responsible for the extreme rainfall that caused these two
devastating floods.

2 Data and methods

The daily data, computed from the hourly means, from
ERAS reanalysis has been used in this study to analyze the
precipitation, relative vorticity at 850 hPa, Integrated Vapour
Transport (IVT), wind speed and wind divergence at 200
hPa (Hersbach et al. 2020). The spatial resolution of the
ERAS5 data is 0.25°. The IVT is defined as

1 TOA 1 TOA
IVT=\/(§ / qudp)® + (= qvdp)?) . (1

fe sfe

In equation 1, sfc indicates surface and TOA is Top of the
Atmosphere model level. The specific humidity is denoted
as g. The zonal and meridional wind velocities are given by
u and v respectively. The acceleration due to gravity is g and
dp represents pressure level thickness. The IVT has units in
kg m~!s~!. The 0.1° GPM-IMERG satellite daily resolution
data is used to validate the precipitation obtained from the

ERAS reanalysis (Huffman et al. 2020). Anomalies of differ-
ent fields during the extreme rainfall events of June 2013 and
July 2023 are calculated by subtracting the daily means from
1991 to 2010. A 20 year climatology period was chosen
to exclude the study years, 2013 and 2023. This exclusion
helps provide a clearer signal of the events when calculating
anomalies. However, our results remain robust when using
a 30 year climatology as well (results not shown). Note that
hourly data (not daily) of specific humidity, surface pres-
sure, and horizontal wind velocities at 137 vertical level are
taken from ERAS reanalysis to calculate atmospheric air
and water transport. These transport fields are then used by
a Lagrangian trajectory model named TRACMASS to com-
pute atmospheric air and water trajectories. TRACMASS
is a highly efficient and precise tool designed to compute
Lagrangian trajectories. Initially introduced by D66s (1995),
it has undergone continuous upgrades to improve its capa-
bilities. TRACMASS utilizes an analytical solution to a dif-
ferential equation to determine the trajectory path within
each model grid box. This equation is based on the mass
transport through the faces of a grid box, and the solution
obtained is unique. As a result, trajectories can be computed
both forward and backward to return exactly to their original
positions. This two-way tracing capability of TRACMASS
is a crucial feature for identifying the origins of water or air
masses. In the present study, TRACMASS simulated tra-
jectories used a stepwise-stationary scheme. This scheme
linearly interpolates the calculated atmospheric air and
water flux fields between two successive hourly data using
intermediate time steps (here it is 3). Thus the Lagrangian
model time step is 20 min. By assuming that the computed
flux field remains constant during intermediate time steps,
an exact solution of the differential equations can be found.

Lagrangian tracking model TRACMASS has been widely
utilized in numerous studies to trace the movement of air
and water transport (D60s et al. 2008; Berglund et al. 2021,
2022; Kjellsson and D66s 2012). In this study, we applied
TRACMASS to understand the interaction between subpolar
and subtropical jet streams and to identify the origin of the
air masses responsible for upper-level wind divergence dur-
ing extreme rainfall events in North India. A recent study by
Dey et al. (2020) used TRACMASS to calculate the atmos-
pheric trajectories of actual water masses (in kg/s), instead
of humid air, using a three-dimensional atmospheric water
mass flux field. These water trajectories can be interpreted
as stream tubes which are impermeable and carrying atmos-
pheric water from its source to destination. This adaptation
enabled us to trace extreme precipitation events over NIS back
to their evaporation sources, thereby identifying the origins of
the atmospheric water responsible for these extreme rainfall
events. The calculation of air trajectories also are stream tubes
with the units kg/s of air. A detailed description of the Lagran-
gian trajectory model TRACMASS can be found in D66s et al.
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(2017) and the derivation of atmospheric water transport and
its validation is presented in Dey et al. (2020). The atmos-
pheric air and water circulation pathways in the present study
is identified by constructing a parcel position probability (P; )
map following Van Sebille et al. (2018):
9

Py= s X 100% @)
where PZ/‘ is the trajectory crossing counts at a particular

longitude (i), latitude (j) grid box and P denotes total num-
ber of trajectory crossing counts for all the grid boxes. The
unit of P, ; is in % per horizontal grid box. The sum over all
P, is thus 100%.
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3 Results

