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Abstract Wintertime intense precipitation events often lead to severe snow disasters. In this study, a
Lagrangian approach is employed to examine the evaporative moisture sources for wintertime intense
precipitation events over the three snowy subregions of the Tibetan Plateau (TP) during 1979-2016,
including the western TP (WTP), south central TP (SCTP), and southeastern TP (SETP). More than 80.0%
of the moisture for intense precipitation over each subregion originates from terrestrial areas. Although
prevailing westerly winds dominate above the TP and its surrounding areas during winter, half of the
precipitation over the three subregions is supplied by evaporation from the south (i.e., the Indian
Peninsula). Specifically, evaporation from the Indian Peninsula contributes 68.0%, 65.0%, and 45.0% of the
moisture for intense precipitation over the WTP, SCTP, and SETP, respectively. The two primary oceanic
moisture source regions for intense precipitation are the Arabian Sea and the Bay of Bengal, playing
complementary roles in supplying moisture. The relative contributions of the Arabian Sea to intense
precipitation over the WTP, SCTP, and SETP are 9.2%, 6.9%, and 1.1%, while those of the Bay of Bengal are
1.1%, 12.1%, and 8.6%. Southerly winds downstream of a cyclonic anomaly over the Indian Peninsula are
crucial for the low-level moisture transport from the south to the Himalayan foothills. Under the combined
effects of orographic lifting and favorable large-scale circulation patterns, moisture ascends further into the
three subregions. Changes in the position and intensity of the cyclonic anomaly are particularly crucial to
facilitating moisture contributions from the key source regions.

1. Introduction

The Tibetan Plateau (TP), Earth's largest store of ice outside the polar regions (Qiu, 2008), contains
widespread snow cover (Li etal., 2017; Pu & Xu, 2009; Pu et al., 2007) and a total glacial area of nearly 10° km?
(Yao et al., 2012). Meltwater from these snow cover and glaciers provides the sources for nearly all major
river systems in Asia, directly impacting the lives of more than 1.4 billion people (Bookhagen & Burbank,
2010; Immerzeel et al., 2010; Qin et al., 2006; Su et al., 2013; Tong et al., 2014). The high elevation of the TP
(mean elevation exceeding 4,000 m), which is often associated with extremely low temperatures (well below
0 °C), favors the formation and maintenance of snow cover and glaciers (Chu et al., 2014; Lu et al., 2005).
However, it is worth noting that the ultimate source for these snow cover and glaciers is the precipitation
over the TP (Forsythe et al., 2017; Li et al., 2017; Qin et al., 2006; Wang et al., 2017). During summer, snow
cover and glaciers form mainly in the western TP (Chu et al., 2014; Li et al., 2017; Pu & Xu, 2009; Pu et al.,
2007), which is characterized by higher altitudes and lower temperatures than other areas of the TP. Mean-
while, the majority of precipitation and meltwater over the remaining areas (i.e., the central and eastern TP)
are transformed into surface runoff (Kulkarni et al., 2002; Lu et al., 2005; Xu et al., 2008). In comparison,
wintertime precipitation over the TP contributes much less of the annual precipitation (about 10%; Maus-
sion et al., 2014; 2017; Wan et al., 2017; Wang et al., 2018). However, most of the wintertime precipitation
is in the form of snow and can be easily stored in the cryosphere due to the much colder temperatures rela-
tive to the summer (Lang & Barros, 2004; Li et al., 2017; Qin et al., 2006; Shen et al., 2015; Tang et al., 2018).
Wintertime precipitation over the TP thus plays an essential role in the mass balance of the TP cryosphere
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Figure 1. (a) Horizontal distribution of average precipitation (units: mm day~!) over the Tibetan Plateau (TP) and its
surrounding areas during DJF 1979-2016 based on ERA-Interim. (b) Horizontal distribution of the initial positions
over the western TP (WTP; pink dots), south central TP (SCTP; blue dots), and southeastern TP (SETP; yellow dots).
Regions bounded by solid red lines have surface altitudes higher than 2,500 m. The WTP, SCTP, and SETP are defined
as the areas with surface altitudes exceeding 2,500 m within the pink dashed box (26-40°N, 70-81°E), blue dashed box
(26-33°N, 82-91°E), and yellow dashed box (26-33°N, 92-105°E), respectively.

(Kulkarni et al., 2002; Lu et al., 2005; Smith & Bookhagen, 2018), and its formation mechanisms deserve
thorough investigation.

Wintertime precipitation over the TP is mainly concentrated along the southern slope (Palazzi et al., 2013;
Wang et al., 2018), including the western TP (WTP; Filippi et al., 2014; Liu et al., 2017; Shafiq et al., 2018;
Syed et al., 2006), the south central TP (SCTP; Guo & Wang, 2014; Lang & Barros, 2004), and the southeast-
ern TP (SETP; Liu et al., 2016; Pan et al., 2018; Sun & Wang, 2014). Notably, precipitation over the SCTP is
slightly less than that over either the WTP or the SETP (Figure 1a). The occurrence of intense precipitation
over the southern slope of the TP is closely related to the presence of an elevated region (i.e., the TP) under
the subtropical westerly jet stream, which is conducive to orographic lifting (Curio & Scherer, 2016; Curio
et al., 2015; Liu et al., 2017; Syed et al., 2006). Orographic lifting can in turn prompt convective ascent by
lifting air parcels to their levels of free convection (Bonacina, 1945; Tucker, 2005). As a consequence, active
convective systems can be observed over the southern slope of TP (Kurosaki & Kimura, 2002; Masafumi
& Kenji, 2005; Maussion et al., 2014). Both orographic and convective uplift favor the occurrence of pre-
cipitation over the southern TP (Tucker, 2005). In addition to these two lifting processes, further study has
revealed that cyclonic systems moving along the subtropical westerly jet stream play an important role in
triggering wintertime intense precipitation over the TP by strengthening large-scale moisture convergence
and updrafts (Cannon et al., 2014, 2015, 2016; Dimri et al., 2015; Forsythe et al., 2017; Lang & Barros, 2004;
Li et al., 2018).

Proximity to moisture sources may also explain the presence of high-intensity precipitation over the south-
ern slope of the TP, as the three subregions over the southern slope are closer to the tropics than other regions
of the TP are. Specific humidities in the tropics are usually much higher than those in middle and high lat-
itudes. To examine the moisture supply for precipitation over a specific region, two approaches are widely
used: Eulerian moisture budget analysis in conceptualizing the moisture budget equation and Lagrangian
moisture attribution analysis in tracking moisture sources and sinks. These approaches have been success-
fully applied to study the moisture supply to the whole TP (Curio et al., 2015; Pan et al., 2018) or various
subregions of the TP, including the WTP (An et al., 2017; Kitoh & Arakawa, 2016; Tiwari et al., 2017), SCTP
(Guo & Wang, 2014), and SETP (Guo & Wang, 2014; Kitoh & Arakawa, 2016; Sun & Wang, 2014).

