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Abstract The core Indian monsoon region receives more than half of the rainfall extremes from
low-pressure systems (LPSs), which typically form over the Bay of Bengal and propagate upstream

against the time-mean low-level westerlies. Yet, the relationship between the trends of LPSs and rainfall
extremes remains uncertain. Using two tracking algorithms and reanalyses-derived LPSs, we find that
LPS activity and extreme rainfall exhibit coherent trends during the post-1979 satellite era. Over time,

the LPSs propagate preferentially into south-central India rather than north-central India, imparting a
corresponding dipole footprint in rainfall extremes. Consistent with existing theories that the diabatic
heating is instrumental in shifting the LPSs west-southwestward, the LPSs traveling through south-central
India have stronger updrafts on their west-southwestern flank than those passing through north-central
India. The increased frequency of LPSs propagating into south-central India is likely due to a strengthened
cross-equatorial moisture transport, which favors stronger storm ascents.

Plain Language Summary The South Asian synoptic-scale low-pressure systems (LPSs),
which typically form over the Bay of Bengal and propagate upstream against the time-mean low-level
westerlies, produce more than half of the summer rainfall extremes over the densely populated central
India. Given the vulnerability of societies in this region to rainfall extremes, investigating the connection
between LPSs and extreme rainfall regarding their long-term trends has important implications for
climate adaptation. Using two different tracking algorithms and reanalyses-derived LPS tracks, we find
that the trends of extreme rainfall and LPS activity exhibit a strong coherence during the post-1979
satellite era. Specifically, the LPSs prefer to propagate into south-central India than north-central India
over time, imparting a corresponding dipole footprint in rainfall extremes. In agreement with previous
studies that the LPS propagation is a combined effect of the northwestward-propagating component due to
horizontal nonlinear adiabatic advection and the southwestward-propagating component due to diabatic
heating, we notice that the LPSs migrating through the south-central India have stronger updrafts on their
west-southwestern flank compared to those passing through north-central India. Our results indicate that
the increasing number of LPSs propagating into south-central India is likely due to a strengthened cross-
equatorial moisture transport, which provides a wetter environment and favors stronger storm ascents.

1. Introduction

South Asia, one of the most densely populated regions in the world, receives more than 80% of annual
rainfall during the summer monsoon season (June-September, JJAS), when the monsoonal southwesterlies
transport abundant moisture from the tropical Indian Ocean into the subcontinent (e.g., Malik et al., 2016).
While agricultural yield and water resources in this region benefit from the monsoon rainfall, human lives
and infrastructures are, at the same time, threatened by the frequently occurring heavy downpour. Over In-
dia, extreme rainfall is closely tied to the synoptic-scale low-pressure systems (LPSs), which occur frequently
during the monsoon season with an average number of about 13 (+3) storms each summer (Krishnamurthy
& Ajaymohan, 2010; Praveen et al., 2015; Sikka, 1977). The Indian monsoon LPSs typically form over the
Bay of Bengal (BoB) and adjacent land, having a horizontal length scale of about 1,000-2,000 km, prop-
agating west-northwestward across central India, and terminating over northwestern India (e.g., Hunt
et al., 2016; Krishnamurthy & Ajaymohan, 2010). Indian LPSs are often categorized into monsoon lows,
monsoon depressions, and deep depressions based on the maximum sustained surface wind speed (i.e.,
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8.5-13.4 m/s for monsoon depressions, weaker for monsoon lows, and stronger for deep depressions). Even
though the Indian LPSs are typically weaker than tropical cyclones, they often initiate intense rainfall over
the west-southwest flank of the storm centers (Mooley, 1973; Yoon & Chen, 2005).

