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Determining the temporal controls on stable isotopes in precipitation is essential for the paleoclimate reconstruction and hydrological regimes in the Tibetan Plateau (TP). Although related studies have been conducted throughout most of the TP, conclusions for the central TP remain unclear. Therefore, in this study, we
evaluated the climatic controls on precipitation isotopes on a seasonal basis using a 3-year (January 2014 to
December 2016) dataset of daily precipitation isotopes from Xainza station in the Siling Co Basin of the central
TP. Results showed that the precipitation δ18O displayed a distinct seasonal variation, with enriched values
occurring in the pre-monsoon season and relatively depleted values in the monsoon season. Significant positive
correlations between precipitation δ18O and temperature have been observed during the pre-monsoon and
westerly seasons with short-distance moisture trajectories with a large percentage. In comparison, during the
monsoon season, the strongest control was provided by integrated regional convections that occurred over
several previous days (0–20 days). The increased transport distances extending to the humid ocean with enhanced upstream convections along the trajectory lead to more depleted isotopic values and thus the weakening
of convections may be responsible for the increase of δ18O values during the post-monsoon season. Additionally,
the comparison of d-excess values with other stations in the TP demonstrated the ever-present significant influence of continental moisture throughout the year. A slighter decrease in d-excess values during the monsoon
season retained more signals of moisture evaporated from the continent and thus may lead us into more consideration of local recycles. These results indicated that the effects of different moisture sources, including the
Indian monsoon and convections, should be considered when interpreting δ18O from the climate proxies and
tracing the water cycles on the central TP.

1. Introduction
Stable isotopes in the meteoric water constitute a valuable tool for
evaluating the past climate as well as hydrological cycles. Previous
studies have provided evidence of a co-variability of precipitation isotopes that fluctuate along with key climatic parameters (Dansgaard,
1964). These fluctuations have been recognized as the “amount effect”
in low-latitude regions that are mostly influenced by monsoon
(Dansgaard, 1964; Rozanski et al., 1993) and the “temperature effect”
from temperate to polar regions (Joswiak et al., 2013; Siegenthaler and
Oeschger, 1980). Disentangling the dominance of these factors on
spatiotemporal variability in precipitation isotopes is essential to
properly delineate climate signals preserved in natural archives such as

∗

ice cores (Thompson et al., 2000; Tian et al., 2006), tree rings (Shi et al.,
2011), and lake sediments (Hou et al., 2007).
Precipitation, however, is the final event of vapor transport and
phase changes (Cai and Tian, 2016). The climatic controls on precipitation isotopes at any given site remain highly ambiguous for a
variety of processes that have occurred in the source regions, along the
diffusive transport history and at the site of final deposition. Thus, recent studies associated with post-condensation processes, such as evaporation and condensation (Dansgaard, 1964; Gao et al., 2009) as well
as the isotopic exchange between rain and the ambient atmosphere
(Field et al., 2010; Lee and Fung, 2008), atmospheric circulations like
moisture sources (Aggarwal et al., 2004; Breitenbach et al., 2010;
Sengupta and Sarkar, 2006), and the transport processes (Yu et al.,
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The Siling Co lake has experienced a rapid expansion from 1617 km2
during the mid-1970s to 2341 km2 during the 2010s (Zhang et al.,
2011) and is now the largest lake in Tibet. The mechanism of lake
expansion is still in debate and difficult to quantify in such a data-scare
region. In this way, investigating the factors that control stable isotopic
compositions and variability in precipitation could benefit a better
understanding of moisture sources and may provide additional insight
into this issue. Additionally, the substantial inland lake systems distributed over this region could provide unimpeded accesses to the investigations into the lacustrine deposits and modern water cycles (Guo
et al., 2016; Ma et al., 2016; Wang et al., 2015). Ice cores from the
glaciers of Geladaindong have preserved paleoclimatic information
(Joswiak et al., 2013). Comprehensively, exploring the variability and
climatic controls in the precipitation isotopes in this region would enhance the understanding of the paleoclimate reconstruction and water
cycles on the central TP. In recognition of these needs, we conducted
continuous field sampling of precipitation events from January 2014 to
December 2016 at Xainza station (30.93°N, 88.71°E, 4770) in the Siling
Co Basin on the central TP with the following primary aims: (1) to
delineate seasonal variations of stable isotope in precipitation; and (2)
to clarify local and regional climate controls (based on temperature,
precipitation amount, relative humidity, outgoing longwave radiation
(OLR), and moisture sources) on stable isotopes in precipitation during
different seasons on the central TP.

