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Abstract Historical rainfall records reveal that the fre-
quency and intensity of extreme precipitation events, dur-
ing the summer monsoon (June—September) season, have
significantly risen over the Western Himalayas (WH) and
adjoining upper Indus basin since 1950s. Using multi-
ple datasets, the present study investigates the possible
coincidences between an increasing trend of precipitation
extremes over WH and changes in background flow cli-
matology. The present findings suggest that the combined
effects of a weakened southwest monsoon circulation,
increased activity of transient upper-air westerly troughs
over the WH region, enhanced moisture supply by south-
erly winds from the Arabian Sea into the Indus basin have
likely provided favorable conditions for an increased fre-
quency of certain types of extreme precipitation events over
the WH region in recent decades.
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1 Introduction

Rainfall observations from stations in Pakistan indicate
increasing trends in extreme daily precipitation occur-
rences over northeastern areas of Pakistan during the
1950-2010 and the pattern of increasing trends appears
to be more prominent during the spring and summer sea-
sons, as compared to the winter months (Hussain and Lee
2013). Gridded rainfall datasets also reveal the overall
increasing trends in daily precipitation extremes in this
region of the Western Himalayas (WH) (see Wang et al.
2011; Malik et al. 2016). Although the mean summer mon-
soon precipitation tends to be relatively low over northern
Pakistan and Indus basin, in comparison with the abun-
dant rains that occur over the plains of Central and North
India and the Central-Eastern Himalayan (CEH) region,
the rainfall variability is rather high over the WH region.
Moreover, the climate of WH is somewhat typical of
mountainous semiarid to arid environment and the region
is highly vulnerable to extreme rainfall events (e.g., Saeed
et al. 2011; Salma et al. 2012; Rasmussen et al. 2015).
The WH region is also influenced by winter precipita-
tion in the form of both snow and rain, so that snow/gla-
cier melt and river runoff are important sources of fresh-
water for the region (e.g. Immerzeel et al. 2010). While
some Himalayan glaciers are reported to be losing mass
in recent decades, the Karakoram glaciers show anomalous
behavior in terms of snow cover and ice budgets (Gardelle
et al. 2012; Bolch et al. 2012; Kapnick et al. 2014; Has-
son et al. 2014). Any change in the mass balance of the
Himalayan glaciers has serious implications on the river
runoff in one of the most densely populated and socio-
economically complex regions of the world (Bolch et al.
2012; Hasson et al. 2014). In addition, river flows in this
region are highly susceptible to rainfall variations, so that
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Fig. 1 a Elevation map (unit: km) of the western Himalayan region.
b Mean total seasonal June—September (JJAS) rainfall (cm) from
APHRODITE. ¢ SD (cm) of total seasonal rainfall. Elevation data
is taken from global multi-resolution Terrain elevation data 2010
(GMTED?2010). Indus basin is shown by the thick black contour

any change in precipitation pattern over the mountainous
areas can create far-reaching impacts on fresh water avail-
ability in downstream areas (Nijssen et al. 1997; Arnell
2003; Messerli et al. 2004). In addition, the steep topogra-
phy over this region can exacerbate surface runoff during
heavy rain events, in turn leading to landslide and flooding
(Bookhagen and Burbank 2010).

Being located over the western flank of the South
Asian Monsoon system, the summer monsoon rains over
the WH account for nearly 50-60% of the annual rain-
fall. Figure 1 shows maps of topographic elevation, the
mean and standard deviation (SD) of JJAS rainfall over the
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WH region and adjoining areas near the western flank of
the Asian monsoon system. The Indus river basin spans a
large area of about 1.01 x 10° km? that covers India, Paki-
stan, Afghanistan and China (thick black border). The
accumulated seasonal summer monsoon rainfall amounts
across the WH range from low values (<10 cm) to high
precipitation amounts >100 cm over central-eastern Indus
basin. Although the mean rainfall averaged over the WH
region is rather low (~12 cm), the variability of accumu-
lated precipitation is high especially in the central Indus
basin (>6 cm). Changes in large-scale circulation pattern
and moisture transport can significantly influence con-
vection over this area and trigger extreme rainfall events
(see Houze et al. 2007; Wang et al. 2011; Mujumdar et al.
2012; Priya et al. 2015). Moreover the summer rainfall
variability in this region is closely linked to circumglobal
teleconnection patterns, which are known to influence the
South Asian monsoon variability through modulation of
the upper tropospheric anticyclone (Ding and Wang 2005,
2007; Saeed et al. 2011). While precipitation extremes are
generally expected to increase in a warming environment,
increases in atmospheric water vapor content alone cannot
explain changes in intense rain events due to their strong
dependence on vertical motions (Sugiyama et al. 2010) and
precipitation efficiency of different storm types. Inadequate
representations of precipitation processes over the Indus
basin often pose great challenges in hydrologic modeling
(Hasson et al. 2013). Complex network analysis of pre-
cipitation data reveals that extreme rainfall occurrence over
Northwest Pakistan and adjoining India have strong con-
nectivity with other regions in the Asian monsoon domain
(Malik et al. 2012).

