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ABSTRACT
Precipitation stable isotopes (*H and '0) are adequately understood on their climate controls in the Tibetan
Plateau, especially the north of Himalayas via about 30 years’ studies. However, knowledge of controls on
precipitation stable isotopes in Nepal (the south of Himalayas), is still far from sufficient. This study
described the intra-seasonal and annual variations of precipitation stable isotopes at Kathmandu, Nepal from
10 May 2016 to 21 September 2018 and analysed the possible controls on precipitation stable isotopes. The
enriched 8D and 8'%0 values were identified during non-monsoon season and depleted values were found
during monsoon season, showing remarkable intra-seasonal characteristics of monsoon influence. The local
meteoric water line suggested a strong influence of evaporation during rainfall in non-monsoon season and
significant impact of non-equilibrium processes on precipitation during monsoon season. Temperature-5'0
exhibited negative correlation for overall samples and showed no significant correlation in seasonal scales,
which was attributed to the influence of monsoon moisture. The positive correlation was observed between
3180 and outgoing longwave radiation (OLR) in monsoon season, suggesting the significant impact of
convective activity on temporal variations of precipitation stable isotopes. During April, and May of 2016
and 2017, variation of precipitation stable isotopes are probably related with the mixing of multi-moisture
combined with the westerlies transport. Our study suggested that the moisture transport processes are the
main controls of precipitation stable isotopes at Kathmandu.
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1. Introduction L 18 o .
precipitation 8 °O and precipitation amount, is suggested

Stable isotopic compositions (oxygen (‘*0) and hydrogen
(*H)) of precipitation can be applied as an important
tracer to understand the atmospheric moisture origin,
hydrological processes, and effects of evaporation and
condensation history of air masses (Dansgaard, 1964;
Gao et al., 2011; He and Richards, 2016) due to the
observed influences of evaporation, condensation, precipi-
tation, and temperature as well as moisture transport
processes on precipitation stable isotopes (Araguas-
Araguas et al., 1998; Yao et al., 1999; Yu et al., 2014;
Ren et al., 2016). The control of precipitation amount on
precipitation stable isotopes, termed as “amount effect”
which is shown as the negative correlation between
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conventionally in the monsoon rainfall (Lachniet and
Patterson, 2002; Sanchez-Murillo et al., 2013). However,
this correlation is not persistent at all monsoon regions
(Breitenbach et al., 2010) due to changes of seasons, loca-
tions, and time scales of precipitation (Yu et al., 2008,
Cai and Tian, 2016). Many recent studies have found the
significant role of convective activities on controlling pre-
cipitation stable isotopes in monsoon regions rather than
simply precipitation amount (Risi et al., 2008; Lekshmy
et al., 2014; Chakraborty et al., 2016).

Since, 1961, the International Atomic Energy Agency
(IAEA) and the World Meteorological Organization
(WMO) have been continuously monitoring the environ-
mental and geographical controls on precipitation stable

isotopes through Global Network of Isotopes in
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Precipitation (GNIP) project (Munksgaard et al., 2012;
He et al., 2015; Ren et al., 2016). With the development
of different monitoring network, many scientists began to
take interest on stable isotopes studies and conducted
various researches in different part of the globe. Earlier
studies have demonstrated distinct “temperature effect”,
i.e. positive correlation between local temperature and
precipitation 8'80, at the middle and high latitude
regions (Pape et al., 2010; Chen et al., 2017) whereas pre-
cipitation amount effect is dominant in the tropical and
monsoon regions (Lachniet and Patterson, 2002; Sanchez-
Murillo et al., 2013). However, latest studies in the Asian
monsoon region suggested that changes in moisture sour-
ces and/or their relative contributions are the main fac-
tors responsible for the seasonal variability on
precipitation stable isotopes (Breitenbach et al., 2010).
Precipitation d-excess, defined as d=206D-8 x 5180,
(Dansgaard, 1964) has long been recognized as a diagnos-
tic tool to provide the information of moisture sources,
hydrological cycle, and local climate conditions (Tian
et al., 2001; Liu et al., 2008). Precipitation d-excess, with

Map showing the location of Kathmandu sampling site (yellow dot) on the south of Himalayas.

a global average value of 109, reveals the kinetic isotopic
fractionation in the moisture source region as a function
of relative humidity, air temperature and wind speed at
the source region and interaction or mixing of moisture
along the water vapour trajectory (Rozanski et al., 1993;
Clark and Fritz, 1997; Ren et al., 2017). Different scien-
tific investigations and isotope models have revealed that
the higher value of precipitation d-excess is associated
with either precipitation derived from continental recycled
moisture or due to lower condensation temperature and
the lower d-excess value of precipitation is associated
with either precipitation derived from maritime moisture
or sub cloud evaporation under dry climate. (Froehlich
et al., 2001; Peng et al., 2007; Pang et al., 2011; Bershaw
et al., 2012; Salamalikis et al., 2016).

