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Atmospheric rivers that make landfall in India are
associated with flooding
Shanti Shwarup Mahto 1, Munir Ahmad Nayak 2, Dennis P. Lettenmaier3 & Vimal Mishra 1,4✉

Atmospheric rivers often cause extreme precipitation at landfall, leading to floods. However,

the underlying physical mechanism of atmospheric rivers and their linkage with flooding in

India remain unrecognized. Here we use reanalysis and observations to diagnose the drivers

of atmospheric rivers and unravel their crucial role in extreme precipitation and floods during

1951–2020. Moisture transport has significantly increased during 1951–2020, which is

associated with strengthening winds that transport water vapor from the oceans. However,

while there is a suggestive corresponding increase in the frequency of atmospheric rivers, it is

not statistically significant. The atmospheric river catalogue that we developed shows that

about 65% of landfalling atmospheric river were linked to floods during the 1985–2020

period. In addition, seven of India’s ten most severe floods in the summer monsoon season

with substantial mortality were associated with atmospheric rivers. Better understanding and

prediction of atmospheric rivers is crucial for flood mitigation.
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The summer monsoon season brings copious rainfall to
India, resulting from moisture-laden winds that reach the
subcontinent and originate near the equator1. Extreme

precipitation events in the region occur almost exclusively during
the summer monsoon, albeit with substantial interannual and
intraseasonal variability2–4. Daily and sub-daily precipitation
extremes have increased in recent decades and are likely to rise as
the climate continues to warm5,6. India experiences floods mainly
caused by extreme precipitation, which result in annual economic
losses that average about USD 3 billion annually7. Some extreme
precipitation events can be attributed to the landfalling atmo-
spheric rivers (ARs), defined as long and narrow corridors of
strong horizontal water vapor transport8. Extreme precipitation
caused by ARs often triggers large floods over the coastal western
United States8,9. ARs have emerged as the dominant source of
moisture transport in several regions across the globe10–16, a list
to which we show the Indian subcontinent can now be added.

Atmospheric rivers can be classified based on the magnitude of
their moisture transport and impacts on the land surface17.
Atmospheric pressure gradients and moisture availability allow
ARs to persist for periods as long as a week17,18. The magnitude
of ARs increases with their duration, related to the size of the
moisture uptake region over oceans17. For instance, long-
duration ARs that affect the Western U.S. have a moisture
uptake region that includes most of the northern Pacific Ocean10.
Increased frequency and intensity of ARs have been observed in
many areas across the globe10 and are expected to increase further
in a warmer world18,19. However, changes in ARs in the south
Asian monsoon region have remained unrecognized primarily
due to strong seasonality in precipitation and synoptic scale
monsoonal flow10,16,18. Therefore, identifying the drivers of
monsoon season, ARs deserves a separate investigation20. The
south Asian monsoon system is projected to transport more
moisture under a warming climate3,10,21, which may lead to an
increased frequency of ARs making landfall over India.

Notwithstanding the prominent role of ARs in extreme pre-
cipitation and flooding and their benefits for water supply17, the
characteristics and driving mechanisms of ARs in India remain
largely unrecognized22,23. Moreover, flooding due to multiday
extreme precipitation has substantially increased in India in the
recent past3,4,6, which is projected to increase further in the
future24. Here, we use high-resolution atmospheric fields from
the European Reanalysis Version 5 (ERA5)25 along with observed
precipitation from the India Meteorological Department
(IMD)26, and a historical flood database from Dartmouth Flood
Observatory, the University of Colorado, USA (https://
floodobservatory.colorado.edu/Archives/index.html) to examine
the occurrence of ARs and their linkage with major floods in
India over the last 70 years.

Results and discussion
Observed changes in atmospheric rivers. We identified ARs
using the methodology developed in the previous studies20,27,
which is applied to daily Vertically Integrated Vapor Transport
(IVT) exceeding the 85th percentile (on an ERA5 grid cell basis)
to perform a preliminary identification of clusters forming ARs.
Dimensional criteria (length, width, circularity) were then applied
to obtain a final set of ARs (Fig. S1, see methods for details). On
this basis, we found that India experienced 596 major AR events
from 1951–2020, totaling 1520 AR days. More than 95% (574 AR
events or 1497 AR days) of these ARs occurred during the
summer monsoon season (June-September). We focused only on
those ARs that occurred in the summer monsoon season, as only
about 4% of total ARs by number (and 3% of AR days) happened
during the non-monsoon season during the 1951–2020 period.