3.1 Synoptic settings prior to extreme rainfall
events over North Indian Subcontinent

3.1.1 Rainfall

The spatial distribution of daily accumulated ERAS and
GPM-IMERG satellite observed rainfall and its aver-
age over NIS (27°N-36°N, 72°E-83°E) for June 2013
and July 2023, along with the daily rainfall climatol-
ogy is shown in Fig. 1. The area-averaged rainfall from
ERAS reanalysis shows good agreement with the GPM-
IMERG satellite observation with notable differences
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Fig. 1 Time series of daily accumulated precipitation (mm/day) aver-
aged over North Indian Subcontinent (27°N-36°N, 72°E-83°E) dur-
ing (a) June 2013 and (b) July 2023, along with the ERAS daily accu-
mulated rainfall climatology (orange line). The climatology is based
on data from 1991 to 2010. The spatial rainfall distribution on 17th
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June 2013 and 8th July 2023 from ERAS reanalysis (c, e) and GPM-
IMERG observation (d, f). The black dashed box represents North
Indian Subcontinent in which the rainfall is averaged. Locations of
the Arabian Sea (AS) and Bay of Bengal (BoB) are also shown
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in magnitude (Fig. la, b). The correlation coefficient
between the ERAS and GPM-IMERG rainfall time series
averaged over the NIS domain for June 2013 is 0.89 with
a root mean square error of 2.76 mm. The daily rainfall
evolution of June 2013 reveals (Fig. 1a) that the precipita-
tion over NIS starts to enhance (departure from the clima-
tological condition) from 10th June onwards and reaches
its peak on 17th June. The highest daily accumulated
rainfall recorded by GPM-IMERG on 17th June 2013 at
a particular grid point (80.45°E and 29.35°N) over NIS
domain is 226 mm. ERAS reported 292 mm of rain on the
same day, substantially higher than the observed satellite
data. In this regard it is important to mention a study by
Baudouin et al. (2020) which cross validated 20 gridded
precipitation datasets and concluded that ERAS reanalysis
offers best rainfall estimate as compared to the satellite
products. ERAS was also used by Vellore et al. (2020) to
study the extreme precipitation event of June 2013, as it
accurately captured the sub-synoptic circulation variabil-
ity. Note that as the spatial resolution of the GPM-IMERG
(0.1°) and ERAS5 (0.25°) data is not the same, the grid
point location, in these two datasets, featuring the daily
accumulated maximum rainfall will likely be different.
During July 2023, the NIS average rainfall time series
shows (Fig. 1b) that 4th July 2023 onwards the precipita-
tion starts to deviate from its climatological conditions
and hits maximum departure on 8th July 2023. The peak
rainfall events on 17th June 2013 and 8th July 2023 are
picked up by both the reanalysis and observed satellite
data. The root mean square error between ERAS rea-
nalysis and GPM-IMERG satellite derived rainfall time
series (Fig. 1b) during July 2023 is 2 mm with a corre-
lation coefficient of 0.86. The ERAS reanalysis-derived
103 mm of highest daily accumulated rainfall at a grid
point (76.25°E and 31.75°N) within the NIS region is
recorded on 8th July 2023. This is notably lower than the
satellite observation of 230.5 mm on the same day.

The spatial rainfall pattern on the maximum rainfall
days (Fig. Ic, f) indicates that the June 2013 event was
concentrated on the southeast quadrant of the chosen NIS
box while the July 2023 extreme rainfall was well spread
across the box. It also confirms that the ERAS data is able
to reproduce the spatial distribution of extreme rainfall
on those particular days when comparing with the GPM-
IMERG observation. It is noteworthy that during the June
2013 case, ERAS seems to spread the heavy precipitation
over a wider area while GPM-IMERG has a region of
lighter rain to the northwest of the NIS region. A high
spatial and temporal correlation between the reanalysis
and observation gave us the confidence to use ERAS rea-
nalysis for further analysis (Baudouin et al. 2020).