Much isotopic investigation on precipitation has been
carried out in the Tibetan Plateau (TP) (the north of
Himalayas) and obtained lots of valuables research pro-
gress (Yao et al., 1999; Tian et al., 2001; Yu et al., 2008;
Yao et al., 2013). Over the TP and surrounding regions,
the interaction between the westerlies and Indian
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Fig. 2. Variation of monthly mean temperature (T), monthly
sum of precipitation (P) and monthly average relative humidity
(RH) at Kathmandu station from 2001 to 2018. Green line, blue
line and grey bar represent relative humidity, temperature and
precipitation, respectively.

monsoon are the main cause of large-scale spatial vari-
ation of precipitation stable isotopes. (Yao et al., 2013).
Earlier studies found the distinct influence of different
moisture transports on precipitation stable isotopes in the
south-north transect of TP. The moisture transport in the
northern TP is strongly dominated by the westerlies dur-
ing the whole year, associated with the significant positive
correlation between precipitation 8'%0 and local tempera-
ture (Yao et al., 2013). Meanwhile, the depleted summer
precipitation 8'%0 in the southern TP is attributed to the
moisture transport of Indian monsoon, showing negative
correlation between 5'%0 and precipitation amount at
intra-seasonal scales. Due to multi-scale mixing between
different moisture sources in the central TP, complicated
5'%0 variations exist (Yao et al., 2013). However, in the
southern slope of Himalayas, studies on precipitation sta-
ble isotopes are still far from sufficient.

Nepal, located in the south of Himalayas between the
latitudes 26°22'N and 30°27'N and longitudes 80°04'E
and 88°12'E, covers a great variety of altitude topography
ranging from 60m above sea level (asl) in the south to
the height of Mount Everest (8848 m asl) in the north.
Due to its complex topography, highly variable local wea-
ther can be felt over short geographical distances. The cli-
mate in Nepal is mainly controlled by two circulation
system, summer monsoon circulation (mid-June to
September) and the westerlies circulation (October to
early June) (Shrestha et al., 2000). The summer monsoon
is characterized by the south-easterly winds laden mois-
ture coming from Bay of Bengal and the westerlies circu-
lation is characterized by the westerlies winds laden
moisture from Mediterrancan Sea (Karki et al., 2016).
Kathmandu, Nepal is an appropriate site to detect the
alternating influence of the summer monsoon and the

westerlies on variations of precipitation stable isotopes.
Moreover, Kathmandu is situated at about the mid-point
between Indo-Gangatic plain and Tibetan Plateau along
the southern slope of Himalayas. So, the observed results
reflect the mean scale isotopic variation from the south of
Himalayas. Chhetri et al. (2014) conducted a preliminary
study on precipitation stable isotopes at Kathmandu,
which was mainly focused on the effect of surface air
temperature and precipitation amount on precipitation
stable isotopes. They reported that the depletion of pre-
cipitation 8'%0 and 3D during monsoon season (from
mid-June to September) of the years 2011 and 2012 was
mainly influenced by amount effect that was mainly
linked with the intensive influence of Indian monsoon
during that period. Then, the &'80 and 8D values
increased after monsoon retreat and followed the tem-
perature variation until summer monsoon onset, suggest-
ing temperature effect and the enriched precipitation
stable isotopes were related with the effect of the wester-
lies in dry season. Recent studies also suggested that var-
iations in precipitation stable isotopes are also related to
regional processes in the Asian monsoon region (Yang
et al.,, 2011; Lekshmy et al., 2014; Chakraborty et al.,
2016; Wei et al. 2018). However, we are not clear about
the pronounced influence of regional processes or local
meteorological condition on precipitation stable isotopes
at Kathmandu at different time scales, especially during
the transition period between the Indian monsoon and
the westerlies.

The goal of this study is trying to understand the main
control of precipitation stable isotopes at Kathmandu at
different time scales and clarify the cause of variation of
precipitation stable isotopes during the transition period
between the Indian monsoon and the westerlies. We ana-
lysed the temporal variations (intra-seasonal and annual)
of precipitation 3'*0, 8D and d-excess at Kathmandu
from 10 May 2016 to 21 September 2018 with reference
to local temperature and precipitation amount. We also
detected the influence of moisture sources and transport
paths as well as convective activities on precipitation sta-
ble isotopes by using reanalysis data and back trajec-
tory analysis.

2. Sampling site, materials and methods

All the samples are located at Kathmandu (27°42'N,
85°20'E), the capital of Nepal, with an average elevation
of about 1400m above sea level (Fig. 1). Based on
meteorological to 21
September 2018, the seasonal pattern of Precipitation (P),
Temperature (T), and Relative Humidity (RH) is shown
in Fig. 2. On the basis of this data, 78.56% of annual pre-
cipitation occurred in monsoon season (June to

data from 1 January 2001
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Fig. 3.
at Kathmandu.