Fractionally, the Indian monsoon LPSs account for more than half of the Indian summer rainfall totals
and extremes (e.g., Hunt & Fletcher, 2019; Hurley & Boos, 2015). Given the predominance of monsoon
LPSs in shaping the Indian extreme rainfall, exploring the physical processes behind the long-term trend
of LPS activity and identifying the role of changing LPS activity in modulating the rainfall extremes have
potentially important implications for disaster risk management and future climate adaptation. Although
this topic has garnered a great deal of interest in the literature, the connections between the trends of LPS
and extreme rainfall remain elusive. Based on the manually compiled LPS tracks provided by the Indian
Meteorological Department (IMD), earlier studies have reported a downward trend in the occurrence of
depression-strength LPSs during the mid-20th to the early 21st centuries (e.g., Prajeesh et al., 2013; Vishnu
et al., 2016). However, this declining trend is opposite to the increasing trend of the very intense rainfall
events over central India as derived from the IMD gridded gauge observations (e.g., Goswami et al., 2006;
Pai et al., 2014; Rajeevan et al., 2008; Roxy et al., 2017). Ajayamohan et al. (2010) reconciled this contra-
diction by showing that the declining occurrence of depressions is overweighed by a rising occurrence
of low-strength LPSs, while others have proposed alternative mechanisms to explain the extreme rainfall
trend, such as urbanization (Shastri et al., 2015), tropical Indian Ocean warming (Goswami et al., 2006),
enhanced variability of the low-level monsoon westerlies over the Arabian Sea (Roxy et al., 2017), and in-
creased dew point temperature due to anthropogenic forcings (Mukherjee et al., 2018). Yet, the conflicting
trends of monsoon depression activity and rainfall extremes may be caused by uncertainties in the IMD
LPS and rainfall records. For example, Cohen and Boos (2014) and Vishnu et al. (2020) identified several
depression-strength LPSs in satellite measurements during the years when IMD recorded none. They also
showed that no detectable trend can be identified in either monsoon depressions or monsoon lows accord-
ing to reanalysis-based LPS tracks. Lin and Huybers (2019), on the other hand, pointed out that one of the
greatest uncertainties in estimating the Indian extreme rainfall trend comes from the temporal variations
in the rain-gauge network, which artificially enhanced rainfall extremes over central India after the 1970s
(see also Singh et al., 2019).

These conflicting results call for a revisit of the Indian LPS—extreme rainfall relationship, especially in terms
of their secular trends. In the present study, specific questions we seek to address include the following.
How have the Indian monsoon LPSs and extreme rainfall changed in the recent past? To what extent is the
trend in rainfall extremes accounted for by changing LPS activity and what are the physical mechanisms
underlying the trends? As possible errors in the IMD LPS records make observed LPS tracks less ideal for
trend analysis (Cohen & Boos, 2014; Vishnu et al., 2020), in the present study we pursue these questions and
test the robustness of our findings by utilizing reanalysis products and two independent tracking algorithms
to identify monsoon LPSs (includes monsoon lows, depressions, and deep depressions). The agreement be-
tween the two tracking methods can provide confidence for the robustness of our conclusions. Considering
the time period covered by reanalysis products, here we focus on the post-1979 satellite era spanning from
1979 to 2018.

2. Data and Method

Owing to the overall weaker intensity of Indian monsoon LPSs as compared to tropical cyclones, tracking
LPSs using reanalysis poses some challenges to the tracking algorithms. Previous studies have attempted to
track monsoon LPSs in various reanalysis products and model outputs (e.g., Hurley & Boos, 2015; Praveen
et al., 2015; Sandeep et al., 2018; Vishnu et al., 2020; You & Ting, 2021). Here, we follow the tracking
procedure discussed in You and Ting (2021) and You et al. (2021) but employ two different tracking algo-
rithms, that is, TempestExtremes (Ullrich & Zarzychi, 2017) and TRACK (K. I. Hodges, 1994, 1995, 1999),
to objectively track the JJAS Indian monsoon LPSs using the 6-hourly European Centre for Medium-Range
Weather Forecasts Interim Re-Analysis spanning 1979-2018 (ERA-L; Dee et al., 2011). Both algorithms have
been applied extensively to track tropical and extratropical cyclones (e.g., K. Hodges et al., 2017; Zarzycki
& Ullrich, 2017). The details of the tracking algorithms are provided in supplementary Text S1. Briefly, the
tracking algorithms identify and track 850 hPa relative vorticity local maxima exceeding 5x 10~° s™* at each
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time step. The vorticity field is first spectrally filtered to retain total wavenumber 5-42 to emphasize the syn-
optic-scale disturbances. The initial tracks are produced by connecting vorticity maxima at sequential time
steps. Among the identified tracks, only those accompanied by a minimum in sea level pressure anomaly
relative to the 21-day running mean, lasting at least 3 days, and having no less than one track point within
the domain 15°N-30°N, 75°E-90°E are retained. To evaluate the robustness of our conclusions, we verify
our results using the LPS tracks constructed by Vishnu et al. (2020), which are available for five reanalysis
products. Although Vishnu et al. (2020) also employed TempestExtremes, they detected LPSs based on the
850 hPa stream function.