During the summer monsoon, ARs occur about 28% of the days
in July, followed by August (22%), June (15%), and September
(6%) [Fig. S1a]. Strong seasonality in moisture transport prevails
over all parts of India, which accounts for the dominance of the
summer monsoon in the AR statistics. For instance, vertically
integrated vapor transport (IVT) is low (~150 kg m−1 s−1) during
January-May, but rapidly increases during the monsoon season to
an average of ~350 kg m−1 s−1. IVT declines (to an average of less
than 200 kg m−1 s−1) during the post-monsoon season (Fig. S1b).
Area average mean IVT is anomalously high (greater than
500 kg m−1 s−1) during the summer monsoon season period over
the Arabian Sea, Bay of Bengal, and parts of the Indian land mass
(Fig. S2).

Our analysis indicates that AR-related moisture transport over
India has a considerable spatial variability (see also ref. 23). In
particular, the eastern part of the Indo-Gangetic plain and
peninsular India experience higher IVT (>500 kg m−1 s−1) than
the other regions (Fig. S3). Consistent with relatively higher IVT,
the frequency of occurrence of ARs is also higher in the lower
Indo-Gangetic plain and peninsular India during the summer
monsoon season (Fig. S1c). ARs affect peninsular India during
the summer monsoon season, while northern India experiences
ARs mainly in July and August (Fig. S4).

We find a moderately increasing trend but not significant in
the frequency of ARs in the summer monsoon season during
1951–2020 (Fig. 1a). On the other hand, the mean IVT anomaly
(40-120E, 10S-25N) in the summer monsoon season has
significantly (p-value= 0.0001) increased (Fig. 1b). The increase
in IVT during the summer monsoon season can be partly
associated with the warming climate that accelerates anomalous
moisture uptake10, leading to the rising trend in the frequency of
ARs19,28. Our results show that the parts of the Arabian Sea,
northern India, and peninsular India experienced a significant
increase in the AR frequency during the summer monsoon season
(Fig. 1c). We hypothesize that this increase in AR frequency
results in the observed rise in extreme precipitation over
India7,23,29,30, which in turn has caused increased flooding31,32.
A similar link has been reported for other regions10,17,19,33,34.
However, this linkage between ARs and flooding in India has
been unrecognized.

Out of the top 1/3rd (~190 out of 574) AR events, 54% occurred
in the most recent three decades (1991–2020) [Fig. S12], with a
severity 10% higher than the average severity score of all ARs.
Therefore, the frequency and severity of ARs show an increasing
trend in India in recent decades. We provide the list of ARs, which
displays a decreasing order of severity (see AR catalog, Supple-
mental Data 1). Both the maximum and mean IVT of ARs over
land have also increased significantly (p < 0.05) over the period
1951–2020 at a rate of ~1 kgm−1 s−1 and 0.3 kg m-1 s-1 per year,
respectively (Fig. S5), with the most prominent increase over the
Indo-Gangetic plain and peninsular India (Fig. S5c).

Drivers of anomalous moisture transport during ARs. We
examined the drivers of increased IVT during ARs in India
(Fig. 2). We estimated the dynamic contribution from wind and
specific humidity to IVT anomalies during ARs (see methods for
details). We find that moisture-carrying wind plays the most
prominent role in determining the IVT anomaly during ARs,
with about 90% contribution to IVT (Fig. 2a). The remaining 10%
is contributed by specific humidity assuming that the nonlinear
contribution is negligible (Fig. 2b–d). Both wind speed and spe-
cific humidity have significantly (p= 0.001 and 0.009) increased
in the summer monsoon season during the 1951–2020 period
(Fig. 2e, f). Our results show that the strengthening of moisture-
carrying winds and increased specific humidity (Fig. 2e, f) both
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contributed to increasing mean summer monsoon IVT in India
(Fig. 1b). Area-averaged (40-120E, 10S-25N) IVT anomalies in
the summer monsoon season are strongly associated with the
strength of the moisture-laden wind (r= 0.74). The summer
monsoon season is accompanied by low-level (~850 hPa or

2000 km) clouds35, which are influenced by strong wind and high
IVT leading to ARs in India. ARs in the south Asian region are
distinguished by high IVT (greater than 500 kg m−1 s−1) and
river-like structures, which are absent during the regular mon-
soon episodes20.