Areas in the northern Pakistan and Indus basin wit-
nessed a series of major cataclysmic flood events in the
recent past. These floods have arisen from heavy precipita-
tion in the summer monsoon seasons since 2010, including
the Leh flash flood of 2010, the cataclysmic Pakistan floods
of 2010, 2011 and 2012, the Uttarakhand floods in north-
ern India during 2013 and the Jammu—Kashmir floods in
2014. Literature on heavy rain events in the Himalayan and
nearby regions include Houze et al. (2007, 2011), Medina
et al. (2010), Hong et al. (2011), Webster et al. (2011),
Lau and Kim (2012), Rasmussen and Houze (2012), Mar-
tius et al. (2013), Mujumdar et al. (2012), Dobhal et al.
(2013), Kumar et al. (2014), Vellore et al. (2015), Priya
et al. (2015), Rasmussen et al. (2015), and Lotus (2015).
Some of these studies (e.g. Rasmussen et al. 2015) point
to a characteristic synoptic-scale pattern characterized by
strong ridge conditions over the Tibetan plateau, which
together with a monsoonal low over northern India produce
strong moist flow from the Bay of Bengal and/or Arabian
Sea. Other studies point out the linkage of the WH heavy
precipitation episodes to upper-level midlatitude baroclinic
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troughs extending southward to the Himalayas and interact-
ing with the monsoon low-pressure system over northern
India so as to produce an anomalous moisture flux large
enough to support storms capable of producing floods (e.g.,
Vellore et al. 2015; Houze et al. 2016). Krishnamurti et al.
(2016) highlighted the role of moisture transport from the
Bay of Bengal and Arabian Sea into the heavily raining
clouds over the Uttarakhand region resulting in large build
up of buoyancy and strong vertical accelerations during
the 2013 extreme rain event. In some storms that produce
floods in the Himalayan region, the clouds take the form
of deep mesoscale convective systems (Houze et al. 2011;
Rasmussen and Houze 2012; Kumar et al. 2014; Rasmus-
sen et al. 2015). In other cases (Houze et al. 2016), the
storms have only moderate convective elements embed-
ded in widespread persistent largely non-convective pre-
cipitating clouds. The different nature of storms indicates
that the primary factor determining whether storms can
produce extreme precipitation and flooding in this region
is the formation of strong anomalous moisture supply. Cli-
mate models have major challenges in simulating the mean
summer monsoon precipitation around the Indus basin and
adjoining areas (Hasson et al. 2016). Therefore, it is worth
exploring possible connections between large-scale cir-
culation variability in relation to moisture supply and the
observed increasing trend of extreme daily rain intensity
over parts of Pakistan and Northwest Himalaya (Hussain
and Lee 2013; Malik et al. 2016).

The present study focuses on the type of storm that is
characterized by a baroclinic trough in the westerlies
extending southward to the Himalayas. The objective of
this study is to determine whether the observed increasing
trend of extreme daily rain occurrences over the WH coin-
cides with changing background circulation over the South
Asian monsoon region and adjoining areas; i.e., whether
large-scale circulation changes have increased the likeli-
hood of this type of extreme rain event over the western
Himalayan watersheds. We do not attempt to distinguish
whether individual events are intensely convective or have
the character of stable-to-neutral streams of moisture lifted
over the mountains. Rather, we pay attention to the possible
correspondence of statistics of heavy rainfall over the WH
region and those of the large-scale background circulation.
More specifically, we aim to identify the trend in occur-
rence of troughs extending southward over the Himalayan
region and determine if such behavior of the large-scale cir-
culation corresponds to major rain events in the region.

Various studies have documented significant decreas-
ing trends in the seasonal monsoon rainfall over India and
associated changes in the background monsoon circulation
(e.g., Guhathakurta and Rajeevan 2008; Krishnan et al.
2013, 2015; Joseph and Simon 2005; Sathiyamoorthy 2005;
Abish et al. 2013; Singh et al. 2014 and others). Weakening

of the South Asian monsoon (SAM) meridional overturn-
ing circulation can facilitate generation of quasi-stationary
anomaly patterns over the subtropics and mid-latitudes
(Krishnan et al. 2009, 2015; Krishnan and Sugi 2001).
Srivastava et al. (2014) noted that the summer time ener-
getics of extra-tropical circulation significantly changed
during post 1980s as compared to earlier decades. Latif
et al. (2016) examined trends in the June—September sea-
sonal rainfall over South Asia for the period (1951-2012)
and reported a dipole pattern of positive trend over the
Indo-Pak region and negative trend over the core monsoon
region of north-central India. They suggested that extra-
tropical circulation patterns like the circumglobal telecon-
nection (CGT) can influence mean monsoon rainfall trends
over Pakistan under the influence of moisture transport
over the Arabian Sea. The Latif et al. (2016) study focused
on monthly and seasonal rainfall, but not on daily precipita-
tion extremes. Moreover, as discussed above, moisture flux
associated with heavy rain episodes over the WH can arise
from more than one type of midlatitude synoptic-scale flow
pattern (notably, a ridge over Tibet or a trough in the west-
erlies extending southward to the WH). The question arises
as to whether the increasing occurrence of extreme precipi-
tation events over the WH region has any connection with
changes in the SAM circulation, in particular the activity
of upper-level westerly troughs over the region. To explore
the possible link of WH heavy rain events to changes in the
general circulation, we have stratified the occurrence of
events in terms of the so-called Webster—Yang index (WYI)
which provides a dynamical measure of the intensity of the
large-scale monsoon circulation (Webster and Yang 1992).
The details are given in Sect. 3.