To measure LPS activities, the genesis density, track density, and translation velocity are calculated. The
genesis (track) density indicates the frequency of LPSs that form near (pass through) a grid point and is
computed by counting the number of LPS genesis (track) points within 500 km of each grid point each sum-
mer from June to September. Because the LPS locations are reported at 6-hourly intervals, we further divide
the track density by four to convert the unit into number of LPS days. The translation velocity is computed
using neighboring track positions. To identify LPS-related rainfall, the gridded daily rainfall at 0.25° x 0.25°
resolution for the period 1979-2018 is taken from IMD, which contains the highest number of stations than
any gridded data sets currently available (Pai et al., 2014). To reduce the uncertainty arising from internal
noises, rainfall at each grid point is smoothed by pooling data from eight neighboring grid cells before any
analysis is performed (Figure S1). The ERA-I winds, precipitable water, and temperature are used to associ-
ate the synoptic LPS activity with the large-scale environment.

The trends of extreme precipitation and LPS activity are estimated through linear regressions, of which the
significance is tested by a nonparametric Mann-Kendall test (Kendall, 1975; Mann, 1945). As the number
of LPSs passing through a certain area is determined by multiple factors (i.e., genesis location, genesis
frequency, and propagation pathway) that are governed by very different physical processes, we adopt a de-
composition method to attribute the trend (e.g., Yokoi et al., 2013; You & Ting, 2021). Specifically, the total
number of LPSs passing through an area A [N(A)] in a given time period can be expressed as

N(A) = I1G(A))P(A.Ay)dA, m

where G(A,) denotes the total number of LPSs formed at grid point A,. P(A,A,) is the probability for LPSs
formed at A, to propagate into A, which ranges from 0 to 1. N(A) is therefore the spatial integration of the
product of G(A,) and P(A,A,) over all grid points in which LPSs form. The difference of N(A) between two
time periods [AN(A)] can be partitioned into

AN(A) = [T AG(4y) P(A,Ay)dA, + [T G(A))AP(A, Ay )dA, + I AG (A, ) AP(A,A,)dA, @

in which the three terms on the right-hand side represent the changes due to genesis, propagation, and a
nonlinear effect, respectively. Each of the three terms is further normalized by dividing by AN(A) to obtain
the normalized contributions.

3. Results
3.1. Association Between Extreme Rainfall and LPS Activity

To measure LPS activity, Figure 1 presents the climatologies of LPS genesis density, translation vectors,
and track density based on the LPS trajectories compiled by the two tracking algorithms. Both algorithms
provide a realistic representation of LPS activity as compared to the manually tracked records (Praveen
et al., 2015). The TempestExtremes and TRACK detect approximately 10.0 and 10.7 LPSs each summer,
respectively. The LPSs form most frequently over the BoB and adjoining land, migrating northwestward
across central India (Figures 1a, 1b, 1d, and 1e). Note that while the LPS track densities derived from Tem-
pestExtremes and TRACK feature a similar climatological pattern, the magnitude of the former is smaller
than the latter with the most significant difference near the BoB and adjoining land (compare the contours
in Figures 1b and 1e). Since the two algorithms capture a similar number of LPSs, this suggests that on av-
erage either the translation speed of the TRACK-derived LPSs is slower or the LPSs detected by TRACK are
more inclined to pass through the BoB. The former possibility is supported by the climatological translation
vectors displayed in Figures 1a and 1d. The latter turns out to be valid since the maximum genesis density
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Figure 1. Climatology and trend of JJAS LPS activity based on (top) TempestExtremes and (bottom) TRACK during period 1979-2018. (a, d) Climatological
LPS genesis density (number of LPSs per summer; shading) and translation velocity (m/s; vector). (b, e) Climatological LPS track density (number of LPS days
per summer; contour) and fractional contribution to rainfall extremes (%; shading). (c, f) Trend of LPS track density (number of LPS days per decade; shading)
and LPS-related extreme daily rainfall amount (mm/decade; dot). The extreme daily rainfall is defined as exceedances of the 90™ percentile of the JJAS daily
rainfall. JJAS, June-September; LPS, low-pressure system.

of the TRACK-derived LPSs already straddles the BoB as compared to that of the TempestExtremes (Fig-
ures 1a and 1d). This discrepancy does not affect our conclusions and the two tracking algorithms agree on
the temporal changes in LPS activities, as will be shown later.

