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Abstract This study uses precipitation oxygen isotopes (SISOP) to examine key dynamics that deliver
moisture to the southern slope of central Himalayas over different seasons. Results show that the majority of
pre-monsoon 6180p values are relatively high and controlled by the westerlies and local moisture. However,
some abnormally low 6'80lD values coincide with higher precipitation amounts during the pre-monsoon season
due to moisture driven northwards from the Bay of Bengal and Arabian Sea to central Himalayas by anomalous
circulations (quasi-anticyclone, anticyclone, or/and westerlies trough). The size and location of the quasi-
anticyclone also influences the magnitude of the SISOP decrease. In comparison, the monsoon 6180p values are
lower due to the combined effects of the Indian summer monsoon and convection. Our findings indicate that
researchers need to consider the signals of abnormally low 618Op values during the pre-monsoon season when
attempting to interpret ice core and tree-ring records from central Himalayas.

Plain Language Summary How moisture is transported to the southern slope of central Himalayas
remains unclear, especially for the frequent heavy precipitation events that occur during the pre-monsoon
season. Here, we address this issue using 6'80p measurements from the Asang station on the southern slope of
central Himalayas during 2018-2019. We find that some abnormally low SISOP values coincide with heavy
precipitation during the pre-monsoon season. These abnormally low 6180p values are caused by the
development of anomalous circulations that drives the Indian Ocean moisture to the Asang station. During the
monsoon season, the 618Op values are much lower than other seasons. Such low values are the product of the
combined effects of the Indian summer monsoon and convection. We propose that the abnormally low SISOp
values during the pre-monsoon season need to be considered in paleoclimate reconstructions using ice core and
tree-ring records in the region. The abnormally low 6180p values during the pre-monsoon season are closely
correlated to anomalous circulations. This finding implies that 8180p records from ice core and tree ring archives
may have potential to reconstruct the frequency and intensity of such anomalous circulations during the pre-
monsoon season.

1. Introduction

The Himalayas are an important region of glaciation and provide the headwaters for many rivers (Bolch
et al., 2012; Immerzeel et al., 2010; Scherler et al., 2011; Su et al., 2022; G. Zhang et al., 2023). As such, they
provide a critical water resource for local and downstream areas (Acharya et al., 2020; Biemans et al., 2019;
Shrestha & Aryal, 2011). In particular, central Himalayas have a number of meridional canyons that cut its
southern slope and form important moisture transport channels (Bookhagen & Burbank, 2006, 2010; Hren
et al., 2009). As a result, abundant moisture can be transported from the Indian Ocean and travel across central
Himalayas onto the Tibetan Plateau. More importantly, numerous glaciers and dense forests also make the region
a hot spot for paleoclimatic reconstructions using ice cores (Hou et al., 2019; Kang et al., 2002; Pang et al., 2014;
Thompson et al., 2000; Yao et al., 1997) and tree rings (Brunello et al., 2019; Sano et al., 2013; Singh et al., 2021,
2022). The accurate interpretation of signals in these paleoclimatic archives is closely related to the understanding
of moisture sources and moisture transport processes. Therefore, it is critical to study moisture sources and
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moisture transport over central Himalayas not only for understanding the water cycle but also to ensure accurate
interpretation of paleoclimatic reconstructions.

Previous studies utilized meteorological data to suggest that the moisture for the southern Tibetan Plateau
(including central Himalayas) is mainly derived from the Indian Ocean and the Bay of Bengal (Feng &
Zhou, 2012; Pan et al., 2019). However, Curio et al. (2015) argued that less oceanic moisture can travel across the
mountains (including central Himalayas) into the plateau, while the moisture on the plateau is mainly sourced to
local moisture recycling (the recycling rate can reach as high as 63.2%). The causes for this contradictory
conclusion are likely due to the different reanalysis data and the relatively low data resolution. In particular, due to
the roughest and most complex terrain (including Mt. Everest and a number of meridional canyons), central
Himalayas have sparse meteorological observation stations. In comparison, stable hydrogen and oxygen isotopes
can fingerprint water sources as they are sensitive to environmental changes and can record water cycle infor-
mation and trace moisture transport (Bowen & Wilkinson, 2002; Jing et al., 2022; Konecky et al., 2019; Yao
etal.,2013; Yuetal.,, 2021; J. Zhang et al., 2021). Therefore, precipitation stable isotope data can make up for the
deficiencies of scarce meteorological data and low resolution of reanalysis and satellite data, and provide a
suitable approach to trace moisture sources and moisture transport over central Himalayas.