September). Precipitation during pre-monsoon (MAM),
post monsoon (ON) and winter season (DJF) has con-
tributed to 15.11%, 3.51% and 2.81%, respectively. The
monsoon season had an average temperature of 24.48°C,
followed by pre-monsoon (20.48°C), post monsoon
(18.44°C) and winter season (12.58°C). Similarly, the
average relative humidity in monsoon season was 81.85%,
followed by post monsoon (80.92%), winter (75.87%) and
pre-monsoon season (66.95%).

The moisture in our study site is mainly affected by two
circulation systems, Indian monsoon system (mid-June to
September) and westerly circulation (October to May)
(Karki et al., 2016). During monsoon season, the mixing
of south westerlies originates from Arabian Sea and south
easterlies originates from Bay of Bengal (BoB) transport
warm-moist air mass to the study site and bring abundant
precipitation. After the retreat of monsoon, the westerlies
dominate the study site with pronounce decrease in air
temperature and humidity in the region)

The Kathmandu Centre for Research and Education
(KCRE) of Chinese Academy of Sciences and Tribhuvan
University, Nepal collected precipitation samples at
Kathmandu, Nepal. A total of 142 event-based precipita-
tion samples from 10 May 2016 to 21 September 2018 were
collected at KCRE. Rainfall from each precipitation event
was collected and immediately stored in sealed polyethyl-
ene bottles with no air headspace to minimize the post-
sampling isotopic fractionation. All the samples were then
stored in refrigerator until analysis.

Precipitation 3'®0 and 8D of samples were measured
by cavity ring down laser spectroscopy (CRDS, 1.2130-i
Picarro water isotope analyser) in the Key Laboratory of
Tibetan Environment Change and Land Surface
Processes, Chinese Academy of Sciences. Analytical

8'"°0 (%o)

Relationship between 5'%0 and 8D values of (a) overall precipitation and (b) monsoon and non-monsoon precipitation

precision is typically 0.1%, for 8'%0 and 0.5%, for 8D
based on long-term analysis of internal laboratory stand-
ards. All the measured data were calibrated and reported
as relative to Vienna Standard Mean Ocean Water (V-
SMOW), where 6(%,) = (R/Ry_gmow -1)x1000 and R and
R -smow Tepresent either the 0'8/0'¢ or D/H ratios of the
sample and standard, respectively. The weighted monthly
average values of &'80 and 8D against precipitation
amount were calculated by using the equation below.

> P;x 51%0; (or 3D;)
2P

where P; and §%0; (or 8D;) denote the precipitation

amount and corresponding isotopic values, respectively.

Daily air temperature, relative humidity and precipita-
tion amount during each precipitation event were
obtained from Khumaltar meteorological station, about
4km away (aerial distance) from sampling site, monitored
by the Department of Hydrology and Meteorology
(DHM), Nepal.

Winds, specific humidity and outgoing longwave radi-
ation over the study area from NCEP/NCAR reanalysis I
datasets with a spatial precision of 2.5° for longitude-lati-
tude grids were used in this study. (Available at https://
www.esrl.noaa.gov/psd/) (Kalnay et al., 1996). TRMM
daily rainfall data at each grid point extending from lati-
tude 10°N to 50°N and from longitude 50°E to 100°E
were also used to analyse the spatial correlation between
precipitation amount and precipitation 8'%0.

Oy = (M

2.1. Back-trajectories

The Hybrid Single-Particle Lagrangian Integrated Trajectory
Model (HYSPLIT, available from the NOAA Air Resources
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(a) Temporal variations in precipitation amount, temperature, relative humidity, d-excess, 8D, and 8'%0 from 10 May 2016 to

21 September 2018 in Kathmandu. (b) Seasonal changes in d-excess at Kathmandu from 2016 to 2018. The green, pink, and blue
triangles indicate the precipitation d-excess values in 2016, 2017 and 2018, respectively. The horizontal dashed line represents the global

average of 109%,.

Laboratory at https:/ready.arl.noaa.gov/HYSPLIT.php.) was
used to calculate the backward trajectory of the air parcels for
the precipitation events (Draxler and Hess, 1998). This model
has been used together with precipitation stable isotopes to
probe moisture sources and transport paths (Xie et al., 2011;
Wu et al., 2015). The data set of Global Data Assimilation
System (GDASOPS, ftp://arlftp.arlhqg.noaa.gov/pub/archives/

gdasOp5) (Kleist et al., 2009) with spatial resolution of 0.5°
was used as the meteorological data to run HYSPLIT model.
In this study, backward trajectories of 120h (5d) were per-
formed for selected precipitation events. Considering the
mean-state precipitation, we calculated back trajectories at 12-
h time steps for three different altitudes (500 m, 1000 m, and
1500 m above ground level).
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Table 1. Annual variation range of daily averaged 8'30, 8D and d-excess (d) during the study period.