Besides the spatial patterns of the genesis and track density, the LPSs captured by the two exhibit a con-
sistent structure agreeing with observations, that is, the LPSs have the strongest amplitude in the lower
troposphere, and the most intense rainfall occurs to the west and southwest of the cyclone center within
the 500 km radius (Figure S2; Hunt et al., 2016). Consequently, we consider daily rainfall to be LPS induced
when a LPS is within 500-km radius of the grid point during a time window of +1 day. The time window of
+1 day is to accommodate the potential underestimation due to the rainfall daily resolution, as the precipi-
tation from a single storm occurs within a consecutive time window and may run across midnight from one
day to the next (e.g., Khouakhi et al., 2017; Knight & Davis, 2009). To avoid double counting, every rainfall
event is counted only once.

To what extent do the LPSs contribute to rainfall extremes and how has the LPS activity changed in the
recent 40-year period? Adopting the peak-over-threshold method, here we define extreme daily rainfall
at each grid point as exceedances of the 90™ percentile of JJAS daily rainfall (Figure S3). This threshold
can be interpreted as 1-in-10-year recurrence interval, which gives 488 extreme events per grid point. As
depicted in Figures 1b and 1e, the LPS-related extreme rainfall accounts for more than half of the rainfall
extremes over central India. For both tracking algorithms, the trends of LPS track density and its footprint
on rainfall extremes exhibit a coherent dipole pattern with decreasing extremes over north-central India
near the foothills of the Himalayas and increasing extremes across northwest and south-central India. We
focus on the increasing rainfall in south-central India and decreasing rainfall in north-central India as these
two regions are located near the core monsoon region, where the most intense rainfall occurs (Figure S3).
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Figure 2. (a) Linear trend of the extreme daily rainfall summed over each summer season (mm/decade). The extreme daily rainfall here is defined as
exceedances of the 90™ percentile of the JJAS daily rainfall. The hatching indicates statistical significance at the 90% confidence level or above. (b) Time series
and linear trend of the total (black line) and LPS-related (red line) extreme rainfall over (b, d) the brown (24°N-28°N and 78°E-88°E) and (c, €) the blue
(15°N-20°N, 80°E-85°E) boxed areas in (a). (b, ¢) For TempestExtremes and (d, e) for TRACK. JJAS, June-September; LPS, low-pressure system.

The dipole pattern suggests that more (fewer) LPSs pass through the south (north) central India in recent
years. The robustness of the track density dipole is verified using the LPS track archives compiled by Vishnu
et al. (2020) (Figure S4).

Does the changing LPS track density have significant consequences for the total extreme rainfall? The lin-
ear trend of extreme daily rainfall summed over each monsoon season reveals a dipole pattern coinciding
well with the changes in LPS track density (Figure 2a). After disaggregating the total extreme rainfall trend
into components due to changes in frequency and changes in intensity, the dipole is essentially the result
of changing extreme rainfall frequency, in line with the LPS track density dipole (Text S3; Figure S5). Fur-
thermore, the time series of total and LPS-related extreme rainfall amounts in the two regions show a high
degree of agreement (Figures 2b-2e). Altogether, the above findings indicate that the change in LPS activity
is the predominant factor in explaining the dipole pattern of rainfall extremes. The increased extremes over
westernmost India are not discussed in the present study as it is located near the arid and semiarid regions
where few LPSs pass through.