1.1 Data

We utilize the Asian Precipitation Highly Resolved Obser-
vational Data Integration Towards Evaluation (APHRO-
DITE) daily precipitation datasets (Yatagai et al. 2012) at
fine resolution (0.25° x 0.25°) for the time period 1951—
2007. We have also examined global rainfall over the tropics
derived from the TRMM (Tropical Rainfall Measuring Mis-
sion) satellite and other rainfall estimates (3B42) precipita-
tion data for the period 1998-2007 (Huffman et al. 2007).
For meteorological variables, we used the European Centre
for Medium Range Weather Forecasts (ECMWF) ERA40
(1958-2001) reanalysis (Uppala et al. 2005) and ERA
Interim reanalysis (1979-2013) (Uppala et al. 2008). We
have also examined daily winds for the period (1951-2007)
using the National Center for Environmental Prediction
(NCEP) reanalysis data (Kistler et al. 2001). In addition,
sea surface temperature (SST) and mean sea level pressure
(SLP) data for the period 1958-2001 are analyzed based on
the HadISST (Rayner et al. 2003) and HadSLP2 (Allan and
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Fig. 2 Precipitation (mm day ~') and 700 hPa winds (ms~") for the
heavy rainfall events of a 12 July 2010, b 29 July 2010, ¢ 17 June
2013 and d 04 September 2014. References for these four events

Ansell 2006) datasets respectively. Global multi-resolution
terrain elevation data 2010 (Danielson and Gesch 2011) is
used to show the topographic features of WH region.

2 Understanding heavy precipitation over the WH
region

The present diagnostic analysis is focused on the boreal
summer monsoon season (June—September, JJAS). Epi-
sodes of strong convective motions and heavy rainfall in
the WH during the monsoon involve moisture transport
from the Arabian Sea and/or Bay of Bengal (Hong et al.
2011; Houze et al. 2007; Medina et al. 2010; Rasmus-
sen et al. 2015; Priya et al. 2015). Figure 2 shows exam-
ples of circulation patterns at 700 hPa over the tropics
and extra-tropics that were prevailing when heavy rainfall
(intensity > 200 mm day ') occurred over the WH. These
examples include the case with westerly trough around
the vicinity of Pakistan (e.g., 12 July 2010), a continen-
tal-scale cyclonic circulation over India and easterly flow
from the Bay of Bengal area (e.g., 29 July 2010), promi-
nent trough in the subtropical westerlies extending from
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are from Hong et al. (2011), Rasmussen et al. (2015), Vellore et al.
(2015) and Lotus (2015) respectively. Precipitation and wind data are
from TRMM3B42 estimates and ERA Interim reanalysis

the mid-latitudes almost over the WH region (e.g., 17 June
2013, 05 September 2014). The westerly trough on 17 June
2013 connected with the monsoon low over north India to
produce the strong moist flow in that case (Houze et al.
2016). The Uttarakhand case was a well-defined example
of the type of event analyzed by Vellore et al. (2015). They
found that a common pattern associated with heavy rainfall
over the WH is of a southward extending trough interact-
ing with a west-northwest propagating monsoon low. The
cases illustrated in Fig. 2 all exhibit a trough-like feature
in the westerlies at 700 hPa extending from the mid-lati-
tudes into the WH region. This trough-like feature in the
upper-level extra-tropical westerlies is also discernible at
the 850 hPa level (Auxiliary Fig. Al). However, several
notorious floods were not associated with any southward
intrusion of a trough in the midlatitude westerlies (Rasmus-
sen et al. 2015); indeed, ridge conditions dominated north
of the Himalayas. In these cases, southerly winds from the
Arabian Sea and/or Bay of Bengal can trigger deep convec-
tion and supply mesoscale convective systems over the hot
arid regions of northwest India and Indus basin by accu-
mulating instability via surface heating which is eventu-
ally released by orographically induced lifting over the
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3.2

1.6

Fig. 3 Spatial map showing linear trend of a JJAS rainfall rate for
the period 1951-2007 [units: mm day*1 (57 ycar)’l] over Western
Himalayas and adjoining areas, b Count of extreme rainfall events
[rainfall > = 99th percentile; unit: count (57 year)_]]. Trend values
exceeding the 95% confidence level based on a student’s ¢ test (Santer
et al. 2000) are marked with dots, ¢ Percentage contribution of daily
precipitation extremes to total seasonal rainfall [unit: percentage
(57 year)*l], d Same as (a) but for the Indian region. The analysis is

Himalayan foothills (e.g., Sawyer 1947; Houze et al. 2007,
Medina et al. 2010). The purpose of this study is not to
provide a common explanation for the individual cases of
heavy rainfall events over the WH region. Rather, we aim
to gain statistical insight how one category of storm con-
tributes to an apparently increasing trend of heavy rainfall
over the WH during the last few decades.