2016 2017 2018

Min Avg Max Min Avg Max Min Avg Max
31%0(%,) 0.09 2.55 8.74 -16.33 — 347 9.90 — 14.02 —5.56 3.86
3D(%,) -122 16.96 40.94 — 120.07 —23.81 53.93 — 101.26 —33.51 36.12
d(%,) —28.97 — 347 10.36 — 2525 3.95 19.54 5.25 10.96 19.13

Table 2. Summary of precipitation stable isotopes data along with temperature and precipitation amount between

earlier study and present study at Kathmandu.

Previous study
15 Feb 2011 to 22 July 2012

Observation period

Recent study
May 10 2016 to 21 Sept 2018

Number of samples

Overall mean 8'%0(9%,)

Overall mean 8D(%,)

Overall mean d-excess(%,)

Mean air temperature(°C)

Annual average precipitation(mm)

148 142
—-3.91 -3.76
—27.29 —23.39
4.02 6.73
18.80 19.30
1438 1023.93

3. Results and discussion
3.1. Relationship between 8'°0 and 6D

The linear relationship between 5'®0 and 8D derived
from precipitation samples collected from one or more
local sites relative to the global meteoric water line
(GMWL, 8D =8x 3'%0 +10) (Craig, 1961) is defined as
local meteoric water line (LMWL). The Local Meteoric
Line (LMWL) depends on the climatic conditions of the
region such as moisture source, condensation temperature
and sub cloud evaporation. The slopes and intercepts of
LMWL greater than GMWL represent precipitation with
low temperature and low absolute moisture content of
the air (Pang et al., 2011) whereas lower slopes and inter-
cepts of LMWL as compared with GMWL indicate the
effect of sub-cloud evaporation due to different non-equi-
librium fractionation of oxygen and hydrogen
(Dansgaard, 1964; Rozanski et al., 1993; Ren et al.,
2017). The correlation between event-based 8'%0 and 8§D
values based on 142 precipitation samples collected from
Kathmandu (defined here as local meteoric water line) is
shown in Fig. 3a. The LMWL is defined by an equation:

8D = 7.52+0.11 x 80 4 4.92+0.76, (R? = 0.97,n = 142)
2

Chhetri et al. (2014) reported the LMWL of

Kathmandu, which is defined as:
3D = 7.77x 880 +3.10,(R>=0.96, n = 148) (3)

The slope for our samples is smaller than that in
Chhetri’s study, and the larger intercept appears in our
study. This indicates that precipitation during our

sampling period suffered significant evaporative enrich-
ment during rainfall as compared with Chhetri’s study.
But both LMWLs show lower slopes and smaller inter-
cepts compared with GMWL, suggesting re-evaporation
of raindrops at Kathmandu. We also separated the rain-
fall samples between non-monsoon and monsoon seasons
and calculated the LMWL for different seasons (Fig. 3b).
The LMWL in non-monsoon season defined by Equation
(4), show significantly lower slope than GMWL indicat-
ing a strong influence of evaporation during that period.

8D = 5.39%0.29 x 80 4 9.66+0.99(R*> = 0.84,n = 67)
“)
The LMWL in the monsoon season is defined as,

3D = 7.85+0.15 x 8'%0 + 6.36+1.39(R?> = 0.97,n = 75)
)

In this case, the slope approaches to GMWL indicating
limited impacts of non-equilibrium processes on precipita-
tion samples at Kathmandu during that period. The sig-
nificantly lower intercept in monsoon season reflects the
high relative humidity at primary moisture sources at
Kathmandu (Gao et al., 2011).

3.2. Temporal variations of stable isotopes in
precipitation

The temporal variations of precipitation stable isotopes
at Kathmandu, together with the corresponding observed
precipitation amount, temperature and relative humidity,
are presented in Fig. 4a. It is clear that there is a strong
linear correlation between 8'%0 and 8D (R*=0.97) for the
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measured samples (Fig. 3a). Therefore, the precipitation
3180 can be sufficient to interpret the temporal variations
in precipitation.

The annual variation range of precipitation stable iso-
topes at Kathmandu is shown in Table 1. In May 2016,
daily averaged 8'%0 in precipitation varied from 0.09%,
to 8.749, with an average of 2.55%, and 86D varied from
—1.22%, to 40.94%, with an average of 16.96%,. In 2017,
3'%0 and 8D show large variability and lower averages
compared to that in 2016. In 2018, precipitation stable
isotopes ranged from —14.02%, to 3.86%, for 8'%0, with
an average of —5.56%, and from —101.26%, to 36.129%,
for 6D, with an average of —33.519,, showing narrower
ranges than in 2017. Comparing our recent data with pre-
vious study (Table 2), annual averages of precipitation
stable isotopes during our study period showed slightly
higher than previous study. The mean air temperature/
precipitation during overall sampling period is higher/
lower compared with that of previous study.
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Fig. 5. Relationship between d-excess and 3'®0 in precipitation

events during monsoon and non-monsoon season.