2014b), provide a comprehensive knowledge of potential influencing
factors for isotopic interpretation. In regions characterized by active
convections, convective processes also exert a profound impact on
precipitation isotopes (Chakraborty et al., 2016; Gao et al., 2013;
Lekshmy et al., 2014; Risi et al., 2008a). Since the values of the precipitation isotopes reflect the combined interplay of these factors, the
variability of these precipitation isotopes can also serve as tools to reflect mechanism-induced phenomena like paleoclimate changes,
modern water cycles as well as large-scale atmospheric circulation
patterns.
Driven by the purpose, the Chinese Academy of Sciences (CAS)
launched the Tibetan Plateau Network of Isotopes in Precipitation
(TNIP) program in 1991 to routinely monitor precipitation isotope
changes in high-elevation regions and to better understand climatic
signals conserved in paleo proxies. Compiling long-term precipitation
isotope observations with simulations, Yao et al. (2013) divided the
entire TP into three domains: the monsoon domain, the westerly domain, and the transition domain according to various moisture sources.
Controlled by westerly, a robust temperature effect existed on the
northern TP (Gao et al., 2013; Tian et al., 2001b; Yu et al., 2015a),
which differed from the observed “amount effect” that resulted from
the Indian summer monsoon on the southern TP (Tian et al., 2001b; Yao
et al., 2013; Yu et al., 2015a). Within the transition domain, precipitation δ18O was jointly influenced by both westerly and Indian
monsoon, combined with local recycling featured by evaporation,
convection, and sub-cloud secondary re-evaporation (Yao et al., 2013).
Therefore, the transition domain becomes the ideal place to study the
regional complexity of climatic factors, the imprint of airmass origins
driving precipitation isotopic composition. Actually, various roles of
climatic controls on precipitation isotopes such as orographic obstacles,
the moisture sources, and local meteorological conditions have been
investigated mostly concentrated on the southern TP (Gao et al., 2011,
2018; Gao et al., 2013; Ren et al., 2017; Tian et al., 2001b; Yang et al.,
2011a, 2011b; Yang and Yao, 2016; Yu et al., 2014a, 2015b); the
eastern and western TP (Yu et al., 2006, 2009, 2016a); the northeastern
TP, including the Qilian Mountains (Liu et al., 2014; Wu et al., 2010; Yu
et al., 2014b; Zhang et al., 2009b; Zhao et al., 2011); the southeastern
TP, including the Hengduan Mountains (Song et al., 2015; Yu et al.,
2016b, 2017); and the southern slope of the Himalaya (Bhattacharya
et al., 2003; Breitenbach et al., 2010). However, over the central TP
lying within the transition domain, a gap persists in the current understanding of precipitation isotopes since the difficulty to approach
such high-altitudes and interior sites away from traffic strongly limits
the access to continuous precipitation sampling (Tian et al., 2001a).
The central TP is of great importance in the research fields of geography, geology, biology and hydrology due to the geographic location
as well as a great variety of underlying surfaces (lake, glacier, wetlands
etc.) widely distributed, thereby providing an exceptional access to
multiple processes affecting present-day and past precipitation isotopes.
In recent years, the dramatic changes of underlying surfaces, e.g. rapid
lake expansion (Guo et al., 2019), significant glacier retreat (Yao et al.,
2012), have exerted profound influences on the hydrological processes
and can be recorded in the natural archives such as lacustrine deposits
(Wang et al., 2015), ice core (Joswiak et al., 2013) etc. Thus, under the
changing climate conditions, a full understanding of modern precipitation isotopes on the central TP hold significant benefit to trace
hydrological processes and reconstruct paleoclimate.
In recognition of these needs, we focused on the largest endorheic
basin on the central TP as the target region, where the average elevation exceeds 4000 m a.s.l. Due to minimal human activities, the hydrological cycles of this endorheic basin are dominantly controlled by
regional climate (Haas et al., 2011; Sheng and Yao, 2009; Zhang et al.,
2011), which evolved mainly through natural conditions. Located
within the hinterland of TP, the basin-scale water cycles are mainly
enhanced by the local recycling, which accounts for nearly 80% during
one precipitation event (Kurita and Yamada, 2008; Yang et al., 2006).