3.1.2 Relative vorticity and integrated vapour transport

To identify the role of lower level atmospheric dynamics
on the peak rainfall days i.e. 17th June 2013 and 08th July
2023 we have investigated the 850 hPa relative vorticity and
whole atmospheric column integrated vapour transport. As
850 hPa pressure level does not exist in the Himalaya or over
the Tibetan Plateau, we have masked out regions where the
surface pressure is less than 850 hPa. The vertically inte-
grated water vapour transport has been taken directly from
ERAS. The ERAS calculates vertical integral on model lev-
els which follows terrain. This ensures that in the mountain-
ous regions no values below the orography are taken for
vertical integration. The column-integrated vapour transport
is primarily dominated by the lower atmospheric levels as
90% of the atmospheric moisture is concentrated below 500
hPa (Peixoto and Oort 1992; Dey and D66s 2019). Prior
to the 17th June 2013 rainfall event, two closed cyclonic
systems (concentrated high values of positive relative vor-
ticity, counterclockwise spin) appear to be present over the
northern Indian Ocean, one in the Arabian Sea and another
over the Bay of Bengal (Fig. 2).

These cyclonic systems are indicative of monsoon low-
pressure systems as noted earlier by Houze et al. (2017). The
two cyclonic systems and corresponding atmospheric vapor
transport starts to move inland towards the Indian peninsula
and merge together by 16th June 2013, a day earlier than the
peak rainfall day (Figs. 2a, e and 3a, e). The results show
that atmospheric water vapour transport is influenced by the
presence of synoptic closed cyclonic systems, which move
toward NIS prior to the above-normal rainfall on 17th June
2013. The study by Vellore et al. (2020) demonstrated that
cyclonic vorticity can be sustained through the influence
of an equatorward-intruding trough located well south of
20°N. The vapour transport also revealed a dominant in-land
pathway for the 2013 event (Fig. 3d, f). We will examine,
using Lagrangian trajectories, in later sections the origins of
moisture and their pathway in order to ascertain this.

The lower-level atmospheric circulation prior to the 8th
July 2023 rainfall event is quite different than the 2013 epi-
sode. The monsoon trough is active over the Bay of Ben-
gal and Arabian Sea southward of 20°N, instead of closed
cyclonic circulations (Fig. 4).

The results indicate that due to the active monsoon trough
the vapour transport band, which causes above-normal rain-
fall over NIS, shifted southward from its normal position and
stretches now from the Arabian Sea to the Bay of Bengal
(Fig. 5).

The vapour transport pathway is found to be more
dominant over the ocean for the 2023 episode, a result in
contrast to the 2013 event in which in-land moisture path-
way is noted to be important. Separation of the wind and

@ Springer



230 Page6of17

D. Dey et al.

90°E  110°E

Fig.2 ERAS relative vorticity (RV) at 850 hPa (unit is in s~') from
12th June 2013 to 17th June 2013. Positive values indicate counter-
clockwise spin. While the negative values typically means clockwise
spin. The black dashed box represents North Indian Subcontinent. We
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have masked out the regions where surface pressure is less than 850
hPa. Two closed cyclonic systems (high values of positive relative

vorticity) are noted to be present over the northern Indian Ocean prior

to the 17th June 2013 extreme rainfall
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Fig.3 ERAS Integrated Vapour Transport (IVT) anomaly (unit: kg
m~' s7") from 12th June 2013 to 17th June 2013. IVT anomalies are
relative to climatology over 1991-2010. The positive values indicate
above average water vapour transport while negative value represents

moisture fields further reveals that it is the low-level wind
variability rather than moisture variability that controls
the integrated vapour transport during these two events, a
clear dominance of atmospheric dynamics over thermody-
namics (see the supporting information Fig. S1).
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lower-than-normal transport of water vapour. The black color box
represents North Indian Subcontinent. The anomalously high atmos-
pheric vapour transport shows a dominant in-land pathway prior to
the 17th June 2013 rainfall

3.2 Upper-level divergence and air tracing

Extreme precipitation events over NIS during the monsoon
period are often found to be associated with the interac-
tions between monsoon synoptic systems and extratropi-
cal circulations (Vellore et al. 2016; Hunt et al. 2021). The
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Fig.4 Same as Fig. 2 but during 3rd July 2023-8th July 2023. A prominent band of high positive relative vorticity stretches between the Arabian
Sea and the Bay of Bengal preceding the 8th July 2023 extreme rain, particularly noticeable from 3rd July 2023 to 6th July 2023
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Fig.5 Same as Fig. 3 but during 3rd July 2023-8th July 2023. The atmospheric vapour transport pathway is notably prominent over the Bay of

Bengal from 3rd July 2023 to 6th July 2023

extratropical influence in many cases arises from troughs in
the mid-latitude subtropical westerly jet stream that intrude
southward towards NIS and create upper-level divergence at
the entrance to the downstream jet streak, causing anoma-
lous ascent by ageostrophic effects.