Precipitation displays generally low 3'0 in the mon-
soon season (mid-June to September) and high values in
the non-monsoon season (October to early June). The
minimum value was recorded on 21 September 2017
(monsoon) and maximum value was on 29 April 2017
(pre-monsoon). The obvious variation ranges of 5'%0 in
2016, 2017 and 2018 may signify different control factors
on the annual timescale.

3.3. Deuterium excess

The conspicuous annual differences of d-excess are shown
from 2016 to 2018 (Table 1). Although, the precipitation
samples were collected in pre-monsoon season only in
2016, the d-excess showed large variation from —28.979%,
to 10.36%, with average of —3.47%,. The d-excess values
showed narrower ranges in 2018 as compared to former
years (Tablel). The minimum value (—28.97%, was
observed on 23 May 2016 and maximum value (19.549,)
was observed on 11 March 2017 during entire sampling
period. d-excess decreases gradually from mid-June to
end of September due to the development of Indian mon-
soon (Yao et al., 2013). More depletion of d-excess from
March to June appeared in 2016 and 2017 compared with
that in 2018 and most of the precipitation events occurred
in April and May with lower d-excess values than the glo-
bal average (10%,) (Fig. 4b). The year-round enriched d-
excess in 2018 appeared. These annual differences may
result from the different moisture sources and transport
paths. We'll discuss in details in section 3.5.

Table 4. Precipitation samples showing high 3'0 and 8D at the
time of relatively high precipitation amount.

Date 380 8D d-excess Precipitation
23 May, 2016 ~ 8.74%,  40.94%, - 28.97%, 21.5mm
25 May, 2017 2.43%, 24.829,  5.34%, 18.80mm
27 May, 2018  3.86%,  36.12%, 5.25%, 18.40mm

Table 3. Correlations of 8'%0 and d-excess with temperature (T), precipitation (P), relative humidity (RH), and vapour pressure deficit
(VPD) at different timescales. The number in parentheses indicates sample size.

Overall sampling period

Mid-June to September October to early June

Timescale

5'%0 d-excess 3'%0 d-excess 5'%0 d-excess
Event T —0.44 (135)*** —0.03(135) 0.16(73) —0.22(73)* 0.02(62) —0.09(62)
P —0.25(135)** 0.08(135) —0.19(73) 0.26(73)* 0.06(62) —0.07(62)
RH —0.4(135)*** 0.14(135) —0.002(73) 0.16(73) —0.01(62) 0.08(62)
VPD 0.06 (135) —0.18(135)* 0.07(73) —0.23(73)* —0.001(62) —0.16(62)

Monthly T —0.42(17) —0.22(17) 0.25(9) —0.71(9)* 0.39(8) —0.60(8)
P —0.27(17) —0.02(17) —0.2009) 0.24(9) 0.55(8) —0.56(8)

Note: *** ** * indicate significant correlation at level .001, .01, and .

05, respectively.
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Table 5. Values of weighted 8'%0, weighted d-excess and 3D- 8'80 correlation parameters (slope, intercept and R?) for different
amount (mm) intervals in precipitation collected at Kathmandu from 10 May 2016 to 21 Sept 2018.

3D-3'%0
Samples N P 31%0 d-excess Slope Intercept R?
All 135 135 1241.8 —5.32 7.58 7.52 4.86 0.97
p>25 all 8 289.6 —8.68 11.93 8.56 16.65 0.99
Monsoon 7 258.8 -9.86 11.02 7.23 3.14 0.99
5<p<?25 all 63 809.79 —4.36 6.05 7.41 3.82 0.97
Monsoon 34 481.8 —8.47 7.67 8.05 7.82 0.98
Non-monsoon 29 327.99 1.66 3.68 4.85 9.89 0.84
p <5 all 64 142.41 -3.90 5.70 7.65 5.57 0.97
Monsoon 32 76.39 —8.72 6.89 7.79 5.29 0.96
Non-monsoon 32 66.02 1.67 4.31 5.72 9.20 0.83

Figure 5 showed the linear correlation between §'0
and d-excess. 8'%0 is significantly anti-correlated with d-
excess in non-monsoon season (R*=0.55, p<.001,
n=067), but does not show significant correlation in mon-
soon season (R*=0.01, p> .34, n=75). This may indicate
the effect of sub cloud evaporation on precipitation stable
isotopes in non-monsoon season that was also demon-
strated by previous studies (Froehlich et al., 2001; Tian
et al., 2001; Ren et al., 2017). Out of 135 precipitation
events (daily averaged) we collected, 64 precipitation
events occurred with amount less than Smm and out of
which 54 precipitation events occurred with surface air
temperature higher than 20°C suggested a favourable
condition for sub-cloud evaporation (Crawford et al.,
2017). The rainfall on 18 and 21 September 2017 showed
extremely low 880 with relatively high d-excess that
might be associated with the heavy convective rainfall
(He and Richards, 2016).