Using numerical results from a global atmospheric general circulation model with a 20-km grid, Kitoh and
Arakawa (2016) conducted Eulerian moisture budget analyses for wintertime precipitation over the eastern
TP and WTP during 1979-2003. They found that the importance of local evaporation is comparable to that
of large-scale moisture convergence (i.e., external sources) over the eastern TP, while moisture convergence
plays a leading role over the WTP. Moisture for precipitation over the eastern TP mainly comes through the
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southern and eastern boundaries, while that for precipitation over the WTP mainly comes through the west-
ern boundary. Tiwari et al. (2017) also found that large-scale moisture convergence plays a leading role in
supplying moisture for precipitation over the western Himalayas (within the WTP) during the life cycles of
western disturbances during 1979-2017. Western disturbances are closely related to the occurrence of win-
tertime heavy precipitation events. Based on the High Asia Refined analysis, Curio et al. (2015) concluded
that large-scale moisture convergence plays a dominant role in supplying moisture for wintertime precip-
itation over the TP. They further indicated that these external moisture sources are transported to the TP
mainly through its western and southern boundaries. They emphasized that advective transport of cloud
particles plays an indispensable role in the moisture budget over the WTP.

Sun and Wang (2014) used the Flexible Particle (FLEXPART) Lagrangian particle dispersion model to exam-
ine the moisture sources for wintertime precipitation over the eastern TP during 2000-2009. They found
that evapotranspiration over areas of the Eurasian continent to the north and west of the eastern TP con-
tributes about 45% of the moisture, while evapotranspiration over the Indian Peninsula contributes about
14%. By contrast, ocean evaporation only contributes about 5% of the moisture for wintertime precipitation
over the eastern TP. A variation of the Lagrangian moisture attribution analysis method can be implemented
by including a water tagging module in an atmospheric general circulation model. Using the Community
Atmosphere Model Version 3 (CAM3) with an embedded water tagging module, An et al. (2017) found
that the five most important moisture source regions for wintertime precipitation over the northwestern TP
during 1961-2012 are, in descending order, the Indian Ocean, the Pacific Ocean, the South China Sea, the
Atlantic Ocean, and local evapotranspiration. Using a water tagging module in CAMS5.1, Pan et al. (2018)
compared the moisture source regions for wintertime precipitation over the southern TP and northern TP
during 1982-2014. They found that the three most important source regions for the southern TP are Africa
(contributed 16.7 + 5.8%), the TP (16.5 + 6.1%), and India (15.9 + 7.0%), while those for the northern TP are
Africa (25.2 +3.7%), the North Atlantic Ocean (13.7 + 3.7%), and Europe (12.9 + 3.0%).

As described above, previous studies have mainly examined the moisture sources for precipitation over
different subregions of the TP during the whole winter season. However, wintertime intense precipitation
events not only contribute the majority of wintertime precipitation over the TP but can also lead to severe
snow disasters (Liu et al., 2014; Yin et al., 2017). Such disasters may result in grassland being covered by
snow, leading to destruction of housing, disruption of transportation, and loss of livestock (Gao et al., 2008;
Li et al., 2018; Qiu et al., 2018). For example, in a series of severe snowfall events during the period from
October 1995 to March 1996, more than 550,000 livestock perished and more than 38,000 people suffered
from frostbite and other disabilities (e.g., snow blindness). The direct economic losses resulting from this
series of snowfall events amounted to 340 million Chinese Yuan. Such events illustrate the need to better
characterize the moisture sources for wintertime intense precipitation events over the TP.

In this study, we focus on wintertime intense precipitation events over three subregions of the TP (see the
geographic position in Figure 1a), including the WTP (26-40°N, 70-81°E), the SCTP (26-33°N, 82-91°E),
and the SETP (26-33°N, 92-105°E). These subregions are all located along the southern periphery of the TP
and associated with relatively larger precipitation intensities compared to other regions of the TP. Compared
to Eulerian moisture budget analysis, the major advantage of the Lagrangian approach is that it identifies
both moisture sources and sinks, thereby enabling the construction of a detailed source-receptor relation-
ship for atmospheric water. We use a Lagrangian approach to determine the evaporative moisture sources
for wintertime intense precipitation events over these three subregions. Given the geographic differences
among these three subregions, a question arises: How similar are the moisture source distributions? During
winter, prevailing winds over the TP are predominantly westerly, which are unfavorable for moisture trans-
port from the relatively humid terrestrial and oceanic areas to the south. A second question arises: What are
the characteristic trajectories along which moisture from the key moisture source regions is transported to
these three subregions of the TP? Assuming characteristic trajectories can be identified, then a third question
arises: What synoptic circulation patterns favor moisture transport from these key moisture source regions
during intense precipitation events? The objective of this work is to answer the above three questions.

The layout of the rest of this paper is organized as follows: Section 2 describes the data used, the algorithm
for defining wintertime intense precipitation events over the three subregions, and the Lagrangian approach
for determining the evaporative moisture sources for precipitation. Section 3 briefly introduces the basic
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characteristics of intense precipitation events over each of the three subregions and validates the precipita-
tion estimates derived using the Lagrangian approach. Section 4 compares moisture source distributions for
the three subregions during their respective intense precipitation events. Section 5 presents the characteris-
tic trajectories linking the key moisture source regions to the three subregions of the TP. Section 6 analyzes
the synoptic circulation patterns that favor moisture transport from the key moisture source regions to the
three subregions. Section 7 discusses the roles of two different large-scale circulation factors in the forma-
tion of the wintertime intense precipitation events. Section 8 provides a summary and concluding remarks.
This section also examines our results in the context of previous studies.

2. Data and Methods

2.1. Data

Considering the scarcity of surface meteorological stations over the TP, precipitation data with a tempo-
ral resolution of 12 hr from the European Centre for Medium-Range Weather Forecasts Interim reanalysis
(ERA-Interim; Dee et al., 2011) are used in this study to identify wintertime intense precipitation events over
the three subregions of the TP during winter months from 1979 to 2016. Here the winter months for a specific
year refer to December of that year and January-February of the following year (DJF). Daily precipitation
data from the Asian Precipitation-Highly Resolved Observational Data Integration Towards the Evalua-
tion of Water Resources (APHRODITE; Yatagai et al., 2009) during DJF 1979-2006, the Tropical Rainfall
Measurement Mission (TRMM; Huffman et al., 2007) during DJF 1998-2016, and the Global Precipitation
Climatology Project (GPCP; Huffman et al., 2001) during DJF 1996-2016 are used for validation.