We also examined the thermodynamic drivers contributing to
changes in wind and specific humidity anomalies during ARs
(Fig. S6). We created composites of mean sea level pressure
(MSLP, hPa), vapor pressure deficit (VPD, kPa), and ocean
evaporation (ET, mm) anomalies during the ARs in the summer
monsoon season for two (1951–1985 and 1986–2020) periods
(Fig. S6, S7). Ocean-to-land horizontal pressure gradients prevail
during the summer monsoon season, which drives moisture-
laden monsoon winds towards the Indian region. MSLP and
VPD have significantly increased over the equatorial Indian
Ocean in the recent period (1986-2020) compared to 1951-1985
(Fig. S6, S7). The increased VPD anomaly over the Indian Ocean
has been attributed to enhanced net radiation36,37. Evaporation
from the ocean, the predominant monsoon moisture source, has
increased due to increased VPD and ocean heat content during
the recent period (Fig. S6 and S7). Increased evaporation can
also be partly linked with the SST warming over the Indian
ocean38. Enhanced evaporation from the ocean caused a rise in
specific humidity, which led to increased IVT over the Indian
region.

The linkage between ARs and flooding in India. To establish the
linkage between ARs and flooding, we examined the observed
(1985–2020) floods that caused high mortality in India using the
Dartmouth Flood Observatory (DFO) database (Fig. 3). Floods
included in the DFO over the above period occurred in most
regions in India (Fig. S8), especially the Indo-Gangetic Plain,
northeastern and central India, and Western Ghats (Fig. 3a).
Many regions in India are affected by floods that mostly occur
during the summer monsoon season (Fig. 3b). For instance,
during each year of the last decade, at least 0.1 million km2, or
more than 3% of the total geographical area of India, has been
affected by floods. While floods cause damage to infrastructure
and agricultural production and disrupt almost all aspects of
human lives, their most devastating impact is human mortality
(Fig. 3c, d). In particular, each of the ten floods over the period
1985-2015 caused more than 1000 deaths in India (Fig. 3c, d).
Moreover, millions of people have been displaced by major floods
in India, mainly in the northeast (Fig. 3e, f). For instance, more
than 35 million people were displaced by floods in both 2000 and
2004 (Fig. 3f). Short-duration extreme rainfall and multiday
continuous rainfall over wet land surfaces (high antecedent soil
moisture) are the major drivers of floods in India39,40. Moreover,
atmospheric conditions and the availability of moisture sources
also favors floods39. While floods remain among the deadliest
natural disasters in India and are caused mainly by extreme
precipitation, it remains unclear the extent to which major floods
in India are associated with ARs.

In an attempt to examine the role of ARs in floods during the
summer monsoon season in India, we estimated the contribution
of ARs to extreme precipitation during the monsoon season. We
find that ARs contribute about 13% of India’s summer monsoon
precipitation (Fig. S9a, b). Their contribution is slightly higher
(more than 16%) over central India and western Ghats compared
to other parts of India (Fig. S9b). The total precipitation
contribution from ARs during the summer monsoon season
has significantly (p < 0.05) increased during 1951–2020 (Fig. S9c).

India receives almost half of its monsoon precipitation from
extreme rainfall events (Fig. S9d), where extreme precipitation is
defined as exceeding the 95th percentile of the daily rainfall