3.4. Relationship between precipitation stable
isotopes (8"®Oand d-excess) and local climates

In order to identify the relationships between precipita-
tion stable isotopes (3'%0 and d-excess) and local cli-
mates, we calculated the correlations among precipitation
stable isotopes and corresponding air temperature, pre-
cipitation, relative humidity and vapour pressure deficit
at daily and monthly scales. The correlation coefficients
with their respective p values are shown in Table 3. There
is significantly negative correlation between daily aver-
aged 8'80 and temperature during our study period,
opposite to temperature effect (Dansgaard, 1964;
Rozanski et al; 1992). However, except a significant nega-
tive/positive correlation between d-excess and tempera-
ture/precipitation amount
significant correlation was found between temperature
and precipitation stable isotopes during monsoon and
non-monsoon season at daily scales, separately (Table 3).

in  monsoon se€ason, no

It is noticed that all the significant correlations are disap-
peared at monthly scales during our study period. This
finding contradicts with the result of Chhetri et al. (2014)
which found a significant temperature effect for event
based precipitation during dry season at Kathmandu.
Although, some studies (e.g. Chhetri et al., 2014; Yu
et al., 2015) have pointed out that temperature effect was
found during their observation period when the southern
branch of the westerlies was the sole moisture source for
precipitation at Kathmandu in the dry season, we sug-
gested that the influence of temperature on precipitation
stable isotopes acts beyond the moisture transport proc-
esses at Kathmandu.

A significantly negative correlation was observed
between daily averaged 8'30 and RH during the overall
sampling period (Table 3), and the negative correlation
between d-excess and vapour pressure deficit (VPD) that
was defined as the difference between saturated vapour
pressure and actual vapour pressure reflecting the evapor-
ation between raindrops and atmosphere (Wu et al.,
2015) was found. In addition, 8'%0 showed a negative
relationship with precipitation amount at daily scale dur-
ing the overall period but no significant correlation was
found at monthly or seasonal scales. Precipitation events
on 23 May 2016, 25 May 2017 and 27 May 2018 showed
much high 8'0 and 8D values compared with other
events with similar precipitation amounts (Table 4),
which is opposite to amount effect (Dansgaard, 1964; Yu
et al.,, 2014; Wu et al., 2015; Ren et al., 2017). These
results confirmed the hypnosis effect of moisture trans-
port processes we suggested above.

Considering the precipitation (P) intensity, observed
precipitation events were sub-divided into three groups
(P>25mm, Smm <P <25mm and P <5mm) (Table 5).
The averaged d-excess were decreasing with the decreas-
ing of P. Meanwhile 3'80 was increasing. The rainfall
events with P>25mm displayed the highest slope and
intercept of the linear regression between 8D and §'80
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Distributions of wind and specific humidity field over Kathmandu (black dot) and its adjacent regions at 500 hPa on (a) 23

June 2017, (b) 25 June 2017, (c) 20 July 2017, (d) 15 October 2017, (¢) 6 May 2018, (f) 23 June 2018, and (g) 27 June 2018. The arrows
indicate wind vectors, and the colour scale indicates specific humidity (g/kg).

among the three groups, and the weighted averaged d-
excess with P>25mm was slightly larger (11.93 9,,) than
the global averaged value (109,,). Generally, most of these
rainfall events with P >25mm occurred in monsoon sea-
son with the moisture originated from Indian Ocean
(Chhetri et al., 2014; Yu et al., 2015). However, we found
one event that occurred on 11 March 2017 displayed high
3D, 8'%0 and d-excess (8D =29.40%,, 5'%0=1.23%, and
d-excess = 19.549,) with the moisture transported by the
westerlies. This indicated the significant influence of
moisture sources on precipitation stable isotopes rather
than precipitation amount.

When precipitation amount distributed among
5mm <P < 25mm and P < 5mm, 8D-5'%0 regressions dis-
played slightly lower slopes (7.41 and 7.65, respectively)
than GMWL and significantly lower intercept (3.82 and
5.57, respectively). When precipitation events were sepa-
rated by monsoon and non-monsoon seasons, slopes of
3D-3'80 regression lines in monsoon season were
approached to the slope of GMWL (8). These results fur-
ther confirmed the limited impact of non-equilibrium
processes in monsoon precipitation even. The lower inter-
cepts in monsoon events might indicate the influence of
oceanic moisture sources (Gao et al., 2011). In contrast,
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slopes of 8D-3'80 regression lines in non-monsoon sea-
son were lower than 8. This emphasized the influence of
re-evaporation on precipitation stable isotopes in non-
monsoon season.