To understand the role of upper-level winds on the June
2013 and July 2023 rainfall episodes we have plotted large-
scale wind speed pattern and the divergence at 200 hPa aver-
aged over NIS in Figs. 6 and 7 respectively. Before the 17th

June 2013 peak rainfall, a trough is created on the subtropi-
cal jet stream between 60°E-90°E which starts to migrate
southward from 13th June 2013 onwards (Fig. 6c, f).

A similar kind of trough is also noted prior to the July
2023 rainfall event. The trough in the mid-latitude subtropi-
cal westerly jet stream starts to move southwards on 4th
July 2023 from its original position towards NIS (Fig. 7c, f).

It is interesting to note that for both the events the trough
incursion is not directly occurring over the NIS flood box but
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Fig.6 Upper panels (a—f): ERAS wind speed at 200 hPa (m/s) from
12th June 2013 to 17th June 2013. The orange box represents the
North Indian Subcontinent study region (27°N-36°N, 72°E-83°E).
Southward migration of the subpolar jet stream and interaction with

west of it (Figs. 6 and 7). The wind outflow over NIS due to
the westward situated upper level trough creates divergence.
Interestingly an independent study on the evolution, season-
ality and impacts of western disturbances (Hunt et al. 2018b)
also revealed that the upper-level divergence enhances to the
east of the trough which in their study was created by winter
time western disturbances. Due to the trough incursion the
upper-level divergence shows enhancement from 13th June
to 17th June 2013 and 04th July—08th July 2023 (Figs. 6g
and 7g). It is noteworthy that the rainfall also shows ampli-
fication during these times (Fig. 1). The close association
between upper-level divergence and rainfall strengthens
the argument put forward in earlier studies that the crea-
tion of divergence in the upper levels of the troposphere
is responsible for extreme rainfall over NIS (Joseph et al.
2015; Houze et al. 2017; Hunt et al. 2018b; Vellore et al.
2020). A study on the causes of the June 2013 flood event
demonstrated that cyclonic vorticity on the right flank of
the upper-level potential vorticity (PV) anomaly (trough)
facilitates the development of a deeper mesoscale conver-
gence zone, where prominent vertical synchronization of
positive PV advection and extreme rainfall occur (Vellore
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15
Days in June

20 25 30

its subtropical counterpart can be noted from 14th June 2013 onward.
Lower panel (g): ERA5-derived divergence at 200 hPa (s~ averaged
over North Indian Subcontinent during June 2013

et al. 2020). In addition, interaction with the steep mountains
of the region as the upper-level divergence centre approaches
it further increases the ascent via orographic uplift, increas-
ing the likelihood of heavy rainfall there (Hunt et al. 2018b).

A detailed investigation reveals that the increase in
divergence arises due to latitudinal variation of meridional
velocity (i.e., higher meridional wind at the northern wall of
the NIS box as compared to its southern wall) as shown by
black line in Figs. 6g and 7g which ultimately results from
zonal wind convergence (blue line in Figs. 6g and 7g). The
upper-level wind speed during these two events hints that
the trough in the subtropical jet stream forms in conjunction
with southward migration of the subpolar jet stream which
can be seen between 50°N-60°N and 60°E-90°E (Figs. 6
and 7). This observation points towards a possible interac-
tion between the subtropical and subpolar jet stream.