2. Materials and methods
2.1. Geographical setting
The Xainza station (39°54′N, 88°42′E, 4770 m) is located in the
hinterland of the central TP between the Tanggula and
Nyainqentanglha mountains toward the south (see Fig. 1). The climate
conditions of this area are characterized as sub-frigid, semi-arid (Zheng
et al., 2013). High peaks, a broad lake, as well as square-shaped altiplanos constitute the local landscape and the type of vegetation is
mainly alpine meadow (Zhang et al., 2011). On the basis of meteorological data for the period from 1961 to 2014 from the nearest Chinese
Meteorological Administration (CMA) station in Xainza, the multi-year
mean annual temperature and relative humidity are 0.17 °C and 42%,
respectively, which is similar to results obtained by Zhang et al. (2011).
The multi-year mean annual precipitation is 383.8 mm, whereas the
potential evapotranspiration was greater than 1000 mm (Ma et al.,
2015a). Most of the precipitation events at this site occurred from June
to September, which accounted for approximately 85% of the annual
precipitation.
2.2. Isotope data
We collected the samples for every precipitation event at Xainza
from January 2014 to December 2016, resulting in 159 samples.
Specifically, to avoid any evaporation, the water samples of each rain
event were collected in a sealed 15-mL polyethylene bottle and frozen
for subsequent analysis. We measured the isotopic compositions of
oxygen and hydrogen (δ18O and δD) of all samples with respect to
Vienna Standard Mean Ocean Water (V-SMOW2) on a Liquid Water
Isotope Analyzer (Picarro L2130-i), with precisions for δ18O of ± 0.1‰
and δD of ± 0.4‰ in the Key Laboratory of Tibetan Environmental
Changes and Land Surface Processes Chinese Academy of Sciences. The
amount-weighted means of isotopic values can be calculated by the
following equations:
n
18

O=

n
i Pi /

1
18

Pi
1

(1)

where δ O is calculated result; i refers to the isotopic values of an
individual event with a precipitation amount of Pi . This equation can be
67
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applied to the daily (more than one precipitation events), monthly, or
annual amount-weighted mean values.

excess values were more chaotic but remained lower in monsoon with a
slight decrease and higher in other seasons.
According to these δ18O characteristics, we divided the entire year
into four seasons: pre-monsoon, monsoon, post-monsoon and westerly.
Notably, the delineation of the seasonal transition resembled among the
three years, but the onset and retreat dates of four seasons in each year
may lag or advance by several days. With reference of other seasonal
division across the TP (He and Richards, 2016; Liu et al., 2009b; Wan
et al., 2015; Yu et al., 2016b) and isotopic characteristics in our study,
we regarded the pre-monsoon as April–May, the monsoon as June–August, the post-monsoon as September and the westerly as October–March of the ensuing year. As previously reported, such a seasonality of δ18O could be attributed to i) the different local meteorological
conditions when precipitation event occurs (Wang et al., 2016); ii) the
changing moisture sources during different seasons (Liu et al., 2009a);
iii) the moisture transport distance as well as condensation process
along trajectory (Lekshmy et al., 2014). Local Meteoric Water Lines
(LMWL) and the impact of the first influencing factors would be explored at a seasonal basis to more concisely depict the local climate
controls on precipitation δ18O, i.e., the overall statistical relations between precipitation δ18O, temperature, precipitation amount, relative
humidity as well as OLR are calculated according to the four seasons
(Table 2).