Fig. 1 Changes in atmospheric rivers in India in the summer monsoon season
(JJAS, June-September) during 1951–2020. a Trend in the frequency of
occurrence of ARs (%) during 1951–2020; b Trend in the summer monsoon
season IVT anomaly (kg m−1 s−1). Solid lines in (a, b) indicate the linear trend
and 10-year moving mean, respectively; c Long-term (1951–2020) change in
the frequency of ARs in India. Trend and change (trend slope multiplied by
duration) were estimated using the non-parametric Mann-Kendall trend test
and Sen slope estimator. Statistical significance was estimated at 5% level,
therefore, p <0.05 indicate significant trend/change. Stippling in (c) shows the
regions with statistically significant change in the frequency of ARs.
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distribution. We estimated the fraction of upper 95th percentile
daily precipitation associated with ARs during the summer
monsoon season. Using this definition, about 18-24% of the total
extreme precipitation over the Indian land mass was related to
ARs during the 1951–2020 period (Fig. S9e), with a more
prominent (~28%) contribution in the Western Ghats and
Central India, which can be partly attributed to orography.
Orography plays a crucial role in extreme precipitation over the
Western Ghats and foothills of the Himalayas41,42 (also see
Fig. S9). High-altitude topographical features promote the uplift
of moisture-laden winds that helps ARs to drop moisture and
cause extreme precipitation43–45.

In addition to the statistically significant increase in AR
contribution to summer monsoon precipitation, the all-India-
averaged extreme precipitation (exceeding 95th percentile)
contribution from ARs in the summer monsoon season has also
increased (p < 0.05) (Fig. S9f). We note that the extreme
precipitation contribution from ARs in the summer monsoon
season does not include the contribution from deep depressions
and cyclone-like features. Tropical cyclones and deep depressions

(the terms area synonymous) are synoptic-scale features which
can also interact with ARs20. Cyclonic features mostly evolve in
South Asia’s pre and post-monsoon seasons46,47. Therefore, the
extreme precipitation contribution from cyclonic features in the
summer monsoon season is negligible47, and was not considered
in our analysis. We used a criterion of circularity greater than 0.5
to exclude deep depression features from our analysis (see
methods for details). We also estimated the area affected by
extreme precipitation for the days when ARs passed over the
Indian landmass. This number (20%, 0.66 million km2) is about
double the area affected by extreme precipitation in the absence
of ARs (Fig. S10). The larger area of extreme precipitation
associated with ARs results from the larger area of AR-related
extreme precipitation events3,48. Our results show that the
variability in the area of AR-related extreme precipitation is
strongly associated with the changes in winds and humidity
during the summer monsoon season (Fig. 2e, f). Overall, extreme
precipitation from ARs and the associated affected area has
increased significantly during the summer monsoon season in
India over the period 1951–2020 (p < 0.05).

Fig. 2 Major drivers of changes in IVT during 1951–2020. a IVT anomaly composite for atmospheric rivers during the summer monsoon in India at
850hPa level (valid between the 1000–675 hPa range68), b contribution to IVT from wind at 850hpa, c contribution in IVT due to specific humidity, and
d contribution due to nonlinearity between wind and specific humidity based on the mass decomposition method67, and (e, f) trends in standardized
anomaly of wind and specific humidity during the summer monsoon season for 1951–2020 period. Lines in (e, f) represent the linear trend and 10-year
moving average. Trend and change (trend slope multiplied by duration) were estimated using the non-parametric Mann-Kendall trend test and Sen slope
estimator. Statistical significance was estimated at 5% level, therefore, p < 0.05 shows significant trend/change.
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Finally, we examined the role of ARs in India’s ten greatest
floods during 1985–2020 (Fig. S11, Table S1). We identified the
ten largest floods based on flood severity and the number of
deaths (see methods for details) reported by the Dartmouth Flood
Observatory (DFO) for the period 1985–2020. The fraction of
ARs that cause floods (flood-associated ARs) was based on floods
that were reported (in the DFO flood database) and overlapped
with the AR-affected area during the flood event (Fig. 4a, b;
Supplemental Data 1). A total of 292 ARs occurred in the summer
monsoon season (1985–2020), or an average of 49 ARs per six
years, of which 65% (~32 ARs) were associated with floods

(Fig. 4a). The percentage of flood-associated ARs in last two
decade is nearly 72% (Fig. 4a). Among the most severe ARs (top
1/3rd) in post 1985 period, 63 AR events occurred in the last two
decades (after 2003) [Fig. S12b], of which 82% (~52 ARs) were
associated with floods (Fig. 4b). Moreover, severity of flood-
associated ARs was higher in the last two decades (2003–2020)
compared to flood-associated ARs in the 1985-2002 period
(Fig. 4c). We do note that while the above statistics are suggestive
of trends, the changes in the frequency and severity of the flood
associated ARs are not statistically significant for our 1985–2020
analysis period.