2.1 Long-term trends in monsoon rainfall and extreme
precipitation over WH

Spatial heterogeneity in long-term trends of the monsoon
rainfall over the Indian region has been documented by ear-
lier studies (Tank et al. 2006; Krishnamurthy et al. 2009;
Ghosh et al. 2011). The spatial map of linear trend of
JJAS seasonal rainfall for the period 1951-2007 shows a
significant positive trend over the mountainous regions of

based on the APHRODITE daily gridded rainfall data sets at 0.25° x
0.25° resolution for the period 1951-2007. The opposite behavior of
trends over western and eastern portions of northern near-Himalayan
region in (d) suggests a shift in the nature of the precipitation. Houze
et al. (2007, 2016) find that the precipitation in the western portion
tends to be more intensely convective without stratiform components,
while that in the eastern zone is often is less intense with large strati-
form regions

northern Indo-Pakistan and Afghanistan (Fig. 3a). It must
be mentioned that changes in summer-time precipitation
can also have implications for glacier mass balance, par-
ticularly in the upper Indus basin (Hasson et al. 2014). It
is further interesting to note a decreasing trend in the JJAS
rainfall over the lower Indus basin and adjacent regions of
north and Central India (Fig. 3a). Further discussion related
to spatially non-homogeneous rainfall trends will be con-
ferred in subsequent sections.

We have further examined changes in the frequency of
daily precipitation extremes over the WH region using the
APHRODITE daily gridded precipitation dataset. For this
purpose, year-by-year counts of the number of precipitation
events exceeding the 99th percentile were first determined
at each grid-point for every JJAS monsoon season during
1951-2007. From the time-series of frequency counts of
extreme precipitation occurrences, we then calculated the
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linear trend for the period 1951-2007 at each grid-point (see
Fig. 3b). It is apparent that more than 65% of the area of
the Indus basin exhibits a positive trend in the frequency of
occurrence of daily precipitation extremes. The positive trend
over the upper Indus basin in Fig. 3b is nearly co-located
with the positive trend in JJAS rainfall (Fig. 3a), suggesting a
significant role of daily precipitation extremes on the trend in
seasonal rainfall over this region. Using data from TRMM,
Houze et al. (2007, 2016) have identified this region as one
where deep intense convective elements are most likely to
form. These deep convective elements are triggered by pas-
sage over the lower foothills after low-level moist air has tra-
versed the hot land surface of the Thar Desert and increased
its CAPE while being capped by dry subsiding flow off the
Afghan Plateau (Medina et al. 2010). The data presented
here suggests that the occurrence of such convection has
increased over time. The increase in contribution of daily
precipitation extremes to the JJAS seasonal total precipita-
tion during 1951-2007 is more than 20% covering an area
of about 35% of the whole Indus basin (Fig. 3c). We further
note that the negative trend over the lower Indus basin and
northwest India (Fig. 3b) is rather similar to that of the JJAS
seasonal precipitation counterpart in Fig. 3a. Another impor-
tant aspect is that the region of greatest significant increas-
ing trend of daily precipitation extremes (Fig. 3b) coincides
with highly elevated regions of the WH, which is noteworthy
from the climate change perspective because of the eleva-
tion dependency of the climate warming signal (Giorgi et al.
1997; Rangwala and Miller 2012; Rangwala et al. 2013).

It must be recognized that interpretation of long-term
changes in extreme events can be affected by changes in
methods or reporting of observations. While this is a chal-
lenging issue, evidences based on long-term rainfall records
from stations in Pakistan lend support to the increasing
trend of precipitation extremes in the region (Hussain and
Lee 2013). Furthermore, to ensure reliability of our analy-
sis we have compared daily precipitation extremes over
the WH region using the APHRODITE and TRMM-3B42
datasets for the common period (1998-2007) (Auxiliary
Fig. A2). We find that the time-series of the total count of
precipitation extremes over WH region for the common
period (1998-2007) from the two datasets are strongly cor-
related (r = 0.95). Section 3.1 presents further discussion
of the analysis of daily precipitation extremes.