To explore the nature of the connectivity between the
subtropical and polar jet streams we have traced southward
moving air 10 days backward in time from the days of peak
rainfall where the subpolar jet stream interacts with sub-
tropical jet stream (Fig. 8). The air parcel position prob-
ability map (calculated using equation 2), which indicates
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Fig. 8 Air parcel position probability map (%). These are constructed
using 10-day backward-tracing Lagrangian air parcels which initially
move southward along ~ 148 hPa-296 hPa pressure levels over (a)
73°E-78°E, 45°N- 55°N during 17th June 2013 and (b) 64°E~ 72°E,

air transport pathways, clearly affirms that the subpolar jet
stream, situated approximately between 50°N—60°N, moves
southward towards the subtropical jet stream. Lateral influ-
ence of the subpolar jet stream possibly results in trough

42°N-50°N during 8th July 2023. The black dashed boxes represent
the areas mentioned above. The orange dashed lines are the air trajec-
tory termination boundaries. High values indicate dominant air path-
ways

creation along the subtropical jet stream prior to the extreme
rainfall days.

The upper-level meridional wind divergence, which is
responsible for extreme rainfall, results from the zonal wind
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convergence (discussed earlier) and needs to be investigated
further for more detailed understanding. For this purpose,
the air parcels which travel northward along ~ 148 hPa—296
hPa over the NIS box are tracked backward in time for 10
days (Fig. 9).

The results show that during the June 2013 episode, the
northward moving air mostly arrives with the upper level
westerlies (Fig. 9a). Furthermore, it indicates that air from
the Bay of Bengal and Arabian Sea also contributes to the
meridional divergence by merging with the mid-latitude
westerly winds. We will later examine the pressure along
the trajectories to explain a complete 3-D structure of the
pathways. However, air transport routes tell a different

(a) North India Flood 17 June 2013
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Fig.9 Air parcel position probability map (%). These are constructed
using 10-day backward tracing Lagrangian air parcels which initially

move northward alongz 148 hPa—296 hPa pressure levels over North

(a) North India Flood 17 June 2013
7

story for the July 2023 episode (Fig. 9b). The pathways of
upper-level air transport seems to be dominant over the Indo-
Gangetic plains, indicating a higher contribution from the
easterly winds than the mid-latitude westerlies. Additionally,
air pathways contributing to the upper-level divergence in
the flood region originate over the Arabian Sea and closely
resemble the lower tropospheric cross-equatorial monsoonal
flow. This observation suggests that the lower tropospheric
flows are ascending towards higher levels. To establish
this, we have plotted air pressure along trajectory pathways
(Fig. 10).

It can be seen from Fig. 10b that the air parcels origi-
nating in the boundary layer over western equatorial
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Indian Subcontinent (27°N-36°N, 72°E-83°E, represented by the
black dashed box) during (a) 17th June 2013 and (b) 8th July 2023
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Indian Ocean are gradually ascending as they cross the
Arabian Sea and further as they cross the Bay of Bengal.
These air parcels then merge with the upper-level easterly
winds (part of the tropical easterly jet) along the Indo-
Gangetic plains and flow towards the flood region. The
role of the subtropical westerly jet in the upper levels is
less dominant for the 8th July 2023 rainfall event. The air
pressure along trajectories reveal that prior to the 17th
June 2013 rainfall event, the relatively lower-level air par-
cels over the Bay of Bengal and land areas ascend into the
tropical easterly jet and are advected over over the Ara-
bian Sea before traversing the Red Sea and merging with
the mid-latitude subtropical jet stream (Fig. 10a). The
upper-level subtropical westerly jet is more dominant for
the 17th June 2013 rainfall spell. Zonal wind convergence
can occur in two scenarios: (i) higher eastward (westerly)
zonal wind at the western wall than the eastern wall of
the North India box or (ii) high westward (easterly) wind
at the eastern wall and lower eastward (westerly) wind
at the western boundary. In summary, the first scenario
occurs when strong westerly winds are present and east-
erly winds give rise to the second scenario. The Lagran-
gian air tracing proves that for the June 2013 event the
zonal wind convergence occurs due to the westerly winds
while the easterly winds are responsible for convergence
during the July 2023 event.

(a) North India Flood 17 June 2013
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Fig. 11 Net evaporative sources (mm/day) responsible for the (a)
17th June 2013 and (b) 8th July 2023 North Indian Subcontinent
floods. Calculations consider all the atmospheric water trajectories
that reached the surface after backward tracing of precipitation from

3.3 Evaporative sources of the extreme rainfall
events

Although the upper-level wind pattern creates favourable
conditions for extreme rainfall, it is the lower levels that
provide the required moisture (Hunt et al. 2018a, 2021). To
trace the origins of atmospheric moisture for the two cases of
NIS floods, we have traced precipitation backwards in time
for 30 days from the flood region until it reaches its evapora-
tive sources. For both cases, the local evaporative sources
(local recycling) play an important role in providing water
for extreme rainfall (Fig. 11).