Fig. 3 Major floods during the summer monsoon season (June-September) in India during 1985–2020. a Flood locations with color scale representing
the total geographical area affected (in million km2). b Average area affected by floods during 1985–2020. c Deaths reported due to the major floods along
with their locations. d Total deaths reported each year during 1985–2020. e People displaced due to floods and their locations. f Total population displaced
each year due to floods. The major flood data base was obtained from the Dartmouth Flood Observatory, University of Colorado, USA (available at https://
floodobservatory.colorado.edu/Archives/index.html).
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Out of the ten floods during 1985–2020 that caused the highest
mortality, seven (in 2013, 2007, 1988, 2018, 2006, 1993, and 2004)
were associated with ARs (Fig. S11, Table S1). These floods
caused the loss of more than 9000 human lives and billions of US
dollars in damage (Global Active Archive of Large Flood Events,
DFO). The most devastating flood during 12-27th June 2013 in
Uttarakhand alone took around 6000 human lives49. AR-

associated rainfall during the two highest rainfall days (16-17th

June 2013) dropped more than 350 mm (375% departure from
the long-term mean) of rainfall over the Uttarakhand region
(Fig. S11a-c) with a 3-day accumulated rainfall of more than
400 mm over the region50. This event triggered landslides and
flash floods49,51,52. An unabated supply of moisture from the
Indo-Gangetic branch of the AR was one of the main drivers of
the extreme precipitation over north India in this event.

ARs also caused floods in 2007 (July-August) and 1988
(September), with extreme loss of life over the eastern and north-
western parts of India (Fig. S11e, h). The extent of flood impacts
in the 2007 event was spread across the South Asian countries,
including India, taking the lives of more than 2000 people53.
Similarly, the September 1988 event, caused by an AR, led to
especially disastrous floods in the Punjab state54. The other two
major flood events that led to extreme loss of life affected the
western peninsular regions of India. The Kerala flood in August
2018 took the lives of over 400 people and displaced a million
more55,56. The anomalous moisture supplied by the August 2018
event caused massive flooding. The southern part of Gujarat
experienced the worst flood of record due to the August 2006 AR,
which inundated more than 80% of Surat City57. The Indo-
Gangetic plain and Assam witnessed more than 500 deaths and
agricultural damage caused by extreme rainfall due to an AR in
July 199358. The Nepal region experienced record-breaking
precipitation in July 1993 caused by an AR59. Similarly, AR in
2004 contributed to hazardous floods in Eastern India and
Bangladesh that affected the lives and property of about 70
million people60. Other major flood events in the summer
monsoon season associated with landfalling ARs occurred in
2000, 2008, and 1985. Overall, 70% of India’s major flood events
in the summer monsoon season were directly associated with ARs
during the 1985–2020 period.

Conclusions
We examined landfalling ARs during the summer monsoon, which
has implications for water resources and deleterious flood hazards
in India since they can deliver enormous amounts of precipitation
within a few hours or days9,13,31. A warming climate is increasing
the moisture-holding capacity of ARs10,28,61, which leads to con-
cerns about more devastating floods in the future. The ARs pre-
dominantly occur in the summer monsoon season in India, which
passes through the Indian sub-continent from west to east. A total
of 574 ARs occurred in the summer monsoon season during
1951–2020, with the frequency of ARs increasing over time.
Moreover, in the last two decades, nearly 80% of the most severe
ARs (top 1/3rd AR events, Supplemental Data 1) caused floods in
India. Warmer SSTs over the south-central Indian Ocean play a
crucial role in the development of ARs. Evaporation from the
Indian Ocean has significantly increased in recent decades due to an
increase in VPD. The frequency of ARs and floods caused by them
has increased recently as the climate has warmed. Floods have

Fig. 4 Flood associated atmospheric rivers in India during 1985–2020.
a Percentage of flood-associated AR events during 1985–2020 period
(flood database was only available for the post 1985 period). A total of 292
AR events were identified between 1985 and 2020. b Percentage of flood-
associated ARs among the top 1/3rd events (~100) in the 1985–2020
period, sorted by decreasing order of severity score (see Eq. 4 for details).
c Normalized mean severity score of flood-associated AR events for the top
1/3rd events during the1985–2020 period. ARs were identified using ERA5
reanalysis. Database of major floods in India was compiled using the
number of deaths reported during each flood in the Dartmouth Flood
Observatory, University of Colorado, USA (available at https://
floodobservatory.colorado.edu/Archives/index.html).
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devastating impacts on the economy and society62–64, and under-
standing the role of ARs in the observed and projected future cli-
mate is crucial in mitigating the flood risks. In addition, ARs should
be an integral part of the existing flood early warning systems in
India, which can help in adaptation and mitigation.