3.5. Moisture transport processes

To probe the influence of moisture transport processes on
precipitation stable isotopes at Kathmandu, the daily
winds pattern and the daily averaged specific humidity at
500hPa over the study area were analysed on selected
days in 2017 and 2018 (Fig. 6). On 23 June 2017, the
study area was dominated by the westerlies with low spe-
cific humidity and averaged precipitation &%0 of
—1.98%, (Fig. 6a). On 25 June 2017, the dominant mois-
ture transport was changed to Indian monsoon with high
specific  humidity (Fig. 6b) and more depleted

23 June 2018
ON
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75E

80E 85E 90E 95E  100E

precipitation 8'80 (=7.71%,). The peak of 8'30 values on
23 June (2.65%,) depleted suddenly on 27 June 2018
(—1.129,) (Figs. 6f and 6g). The sharp depletion of pre-
cipitation stable isotopes at the preliminary stage of mon-
soon may indicate the change of moisture sources
transported by Indian monsoon. With the maturing of
the summer Indian monsoon associated with high specific
humidity (Fig. 6¢) and heavy precipitation (Fig. 4), the
moisture source and intensity of precipitation were vary-
ing. The progressive depletion of precipitation §'0 from
mid-June to end of September is mainly related to the
influence of Indian monsoon. As marine air masses
moves towards the continent, deep convection and cyc-
lonic activity occurred over the Indian Ocean and the
orographic rise leads to adiabatic cooling of northward
moving air masses which causes heavy rainfall at
Kathmandu (Tian et al., 2001; Yu et al., 2015). However,
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Fig. 7. Specific humidity variations along 5d backward moisture trajectories calculated at 500m, 1000m, and 1500 m above ground

level for precipitation events of Kathmandu on (a) 20 May 2016,

(b) 23 May 2016, (c) 15 March 2017, (d) 01 April 2017, (e) 23 April

2017, and (f) 29 April 2017. (To distinguish different atmospheric height, see supplemental material, Fig. S1).

in non-monsoon season, the dominant moisture source
for precipitation at Kathmandu originates from the
intense advection of southern branch of the westerlies
(Figs. 6d and 6e) which is generally dry and is character-
ized by occasional rainfall associated with enriched §'%0
values in precipitation at Kathmandu.

The moisture transport processes before the onset of
summer monsoon in 2017 were tested by using the
HYSPLIT model at three different altitudes (500m,
1000m and 1500m above ground level (AGL)) to con-
firm the conclusion we got above. In order to indicate
the possible water vapour sources contribute to rain at
Kathmandu, variation of specific humidity along the
backward trajectories was also calculated combined with
back trajectory. Figure 7 shows the results of 120h air-
mass backward trajectory analysis along with the specific
humidity for some events before the onset of summer
monsoon. (20 May 2016, 23 May 2016, 15 March 2017,
01 April 2017, 23 April 2017, and 29 April 2017). On 20
and 23 May 2016 (lowest d-excess value (—28.979,) was

recorded on 23 May 2016), the moisture for precipitation
during that period was mainly transported by local con-
vection and marine air mass originated from the Bay of
Bengal with high specific humidity (Figs. 7a and 7b).
During that day, precipitation amount was recorded as
21.5mm. Similar analysis was performed for 15 March
2017, 01 April 2017, 23 April 2017, and 29 April 2017
(Figs. 7c, d, e, f). We found that the westerlies are the
sole dominant moisture transport for precipitation on 15
March 2017 at different height levels (Fig. 7c) with both
higher values of precipitation 8'%0 and d-excess. The spe-
cific humidity along the trajectories was low and almost
constant within the trajectories path. Precipitation on
that day was recorded as 8.9 mm and d-excess value was
11.599%,. However, on 1 April, 2017, the transport signals
of both continental air mass and marine air mass was
detected (Fig. 7d), but the specific humidity along the tra-
jectory originating from Bay of Bengal was higher over
the oceanic region, and then decreased gradually towards
the inland. The precipitation on that day was reached
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Fig. 8 Five days cluster-mean air parcel backward trajectories for (a) March, (b) April, and (c) May 2017. Dark black lines indicate
the elevation higher than 3000 m asl.
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Fig. 9. Hovmoller diagram of OLR averaged over 84°E to
88°E during monsoon season of (a) 2017 and (b) 2018. The
colour scale indicates OLR in W/m2. Dash parallel lines depict
the latitudinal extends of sampling site.

from 3.2mm (on 29 March 2017) to 12.6 mm and corre-
sponding d-excess was varied from 9.50%, (on 29 March
2017) to —18.309%,. On 23 April 2017, the influence of the
westerlies is vanished instead of the local circulation, but
strong transports from the Bay of Bengal are demon-
strated (Fig. 7¢). The decreasing or increasing of specific
humidity along the trajectories indicated the possible con-
tribution of precipitation or evaporation along the trans-
port paths. On 29 April 2017, the moisture was mainly
transported from the westerlies and marine air mass origi-
nated from Arabian Sea at different levels. The specific
humidity along the trajectory was high in the region over
Arabian Sea and quickly decreased over the land surface

(Fig. 7f). On that day, the study site received precipita-
tion amount of 10.6mm and corresponding d-excess
was —25.25%,.