Indeed, previous studies have used oxygen isotope measurements in precipitation (6180',) in the Himalayas and
adjacent regions to reveal moisture sources and moisture transport processes (Acharya et al., 2020; Adhikari
et al., 2020; Axelsson et al., 2023; Chakraborty et al., 2016, 2022; Gao et al., 2011; Islam et al., 2021; Jeelani &
Deshpande, 2017; Jeelani et al., 2018; Rahul & Ghosh, 2019; Ren et al., 2017; Sinha et al., 2019; Yu et al., 2016).
For example, some studies have found that the 6]80p values on the southern slope of the Himalayas change
significantly in response to different moisture transported by the westerlies and the Indian summer monsoon
(Acharya et al., 2020). Studies have shown that 61801J values are different from west to east along the southern
foothills of the Himalayas, which indicates that the influences of the moisture transported from the Mediterranean
Sea or Caspian Sea by the westerlies and moisture transported from the Indian Ocean by the Indian summer
monsoon are different from west to east (Jeelani & Deshpande, 2017; Jeelani et al., 2018). However, compar-
atively less work has been done to determine moisture sources and moisture transport processes in central
Himalayas using SISOP data. Hence, how the moisture from different sources is transported to central Himalayas
by the westerlies and Indian summer monsoon remains unclear.

Unlike other parts of the Tibetan Plateau, the southern slope of central Himalayas often experiences heavy
snowfall or rainfall during winter and spring in the pre-monsoon season (Lang & Barros, 2004; Sharma &
Ganju, 2000; Wang et al., 2015). Such heavy snowfall or rainfall has a significant impact on glacier changes, plant
growth and the production and life of herdsmen in the region (Acharya et al., 2020; Shrestha & Aryal, 2011).
Therefore, it is of great significance to study the causes of such frequent snowstorms or rainstorms during the
winter and spring seasons. However, the moisture sources and transport processes that drive these extreme events
on the southern slope of central Himalayas is a major research gap.

This study aims to use stable isotopes in precipitation to examine how different transport dynamics drive the
moisture from different sources to the southern slope of central Himalayas over different seasons, especially the
moisture that drives the extreme events during the pre-monsoon season. To achieve this, we observed the daily
6180p values at the Asang station located on the southern slope of central Himalayas. First, we analyze the
seasonal variations of SISOp at the sampling station. Second, we survey the moisture transport processes that
affect the 6180p and focus on the anomalous circulations that appear to drive the extreme events during the pre-
monsoon season. Finally, we document the influence of the Indian summer monsoon combined with convection
on the 6180p during the monsoon season.

2. Materials and Methods
2.1. Study Sites and Stable Isotope Data

Asang station (27.41°N, 88.95°E, 2,800 m a.s.l.) is located in the Yadong Canyon on the southern slope of central
Himalayas (Figure la and Figure S1 in Supporting Information S1). The daily SISOP observations from our
sampling station (Figure 1a and Figure S1 in Supporting Information S1) covered the period 15 March 2018-6
October 2019 (Yu & Lazhu, 2023). The daily 518Op observations from the three sites of Tezpur, Darjeeling, and
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Figure 1. Location of the Asang station (red dot) and other stations (blue dots) including Tezpur, Darjeeling, and Kathmandu (a), and time series of air temperature (7°)
(b), relative humidity (c), 8'%0 (d), d-excess (d) (e), precipitation amount (P) (f). The green and gray vertical dashed lines represent the dates of the Indian monsoon
onset and retreat, respectively. The orange vertical dashed lines represent the starting date of the sampling. The pale yellow and light blue backgrounds represent the pre-
monsoon season and monsoon seasons, respectively.

Kathmandu neighboring our station were obtained from Chakraborty et al. (2022) and Gao (2020), respectively
(Text S1 in Supporting Information S1 for details).

2.2. Meteorological Data

To identify the circulation patterns and calculate the total water content, we used the reanalysis data derived from
ERAS (0.25 x 0.25) provided by the European Center for Medium-Range Weather Forecasts (ECWMF)
(Hersbach et al., 2023a) (Text S2 in Supporting Information S1 for details).