ERA-Interim horizontal winds, vertical velocities, temperatures, and specific humidities on 60 model 5
levels are used together with surface pressure as inputs of the LAGRangian ANalysis TOol (LAGRANTO;
Sprenger & Wernli, 2015; Wernli & Davies, 1997), which calculates backward trajectories for air parcels
above the three subregions of the TP. Horizontal winds, air temperature, specific humidity, and geopoten-
tial height on pressure levels, snowfall, and surface temperature from ERA-Interim are also used for further
diagnostic analyses. The temporal resolutions of all reanalysis variables are 6 hr.

All variables from ERA-Interim are used on a latitude-longitude grid with a uniform resolution of 1°.
We retain the original temporal resolutions of the variables when running the LAGRANTO model, but use
daily averages of the variables when conducting other kinds of diagnostic analyses.

2.2. Identification of the Wintertime Intense Precipitation Events

For each subregion, wintertime intense precipitation events are defined based on the following three steps.
First, daily precipitation over each subregion is calculated as area-averaged precipitation within this subre-
gion with surface altitudes higher than 2,500 m. Second, we identify wintertime intense precipitation events
for a specific subregion as those days with daily precipitation in this subregion exceeding the 95th percentile.
The 95th percentiles of daily precipitation for the WTP, SCTP, and SETP are 3.2, 0.9, and 1.7 mm day ™",
respectively, during DJF 1979-2016. For each subregion, this definition selects 172 intense days. Third, we
define an intense event as a period containing one or more consecutive intense precipitation days. One
non-intense day is allowed to exist between any two intense days during an intense event. Applying the above
two steps identifies 114, 117, and 109 intense precipitation events for WTP, SCTP, and SETP, respectively.

2.3. A Lagrangian Approach for Determining Evaporative Moisture Sources

Prior to the Lagrangian analysis, 10-day backward trajectories are tracked for air parcels over a specific
subregion (i.e., the target locations) of the TP using version 2.0 of LAGRANTO. A 10-day backward calcu-
lation time is adopted for consistency with the atmospheric moisture residence time scale (about 8 days;
Trenberth, 1998, 1999). Horizontally, the target locations of these air parcels are distributed equidistantly
with a grid spacing of 100 km (not 1°). The horizontal distributions of the air parcels for the three subre-
gions are displayed in Figure 1b. Vertically, the target locations of these air parcels are distributed uniformly
in the atmosphere from the surface to 200 hPa with a vertical grid spacing of 40 hPa. Surface pressure, spe-
cific humidity, relative humidity, and vertical velocity along backward trajectories corresponding to each air
parcel are recorded at an interval of 6 hr.

The Lagrangian approach used for determining the moisture sources for precipitation over each subregion
of the TP was originally designed by Stohl and James (2004). The key principle of this approach is that geo-
graphical positions with moisture increases along the Lagrangian trajectory for an air parcel can be viewed
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Figure 2. Frequency distributions of the precipitation intensities (left column; units: mm day~!) and lifetimes (right
column; units: days) of intense precipitation events derived from ERA-Interim over the (a) WTP, (b) SCTP, and

(c) SETP during DJF 1979-2016. Numbers at the top right corners of left column of (a—c) represent the 95th percentiles
of the daily precipitation over these three regions.

as potential moisture sources. Conversely, the geographical positions with moisture decreases along the tra-
jectory for the same air parcel can be regarded as moisture sinks. In particular, the algorithm for estimating
precipitation at each target location can be referred to Method S1 in the supporting information. Sodemann
et al. (2008) further developed this approach by considering the following two aspects. First, precipitation
that occurs en route may decrease the contribution of earlier moisture sources to precipitation over the target
region. Second, only moisture sources within the boundary layer should be considered as evaporative mois-
ture sources from the underlying surface. Here we adopt the above two amendments made by Sodemann
et al. (2008) when using the algorithm originally developed by Stohl and James (2004).

3. Basic Characteristics of Wintertime Intense Precipitation Events

Frequency distributions of precipitation intensities for intense precipitation events in the three subregions
are shown in the left column of Figure 2. The subregions listed in descending order of precipitation intensity
during intense events are WTP, SETP, and SCTP, consistent with differences in the thresholds used to define
the intense precipitation days in each subregion (significantly different at the 99% confidence level). In the
WTP, about 91.2% of intense events have intensities ranging from 3 to 6 mm day~! (Figure 2a). In compari-
son, intensity ranges for the majority of the intense events over the SCTP and SETP are 0 to 3 mm day~! and
1 to 4 mm day~!, respectively (Figures 2b and 2c). Frequency distributions of the lifetimes of intense events
are similar (not significantly different at the 90% confidence level) among the three subregions (right col-
umn of Figure 2). Specifically, intense events having lifetimes of 1 day account for 61.4%, 59.8%, and 60.6% of
total intense events over WTP, SCTP, and SETP, respectively, while those having lifetimes of 2 days account
for 28.9%, 33.3%, and 27.5%, respectively. Few events have lifetimes exceeding 3 days.

Figures 3a-3c show the composite mean horizontal distributions of ERA-Interim precipitation over the
three subregions during their respective intense events. Similar to the wintertime climatological mean, the
precipitation maxima for all three subregions are concentrated along their southern slopes. This character-
istic horizontal distribution of the intense precipitation events is further confirmed by using APHRODITE
(Figures 3d-3f), TRMM (Figures 3g-3i), and GPCP (Figures 3j-3l) in place of ERA-Interim. As most of
the wintertime intense precipitation over each subregion falls as snow (snow-to-precipitation ratios exceed
94%; see Figure S1 in supporting information), we refer to these three subregions of the TP as the snowy
subregions of the TP.
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Figure 3. Horizontal distributions of average precipitation (units: mm day~1) during wintertime intense precipitation
events over the WTP (left), SCTP (middle), and SETP (right) based on (a-c) ERA-Interim (DJF 1979-2016), (d—f)
APHRODITE (DJF 1979-2006), (g-i) TRMM (DJF 1998-2016), (j-1) GPCP (DJF 1996-2016), and (m-o0) Lagrangian
estimated precipitation (DJF 1979-2016). Regions bounded by solid red lines have surface altitudes higher than

2,500 m. The WTP, SCTP, and SETP are defined as the areas with surface altitudes exceeding 2,500 m within the pink,
blue, and yellow dashed boxes, respectively.