However, there are distinct differences in net evaporative
sources. A narrow channel of atmospheric moisture over the
western Indian Ocean concentrated between 20°S—20°N, 40°
E-70°E and the Persian Gulf provides most of the oceanic
evaporative sources for the 17th June 2013 event (Fig. 11a).
Instead, for the 8th July 2023 rainfall event, the oceanic
sources of evaporation are originating from two channels
south of 20°S, one from the southeast and another from the
southwest (close to Madagascar) and then spread all along
the pathway of the lower-tropospheric monsoon circula-
tion in the western Indian Ocean as shown in Fig. 11b. It
is important to note, during the June 2013 case the in-land
evaporative sources are greater than those in the July 2023
episode, particularly from eastern peninsular India, which
closely matches with the Eulerian integrated vapour trans-
port maps presented in Figs. 3 and 5. To explore the pos-
sible reason behind a greater in-land source of moisture for

(b) North India Flood 8 July 2023
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the June 2013 case, we have mapped the residence time of
atmospheric moisture at their evaporative locations (see sup-
porting information Fig. S2). It shows that the in-land evapo-
ration of surface waters occurred mostly 4 days prior to the
extreme rainfall in Uttarakhand on 17th June 2013. The rain-
fall time series in Fig. 1a shows a spike on 11th June 2013.
We speculate that that this rainfall saturated the ground, then
later it evaporated by 14th June 2013 and contributed to the
flood. The Bay of Bengal does not contribute actively as an
evaporative source for either of the NIS floods studied here.
The evaporative sources of extreme rainfall over the NIS
has been identified when the backward water trajectories
(precipitation) reached the surface again (evaporation). We
have not further traced back that origin of surface evapora-
tion. For the June 2013 case, the residence time of in-land
moisture (see supporting information Fig. S2) indicates that
it evaporated mostly 4 days prior to the extreme rainfall.
Since we have not traced back that evaporation, it is pos-
sible that the synoptic closed cyclonic system over the Bay
of Bengal deposited precipitation over eastern peninsular
India 4 days earlier, which later evaporated and contributed
to the extreme rainfall over the NIS. The integrated vapour
transport anomaly map in Fig. 5 clearly hints towards higher-
than-normal vapour transport over the Bay of Bengal during
2023 event. In order to understand this in more detail, we
have mapped water transport pathways from the atmospheric
moisture back trajectories (Fig. 12).

The Lagrangian results shows that atmospheric water
paths over the Bay of Bengal are more prevalent for the July
2023 case than the 2013 event (Fig. 12b), a result similar to
the Eulerian higher-than-normal vapour transport map in
Fig. 5. It also indicates that the atmospheric water present

in the transport pathway is not originating from the Bay
of Bengal. The dominant in-land water transport pathways
during June 2013 are also evident in Fig. 12a but the closed
cyclonic systems are not noticeable. To explain this, we have
plotted the age of atmospheric water, which shows the time
remaining for moisture to reach the extreme rainfall location
in the NIS from each point along its trajectory (Supporting
Information Fig. S3). Whether it was possible to observe a
cyclonic system in water transport field depends on the loca-
tion and timing of atmospheric moisture relative to the pres-
ence of cyclonic systems. Supporting Information Fig. S3a
demonstrates that, 4 days prior to the extreme rainfall, the
evaporated atmospheric moisture was mostly present along
a channel stretching from the Arabian Sea to the NIS. The
IVT in Fig. 3 also reveals that, 4 days prior (i.e., from June
14, 2013, onwards), the cyclonic systems could not be dis-
tinctly identified. The presence of closed cyclonic vorticity
systems in relative vorticity field (Fig. 2), combined with
their absence in IVT, indicates that the cyclonic systems
were not directly carrying the moisture but were influencing
its pathways.