3. Results

Daily 6180p values, d-excess values (Figures 1d and le) and corresponding air temperature, relative humidity
(RH) and precipitation amounts (Figures 1b, 1c, and 1f) at the Asang station are shown in Figure 1. The daily
618Op values over the sampling period ranged from —28.25%o to 5.79%o, with a mean of —5.84%o + 5.95%o. The
corresponding d-excess values ranged from —23.54%o to 26.37%o, with a mean of 10.35%0 % 6.55%o.

The 8180]J values from 15 March to 27 June 2018 were relatively high (the mean value is 0.70%0 % 3.63%0), but
19 abnormally low values (the mean value is —5.65%¢ + 2.69%0) occurred during this period (Figure 1d). Over
this period, the corresponding air temperatures gradually increased (Figure 1b), the precipitation amounts fluc-
tuated and the relative humidities were generally high (Figures 1c and 1f). In comparison, the 8180p values from
June 28 to 18 September 2018 exhibited a clear decreasing trend while the corresponding air temperatures,
relative humidities and precipitation amounts were elevated. After 19 September 2018, the 6180]J values gradually
increased, while the air temperature, RH and precipitation amount decreased considerably and were opposite to
the 6180p changes. Clearly, the SISOP values at Asang station showed considerable variability across the different
seasons. Therefore, based on the pattern of the SISOP, the 2018 observation period can be divided into the pre-
monsoon (15 March to 27 June 2018), monsoon (28 June to 18 September 2018), and post-monsoon (19
September to 15 October 2018) seasons. The dates of the Indian summer monsoon onset and retreat (Fasullo &
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Webster, 2003) were on 28 June and 19 September 2018, respectively based on the corresponding sudden
decrease and rapid increase of the 6180p (Figure 1d). The seasonal patterns of 6180p in 2019 were similar to those
from 2018, so the observation period of 2019 was similarly divided (8 February to 17 June 2019, 24 June to 30
September 2019, and 5 October to 6 October 2019 as the pre-monsoon, monsoon, and post-monsoon seasons,
respectively). The dates of the Indian monsoon onset and retreat were on 24 June and 5 October 2019, respectively
based on the sudden decrease and rapid increase of the 8180p values. The monsoon onset and retreat dates are
consistent with those from the north Indian region supported by Indian Meteorological Department (the onset
dates in 2018 and 2019 were 24-26 June and 21-22 June, respectively; the retreat dates in 2018 and 2019 were 1—-
4 October and 12—-13 October, respectively) (https://reliefweb.int/report/india/india-meteorological-department-
end-season-report-2018-southwest-monsoon and https://reliefweb.int/report/india/india-meteorological-depart-
ment-end-season-report-2019-southwest-monsoon). As our study site is located in the north of the north Indian
region, the onset dates observed for our study site were later than those for the north Indian region and the retreat
dates were earlier (Yu et al., 2016). During the pre-monsoon season, the majority of 6180p values were relatively
high in both 2018 (—1.76%0—5.40%o, accounts for 70% of pre-monsoon precipitation events) and 2019 (—1.90%c—
5.80%o, accounts for 72% of pre-monsoon precipitation events) (Figure 1d). We define these relatively high
values as the “normal state” (Figures 1d and 3a, Figures S2a, S3a, S4a, and S8a in Supporting Information S1).
However, some abnormally low SISOP values (<—2.00%0) occurred during the pre-monsoon period (as low as
—10.78%¢ and —11.84%0 in 2018 and in 2019, respectively) and have been defined as the “abnormal cases”
(Figures 1d, 3a, and 3b, Figures S2a, S3a, S4a, S8a, and S8b in Supporting Information S1). In addition, the
seasonal variations of the SISOP values from Tezpur (Figure S2a in Supporting Information S1), Darjeeling
(Figure S3a in Supporting Information S1), and Kathmandu (Figure S4a in Supporting Information S1) were
similar to the observations from Asang. During the monsoon season, however, the majority of SISOP values (the
mean value was —10.21%o) are lower than the other seasons (Figure 1d). Moreover, those lower 6180p values
persist from June to September, and the duration of these values is longer than other seasons (Figure 1d).

4. Discussion
4.1. 6180p and Anomalous Circulations During the Pre-Monsoon Season

To investigate what caused the changes of SISOP values between the normal state and abnormal cases during the
pre-monsoon season, we examined the horizontal moisture flux and wind fields (at 750, 600, and 500 hPa), as well
as the winds at vertical levels and total water content fields in 2018 and 2019 (Figures 2 and 3, Figures S2-S4, S6,
and S8 in Supporting Information S1).