Figures 3m-3o display the composite mean horizontal distribution of estimated precipitation based on the
Lagrangian approach for each subregion over the TP during their respective intense precipitation events.
Similar to the ERA-Interim precipitation, the estimated precipitation using the Lagrangian approach is
also maximum along the southern slope of each subregion. Area-averaged precipitation values based on
Lagrangian estimates (4.6 mm day ™' for WTP, 1.8 mm day " for SCTP, and 3.1 mm day " for SETP) are close
to those based on ERA-Interim precipitation data (4.3 mm day ' for WTP, 1.6 mm day ™" for SCTP, and 2.4
mm day ! for SETP), but with slight overestimates. This overestimation issue has also been reported by pre-
vious studies (James et al., 2004; Stohl & James, 2004; Sodemann et al., 2008; Wernli & Davies, 1997) and
has been attributed to two possible reasons. First, precipitation from an air parcel at the target locations
of a Lagrangian trajectory is improperly overestimated in our approach as the moisture decrease of the air
parcel over a 6h interval. Second, many complex microphysical processes are neglected when estimating
precipitation using the Lagrangian approach. These processes are replaced by the relatively crude criteria
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Figure 4. (a) Definition of the 11 sectors used for diagnosing and attributing moisture sources. Horizontal distributions
of average attributed evaporative moisture sources (units: mm day~!) for wintertime intense precipitation events over
the (b) WTP, (c) SCTP, and (d) SETP, respectively. Regions bounded by solid red lines have surface altitudes higher than
2,500 m. The WTP, SCTP, and SETP are defined as the areas with surface altitudes exceeding 2,500 m within the dashed
box in the corresponding panel. (e-g) Box-and-whisker diagrams summarizing relative evaporative moisture
contribution ratios (units: %) from the 11 named sectors to the identified intense precipitation events over the WTP,
SCTP, and SETP. In each box-whisker plot, the horizontal line across the box and the lower and upper boundaries
represent the median and lower and upper quartiles, respectively, while the dot and lower and upper whiskers denote
the mean, minimum, and maximum, respectively. Numbers at the top right of (e)-(g) represent the sum of
contributions from the 11 named sectors.
of a moisture decrease along the Lagrangian trajectory and relative humidity >80%. Huang et al. (2018)
pointed out that the estimated precipitation intensity is sensitive to the relative humidity threshold defined
for the occurrence of precipitation. However, despite this slight overestimation of precipitation intensity, the
Lagrangian approach effectively reproduces the spatial patterns and relative intensities of precipitation over
these three subregions of the TP. Thus, it is reasonable to adopt the Lagrangian approach for inferring the
geographical distributions of evaporative moisture sources for wintertime intense precipitation events over
the WTP, SCTP, and SETP domains.
QIU ET AL. 12,714
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4. Evaporative Moisture Sources for the Three Subregions Over the TP

Figures 4b—4d illustrate the composite mean horizontal distribution of evaporative moisture sources esti-
mated for intense precipitation events over each of the three subregions.

For the WTP, evaporative moisture sources exceeding 0.05 mm day ™' have a widespread distribution that
extends southwestward from the northern part of the Indian Peninsula to the Red Sea. Moisture contribu-
tions from the northern and central Indian Peninsula, the eastern Middle East, and the northern Arabian
Sea all exceed 0.2 mm day . The moisture contribution peaks over the southern slope of the WTP (with
surface altitudes <2,500 m) with a magnitude of 1 mm day .

For the SCTP, evaporative moisture sources exceeding 0.05 mm day ™~ are confined to the central and north-
ern parts of the Indian Peninsula, much narrower than those for the WTP. The moisture source distribution
has two localized maxima with magnitudes exceeding 0.2 mm day ™. One maximum is located over the cen-
tral Indian Peninsula, while the other is located over the southern slope of the SCTP (with surface altitudes
<2,500 m).

For the SETP, source regions with moisture contributions exceeding 0.05 mm day ™" are again widespread.
The specific source regions include the majority of the Indian Peninsula and the Sichuan basin east of the
TP. The maximum moisture contributions, with a magnitude of 1 mm day ", are located along the southern
slope of the SETP (with surface altitudes <2,500 m).

To compare the relative quantitative contributions of moisture from different source regions to wintertime
intense precipitation events over the three subregions, we divide the TP and its surrounding areas into
11 separate sectors (Figure 4a). These 11 sectors include (1) the TP, (2) the Middle East, (3) the Indian
Peninsula, (4) the Indo-China Peninsula, (5) the Arabian Sea, (6) the Bay of Bengal, (7) the West Pacific
Ocean, (8) eastern Asia, (9) northern Asia, (10) northeastern Africa, and (11) eastern Europe. The contribu-
tion ratio for a specific sector (Figures 4e-4g) is estimated as the ratio between the area integral of moisture
contributions from this sector and that of moisture contributions from the whole sphere. Note that the 11
sectors shown in Figure 4a contribute more than 99.5% of the moisture for intense precipitation over the
three subregions. Thus, all key moisture source regions for intense precipitation over these three subregions
of the TP are included in the analysis.

For intense precipitation over the WTP, sectors with mean relative contributions > 5% include the Indian
Peninsula (contributing 68.0%), the Middle East (12.5%), the Arabian Sea (9.2%), and the TP (5.0%)
(Figure 4e). Thus, the Indian Peninsula plays a dominant role in supplying moisture for intense precipitation
over the WTP. However, moisture contributions from the Indian Peninsula vary substantially from case to
case, with relative contributions ranging from 30.7% to 94.2%. We further divide the moisture contribution
into three parts: local contributions (from the WTP itself), contributions from terrestrial regions outside the
WTP, and contributions from oceanic regions. The relative contributions from these three domains are 3.9%
(local), 85.7% (terrestrial), and 10.4% (oceanic), respectively. The key oceanic source region is the Arabian
Sea, with relative contributions ranging from 0.3% to 31.6%. Therefore, the terrestrial areas provide most of
the moisture for intense precipitation events over the WTP.

For intense precipitation over the SCTP, the five moisture source regions with mean relative contributions
>5% include the Indian Peninsula (contributing 65.0%), the Bay of Bengal (12.1%), the Arabian Sea (6.9%),
the TP (6.5%), and the Middle East (5.6%) (Figure 4f). The relative contributions from the Indian Peninsula,
the Bay of Bengal, and the Arabian Sea vary substantially across events. Specifically, the maximum relative
contributions from these three regions are 95.5%, 77.2%, and 60.5%, respectively, while the minimum relative
contributions are 4.0%, 0.0%, and 0.0%, respectively. The relative contributions of local (from the SCTP),
other terrestrial, and oceanic sources are 5.5%, 74.8%, and 19.8%, respectively. Thus, oceanic sources play a
more important role in supporting intense precipitation over the SCTP (contributing 19.8%) than over the
WTP (10.4%). However, terrestrial sources, and especially the Indian Peninsula, still play the leading role in
supplying moisture for intense precipitation over the SCTP.