4 Discussion and conclusion

Floods along with avalanches, debris flow and landslides
are frequent hazards in the mountainous regions (Stdubli
et al. 2018). The Indian Himalayan region is particularly
vulnerable to such phenomena (Lindell et al. 2019; Dash and
Punia 2019). During the Indian summer monsoon, the Indian
Himalayan region experiences intense and sustained rain-
fall that sometimes leads to floods (Nagamani et al. 2024).
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Fig. 12 Atmospheric moisture parcel position probability map (%).
This has been calculated by considering all the atmospheric water tra-
jectories that reached the surface after backward tracing of precipi-
tation from the North Indian Subcontinent box (27°N-36°N, 72°E—
83°E and represented by the black dashed box) for (a) the 17th June
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2013 and (b) 8th July 2023 events. As the moisture parcels approach
the target area they will start to concentrate. This will lead to high
values of atmospheric moisture parcel position probability near the
target region. To clearly visualize the pathways of ocean origin mois-
ture parcels also we have used two different colour maps and scales
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The Intergovernmental Panel on Climate Change (IPCC)
unequivocally stated in their recent report that water-related
hazards like floods will have increased damage and losses as
the global warming level increases between 1.5°C and 3°C
(Adler et al. 2022). Many scientific studies have also showed
that the frequency of extreme events in the mountainous
regions is increasing due to climate change (Baidya et al.
2008; Vogel et al. 2020). There is therefore an urgent need
for the scientific community to identify the dynamical pro-
cesses responsible for these mountain floods and to ensure
these processes are correctly represented in the numerical
models used for precipitation and flood forecasting.

Earlier meteorological studies on floods over the Indian
Himalayan region have mostly comprised a broad overview
of the large-scale atmospheric circulation pattern responsible
for such events, without providing detailed information on
the associated dynamical patterns. In the present study, we
have used a combination of Eulerian maps and a Lagrangian
parcel tracing algorithm, TRACMASS, to identify the air
and water-mass sources and their pathways responsible for
the June 2013 Uttarakhand and July 2023 Himachal Pradesh
floods. By doing so we have elucidated the similarities and
differences in the atmospheric circulation during these two
flood case studies.

The results obtained from ERAS reanalysis and GPM-
IMERG observations show that, during the Uttarakhand
flood, rainfall started to intensify from 13th June 2013
onwards and reached its peak on 17th June, while for the
Himachal Pradesh flood, precipitation started to increase
from 4th July 2023 and peaked on 8th July 2023. The pres-
ence and merging of two low pressure systems in the north
Indian Ocean were found to be a main contributing factor for
the 2013 flood event. These synoptic weather systems helped
to create a channel of vapour transport from the Arabian
Sea to NIS, which supplies moisture for extreme rainfall,
resulting in flooding. In contrast, a southward shift of the
monsoon trough and associated vapour transport over the
Arabian Sea and Bay of Bengal was found to be important
for the 2023 flood event.

Examination of the upper-level atmosphere during these
two flood cases revealed southward incursion of the subtrop-
ical jet stream as a common factor, a result consistent with
earlier studies (Gupta et al. 2024; Raghuvanshi and Agar-
wal 2024). Additionally, it has been noted that the incursion
occurs on the west side of the flood area and not directly
over it. A time series of upper-level divergence confirms
that, due to the subtropical jet incursion on the west side
of the flood area, meridional wind divergence accompanied
by zonal wind convergence occurs directly over the flood-
hit location at upper levels. The strong correlation between
upper-level divergence and rainfall time series confirms the
role of southward intrusion of the subtropical jet stream in
creating these two flood events.

Zonal winds mapped in the upper levels reveal a possi-
ble connection between the southward displacement of the
subtropical jet stream and the subpolar jet. To confirm this,
we back-traced upper-level air parcels which move south-
ward with the subtropical jet. The back trajectories clearly
demonstrate that southward movement of the subtropical jet
stream is associated with southward movement of the subpo-
lar jet. Detailed analysis of the pathways reveals the role of
upper-level easterlies and ascending air from the lower level
cross-equatorial monsoon flow to higher atmospheric levels
in advance of the 2023 Himachal Pradesh floods. Moreover,
we also found that key meridional divergence during the
2013 flood event was associated with the upper-level mid-
latitude westerly winds. Whereas, during the 2023 case, the
upper level easterlies (with a relatively small contribution
from westerlies) converged to produce the necessary meridi-
onal wind divergence.