For the normal state, we discuss the main reasons that lead to the relatively high 6180p values from both remote
and local moisture sources. For the remote moisture sources, the Mediterranean region and the Atlantic Ocean act
as the main source of precipitation for central Himalayas (Madhura et al., 2015; Tian et al., 2005), where the water
vapor which is characterized by relatively high 8'80 values is transported to our study area. Such relatively high
water vapor 8'%0 values determine the high background values of the SISOP at the Asang station. Many studies
likewise suggest this moisture source (Mediterranean Sea) is the main reason for the high 6180p values on the
southern slope of the Himalayas (Hussain et al., 2015; Tian et al., 2005). In addition, the moisture flux and wind
fields indicate that the moisture is transported advectively by the westerlies (Figures 2a—2c) without an obvious
uplift effect in the zonal vertical direction (Figures 3d and 4a, and Figure S8d in Supporting Information S1). This
limited uplift is due to the relatively weaker convection (Figure 3c) Note that the outgoing longwave radiation
(OLR) values are relatively high compared with those in the abnormal cases and monsoon season. Therefore, the
rainout effect is relatively weak in the zonal vertical direction and the 6180p values are only slightly depleted. Due
to the limited moisture transported from south to north, the uplift effect in the meridional vertical direction on the
8180ID is insignificant (Figure 3e and Figure S8e in Supporting Information S1).

For the local moisture source, Figures 2b and 2¢ show that moisture flux is relatively high near the site during the
normal state. Therefore, relatively strong recirculating moisture from ecosystem productivity may also play an
important role in producing the relatively high 8180p values (Figure 3a). Such local contributions were also
confirmed by Chakraborty et al. (2022) and Adhikari et al. (2020) at the stations of Tezpur, Darjeeling, and
Kathmandu that neighbor our study site. It is clear that both the remote and local moisture sources lead to the
relatively high 6]80p values at the Asang station for the normal state during the pre-monsoon season. The cor-
responding high d-excess values for the normal state imply that the mixing of dry air from relatively low-humidity
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Figure 2. Moisture flux and wind fields over the Asang station at 750 hPa (c, f, i), 600 hPa (b, e, h), and 500 hPa (a, d, g) during the pre-monsoon (the normal state and
abnormal cases) and monsoon seasons in 2018. Panels (a—c) represent the normal state during the pre-monsoon season. Panels (d—f) represent the abnormal cases during
the pre-monsoon season (28 March 2018 was selected as an example, and other two examples of 8 April and 7 May in 2018 are shown in Figures S5 in Supporting
Information S1). Panels (g—i) represent the monsoon season. The shading represents the water vapor flux, the arrows represent the wind field, and the black dot
represents the Asang station. The white shadow represents areas above 3,500 m (c, f, i) and 4,000 m (b, e, h) altitude on the Tibetan Plateau that have missing values.

regions through the westerlies and local recirculating moisture may occur over our study site. The similar patterns
of the relatively high 8]80p values measured at the nearby stations (Tezpur, Darjeeling, and Kathmandu) for the
normal state during the pre-monsoon season and the corresponding moisture flux and wind fields further support
our conclusion (Figures S2b—S2d, S3b—S3d, and S4b—S4d in Supporting Information S1).

It should be pointed out that a trough of the subtropical westerlies (defined as westerlies trough) develops at the
south of the Indian subcontinent (0°N-8°N and 65°E-85°E) during the pre-monsoon season (Figure 2c and Figure
Sé6c in Supporting Information S1), as shown in Figure 4a. Indeed, at the front of the westerlies trough, abundant
ocean moisture can be delivered to the east of the Himalayas, and even to the Hengduan Mountains (Yu
etal., 2017) via the eastern Bay of Bengal. As a result, the SISOP values on the Hengduan Mountains are relatively
low (Yu et al., 2017). However, our study site lies behind the westerlies trough. Hence, the westerlies trough
operating during the normal state cannot contribute to the SISOP changes at the Asang station on the southern
slope of central Himalayas.

For the abnormal cases, we use the 8180p values on 28 March, 8 April, and 7 May in 2018 (26 March, 6 April, and
9 April in 2019) as examples. Their 6180p values were as low as —5.21%o, —7.06%o0, and —7.55%0 (—7.21%o,
—2.32%o, and —3.70%0 in 2019), respectively (Figure 1d) and corresponded to precipitation amounts of 4.3, 7.0,
and 19.7 mm (11.7, 18.8, and 3.2 mm in 2019), respectively (Figure 1f).