For intense precipitation over the SETP, the five moisture source regions with mean relative contributions
>5% include the Indian Peninsula (contributing 45.0%), the Indo-China Peninsula (27.0%), the Bay of Bengal
(8.6%), the TP (8.3%), and East Asia (8.0%) (Figure 4g). Although the Indian Peninsula still plays a leading
role in moisture supply for the intense precipitation over the SETP, its mean relative contribution is much
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Figure 5. Characteristic trajectories (black curve) of moisture transport from (a) the Indian Peninsula, (b) the Arabian
Sea, and (c) the Bay of Bengal to the WTP, SCTP, and SETP preceding wintertime intense precipitation events. Shading
represents surface altitude (units: m).

lower than those computed for the WTP and SCTP. In addition, the mean relative contribution from the
Indo-China Peninsula to the SETP is much larger than that to the WTP and SCTP combined. The relative
contributions from the Indian Peninsula, the Indo-China Peninsula, the Bay of Bengal, and East Asia vary
greatly from case-to-case. The maximum relative contributions from these four regions are 74.2%, 63.4%,
68.6%, and 39.5%, while the minimum relative contributions are 7.5%, 7.1%, 0.0%, and 0.0%. The relative
contributions of local (from the SETP), other terrestrial, and oceanic sources are 5.6%, 84.1%, and 10.3%,
respectively.

Therefore, most (>70%) of the moisture for intense precipitation over each of the three subregions of the TP
comes from terrestrial areas. In particular, the Indian Peninsula plays a leading role in providing moisture
for all three subregions. For each subregion, a localized maximum in the moisture contribution is evident
over the southern slope of the TP with lower surface altitudes. Thus, we speculate that some lifting processes
(such as orographic lifting) play crucial roles in delivering air parcels with abundant moisture to the target
subregions within the TP during intense precipitation events.

5. Characteristic Trajectories for the Moisture Transports From the Key
Moisture Source Regions to the Three Subregions

As demonstrated in Section 4, the key terrestrial moisture source region for wintertime intense precipitation
events in all three subregions of the TP is the Indian Peninsula, while the key oceanic moisture source
regions are the Arabian Sea and the Bay of Bengal. This section describes the characteristic trajectories for
moisture transports from these three key moisture source regions to the three subregions of the TP.

Our method for estimating the characteristic trajectory from an arbitrary source region (Region S) to a
specific target region (Region T) consists of the following two steps.

Step 1: Identify those trajectories along which there is at least one point within Region S with moisture
contribution >0.02 mm day ™" to the precipitation over Region T. The earliest point within Region S
exceeding this threshold contribution between —240 hr and —6 hr is viewed as the starting position of
the moisture transport trajectory linking Region S to Region T. All points along the trajectory before
this starting position are discarded.

Step 2: Calculate the geographical position of the characteristic trajectory linking Region S to Region T at a
specific relative time step (from —240 hr to 0 hr with an interval of 6 hr) as the mean of all identified
trajectory points at the same relative time step. Any points along the trajectories that are removed in
Step 1 are not considered in Step 2.

Figure 5 shows the characteristic trajectories from the three key source regions, including the Indian
Peninsula, the Arabian Sea, and the Bay of Bengal, to the three target regions, including the WTP, SCTP,
and SETP. Due to long transport pathways from the Arabian Sea and Bay of Bengal to the three subregions,
much of the moisture evaporated from these oceanic sources is lost en route. Moreover, characteristic tra-
jectories can traverse more than one region with relatively large moisture contributions. Indian Peninsula
contributions along Arabian Sea trajectories and Bay of Bengal trajectories to the WTP respectively account
for 29.1% and 3.5% of the moisture contributions integrated over the entire globe (Figure S2 in supporting
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Figure 6. Evolution of the altitudes (units: m; dashed line; left ordinate) and vertical velocity (units: 1072 Pas™; solid
line; right ordinate) backward in time (from —240 hr to 0 hr) along characteristic trajectories. The characteristic
trajectories represent moisture transport from the Indian Peninsula (blue), Arabian Sea (orange), and Bay of Bengal
(red) to the (a) WTP, (b) SCTP, and (c) SETP.

information). The sum of these two contributions (contribution ratio: 32.6%) is close to half of the contribu-
tions from the Indian Peninsula to the WTP (relative contribution: 68.0%). The contribution ratio of moisture
evaporated from the Indian Peninsula to the SCTP along the above two oceanic trajectories is 44.4%, while
that to the SETP is 24.7%. These two ratios are more than half of the relative contributions from the Indian
Peninsula to the SCTP (65.0%) and SETP (45.0%). Therefore, a large part of the moisture evaporated from
the Indian Peninsula is transported along trajectories that also pass over the Arabian Sea or Bay of Bengal.

For target regions with high surface altitudes, it is more critical to identify the vertical variations along these
characteristic trajectories than the horizontal variations. Figure 6 shows evolutions of altitude and vertical
velocity along the nine characteristic trajectories. All nine characteristic trajectories are characterized by
mean altitudes less than 2,500 m between —240 hr and —24 hr, indicating that the key moisture transport
pathways are mainly modulated by the lower-tropospheric circulation. In the last 24 hr, the air parcels along
these characteristic trajectories ascend suddenly from 2,500 m to 5,000 m. At the same time, the vertical
velocities of these air parcels rapidly increase from around —0.01 Pas™! (slightly upward) between —240 hr
and —24 hr to around —0.2 Pas~! (sharply upward) between —24 hr to 0 hr. Therefore, we suggest that oro-
graphic lifting due to the presence of steep topography plays an important role in supplying moist air parcels
to the three high-altitude target regions. Uplift of air parcels that occurs mainly in the 24 hr preceding the
event can be easily understood. Earlier uplift of air parcels could result in earlier precipitation along their
northward transport pathways, meaning that these air parcels are more dehydrated when they reach the
target regions.

The characteristic time scale for moisture transport from each source region to the corresponding target
region provides a useful indicator for the time periods over which to evaluate the evolution of favorable
circulation patterns and associated thermodynamic variables. Figure 7 shows characteristic time scales for
moisture transport from the same three source regions to the three target regions. Here the characteristic
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Figure 7. Box-and-whisker diagrams summarizing the distributions of characteristic transport time scales for moisture
transport from the Indian Peninsula (blue), Arabian Sea (orange), and Bay of Bengal (red) to the (a) WTP, (b) SCTP,
and (c) SETP preceding wintertime intense precipitation events.

time scale for moisture transport linking moisture originating from Region S to the target Region T is
calculated as the weighted average of time elapsed between all moisture contributions >0.02 mm day~! in
source regions and the corresponding precipitation point over Region T. The mean characteristic time scales
for moisture from the Indian Peninsula to reach the WTP, SCTP, and SETP are 2.5, 3.1, and 4.0 days, respec-
tively, much shorter than the characteristic transport timescales from the Arabian Sea and the Bay of Bengal.
The mean characteristic time scales for moisture transport from the Arabian Sea to the WTP, SCTP, and
SETP are 5.5, 5.4, and 7.3 days, respectively, while those from the Bay of Bengal are 7.1, 5.3, and 5.6 days.
Note that characteristic time scales for moisture transport from the Arabian Sea and the Bay of Bengal to
the three subregions are highly variable. The minimum time scales for moisture transport from the Arabian
Sea to the WTP, SCTP, and SETP are 2.4, 2.3, and 3.1 days, respectively, while the maximum timescales are
8.1,9.8, and 9.8 days. Time scales for moisture transport from the Bay of Bengal to the SCTP and SETP range
from around 1.5 days to 9.6 days, while those for transport from the Bay of Bengal to the WTP range from
4.2 t0 9.4 days.