Based on monthly clustering analysis in pre-monsoon
season of 2017, we found Kathmandu mostly received
moisture transported by the westerlies together with more
than 50% of the local sources in March. (Fig. 8a), associ-
ated with enriched §'%0 and d-excess (5'%0 varied from
0.76%, to 4.26%, and d-excess varied from 3.65%, to
19.54%,). In April, about 49% of moisture was transported
from the westerlies and the local sources but larger percent-
age (about 51%) of moisture was transported from north-
east India. (Fig. 8b). In May, about 58% of moisture was
transported from northeast India close to Bay of Bengal
together with 35% of local sources and only about 6% of
moisture was contributed by the westerlies (Fig. 8c).
Therefore, the polytropic precipitation stable isotopes at
Kathmandu before the onset of summer monsoon reflect
the combined effect of multiple moisture sources trans-
ported at different height levels. Hence, combined analysis
of moisture backward trajectories and monthly clustering
analysis showed that the interaction between different
moisture sources produces complex variation in precipita-
tion stable isotopes at Kathmandu before the onset of
Indian monsoon. The extreme low d-excess values in some
precipitation events before monsoon onset in 2016 and
2017 might be resulting from oceanic moisture sources with
high humidity over the primary source region (Figs. 7b, d,
f). This result is in agreement with some earlier studies (e.g.
Jouzel et al., 2013; Klein et al., 2013; Benetti et al., 2014;
Pfahl and Sodemann, 2014) which reported that the high
ocean surface humidity results in the exceptionally depleted
d-excess values.

3.6. Effect of convective activity on stable isotopes in
precipitation

Recent studies have suggested that the variation of precipi-
tation stable isotopes is related with convective activity
along the moisture transport (Lekshmy et al. 2014;
Permana et al., 2016; Saranya et al., 2018). We have identi-
fied the significant impact of moisture source and transport
paths on precipitation stable isotopes at Kathmandu in
above sections. Here we supposed the convective activity
along the transport paths would vary the precipitation sta-
ble isotopes correspondingly. OLR is a useful indicator of
deep tropical convective activity; and low OLR value
reflects enhanced convection. Gadgil (2003) documented
that OLR values less than 240 W/m? is indicative of large
scale organized convection. The Hovmoller diagram of
average OLR during monsoon period of 2017 (Fig. 9a) and
2018 (Fig. 9b) showed OLR values lower than 240 W/m?>
which indicated the presence of convective activity. The
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significant positive correlation was shown between §'50
and daily mean OLR at sampling site (R=0.44, p <.0001,
n=135) (Fig. 10a) and this relationship was continued in
monsoon season (R=0.24, p < .05, n="73) but no signifi-
cant correlation was found in non-monsoon season (Fig.
10b). Thus, we suggested that the significant impact of con-
vective activity on precipitation stable isotopes exist in
monsoon season. We calculated spatial correlation between
precipitation 5'80 and OLR/precipitation amount in mon-
soon season (Fig. 10c and 10d). Our analysis shows that
precipitation 8'%0 at Kathmandu is positively correlated
with OLR over Bangladesh, Myanmar, Northern India,
central Nepal, some part of southern and central TP, and
especially over the regions west to the Arabian Sea. These

results agree with earlier studies (e.g. Gao et al., 2013; He
et al., 2015), indicated the importance of regional convect-
ive activity in the variation of precipitation stable isotopes
in monsoon season. Meanwhile negative correlation was
observed over southeast TP, southern India, Kazakhstan
and some parts of the Bay of Bengal and Arabian Sea (Fig.
10c). Precipitation 5'%0 was positively correlated with pre-
cipitation amount in most of the regions over the Bay of
Bengal and the Arabian Sea (Fig. 10b). The amount effect
was captured over eastern Nepal, central and northern
India and somewhat elongated towards a west direction.
Hence, the correlation between precipitation 3'80 at
Kathmandu and regional OLR captured the effect of con-
vective activity in monsoon season, especially in the regions
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where monsoon moisture was transported either from
the Bay of Bengal or from the Arabian Sea (Fig. 10c).
This implies the possible linkage between convection
along the southeasterly and southwesterly moisture tra-
jectories and depletion of precipitation 5'%0 during mon-
soon season.

4. Conclusions

This study presents the daily and seasonal variations of
precipitation stable isotopes at Kathmandu, Nepal situ-
ated in the south of Himalayas from 10 May 2016 to 21
September 2018. Precipitation 8'0 and 8D showed low
values in monsoon season and relatively high values in
non-monsoon season. Significantly negative correlations
were identified between daily 5'®0 and both air tempera-
ture and precipitation but such correlation disappeared at
seasonal scale. The amount effect was not significant dur-
ing our sampling period. The positive correlation between
OLR and 5'"0 in monsoon season reflected the role of
convective activity on variations of precipitation stable
isotopes at Kathmandu. Results based on backward tra-
jectory suggested that precipitation stable isotopes before
the onset of summer monsoon are probably related with
the mixing of multi-moisture combined with the westerlies
transport. We concluded that the significant influence of
moisture sources and convective activities on precipitation
stable isotopes is identified even considering the classifica-
tion of precipitation amount.
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