Compared to the high thresholds used by earlier works to define rainfall extremes (e.g., 99™ percentile as in
Goswami et al. [2006]; 150 mm/day as in Roxy et al. [2017]), here the 90 percentile threshold is compar-
atively moderate. In view of this, we calculate the linear trend by percentile bins for the two boxed regions
that exhibit the most pronounced trends (Figure S6). Because the daily rainfall distribution is highly skewed
toward light and moderate rain events, we divide the rainfall distribution into nine logarithmically spaced
bins following G. Chen et al. (2019) (Text S2). In both regions, the daily rainfall at top percentiles shows
consistent trends, whereas the weak rainfall tends to vary in an opposite direction. One caveat pertinent to
the dipole trend patterns is the artificial extreme rainfall trend introduced by the time-varying rain-gauge
networks, as pointed out by Lin and Huybers (2019). We thus repeat the trend calculation using the rela-
tively coarser IMD 1° x 1° gridded rainfall product, which has comparatively moderate temporal changes in
station numbers compared to the IMD 0.25° X 0.25° gridded rainfall shown in Figures 1 and 2 (Figure S7;
Singh, 2019). We also compare the time series of rainfall extremes over the two boxed regions using the
longest temporal coverage of two satellite-based gridded rainfall data sets (late 1990s-2018; TRMM and
GPCP1DD) (Figure S8), all show consistent trends as seen in Figure 2.

3.2. Physical Mechanisms Driving the Changes in LPS Track Density

To assess the relative importance of LPS genesis and propagation in driving the LPS track density dipole in
Figures 1c and 1g, the decomposition method discussed in Equation 2 is applied to the epoch changes of

YOU AND TING

50of 10



A7
ra\%“1%
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL092378

40°N

South central India North central India

Lo-mw

o &
bhLo-N®

g) 850-600 hPa

30°N

TempestExtremes

20°N

10°N

0°

40°N 40°N 40°N

NANSNe— e s - - 1~ =5
N D

30°N 30°N 30°N

20°N 20°N 20°N

10°N 10°N 10o0N s

o

0° 0° 0°

50°E 60°E 70°E 80°E 90°E 50°E 60°E 70°E 80°E 90°E 50°E 60°E 70°E 80°E 90°E 50°E 60°E 70°E 80°E 90°E

[ me |
21 -105 0 105 21 7

Figure 3. Differences in (first row) the synoptic-scale flow and (second row) the slowly evolving environments between LPSs that form over the BoB and
propagate through (left panel) south-central India and (right panel) north-central India. (a, c) LPS-centered composites of 21-day high-passed sea level
pressure (hPa; shading), 850 hPa wind (m/s; vector), and vertical velocity (107> Pa/s; contour) anomalies. (b, d) Percent frequency of LPS translation directions.
Geographically fixed composites of the 21-day low-passed wind averaged over (e, g) 850-600 hPa and (f, h) 500-200 hPa (m/s; vectors), overlapped with 21-day
low-passed total column water vapor (kg/m? shading) and the LPS-related daily rainfall (mm/day; blue hatching). The blue and brown colors used in (b) and
(d) are used to indicate the LPSs passing the south-central India (blue boxes in (e)-(h)) and north-central India (brown boxes in (e)-(h)), respectively. LPS, low-

pressure system; BoB, Bay of Bengal.

N(A) over the two dipole centers (i.e., 1999-2018 minus 1979-1998). The normalized contributions of the
genesis and propagation terms and their spatial distributions are presented in Figure S9. In both regions, the
changes in LPS tracks dominate (Figures S8a and S8d), and the changes in tracks are primarily associated
with the LPSs formed over the BoB (15°N-25°N, 80°E-95°E; Figures S8b, S8c, S8e, and S&f). This indicates
that the LPSs formed over BoB propagate preferentially to the south center rather than the north center
in the study period, leading to the track density dipole trend. The contribution from changes in genesis is
negligible. This conclusion is further verified by the time series of LPS numbers that formed over BoB and
propagate into the two dipole centers (Figure S10).