6. Favorable Circulation Patterns for Moisture Transport

In this study, the favorable circulation pattern (FCP) linking moisture from a specific source region to the
target region within the TP is estimated using the formula:

N Li-1
Fcp= =3 Y cprwr, )
N i=1 m=-10
where N is the total number of intense precipitation events over the target region with moisture
contributions from the source region >70th percentile, and L, is the duration of the ith intense precipitation
event, m is the index of the day relative to the onset of the ith intense precipitation event, CP" is the circu-
lation pattern at 850 hPa on Day m of the ith event, and w{" is the corresponding weight. Considering that
the circulation pattern on Day m can transport moisture contribution from Day —10 to Day m, the weight
coefficient w" is calculated as:

m .
m Zj:—lOQz{
W'=E 2
L;i—1 m Q/
zm:—lo j=—10 <i

where Q{ is the moisture contribution from the source region on Day j of the ith intense event. According
to this formula, the weight for the circulation pattern on Day m is assigned to match the sum of moisture
contributions from Day —10 to Day m.
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Figure 8. Composite stream function anomalies (shading;

units: 106 m? s~1) and horizontal wind anomalies (vectors; units: m s~1) at
850 hPa for moisture transport to wintertime intense precipitation events
over the WTP with large (>70th percentile) moisture contributions from
the (a) Indian Peninsula, (b) Arabian Sea, and (c) Bay of Bengal. Shading
and vectors are only shown when composite anomalies meet the 95%
confidence level based on two-tailed Student's ¢ tests. Note that vectors are
plotted if wind anomalies are significant in at least one direction (zonal or
meridional). Regions bounded by solid red lines have surface altitudes
higher than 2,500 m. The WTP is defined as the area with surface altitudes
exceeding 2,500 m within the pink dashed box.

We focus on the 850-hPa isobaric surface in evaluating the favorable cir-
culation patterns mainly because moisture is primarily transported in the
lower troposphere between the key moisture source regions and the three
subregions of the TP (see Section 5).

6.1. Favorable Circulation Patterns for the Moisture Transport

to the WTP

The favorable circulation patterns for moisture transport from the three
key source regions to the WTP are all characterized by a significant
cyclonic anomaly anchored near the northwestern Indian Peninsula
(southwest of the WTP; Figures 8a-8c). In the favorable circulation pat-
tern for moisture transport from the Indian Peninsula to the WTP, the
cyclonic anomaly has a peak stream function magnitude exceeding 3 x
10 m2?s7! and is confined to the north of 25°N (Figure 8a). Supported
by a weak anticyclonic anomaly over the northeastern Indian Peninsula,
southerly wind anomalies downstream of the cyclonic anomaly cover
the majority of the Indian Peninsula. These southerly anomalies effec-
tively prompt moisture transport from the Indian Peninsula to the WTP.
In the favorable circulation pattern for moisture transport from the Bay
of Bengal, the cyclonic anomaly expands southeastward over the central
Arabian Sea and the anticyclonic anomaly expands southward over the
Bay of Bengal (Figure 8c). These expansions mean that southerly wind
anomalies downstream of the cyclonic anomaly reach over the Bay of
Bengal, intensifying the moisture transport from this region to the WTP.
Despite these differences in extent, the favorable circulation patterns
for moisture transport from the Indian Peninsula and moisture trans-
port from the Bay of Bengal are similar. This similarity can be partially
explained by the fact that many of the intense precipitation events used to
identify favorable circulation patterns for moisture transport from these
two source regions are the same.

In the favorable circulation pattern for moisture transport from the Ara-
bian Sea, a cyclonic anomaly with a peak stream function magnitude
exceeding 4 x 10° m?s~! expands further southwestward to cover the
entire area west of the WTP (Figure 8b). Powerful southwesterly wind
anomalies downstream of the cyclonic anomaly are conducive to mois-
ture transport from the northwestern Arabian Sea to the WTP. It is worth
noting the presence of a significant anticyclonic anomaly to the south of
the cyclonic anomaly. Downstream of this anticyclonic anomaly, strong
northerly wind anomalies inhibit moisture transport from the Indian
Peninsula and the Bay of Bengal to the WTP.

6.2. Favorable Circulation Patterns for the Moisture Transport

to the SCTP

The favorable circulation patterns for moisture transport from the three
key source regions to the SCTP are all characterized by a significant

cyclonic anomaly over the northern Indian Peninsula (southwest of the SCTP; Figures 9a-9c¢). In the favor-
able circulation pattern for moisture transport from the Indian Peninsula, the cyclonic anomaly has a peak
stream function magnitude exceeding 2 x 10° m? s~! and is confined within 60°E to 75°E (Figure 9a). South-
westerly wind anomalies downstream of this cyclonic anomaly cover the majority of the Indian Peninsula,
favoring moisture transport from the Indian Peninsula to the SCTP. In the favorable circulation pattern
for moisture transport from the Arabian Sea, the cyclonic anomaly expands eastward over the northeast-
ern Indian Peninsula and displays an elongated east-west orientation (Figure 9b). The peak magnitude of
the cyclonic anomaly exceeds 4 x10° m?s~!, much larger than that under the favorable circulation pat-
tern for moisture transport from the Indian Peninsula (Figure 9a). South of this intense cyclonic anomaly,
powerful westerly wind anomalies over the Arabian Sea favor moisture transport from the Arabian Sea to the
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deliver the moisture to the SCTP (Figure 9b). In the favorable circula-
tion pattern for moisture transport from the Bay of Bengal, the cyclonic
anomaly is shifted further south, covering nearly the whole Arabian Sea
and Indian Peninsula (Figure 9¢). Supported by an anticyclonic anomaly
over the Bay of Bengal, this southward expansion induces southerly wind
anomalies over the western Bay of Bengal, to the east of the cyclonic
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Bay of Bengal to the SCTP.
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anomaly over the tropical Arabian Sea and Bay of Bengal (Figure 10a).
As a consequence, westerly wind anomalies prevail over most of the
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lies downstream of the cyclonic anomaly favor moisture transport from
the Arabian Sea to the SETP. Note that the anticyclonic anomaly over
the tropical Bay of Bengal is remarkably stronger under this situation,
intensifying eastward moisture transport from the Arabian Sea. Owing
to the distance between the Arabian Sea and the SETP, the mean rel-
ative contribution of the Arabian Sea to intense precipitation over the
SETP under the favorable situation is still only 2.9%. In the favorable
circulation pattern for moisture transport from the Bay of Bengal, the
cyclonic anomaly expands southeastward over the western Bay of Ben-
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Figure 9. Composite stream function anomalies (shading;
s~1) and horizontal wind anomalies (vectors; units: m s~1) at

units: 106 m2

gal (Figure 10c). Under this situation, nearly the entire Bay of Bengal is
covered by strong southerly wind anomalies, supporting a mean relative
contribution of 21.0%.