Data and methods
Hydrometeorological data. We used vertically integrated water
vapor transport (IVT) to identify atmospheric rivers (ARs) over
India [40°E to120°E and −15°S to 40°N] for the 1951–2020
period. We computed IVT (kg m−1 s−1) using the vertical inte-
gral of eastward and northward water vapor flux collected from
the 5th generation European Centre for Medium-Range Weather
Forecasts (ECMWF) Reanalysis [ERA525] as:

IVT ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

qu
2 þ qv

2
q

ð1Þ

Where qu and qv are the vertical integrals of eastward and
northward water vapor flux derived from ERA5 reanalysis,
respectively. ERA5 integrates qu and qv over the pressure levels
between the surface (~1000 hPa) and the top of the 18 km thick
atmosphere (~10 hPa). We used the ERA5 reanalysis because it
has been shown to perform better than other reanalysis products
for hydrological and meteorological applications in the Indian
region65,66. We used specific humidity (q), u, and v components
of wind at 850hPa from the ERA5 reanalysis to examine the
dynamic mechanism of atmospheric rivers in the Indian region.
We used 2 m surface air temperature (T) and dew point tem-
perature (DPT) from ERA5 reanalysis to estimate vapor pressure
deficit (VPD) over the land and the Indian Ocean. We also used
ocean evaporation (ET) and mean sea level pressure (MSLP) from
ERA5 to examine the thermodynamic mechanisms of ARs. We
applied a dynamic mass decomposition method67 to estimate the
individual contributions of wind and humidity in generating the
moisture flux magnitude (IVT). The decomposition method
(Eq. 2) describes the change (anomaly) in IVT as a function of the
fractional change in the wind and specific humidity. The
decomposition of the moisture flux anomaly was obtained as:

ðqwÞ0 ¼ �qw0 þ q0�wþ q0w0 ð2Þ
where w and q are the wind velocity (m s−1) and specific
humidity (kg kg−1) at 850hPa level, respectively. The overbar
and prime denote the long-term climatological mean and
anomaly, respectively. Equation 2 represents a section of IVT at
850hPa, which is the average height (~2000 m) of monsoonal
moisture flow35. Due to the limitation of vertically integrated
components of wind and specific humidity, we used wind (w)
and humidity (q) at 850hPa to examine the dynamics of ARs.
The wind and humidity variables reach their maximum at or
near 850hPa between the layers from 1000 hPa to 675hPa as in68.
Thus, ðqwÞ0 represents the IVT anomaly estimated between 1000
and 675 hPa pressure levels. Similarly, �qw0 and q0 �w represent the
linear contribution from w and q anomalies, respectively,
whereas q0w0 represents the nonlinear (combination of both q
and w) contributions to the anomalous moisture flux. The wind
and specific humidity from ERA5 are considered reliable over
spatial and temporal scales69. For instance, ERA5 reproduces
wind speed and humidity reliably compared with ground
observations and radiosonde measurements70–72.

Similarly, we used precipitation (P) from ERA5 to estimate
extreme rainfall and flood severity associated with ARs over
India. We also used observed precipitation from the India
Meteorological Department (IMD) to evaluate the robustness of
the ERA5 reanalysis in capturing extreme rainfall during flood
events (Fig. S11). We used the zonal (east-west) and meridional
(north-south) wind components from ERA5 reanalysis at 850hPa

to estimate the direction of moisture flow in the AR, which is the
similar as directions given by the resultant of qu and qv.