Determining the causes for the changes in the Indian LPS tracks is challenging because the Indian LPSs
propagate northwestward against the time-mean low-level westerlies, and because the upper-level easterlies
have little effect on LPS propagation as the vertical extent of the LPS is restricted by the Tibetan anticyclone
at around 300 hPa (Yoon & Chen, 2005). Although there is no clear consensus regarding the propagation
mechanism of Indian LPSs, it is generally agreed that the propagation is mainly controlled by nonlinear
self-advection processes rather than the linear advection by mean flow, and the diabatic heating is instru-
mental in shifting the LPSs west-southwestward (e.g., Boos et al., 2015, 2017; T.-C. Chen et al., 2005). Spe-
cifically, T.-C. Chen et al. (2005) argued that the vertical ascents to the west-southwest of the LPS center
(Figures S2c and S2f) induce a strong vortex stretching, causing the vortex to propagate west-southwest-
ward. While Boos et al. (2015, 2017) argued that the vortex stretching is balanced by other terms in vorticity
budget and is thus unable to explain the upstream propagation, they suggested that the propagation of LPSs
is a combined effect of the northwestward-propagating component due to horizontal nonlinear adiabatic
advection and the southwestward-propagating component due to diabatic heating and vertical advective
tendencies.

Based on these theories, to evaluate the role of the synoptic-scale LPS circulation and the slowly evolv-
ing larger-scale environment in modulating LPS propagation, we assess the storm-centered composites of
synoptic-scale flow and examine the geographically fixed composites of large-scale atmospheric environ-
ments for LPSs formed over BoB and passing through the north or south dipole center (Figure 3). Con-
sidering the periodicity of the intraseasonal modes of Indian summer monsoon (e.g., Krishnamurthy &
Shukla, 2007), the synoptic-scale flows (large-scale environments) are obtained from daily anomalies by
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Figure 4. (top) Epochal changes in LPS structure and mean summer environments. (a, c) LPS-centered composites of the 21-day high-passed sea level pressure
(hPa; shading), 850 hPa wind (m/s; vector), and vertical velocity (10~* Pa/s; contour), (b, d) Percent fraction of LPS translation direction over period (left) 1979
1998 and (right) 1999-2018 based on TempestExtreme LPSs. (bottom) Epochal differences of the mean summer (e) 700 hPa wind (m/s; vector), precipitable
water (kg/m? shading), and (f) 2-m air temperature (K; shading). White stippling and black vectors indicate statistical significance at the 90% confidence level
or above based on a two-tailed Student’s ¢ test. LPS, low-pressure system.

applying a high-pass (low-pass) filter with a cutoff period of 21 days. The first row of Figure 3 exhibits
the LPS-centered composites of synoptic-scale fields, as well as the percent frequency of LPS translation
direction based on TempestExtreme tracks. Consistent with the aforementioned theories, the LPSs prop-
agating through the south center have a more pronounced westward-propagating component (left panel),
which is linked to the stronger updraft in their west-southwest quadrant, as compared to the LPSs passing
through the north center (right panel). The second row of Figure 3 presents the composites of large-scale
environments during LPS active days, which are represented by the low-pass-filtered winds and precipitable
water. For LPSs passing through the southern center (left panels), the enhanced low-level southwesterlies
bring moisture into the Indian subcontinent and an anomalous cyclone is prevalent over central India,
resembling the atmospheric conditions during active spells (Pai et al., 2016). The ample moisture supply
provides a favorable condition for more intense updrafts via the conditional instability of the second kind
(CISK) mechanism, therefore adding a stronger west-southwestward component to the translation vectors
(Figure 3b). For LPSs traveling through the northern center (right panels), the anomalous anticyclone over
the northern Arabian Sea suppresses the cross-equatorial moisture transport, and the anomalous westerlies
on the poleward flank of the anticyclone bring relatively dry air from the deserts, making the environment
unfavorable for storm ascents and strong convection. Consequently, the translation vectors have a (weaker)
larger (west-southwestward) north-northwestward propagating component (Figure 3d), consistent with the
propagation theory proposed by Boos et al. (2015, 2017). Results based on TRACK algorithm are similar
(Figure S11).

With the propagation mechanisms determined, we now compare the epochal difference of the LPS com-
posite structure (Figure 4, first row). Consistent with the dipole pattern, the LPSs derived by TempestEx-
tremes become stronger in the later period, and the intensified ascent southwest of the vortex center boosts
the west-southwestward propagation (compare left and right panels). Similar results are obtained based
on TRACK algorithm (Figure S12). The intensification of LPSs in the later period is possibly attributed to
the significantly enhanced seasonal-mean monsoonal southwesterlies. The anomalous moisture transport
leads to an increase in precipitable water over the Indian subcontinent (Figure 4e), which is favorable for
enhanced LPS updrafts. The contribution of local surface moisture fluxes from the Indus and the Ganges
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River Valley is minor according to a moisture budget analysis (not shown). The strengthened seasonal-mean
monsoon circulation is possibly driven by the stronger land-sea thermal gradient due to the significant
warming over the Eurasian landmass (Figure 4f), which resembles the “warm ocean-warmer land” effect as
proposed by previous studies (Lau et al., 2017). A similar pattern of epochal difference can be found in the
near-surface moist static energy (MSE) field, which reinforces the climatological MSE meridional gradients
and thus leads to a more intense monsoon circulation (Figure S13).