To better understand the non-homogeneous pattern of
trends, we performed an empirical orthogonal function (EOF)
analysis on the year-wise frequency counts of extreme pre-
cipitation events. EOF analysis has been extensively used by
various investigators to extract the dominant modes of spatio-
temporal variability (Hsiung and Newell 1983; Barbosa and
Andersen 2009; Compo and Sardeshmukh 2010; Mishra et al.
2012). Spatial patterns of the three dominant EOFs of the fre-
quency counts of daily precipitation extremes are shown in
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Fig. 4a—c. The time-series of the corresponding three principal
components (PC) and the year-by-year count of daily precipi-
tation extremes over the WH region (64°E-76°E, 32°N-38°N)
are shown in Fig. 4d. The time-series of the number of daily
precipitation extremes shows a clear upward trend. It is also
seen that the second mode (EOF2) has positive loading over
the Upper Indus basin and the corresponding time-series
(PC2) exhibits a prominent upward trend at the 0.001 signifi-
cance level. On the other hand, the 1st and 3rd modes (EOF1/
PC1 and EOF3/PC3) do not exhibit positive trend over the
upper Indus basin (Fig. 4). It is also important that the EOF2
pattern shows remarkable similarity with the spatial pattern
of trend in frequency of daily precipitation extremes depicted
in Fig. 3b and the two have a spatial correlation of 0.94. Fur-
thermore, the PC2 time-series (red line) and the time-series
of frequency of daily precipitation extremes (blue line) over
the WH region are strongly correlated (r = 0.79). Because of
these correlations, we take the PC2 time-series, which cap-
tures the evolution of the spatially heterogeneous trend pat-
tern, as the index for extreme precipitation events over the
Indus basin for further analysis. It is interesting to note that
the EOF2 pattern shows negative loadings over northern India,
which suggest that the trends in the frequency of precipitation
extremes are opposite between the northwest Indus basin and
northern India. The negative loadings of EOF2 over northern
India, moreover, are consistent with the results of Krishnamur-
thy et al. (2009) who noted a decreasing trend in the frequency
and intensity of daily precipitation extremes over north India
during the period 1951-2003. A likely physical interpretation
of EOF2/PC2 is discussed later in Sect. 4. Corroborative sup-
port for the increasing trend of daily precipitation extremes
during the post-1950s over the WH is also evident in the fre-
quency of daily synoptic-scale 500 hPa vertical velocities in
the ERA-Interim and ERA-40 reanalyses that exceed the
95th and 99th percentile (Fig. 5). The statistical coincidence
of increasing trends of daily precipitation extremes and strong
upward velocities, as seen in reanalysis fields, indicate that
support from large-scale lifting is beneficial to the release of
precipitation. However, the fact remains that the precipitation
may come in different ways—deep intense convection, synop-
tically forced circulation patterns, orographic lifting of stable
or moist neutral airflows, or the stratiform regions of mes-
oscale convective systems.

3 Link between changes in precipitation extremes
and large-scale circulation

3.1 Association with anomalies of wind, pressure,
and SST

Here we examine the connection between the large-scale
circulation and extreme rainfall activity over the WH.
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Fig. 4 Spatial maps of the a first, b second, ¢ third EOF pattern of
frequency of extreme rain events for the period 1951-2007 based on
APHRODITE rainfall dataset. The variance explained by the three
EOF modes is shown in the figures. d Time series of inter-annual var-

Figure 6 shows spatial maps generated by regressing the
time series of extreme rainfall index (PC2) on mean winds,
rainfall, sea-level pressure, and SST for the period 1958—
2001. The rainfall regression map shows positive anomalies
over Himalayan foothills, Pakistan, and both northwestern
and northeastern India. Negative anomalies are found over
Central India and the Western Ghats (Fig. 6a). This pattern
is consistent with the spatial map of trend in JJAS rainfall
(Fig. 3d), with a high spatial correlation of 0.88 over the
Indian subcontinent. Further, the regression map of 700 hPa
winds shows westerly and southwesterly anomalies over-
laying the positive anomaly of rainfall over Pakistan.

Much monsoonal rain occurs over and upstream of the
western Ghats and mountains of Burma in association with
the low-level southwesterly monsoon flow (Houze et al.
2016). The easterly anomalies over the Bay of Bengal,
Indian peninsula and the Arabian Sea indicate a slow-down
of the lower-level climatological southwesterly monsoon
winds (e.g., Krishnan et al. 2013). In addition, synoptic-
scale circulation patterns such as monsoon depressions
emanating from the Bay of Bengal (Shukla 1978; Krishnan
et al. 2011) mediate the mesoscale and convective-scale
manifestations of monsoon rainfall (Houze et al. 2007;
Medina et al. 2010). Generally active monsoon spells

1984 1992 2000

iations of the total count of extreme precipitation events (blue), PC1
(green), PC2 (red) and PC3 (yellow). The inter-annual variations of
total count of extreme precipitation events are calculated over the box
(64°-76°E, 32°-38°N) in the WH region

(Choudhury and Krishnan, 2011), have a similar mediating
effect, possibly because they favor Bay of Bengal depres-
sion occurrence. While studies have reported significant
decreasing trend in the frequency of monsoon depressions
during the recent few decades (e.g. Guhathakurta and
Rajeevan 2008; Krishnamurti et al. 2013), further inves-
tigations are necessary to fully comprehend the complex
pathways through which mesoscale organization of pre-
cipitation can be influenced due to weakening of the back-
ground climatological and synoptic-scale circulation of the
monsoon.