In the horizontal direction, unlike the normal state, the moisture flux and wind fields at 750 hPa indicate that an
apparent anomalous circulation similar to an anticyclone (here we defined quasi-anticyclone) developed in the
Arabian Sea (40°E-90°E, 10°N-30°N) (Figures 2f and 4b, Figures S5c, S5f, and S6f in Supporting Informa-
tion S1). It is worth noting that the moisture within the quasi-anticyclone (anticyclone) center is very low, which
resulted in little precipitation in the center. But this strong and vast quasi-anticyclone diverts large amounts of
oceanic moisture from the Bay of Bengal and Arabian Sea. The oceanic moisture along the outer edges of the
quasi-anticyclone (anticyclone) is spun and transported to the southern slope of the Himalayas via the western and
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Figure 3. Violin plots showing the distribution of 6180p values (a), precipitation amount (P) (b), and outgoing longwave radiation (c) during the pre-monsoon (the
normal state and abnormal cases) and monsoon seasons in 2018. Cross sections of the zonal (d, f, h) and meridional (e, g, i) winds at vertical levels with total water
contents (water vapor plus liquid and ice water content) during the pre-monsoon (d, e, f, g) and monsoon (h, i) seasons in 2018. Panels (d, e) represent the normal state
during the pre-monsoon season. Panels (f, g) represent the abnormal cases during the pre-monsoon season in 2018 (7 May 2018 was selected as an example). The black
shadows represent the terrain, the red dot represents the Asang station, colored shadows represent total water contents, and arrow represents the wind.

northern coasts of the Arabian Sea by this quasi-anticyclone. Compared with the normal state, the pathway of the
moisture transported by the quasi-anticyclone is longer, and the rainout effect becomes stronger. This stronger
rainout effect results in the abnormally low SISOP values at our study station. As shown in Figures 2d and 2e, we
can find that similar patterns occur at the 600 and 500 hPa levels to 750 hPa (Figure 2f), although the moisture flux
gradually decreases from 750 to 500 hPa.

In the vertical direction, the cross sections of zonal and meridional winds at vertical levels with total water
contents also show that the moisture can be uplifted to higher altitudes (Figures 3f, 3g, and 4b, Figures S8f and
S8g in Supporting Information S1). Usually, the higher altitudes correspond to lower air temperatures, which
leads to greater condensation (Yu et al., 2016, 2017). As a result, the 6180p values at our study station become
further depleted for the abnormal cases due to uplift processes during the pre-monsoon season (Figure 3a).

Similar abnormally low SISOP values occur at the nearby stations (Tezpur, Darjeeling, and Kathmandu) for the
abnormal cases during the pre-monsoon season in different years (Figures S2e-S2g, S3e-S3g, and S4e—S4g in
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Figure 4. Schematic diagram of Indian Ocean moisture transported to the southern slope of central Himalayas over different
seasons. (a) The normal state during the pre-monsoon season, (b) the abnormal cases (the quasi-anticyclone develops) during
the pre-monsoon season, (c) the monsoon season. Moisture transport (arrows), moisture (blue bubble), vapor stable isotopes
(8,) transported by the westerlies (orange circle) and Indian summer monsoon (green circle) all affect precipitation stable
isotopes (6,) in the study region (blue circle). The water vapor isotopic data along the westerlies and Indian summer monsoon
were retrieved from some studies (Angert et al., 2008; Rahul et al., 2016; Tang, 2009). Note the plus (minus) signs within the
circles that indicate increased (decreased) values, and the sizes of the circles show the magnitudes of those increases
(decreases).

Supporting Information S1) and are also attributed to these anomalous circulation events. It should be noted that
the 8180p values from the Tezpur (—2.69%o0) and Kathmandu (—2.90%o) stations are not as low as those from the
Asang station for the abnormal cases during the pre-monsoon season. This is because both Tezpur (48 m a.s.l.)
and Kathmandu (1,400 m a.s.l.) stations are located in basins, and the moisture cannot be uplifted to higher al-
titudes without the elevated terrain. However, the altitude of Darjeeling (2,042 m a.s.l.) is similar to Asang and so
the 8180p values at Darjeeling (—12.55%¢) during the abnormal cases are comparable to Asang. This result
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indicates that the uplift effect from the high altitude terrain plays an important role in moisture transport for the
abnormal cases and the results from the nearby stations strengthen our conclusions.