4. Summary and Discussion

Using reanalysis-based Indian LPS trajectories compiled by two tracking algorithms and IMD gauge-based
daily rainfall observations, we found that over the period 1979-2018, the secular variation of rainfall ex-
tremes over India is characterized by a dipole-like pattern with increased rainfall extremes over south-cen-
tral India and decreased rainfall extremes over north-central India. The dipole trend pattern is mainly driv-
en by the changes in extreme rainfall frequency and is spatially coherent with the changes in LPS exposure,
that is, more (less) LPSs tend to travel through the south (north) central India over time. LPS propagation
was identified to be the main factor responsible for the changes in the number of LPS passing through the
two areas, whereas the changes in LPS genesis make only minor contributions.

In contrast to the tropical cyclone motion which is mainly governed by steering flow, the Indian LPSs typ-
ically propagate northwestward against the time-mean monsoonal westerlies in the lower troposphere
where the LPSs show the peak intensity. Hence, the large-scale steering concept does not apply to Indian
LPSs. Conversely, the Indian LPS motion is primarily controlled by nonlinear self-advection processes, in
which the diabatic heating plays an important role in shifting the LPS west-southwestward and the hori-
zontal nonlinear adiabatic advection drives the LPSs northwestward (Boos et al., 2015, 2017; T.-C. Chen
et al., 2005). Consistent with the propagation theory, our results suggest that compared to the LPSs propa-
gation into north-central India, the LPSs passing through south-central India exhibit significantly stronger
ascents over the west-southwestern quadrant, likely due to the anomalously wet environments these storms
are embedded in and hence the more effective CISK mechanism. During the study period, the mean sum-
mer cross-equatorial flow along the Somali coast has strengthened over time, enhancing the moisture trans-
port toward the Indian subcontinent. The increase in moisture content provides an environment favorable
for stronger convection and more intense storms, thus promoting the west-southwestward propagation of
LPSs. We note that while the intensity of LPS increases during the period, the increase only makes a minor
contribution and the dipole trend pattern of extreme rainfall is primarily ascribed to the changes in LPS
track density.

Although identifying the historical relationship between extreme rainfall trend and LPS activity has im-
portant implications toward understanding the regional impact of anthropogenic forcings, advances on
such topic were hindered by the potential errors in the manually compiled LPS records and by the caveats
related to the gridded daily rainfall data set (Cohen & Boos, 2014; Lin & Huybers, 2019; Singh et al., 2019;
Vishnu et al., 2020). Here, we employed two independent tracking algorithms for the robustness of the LPS
tracking, and the agreement among different reanalyses boosts confidence in the robustness of our findings
(Figures 1 and S4). We speculate that the impact of anthropogenic greenhouse gas forcing is implied by
the significantly strengthened summer-mean monsoon circulation, which is likely relevant to the consid-
erable warming over Eurasian landmass and hence the enhanced land-sea thermal contrast (Figure 4).
The strengthening of the Indian monsoon is opposite to those found in previous studies, which report-
ed a weakening in the period 1950s-2000s (Annamalai et al. 2013; Roxy et al., 2015; Vishnu et al., 2016).
Probable causes behind such discrepancies involve both the positive to the negative phase transition of
the Pacific Decadal Oscillation near the late 1990s, which favors stronger monsoon flow (Krishnamurthy
& Krishnamurthy, 2014), and the aerosol forcing which masks greenhouse-warming-induced changes in
the earlier period (e.g., Lau et al., 2017; Li et al., 2015). Consequently, further modeling studies are needed
to ascertain whether the extreme rainfall and LPS trends are a result of anthropogenic external forcing or
internal climate variability.
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