105°E

850 hPa for moisture transport to wintertime intense precipitation events

over the SCTP with large (>70th percentile) moisture contributions from

7. Discussion

the (a) Indian Peninsula, (b) Arabian Sea, and (c) Bay of Bengal. Shading

and vectors are only shown when composite anomalies meet the 95%
confidence level based on two-tailed Student's ¢ tests. Note that vectors are
plotted if wind anomalies are significant in at least one direction (zonal or
meridional). Regions bounded by solid red lines have surface altitudes
higher than 2,500 m. The SCTP is defined as the area with surface altitudes
exceeding 2,500 m within the blue dashed box.

In this section, we discuss in more detail the roles of two specific features
of the large-scale circulation: the warm conveyor belt and the Rossby
wave train. These circulations contribute in important ways to the forma-
tion of wintertime intense precipitation events over the three subregions
of the TP.

7.1. Warm Conveyor Belt

Asmentioned in Section 6, southerly winds downstream of the lower-tropospheric cyclonic anomaly are cru-
cial for moisture transport from the south to the Himalayan foothills. It is therefore necessary to analyze the
thermodynamic conditions in the lower troposphere preceding intense precipitation events. Figures S3-S8
(in supporting information) show the composite evolutions of temperature and specific humidity anoma-
lies on the 850-hPa isobaric surface from Day —8 to Day 0 for wintertime intense precipitation events over
the WTP, SCTP, and SETP, respectively. Intense precipitation events over each of the three subregions are
associated with significant warm temperature anomalies to the southwest of the corresponding subregion
(Figures S3-S5). These warm temperature anomalies last from Day —6 to Day 0 for events over the WTP
and SETP, but from Day —2 to Day 0 for events over the SCTP. The amplitudes of these warm temperature
anomalies all exceed 0.5K. Moreover, large parts of these significant warm temperature anomalies are
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Figure 10. Composite stream function anomalies (shading;

units: 10° m? s~1) and horizontal wind anomalies (vectors; units: m s~1) at
850 hPa for moisture transport to wintertime intense precipitation events
over the SETP with large (>70th percentile) moisture contributions from
the (a) Indian Peninsula, (b) Arabian Sea, and (c) Bay of Bengal. Shading
and vectors are only shown when composite anomalies meet the 95%
confidence level based on two-tailed Student's ¢ tests. Note that vectors are
plotted if wind anomalies are significant in at least one direction (zonal or
meridional). Regions bounded by solid red lines have surface altitudes
higher than 2,500 m. The SETP is defined as the area with surface altitudes
exceeding 2,500 m within the yellow dashed box.

geographically coincident with significant positive anomalies in specific
humidity (Figures S6-S8). From Day —2 to Day 0, the warm and humid
anomalies are approximately collocated with regions identified as con-
tributing relatively large amounts of moisture to intense precipitation
events over the corresponding subregion (Figures 4b-4d). As mentioned
in Section 5, strong updrafts are observed southwest of each subregion
leading up to intense precipitation events. Therefore, the regions with
warm temperature anomalies and positive specific humidity anoma-
lies may be regarded as a warm conveyor belt, which is defined as a
coherent warm, moist, and ascending flow (Madonna et al., 2014). As doc-
umented by Madonna et al. (2014) and Pfahl et al. (2014), the presence
of a warm conveyor belt favors the formation of extreme precipitation.

7.2. Rossby Wave Train

Huang et al. (2018) showed that the Rossby wave train in the upper tro-
posphere plays a crucial role in the development of extreme precipitation
events (defined based on the 99th percentile) over the SETP region. Figure
S9 shows the composite evolution of geopotential height anomalies on the
300-hPa isobaric surface from Day —12 to Day 0 for intense precipitation
events that occurred over the WTP. A significant anticyclonic anomaly
forms over the eastern Atlantic Ocean about 12 days before the onset
of intense precipitation events over the WTP (Figure S9a). This anticy-
clonic anomaly persists until Day —1 (Figures S9a—-S9h). The anticyclonic
anomaly is located over western Europe on Day —1, close to its position on
Day —12. Considering its remarkable persistence and quasi-stationarity,
this anticyclonic anomaly can be viewed as a blocking high. The presence
of a blocking high over western Europe plays an essential role in both trig-
gering and strengthening the downstream cyclonic anomalies. By day —4,
a Rossby-like wave train consisting of four action centers has formed,
comprising the anticyclonic anomaly over western Europe, a cyclonic
anomaly downstream of this anticyclonic anomaly, a second anticyclonic
anomaly over the Middle East, and a second cyclonic anomaly over
southern Asia. By Day 0, the eastern edge of the cyclonic anomaly down-
stream of the European anticyclonic anomaly has migrated over the WTP,
where it promotes the development of strong updrafts, large-scale mois-
ture convergence, and intense precipitation. The development of this
cyclonic anomaly is further supported by the Rossby wave train along the
subtropical jet stream between Day —4 and Day —2.

For the SCTP, the favorable circulation pattern leading to intense precip-
itation is characterized by a Rossby wave train embedded in the subtropi-
cal jet (Figure S10f). This zonally oriented Rossby wave train includes two
anticyclonic anomalies over northwestern Africa and the Middle East and
two cyclonic anomalies over northern Africa and the WTP. The move-
ment of the easternmost cyclonic anomaly toward the SCTP and triggers
the conditions required for intense precipitation to occur there. The favor-

able circulation pattern for the intense precipitation events over the SETP is also characterized by a Rossby
wave train embedded in the subtropical jet (Figure S11g), although this Rossby wave train has more cen-
ters of action than that for the SCTP. Intense precipitation over the SETP is associated with the eastward
migration of a cyclonic anomaly from the WTP toward the SETP (Figures S11g-S11i).