Regression maps of 500 hPa and 200 hPa winds show
dominance of sub-tropical westerlies extending across the
Arabian region into the Indian subcontinent and further
eastward (Fig. 6b—c). The appearance of westerly anoma-
lies at these latitudes reflect an upper-air cyclonic anomaly
pattern over the region of northwest India, Pakistan and
Afghanistan. Such patterns are reminiscent of “breaks”
in the Indian monsoon (e.g. Ramaswamy 1962; Krishnan
et al. 1998, 2000, 2009; Vellore et al. 2014). Concurrently,
a high-pressure anomaly occurs over central India and the
adjoining Bay of Bengal (Fig. 6d). The regression map of
SST on the time series of extreme rainfall index shows a
warming pattern over the west-central equatorial Indian
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Fig. 5 Time series of yearly total count of extreme upward motions
over the WH region (64°-76°E, 32°-38°N). The count is deter-
mined using the daily 500 hPa vertical velocity (w) field for a when
—m > 95th percentile, b when —w > 99th percentile. The calcula-
tion is performed every day of the JJAS monsoon season at all the
grid-points in the WH domain during the period (1958-2001) using
the ERA-40 reanalysis data (dashed line). The solid line is the count
of extreme upward motions based on the ERA-interim reanalysis data
for the period (1979-2015). A clear positive trend (685 counts per
37 years) during the period (1979-2015) is evident for the 95th per-
centile threshold, indicative of enhancements in moderate to strong
convective motions over the WH region. One the other hand, the
rather weak positive trend (60 counts per 37 years) for the 99th per-
centile threshold suggests lesser enhancements of intense deep con-
vection

Ocean (Fig. 6e). This feature is consistent with recent stud-
ies on the relationship between the weakening trend of the
Indian monsoon rainfall and the warming of equatorial
Indian Ocean SST by 0.5-1.0 °C during the post-1950s
(e.g., Swapna et al. 2014; Roxy et al. 2015).

The strength of the large-scale monsoon circulation
may be expressed using the Webster—Yang Index (WYL,
see Webster and Yang 1992), which is a measure of the
vertical shear of the monsoon circulation, computed as the
difference of zonal winds between the lower and upper
tropospheric levels (U850-U200). We computed daily time-
series of WYI using daily zonal winds from reanalysis
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products, covering the period 1951-2007, to identify days
having strong monsoon vertical shear (i.e., WYI > 1 SD)
and weak monsoon vertical shear (WYI < —1 SD) respec-
tively. Yearly counts of days having strong and weak mon-
soon vertical shear are calculated for every JJAS monsoon
season. Figure 7a shows the yearly time-series of strong
monsoon (blue line) and weak monsoon (red line) days.
The days with weak monsoon vertical shear exhibit a sig-
nificant positive trend, while the opposite is seen for the
time-series of days with strong monsoon vertical shear.
This information is used to stratify the counts of daily pre-
cipitation extremes over the WH region (Fig. 4d, blue line)
with respect to days with weak and strong monsoon verti-
cal shear. This is done by binning the counts of daily pre-
cipitation extremes in the strong or weak monsoon category
depending on whether WYI > 1 or <—1 SD on that par-
ticular day. The time-series of daily precipitation extremes
for the weak and strong monsoon categories are shown in
Fig. 7b. The time-series of frequency of daily precipitation
extremes over WH, coincident with weak monsoon cat-
egory, shows an upward trend. However, the corresponding
time-series of daily precipitation extremes for the strong
monsoon category does not exhibit a significant trend. Col-
lection of total counts of daily precipitation extremes for
different decades (1953-1963, 1964-1974, ..., 1997-2007)
for the two categories is shown in Fig. 7c. It is interesting
to see that the daily precipitation extremes over the WH in
the last two decades were predominantly associated with
the weak monsoon category.

The increasing trend of heavy rainfall over the upper
Indus basin for the period 1998-2015 is also captured in the
TRMM3B42 dataset (Auxiliary Fig. A3). To confirm the
robustness of the statistics of daily precipitation extremes
over the WH region, we have compared the APHRODITE
and TRMM3B42 precipitation datasets for the common
period 1998-2007 (see Table 1). Both precipitation data-
sets have the same horizontal resolution of 0.25° x 0.25°.
The total number of precipitation events over the WH
region (64°E-76°E, 32°N-38°N) exceeding the 99th per-
centile are found to be 14,014 and 14,046 for the APHRO-
DITE and TRMM3B42 datasets respectively. The count of
precipitation extremes over the WH region, based on the
APHRODITE dataset, associated with the strong and weak
monsoon categories are found to be 1870 (13% of total)
and 2500 (18% of total) respectively (Table 1). Likewise
the corresponding counts based on the TRMM3B42 data-
set are found to be 1287 (9% of total) and 2309 (16% of
total) respectively. The above analysis indicates that weak
(strong) monsoon circulations, as defined by the WYI
dynamical measure, are associated with significantly higher
(lower) frequency of daily precipitation extremes over the
WH region.
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Fig. 6 a Patterns obtained by regressing JJAS rainfall and 700 hPa
winds on to the PC2 time-series b same as (a) but for 500 hPa winds
¢ same as (a) but for 200 hPa winds d same as (a) but for sea level
pressure e same as (a) but for sea surface temperature. The regres-
sion analysis is carried out for the period 1958-2001. The obtained