It is worth noting that the location and size of the quasi-anticyclone changes over time, and the corresponding
SISOP values also changes in response. For example, compared with 28 March in 2018 and 26 March in 2019
(Figures 2d-2f, Figures S6d—6f in Supporting Information S1), the centers of the quasi-anticyclone events on 6
April and 9 April in 2019 (Figure S7 in Supporting Information S1) move to the east and south, and the sizes of the
quasi-anticyclone events become smaller. In this case, the ocean area “swept” by the quasi-anticyclone is smaller,
the moisture transport pathways become shorter, and the rainout effect becomes weaker. Consequently, the 6180p
values on 6 April (—2.32%0¢) and 9 April (—3.70%0) in 2019 were less decreased than on 28 March in 2018
(—5.21%0) and 26 March in 2019 (—7.21%o). More evidences come from the similar cases of 12 and 13 April
2018 (the figures are omitted). This result suggests that the quasi-anticyclone not only causes the abnormally low
6180p values, but its size and location also influence the magnitude of the 6180p values during this period.

In addition, on 8 and 9 February and 16 April in 2019, the quasi-anticyclone moved eastward to the Bay of Bengal,
and became a strong anticyclone (Figure S9a in Supporting Information S1). Meanwhile, a westerlies trough
developed at the northwestern part of the Indian subcontinent (Figure S9 in Supporting Information S1). Like two
counter-rotating gears, the southwest wind formed at the front of the westerlies trough, and strengthened by the
anticyclone, resulted in remote and abundant Indian Ocean moisture to be transported to the southern slope of
central Himalayas (Figures S9, and S10 in Supporting Information S1). The westerlies trough combined with the
anticyclone also caused the abnormally low 5180p values (—4.70%0 and —6.89%o for 8 and 9 February 2019,
respectively) and heavy precipitation (28.1 and 10.9 mm for 8 and 9 February in 2019, respectively). Hence, the
anomalous circulations (the quasi-anticyclone, anticyclone, and/or westerlies trough) contributed to the abnormal
precipitation and the abnormally low 6'80p values on the southern slope of central Himalayas during the pre-
monsoon season. Furthermore, the magnitude of the decrease in pre-monsoon SISOP values is dependent on
the location and size of quasi-anticyclone.

4.2. The Relationships Between 8180p and the Indian Summer Monsoon Combined With Convection

During the monsoon season, the moisture flux and wind fields indicate that the Indian summer monsoon prevails
over this period (Figures 2f, 2h, 2i, Figures S6f, S6h, and S6i in Supporting Information S1). As one of the most
energetic components of the climate system (M. B. Allen & Armstrong, 2012; Gadgil, 2003; Webster et al., 1998),
the Indian summer monsoon delivers a large amount of moisture from the remote southwest Indian Ocean over a
wide moisture transport range (0°N-30°N and 60°E-110°E) including the southern slope of central Himalayas. It
is clear that the moisture available in this region is more abundant than for other seasons (Figures 2f, 2h, 2i,
Figures S6f, S6h, and S6i in Supporting Information S1). Compared with the abnormal cases during the pre-
monsoon season, the Indian summer monsoon has much larger power to push the oceanic moisture northward
and the abundant moisture can then be lifted by the Himalayas to higher altitudes (Figure 3i, Figures S4i, and S4c
in Supporting Information S1). Hence, the stronger uplift effect causes lower SISOP values during the monsoon
season in agreement with previous studies (Biggs et al., 2015; Gonfiantini et al., 2001; Gourcy et al., 2022;
Holdsworth et al., 1991; Yu et al., 2017). Moreover, strong convection also occurs frequently over the Bay of
Bengal and Indian subcontinent during this period (Figures 3c, 3h, and 4c, Figures S8c and S8h in Supporting
Information S1) (Bhardwaj et al., 2019; Pattanaik, 2007). In this case, the moisture can be uplifted to higher
altitudes where the air temperatures are lower, and the condensation becomes stronger. This process also con-
tributes to the lower 6180p values during the monsoon season. Conclusively, the Indian summer monsoon
combined with convection causes the lower 6180p values at Asang compared to the other seasons. Similarly, the
Indian summer monsoon combined with convection also causes the lower 6180p values measured at the nearby
stations including Tezpur, Darjeeling, and Kathmandu during the monsoon season (Figures S2h—S2j, S3h—S3;j,
and S4h—S4j in Supporting Information S1).