We further analyze the composite evolutions of temperature anomalies on the 500-hPa isobaric surface
associated with the development of intense precipitation events over each of the three subregions (Figures
S12-S14). Note that the 500-hPa isobaric surface is located close to the surface in all three subregions. Before
the onset of intense precipitation in each subregion, significant warm temperature anomalies propagate
into that subregion from the west. The presence of these warm temperature anomalies is closely related to
cold advection downstream of the anticyclonic anomaly (i.e., west of the cyclonic anomaly that produces
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intense precipitation over the target region). Because the anticyclonic anomalies for both the SCTP and SETP
region are effectively embedded in the subtropical jet stream, the intrusion of cold air from higher latitudes
is very weak. By contrast, the presence of the blocking high over western Europe preceding intense pre-
cipitation events over the WTP favors strong cold air intrusions from higher latitudes into the WTP region.
As a consequence, significant cold temperature anomalies at 500 hPa cover essentially the entire latitude
band west of the WTP from south of 30°N to around 60°N between Day —3 and Day 0 (Figures S12b-S12e).
This intrusion of cold air from the north not only enhances updrafts by lifting warm air but also helps to
transform precipitable water into precipitation by lowering saturation thresholds for water vapor through
much of the atmospheric column. Cold air from the extratropics thus plays an indispensable role in the
formation of wintertime intense precipitation events over the WTP. It is interesting to note that Martius
et al. (2013) documented similar extratropical-tropical interactions during the formation of a summertime
extreme precipitation event that led to extensive flooding in Pakistan in July 2010.

8. Summary and Concluding Remarks

Wintertime intense precipitation events over the TP are frequently accompanied by severe snow disasters. In
this study, a Lagrangian approach is employed to examine the evaporative moisture sources for wintertime
intense precipitation events over the three snowy subregions of the TP during DJF 1979-2016. It is revealed
that most of the moisture supply for wintertime intense precipitation events over the WTP, SCTP, and SETP
originates from terrestrial areas outside the target region, accounting for 85.7%, 74.8%, and 84.1% of intense
precipitation, respectively. In particular, the Indian Peninsula consistently plays a leading role in providing
moisture for the three snowy subregions, with mean contributions of 68.0% for the WTP, 65.0% for the SCTP,
and 45.0% for the SETP. Transports from oceanic areas play a lesser role on average (10.4% for WTP, 19.8%
for SCTP, and 10.3% for SETP) but are major contributors in certain cases, with the Arabian Sea and the Bay
of Bengal representing the two primary oceanic source regions. Evaporative moisture sources for intense
precipitation over the WTP and SETP have widespread distributions. Relative contributions of the Arabian
Sea to intense precipitation over the WTP and SETP are 9.2% and 1.1%, respectively, while the Bay of Bengal
contributes 1.1% and 8.6%. The evaporative moisture source distribution for the SCTP is mostly confined to
the Indian Peninsula. Despite this narrow moisture source distribution, the Arabian Sea (6.9%), and Bay of
Bengal (12.1%) nonetheless still play important roles.

The moisture supplies from the three source regions mentioned above (the Indian Peninsula, Arabian Sea,
and Bay of Bengal) to the three snowy subregions of the TP are all characterized by lower-level moisture
transport from the south to the Himalayan foothills. The lower-level moisture transport pathways con-
sistently involve southerly winds downstream of a cyclonic anomaly over the Indian Peninsula, further
supported by an anticyclonic anomaly over the tropical Arabian Sea and Bay of Bengal. In particular, no
matter how the cyclonic anomaly shifts, expands, or intensifies, it is always located to the southwest of the
target region. As air parcels approach the target regions (mainly during the last 24 hr), ascending air parcels
carry moisture from the foothills to the three high-altitude target regions. This lifting is supported by the
combined effect of the orographic lifting and favorable large-scale circulation patterns.

In a companion paper, Huang et al. (2018) have examined the moisture sources for wintertime extreme
precipitation events over the SETP. During winter, high-intensity precipitation events over the TP mainly
occur along the southern periphery, which includes not only the SETP but also the WTP and SCTP
subregions. Therefore, identifying and investigating the moisture sources for wintertime intense pre-
cipitation events over all three subregions provides a more comprehensive picture of the wintertime
hydrological cycle in the vicinity of the TP. Note that Huang et al. (2018) analyzed 27 wintertime
extreme precipitation events identified based on the 99th percentile of all daily precipitation records
during winter. By contrast, the intense precipitation events examined in this study are identified based
on the 95th percentile, yielding at least 109 wintertime intense precipitation events in each subre-
gion. The findings of this study can thus be applied to a larger population of intense precipitation
events over the TP and its south slope. We have proposed a method to determine the favorable cir-
culation patterns linking moisture from a given source region to each target region (in this case, the
three subregions). Huang et al. (2018) also discussed favorable circulation patterns for moisture trans-
port; however, their approach was based on the composite evolution of geopotential height anomalies.
The method we apply in this paper provides a fuller and more objective characterization of the favor-
able circulation patterns and their influences on moisture transport. Moreover, we find that the favorable
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upper tropospheric circulation pattern preceding the onset of intense precipitation events over the WTP dif-
fers from those for events over the SCTP and SETP. A blocking high over western Europe plays a crucial role
in the formation of the intense precipitation events over the WTP. This blocking high helps to intensify the
cyclonic anomaly around the WTP and promote the intrusion of cold air from the extratropics to the WTP.
The cyclonic anomaly and cold air intrusion both favor the onset of the intense precipitation events.

Regarding the moisture sources for wintertime precipitation over the TP, our results differ in some respects
with those of previous studies. Previous studies have indicated that moisture supplies for wintertime pre-
cipitation over the TP come mainly from the west (Filippi et al., 2014; Liu et al., 2017; Sun & Wang, 2014;
Tian et al., 2007), Africa (Pan et al., 2018), or the Indian Ocean (An et al., 2017). By contrast, we find that
most moisture for wintertime intense precipitation events over the three snowy subregions of the TP orig-
inates from the south, especially the Indian Peninsula. This discrepancy can be explained as follows. First,
the cases under examination are different. Most previous studies focused on identifying moisture sources
for precipitation during the whole winter season (An et al., 2017; Filippi et al., 2014; Liu et al., 2017; Pan
et al., 2018; Sun & Wang, 2014; Tian et al., 2007), when the prevailing winds over the TP and its surround-
ing areas are westerly. By contrast, our study focuses on the moisture sources for the intense precipitation
events that are more likely to result in severe snow disasters. Second, the regions under examination are dif-
ferent. Meteorological conditions vary substantially among different subregions over the TP. For instance,
Sun and Wang (2014) focused on semiarid grasslands on the TP, while our study examines three snowy sub-
regions along the southern periphery of the TP. Third, important details of the methodology are different.
Such details may include the Lagrangian tracking software, the reanalysis products used to drive the model,
the moisture source attribution methods, and the criteria used to define the moisture source regions. Our
results in this study are supported by several recent studies linking wintertime intense precipitation events
in and around the TP to the occurrence of western disturbances (Cannon et al., 2014, 2015, 2016; Dimri
et al., 2015; Forsythe et al., 2017; Huang et al., 2018; Li et al., 2018). Southerly winds downstream of these
western disturbances favor moisture transport from the south to the TP, as emphasized in our conclusions.
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