The back-tracking of extreme precipitation during the two
cases shows that in-land evaporation contributions are more
substantial for the 2013 flood than that of 2023. Addition-
ally, the western Indian Ocean was found to be the major
non-local source for the Uttrakhand flood of 2013. For the
2023 flood, two evaporative channels starting close to Mada-
gascar are identified as contributing to high rainfall across
North India. The Bay of Bengal participates in these two
extreme rainfall events only as the pathway for vapour trans-
port, and not directly as a moisture source. The Lagrangian
vapour transport maps closely resemble the corresponding
Eulerian maps, in which in-land moisture transport is identi-
fied as a dominant factor for the Uttarakhand flood. In con-
trast, the north Indian oceanic moisture pathway is found to
be important for the 2023 Himachal Pradesh flood. All the
important findings of the present study are summarised sche-
matically in Fig. 13. Note that the low level moisture laden
flow from the evaporative source regions to the extreme rain-
fall locations is part of the monsoonal flow regime. There-
fore, it is important to further investigate factors influenc-
ing the moisture transport pathways, such as the Southern
Hemisphere Annular Mode (Dou et al. 2017), Freeze-Thaw
cycles of the Tibetan Plateau (Zha and Wu 2025), El Nifio-
Southern Oscillation (Webster et al. 1998; Zhang et al. 2024)
and other dynamic processes during extreme rainfall events.

In conclusion, the present study has revealed a new
dynamical mechanism that leads to extreme rainfall over the
foothills of Himalayas. Previous studies emphasised a role
for the subtropical jet stream in the development of upper
level divergence, associated with lower level convergence.
Here, we further show the key role of subpolar jet stream
in displacing the subtropical jet stream southwards, as an
essential factor ahead of those devastating floods. We addi-
tionally emphasise that although the 2013 and 2023 floods
over North India are associated with similar broad-scale
atmospheric circulation, our detailed analysis reveals clear
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Fig. 13 Schematic representations of mechanisms responsible for the June 2013 Uttarakhand flood and July 2023 Himachal Pradesh flood. The
white arrow represents the subtropical jet stream while the red arrow corresponds to upper-level easterly winds

differences in the synoptic details. We acknowledge that
many questions still need to be answered, such as whether
Rossby wave breaking plays a key role in southward move-
ment of the jet streams, why the two cyclonic systems were
present before the June 2013 event, the reasons for differ-
ent moisture sources, and whether these are related to the
location of subtropical and subpolar jet interactions. It is
important to note that previous studies (e.g., Vellore et al.
(2016, 2020)) have demonstrated the role of Rossby wave
breaking (RWB) in the June 2013 event, highlighting its
contribution to the southward displacement of jet streams
and the equatorward movement of high PV air from higher
latitudes. While the equatorward movement of high PV air
can be a signature of RWB, it is not always indicative of
it. High PV air can move equatorward without undergoing
irreversible mixing-an important characteristic of RWB-par-
ticularly when jet stream undulations result from small-scale
transient baroclinic waves, sudden stratospheric warming
(Toptunova et al. 2025), Arctic amplification (Francis and
Vavrus 2015; Geen et al. 2023) or other dynamic processes.
A sophisticated PV-based tracking algorithm is useful to
precisely detect RWB events (e.g., Tamarin-Brodsky and
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Harnik (2024)). However, since the present study did not
employ such an algorithm, it cannot confirm whether RWB
played a role in the formation of jet stream troughs dur-
ing the June 2013 and July 2023 events. From a forecast-
ing perspective, it would be insightful to further establish
the sensitivity of North India floods to latitudinal position
of the subpolar jet stream. The present study could accord-
ingly be extended to include many more flood case studies,
to determine whether interaction of the subpolar and sub-
tropical jet streams is a more robust, and hence predictable,
phenomenon. The upstream drivers of extreme monsoon
rainfall identified here, specifically evaporation over the
Indian Ocean at lead times of days-weeks, further indicates
the potential for improved operational forecast skill. A valu-
able addition to the existing forecasting capabilities would
be running TRACMASS on-line with a forecast model. The
operational use of the TRACMASS algorithm can provide
detailed insights into the sources of evaporation, the trans-
port pathways of evaporative parcels, and their residence
time in the atmosphere during extreme rainfall forecasting.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-025-07712-w.
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