Conversely, occasional relatively high 8180p values with lower precipitation amounts are also recorded during the
monsoon season. For example, the SISOP values on 8 August 2018 and 17 July 2019 were —3.11%o and —1.60%o,
and the corresponding precipitation amounts were 2.4 and 3.4 mm, respectively. It is possible that lower pre-
cipitation amounts with smaller raindrops and slower falling speeds, results in stronger sub-cloud secondary
evaporation (S. T. Allen et al., 2017; Managave et al., 2016; Salamalikis et al., 2016). This process may contribute
to the relatively high 6180p for these cases during the monsoon season.
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During the post-monsoon season, the Indian summer monsoon weakens and retreats and the westerlies strengthen
and regain control of our study area. In this case, the precipitation amount reduces and the corresponding 6180]J
values become relatively high (Figure 1d).

5. Conclusion

This study investigated the seasonal patterns of 6180p values at the Asang station on the southern slope of central
Himalayas and discussed the influence of the Indian Ocean moisture driven by the different dynamics on the
6180p over different seasons. Our findings show that, during the pre-monsoon season, for the normal state,
moisture sourced from the Mediterranean region and the Atlantic Ocean and delivered by the westerlies produced
relatively high 8'%0, values. Sub-cloud secondary evaporation also likely contributed the relatively high 8'*0,
values. For the abnormal cases during the pre-monsoon season, under the influence of the development of a quasi-
anticyclone, the moisture was driven from the Bay of Bengal and the Arabian Sea in turn, and then was spun
northward to the southern slopes of central Himalayas via the western and northern coasts of the Arabian Sea. The
relatively long moisture transport pathway caused strong rainout effects and led to the abnormally low 6130p
values measured at the study site during the pre-monsoon season. Moreover, the magnitude of the abnormal
decrease in 6180p
anticyclone. Abnormally low 6180p values also occurred when the quasi-anticyclone became an anticyclone in

values during the pre-monsoon season depended on the location and size of the quasi-

combination with a westerlies trough. In comparison, during the monsoon season, the Indian summer monsoon
combined with increased convection caused stronger rainout and uplift effects and resulted in the much lower and
persistent 8180ID values compared to other seasons.

Generally, the low/high stable isotopic values of ice cores and tree rings from central Himalayas are commonly
used to reconstruct the strong/weak monsoon (Pang et al., 2014; Sano et al., 2013). However, we found that
abnormally low 6180p values can also appear during the pre-monsoon season that corresponded to heavy pre-
cipitation. For ice core records, heavy snow deposited on the glaciers of central Himalayas during the pre-
monsoon season is more difficult to melt than during the monsoon season. In contrast, during the monsoon
season, glacial ice (or heavy snow deposited on the glaciers) is easier to melt. As observed by Liu et al. (2021) on
the East Rongbuk glacier (the northern of the Everest), the ablation total was 425 mm water equivalent at 6,523 m
a.s.l. during the period 10 June—22 July 2005. In this case, the isotopic signals of the heavy snow during the pre-
monsoon season can form a more important part of the ice core record. Therefore, if the abnormally low 6180p
values during the pre-monsoon season are not considered, the paleoclimate reconstruction using stable isotope
records of ice cores would likely have increased uncertainty.

In addition, a robust understanding of these anomalous circulations during the pre-monsoon season is helpful to
explore extreme rainfall or snowfall events, glacier changes and vegetation growth. Our study found that the
abnormally low 8180p values are closely linked to the anomalous circulations during the pre-monsoon season.
Hence, the abnormally low 8180p values during the pre-monsoon season can be used to track the anomalous
circulation. Moreover, 8'80 records preserved in ice core and tree ring archives from central Himalayas may have
potential to act as indicators to reconstruct occurrences of anomalous circulation.

Data Availability Statement

Sources of the data used in this study are as follows: The measured data are available at Yu and Lazhu (2023). The
ERAS reanalysis data on pressure levels including U-component of wind, V-component of wind, specific hu-
midity, specific cloud ice water content, and specific cloud liquid water content are available at Hersbach
et al. (2023a). The ERAS reanalysis data on single levels including mean top net long-wave radiation flux are
available at Hersbach et al. (2023b).
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