Identification of ARs in India. We used a daily threshold IVT
magnitude to identify landfalling ARs18,73,74. The continuous
transport of water vapor by monsoonal flow in south Asia usually
persists for more than a day and can have associated IVT of up to
350 kg m−1 s−1. A fixed IVT threshold (250 kg m−1 s−1) gen-
erates a preliminary cluster of large area due to high monsoonal
flow (Fig. S13), which may increase the frequency of occurrence
of AR at each grid (Fig. S14). The large area of the identified
cluster may not fulfill all the conditions required to be categorized
as an AR75. Moreover, despite high monsoonal flow, IVT has
substantial spatial variations across India, especially over the
high-altitude and arid regions, where IVT is limited to about
150 kg m−1 s−176. Therefore, we used a threshold of the 85th

percentile of the daily IVT for each grid instead of taking a fixed
threshold of IVT to account for the large spatial variability in
IVT27. A recent study20 emphasized that ARs over the Indian
region have a big seasonal difference in IVT magnitude. There-
fore, these deserve investigation using a modified AR identifica-
tion algorithm specific to the monsoonal region. We developed an
algorithm to detect ARs in the south Asian region using the
methodology presented in the recent studies20,27,30,34.

Initially, we identified the grid cells with IVT each day that
exceeded the 85th percentile of IVT. To estimate the climatological
mean IVT of a given day, we used a moving window of 15 days
(7 days before, current day, and seven days after) for the 1951–2020
period to avoid short-term fluctuations. Additionally, we required
the 85th percentile IVT to be greater than 150 kgm−1 s−1 to
confirm the higher strength of moisture transport in ARs27. The
average monthly mean IVT magnitude for each month was higher
than 150 kgm−1 s−1 (Fig. S1b), which was the criteria for selecting
the threshold. We made contiguous clusters from the selected grids
identified using the threshold. The clusters were identified using the
Image Segmentation Toolbox in MATLAB from the daily IVT
(>85th percentile and >150 kgm−1 s−1) layer, which was converted
to a binary image before processing. Small clusters were removed if
a cluster had less than 500 grids. The remaining clusters of grid
cells in the study region were flagged as preliminary ARs. Clusters
of IVT that either did not pass over India’s land part or had a lesser
area (~50,000 km2) were not considered as preliminary ARs.

We implemented two additional criteria to distinguish tropical
moisture flow (general monsoonal flow) from the ARs in the
south Asian region, as suggested in previous studies20,77. The
cluster of a preliminary AR was neglected if the grids in the extra
tropical region (beyond the 20°N latitude) covered less than 5% of
the total area of preliminary AR. We implemented this step to
remove east-west oriented moisture swells south of 20°N and to
preserve the AR characteristics of extra-tropical moisture
transport20. In the next step, we ensured that more than 50%
of the AR grids in the tropical region (20°N-20°S) should have
IVT direction more than 15°, as this criterion removes the
clusters that are in the tropics with minimum poleward
component20. Furthermore, to ensure that the severity of
landfalling ARs remains high to produce extreme precipitation
leading to flood, we considered only those clusters that had mean
IVT greater than 500 kg m−1 s−1 over the Indian landmass.

The geometric conditions we used for AR identification were
length greater than 2000 km and length to width ratio (LWratio)
greater than two. The AR length was calculated by joining the
grids of maximum meridional IVT within a qualified cluster27,30.
AR width was defined as the ratio of area to length, which was
also used to calculate the LW ratio for isolated contiguous
clusters. Deep depressions (moderate low-pressure systems) are
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sometimes expected during the summer monsoon season over the
Indian region and should not be confused with atmospheric
rivers31. ARs are more narrow and linear features, whereas
cyclones have circular features. Therefore, the clusters of
preliminary atmospheric rivers with circularity greater than 0.5
(circularity= 1 represents a full circle) and eccentricity less than
0.5 (eccentricity= 1 represents a linear shape) were excluded
from our analysis. Finally, the clusters preliminary ARs that
satisfied all the set criteria were considered the final ARs.
Persistent ARs for two days or more were considered as a single
AR event, where the total number of continuous days of an event
was the duration of the AR.