3.2 Changes in frequency of extratropical westerly
troughs combining with moisture influx
from tropics

Here we examine variations in the transient activity of
westerly troughs over the region covering the Indus basin
and northwest India—Pakistan using daily horizontal winds
at 500 hPa from the ERA40 (1958-2002) and ERA Interim
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rainfall (unit: mm day’l, winds (unit: ms™)), sea level pressure [unit:
hPa (SD of PC2)~'] and sea surface temperature [unit: °C (SD of
PC2)~!] patterns are based on the APHRODITE, ERA40 reanalysis,
HadISLP2 and HadISST data sets respectively

(1979-2013) reanalysis datasets. The transient activity
of westerly troughs is measured in terms of relative vorti-
city computed from the daily wind fields. We counted the
occurrences of cyclonic vorticity exceeding 1 SD at each
grid point over the domain 55-75°E, 20-55°N. Basically,
the total count of cyclonic vorticity occurrences for a given
JJIAS season provides a measure of transient westerly
trough activity over that region for that particular year. The
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Fig. 7 Time-series of a number of days with strong and weak ver-
tical shear of monsoon based on the WYT criterion. The time-series
corresponding to the weak monsoon phase shows a positive trend
(15 days per 57 years) which is statistically significant (p > 0.05), b
Total number of heavy rainfall events (rainfall > 99th percentile) over
the box (64°E-76°E, 32°N-38°N) shown by black line, the count
of heavy rainfall events coinciding with strong (blue line) and weak
(red line) phases of the monsoon as defined by the WYI criterion, ¢
Cumulative counts of heavy rainfall coinciding with strong and weak
monsoons for the decades (1953-1963), (1964-1974), (1975-1985),
(1986-1996) and (1997-2007) over the same box as in (b)

total counts are determined for the entire JJAS season and
this analysis is repeated for all the years. By so doing, we
obtain yearly time-series of the transient westerly trough
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activity over the WH region (Fig. 8). The frequency count
of westerly trough activity over the WH has a significant
increasing trend in both the reanalysis datasets during the
common period (1979-2002). This increasing trend in
the cyclonic vorticity occurrences over the WH region is
indicative of the increasing propensity of transient westerly
troughs that can allow triggering of deep convection in the
presence of moisture supply particularly due to southerly
flow from the Arabian Sea (see Houze et al. 2007; Medina
et al. 2010). Figure 9 shows the time-series of vertically
integrated (surface to 300 hPa) moisture convergence asso-
ciated with the meridional winds —% (black line), aver-
aged over the domain (60°E-73°E, 15°N-30°N) covering
the northern Arabian Sea and adjoining areas of northwest
India and Pakistan, for the ERA-40 and ERA-Interim rea-
nalyses. A clear increasing trend (significant at 0.01 level)
in the moisture convergence associated with meridional
winds is evident in both the reanalysis datasets for the com-
mon period (1981-2002). The time-series of meridional
component of wind averaged over the same region shows a
significant increasing trend (blue line, Fig. 9). The increas-
ing trend of southerly winds over the northern Arabian
Sea has also been reported by Sandeep and Ajayamohan
(2015). Moisture transport from the Arabian Sea into WH
is crucial in supporting deep convection over the subtropi-
cal areas around northwest India and Pakistan (see Houze
et al. 2007; Medina et al. 2010; Priya et al. 2015).

Vellore et al. (2015) have shown that major precipita-
tion events in the Himalayan region can occur when the
moisture transport associated with a monsoon low com-
bines favorably with an upper-level westerly trough extend-
ing southward into the Himalayan region. The analyses in
the present paper indicate that both upper-level westerly
troughs and large moisture transport from the south are
increasing over time. However, there is no assurance that
these two factors will coincide and reinforce each other to
produce a major rain event. Studies showed that the Uttara-
khand flood of 2013 occurred when such a coincidence of
an upper-level westerly trough and monsoon low occurred
and formed a moisture transport toward the Himalayan
escarpment (Vellore et al. 2015; Krishnamurti et al. 2016).
Houze et al. (2016) showed further that the clouds produc-
ing the large rainfall in that case were due to a synoptic-
scale lifting associated with the trough combined with oro-
graphic lifting of the moisture flux. Convective overturning
played a minor role.

For a major rain event to occur, the necessary moisture
flux need not combine with a trough of midlatitude ori-
gin. Houze et al. (2011) and Rasmussen et al. (2015) have
shown how a westward extending monsoon low combined
with a strong ridge over the Tibetan Plateau to provide the
moisture flux in several of the most extreme rain events of
recent years. Thus, there are at least two major ways that a
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Table 1 Total count of heavy rainfall occurrences over the box (64°E-76°E, 32°N-38°N) from APHRODITE and TRMM3B42 datasets for the
common period 1998-2007 for strong and weak monsoon days based on WYI > 1 and WYI < —1 SD respectively

Datasets APHRODITE TRMM3B42
Total Strong Weak Total Strong Weak
Count of heavy rainfall occurrences 14,014 1870 (13%) 2500 (18%) 14,046 1287 (9%) 2309 (16%)
Fig. 8 Time series of frequency 1300
of 500 hPa relative vorticity
exceeding 1 SD for ERA40 12001 ERA-40
(black) and ERA Interim (red).
The frequency is computed ERA-Interim
using relative-vorticity (s™1) 1100 4
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20°-55°N) > i
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Fig. 9 Time series of vertically o
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integrated (surface to 300 hPa) c 350 L . 2
moisture flux convergence (unit: g Meridional Moisture Flux Convergence
kg ms™!) across the lateral 5 3004 Meridional Wind
boundary of WH (60°-73°E, >
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strong synoptic-scale moisture flux can produce major rain
events that can sometimes lead to flooding over the Hima-
layas: either a westward extending monsoon low combines
with a ridge over the Tibetan Plateau or with a westerly
trough extending southward into the Himalayan region.
The present study shows that both westerly troughs
extending into the region and poleward moisture fluxes
toward the Himalayas are increasing. It may be conjectured

from these findings that the probability of the westerly-
trough type of heavy rain event over the Himalayas is
therefore likely increasing. The common denominator of
the storms producing major rain events over the Himalayas
is the strong large-scale moisture flux. The predictability of
such storms (Webster et al. 2010, 2011; Joseph et al. 2014;
Rasmussen et al. 2015) is likely a result of the accurate pre-
diction of the large-scale moisture flux by global models.
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The likelihood of extreme precipitation alone, however, is
not sufficient when considering potential flooding. Whether
or not the moisture flux is combined with a trough extend-
ing southward from the extratropics or with a ridge over
the Tibetan Plateau is relevant to whether the storms are of
an intense convective nature or of a more general ascent in
which convection plays a minor role. Which type of clouds
produce the precipitation is in turn highly relevant to the
hydrologic response to the storm; e.g. whether a flash flood
or a slow-rising flood is more likely.

4 Concluding remarks

This study is an investigation to understand the recent
increasing trend of heavy rain occurrence over the semi-
arid to arid mountainous regions in the western flank of
the South Asian monsoon system. A positive trend of
heavy rain occurrence is seen primarily over the upper
Indus basin while the trend is opposite in the lower eastern
Indus basin and adjoining Indian landmass. The spatially
non-homogeneous pattern of trends in daily precipitation
extremes is captured by the second EOF/PC component of
the frequency of heavy rainfall. Using TRMM Precipitation
Radar observations, Houze et al. (2007, 2016) reported that
extreme forms of radar echo over the northwestern regions
of the Himalayas during the summer monsoon tend to take
the form of deep convective cores, and that mesoscale con-
vection (intense convective systems of large horizontal
dimension) occurs infrequently compared to other regions
of the Himalayan domain. Storms producing flooding in
Pakistan and western India, however, are anomalous in
that they are of mesoscale dimension and have associated
stratiform precipitation (Rasmussen et al. 2015). The EOF2
spatial pattern associated with positive loading over the
upper Indus basin suggests that such mesoscale enhance-
ments of convection are occurring more frequently in the
upper Indus basin. At the same time, a significant decreas-
ing trend in the overall seasonal summer monsoon precip-
itation over India and a weakening trend of the monsoon
large-scale circulation is evident in our analysis of the
post-1950s.

We infer from our analyses that changes in background
flow climatology have likely facilitated enhanced activity
of cyclonic troughs over the WH region and a significant
enhancement of moisture convergence over the WH region
associated with stronger southerly flows from the Arabian
Sea during the recent decades. These two results suggest
an increasing probability of the type of extreme precipi-
tation event that results from the combination of large-
scale moisture flux (associated with a westward extended
monsoonal trough) and a southward protruding westerly
trough. While the present study raises the role of possible

@ Springer

linkage between changes in background climatology and
deep convective activity over the WH region, the occur-
rence of heavy rain events on smaller scales needs fur-
ther investigations to adequately comprehend the detailed
pathways that account for processes occurring on synop-
tic, meso-, and convective scales and the associated hydro-
logic response.
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Auxiliary Figure A1: Wind at 850 hPa for the heavy rainfall events of a) 12 July 2010 b) 29 July 2010 ¢) 17 June 2013 and d) 04 September 2014. References for these four
events are from Hong et al. (2011), Rasmussen et al. (2015), Vellore et al. (2015) and Lotus (2015) respectively. Wind data is taken from ERA Interim reanalysis. Note the
trough-like feature in the upper-level extra-tropical westerlies. Differences in the low-level monsoon southwesterly winds can also be noted among the individual cases.
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Auxiliary Figure A2: Time series of total count of extreme precipitation over WH [64°-76°E, 28°-40°N] region for APHRODITE (green)
and TRMM3B42 (blue) datasets for the common period 1998-2007. These two times series are strongly correlated (r=0.97).



Auxiliary Figure A3: Spatial map showing trend in frequency count of extreme rainfall events (rainfall >= 9oth percentile; unit: count [18 year]'1)
for the TRMM3B42 precipitation datasets for the period (1998-2015). Trend values exceeding the 95% confidence level based on a student's t test
(Santer et al. 2000) are marked with dots. The increasing trend of heavy rainfall over the upper Indus basin can be noticed. It is realized that the
trends over Northwest India are different as compared to the APHRODITE dataset and will require further investigations.
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