AR frequency and ranking criteria. We estimated the frequency
of ARs for each grid cell rather than just counting the AR days.
For a particular grid cell, we estimated the number of days for
which an AR was detected and passed over that grid cell.
Therefore, the AR frequency (% of time-step) is the number of
days for which an AR passed over the grid cell divided by the total
number of days during the 1951–2020 period (Eq. 3)77,78. We
ranked the atmospheric rivers based on their severity scores
(Eq. 4). The severity score is defined as the product of the areal
extent of an AR over land and its average IVT intensity over land
(taking the temporal mean if an AR has a duration of more than a
day). We normalized both the AR area and IVT intensity over
land on a scale of zero to one, keeping input parameters within a
consistent range and dimensionless before estimating the AR
severity score. The severity score measures the combined impact
of AR intensity and areal extent over the Indian landmass.

AR frequency at a grid cell ð%Þ ¼ Number of days withAR passes
total number of days

´ 100

ð3Þ

AR severity score ¼ normalize ðARs area over landÞ
´ normalize ðaverage IVT over landÞ ð4Þ

Extreme precipitation and major floods from ARs. Extreme
daily precipitation is considered to have occurred when the rainfall
for a particular day exceeds the 95th percentile (the threshold for
extreme rainfall based on days with rainfall exceeding 1 mm) for
the entire 1951–2020 period for a given grid cell. Since most AR
occurs during the monsoon season (JJAS; June to September), we
considered only those days that experienced an AR over a grid cell
during the summer monsoon season. We estimated the total
monsoon season precipitation contribution from ARs, extreme
precipitation contribution from ARs, and average area (number of
grids × 50 km ×50 km) that experienced extreme precipitation
each year from 1951–2020. We used the nonparametric Mann-
Kendall trend79 and Sen slope estimator80 to identify trends (at
the 5% significance level) in the summer monsoon season.

We identified major flood events in India during 1985–2020
from the Dartmouth Flood Observatory (DFO), University of
Colorado, USA (available at https://floodobservatory.colorado.
edu/Archives/index.html). DFO provides country-wise flood-
related details (location, area, began and end date, validation
source, death reported, people displaced, primary cause, and flood
severity) of major flood events (any flood with substantial damage
to properties, infrastructures or agriculture, and fatalities) from
1985 onwards. DFO assigns three flood severity classes. Class 1
are large flood events with a 10–20 years return period. Severity
class 1.5 are very large events with 20–100 years of return period,
and/or a local recurrence interval of at 1-2 decades and affecting a
large geographic region (>5000 sq. km). Similarly, class 2 severity
indicates extreme flood events with an estimated recurrence

interval greater than 100 years. The flood database provides a
long-term archive of major flood details for quick analysis;
however, there can be uncertainties in the beginning and end
dates (DFO). For instance, when only a month is reported in the
validation sources; DFO flood beginning date will be the middle
of that month and the same for the end date.

Since most annual precipitation occurs during the summer
monsoon season in India, we considered only flood events that
occurred during the monsoon season. We selected monsoon
season floods with DFO severity greater than or equal to 1.5
(DFO severity= 1.5 and 2 indicate very large and extreme flood
events, respectively; see Table S1). Finally, we ranked all the
monsoon season floods based on the number of deaths
(maximum casualty indicated by rank 1) and selected the ten
most severe flood events for further analysis. The ten most
severe flood events in the summer monsoon season in India that
caused the highest causalities and had a severity of more than
1.5 were selected (Table S1). We also assembled a catalog of
ARs during 1951–2020 with characteristics such as length, area,
duration, mean and maximum IVT magnitude, land area
affected, and flood association, if any (Supplemental Data 1).
The catalog provides information about the occurrence and
historical characteristics of ARs in India. In addition, the ARs
and corresponding floods caused by them can also be identified.
Similarly, a separate list for ARs in the non-monsoon season is
also provided (Table S2). However, our analysis mainly focused
on the ARs in the summer monsoon season.

Data availability
The dataset used in this study is publically available and can be obtained from the
European Centre for Medium-Range Weather Forecasts (ECMWF) 5th generation
atmospheric reanalysis (ERA5), which is distributed by the C3S CDS25 (https://doi.org/
10.24381/cds.adbb2d47), flood list from Dartmouth Flood Observatory, University of
Colorado, USA (available at https://floodobservatory.colorado.edu/Archives/index.html).

Code availability
The MATLAB code for atmospheric river identification methodology is available on
request.
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