2.3. Atmospheric information
To explore the regional controls on precipitation isotopes, we used
satellite daily products of Global Precipitation Climatology Center
(GPCC)during 2014–2016 at spatial resolutions of 1° × 1° (https://
www.esrl.noaa.gov/psd/data/gridded/data.gpcc.html). We also used
daily OLR data from NOAA with a spatial resolution of 2.5° × 2.5°
(https://www.esrl.noaa.gov/psd/data/gridded/data.uninterp_OLR.
html) (Liebmann and Smith, 1996) as proxies of local and regional
convective activities for the period from 2014 to 2016. OLR is a tracer
of large-scale convective activities in the monsoon season (Wang and
Xu, 1997)and the lower OLR values indicate deeper convective clouds,
indicating relatively higher rainout resulting in lower δ values, and
hence, δ values are expected to be positively correlated with the OLR
values (Risi et al., 2010). Besides, OLR data is also applied to monitor
the earth-atmospheric radiation balance to estimate the radiation
budget. We therefore take it as an indicator of above-cloud temperature
for the season without convection (Gruber and Winston, 1978).
2.4. HYSPLIT back trajectory analysis
We calculated the air mass trajectories using the Windows-based
HYbrid Single-Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) model, which was initiated at 6-h time steps combined with
Global Data Assimilation System (GDAS) reanalysis data (ftp://arlftp.
arlhq.noaa.gov/pub/archives/gdas1) during each day at 1500 m above
ground level (AGL) back to 240 h (10 days). We selected GADS data
(1° × 1°) as input to reduce the potential errors of trajectories resulting
from comparatively lower resolution of NCEP data (2.5° × 2.5°)available over the TP in general (Ma et al., 2015b). Out of regard for two
reasons, we determined 1500 m AGL as the starting height. Firstly, as is
demonstrated by Wang et al. (2001), 850-hPa (∼1500 m AGL) vorticity
captures the convergence of boundary layer moisture in lowland regions away from the equator. Besides, 1500 m AGL also approximates
the average lifting condensation level on the TP (Cai et al., 2017; Yang
et al., 2004). Moreover, specific humidity and precipitation amount of
each endpoint are also calculated along the trajectories. The specific
humidity is calculated to get a clear visualization of sources of higher
specific humidity that may bring more moisture. Precipitation amount
is used as the weight value to recalculate the original percentage obtained from the cluster analysis tool provided in HYSPLIT model (Cai
et al., 2017). This method is analogous to the Concentration Weighted
Trajectory(CWT) method in pollution studies proposed by Salamalikis
et al. (2015), where the weighting factor is the average concentration.

3.1. Local meteoric water line (LMWL)
The LMWL refers to the linear relationship for precipitation δ18O
and δD at a given site relative to the Global Meteoric Water Line
(GMWL) for the globe based on roughly 400 samples from freshwaters
(Craig, 1961). Fractionation of δ18O and δD are particularly sensitive to
the meteorological conditions when evaporation occurred at the vapor
source (Merlivat and Jouzel, 1979), the below-cloud evaporation of
droplet falling through the unsaturated air column (Wang et al., 2016)
and the mixing of multiple moisture sources (Kurita and Yamada,
2008). Subtle differences in these fractionation processes functioned to
drift slopes and intercepts of LMWL away from those of GMWL and
further reflected the origin of water vapor and subsequent modifications by secondary processes of re-evaporation and mixing (Merlivat
and Jouzel, 1979).
Established from the isotopic values of individual precipitation
events between January 2014 and December 2016 in Xainza, the
LMWLs available for pre-monsoon, monsoon, post-monsoon, westerly
seasons were shown in Fig. 3. Overall, no significant difference existed
among these LMWLs and nearly all plotted tightly close to GMWL.
Nevertheless, subtle differences lay in that during the pre-monsoon,
monsoon and westerly seasons, the slopes and intercepts were all higher
than those of the post-monsoon season. Slope is always regarded as an
indicator of the evaporative degree below the cloud base. In terms of
intercept, the changing patterns can be denoted by the d-excess values
(d-excess (‰) = δD−8δ18O) (Dansgaard, 1964) and are mainly influenced by the moisture sources and re-evaporation of raindrops. The
lower slope and intercept in post-monsoon season may indicate the
strong sub-cloud re-evaporation during the raindrops falling down.
For more comparison, we calculated the LMWL for the entire period
of Xainza and summarized other LMWLs from typical regions across the
entire TP (Table 1). It could be seen that the slopes and intercepts of
LWMLs across the entire TP showed an increasing trend, with the
lowest value at the northern slope of the Himalaya (Dingri) and the
highest value at the majority of the inner TP (Delingha). Note that the
higher slopes for the seasons at Xainza station demonstrated a more
significant continental moisture from the land surface with little secondary evaporation below the cloud base. This was because the evaporative vapor from ground surface was primarily accompanied by
higher isotopic values distributing above the local meteoric water line.
Even if large amount of such evaporative vapor has been re-condensed
before mixing with the larger tropospheric reservoir, the isotopic values

3. Results and discussion
Fig. 2 plotted the seasonal variations of the δ18O, d-excess values of
precipitation, as well as the corresponding parameters of OLR, temperature, relative humidity, and precipitation amount in Xainza station
from January 2014 to December 2016. In response to the integrated
influence of various meteorological factors, precipitation δ18O at Xainza
station showed a bimodal distribution and fluctuated greatly with a
broad range of daily values from −32.21‰ to 3.88‰ with means of
−14.09‰. On average, the higher δ18O values usually occurred before
the onset of monsoon season. With the arrival of monsoon, δ18O started
to decrease until an abrupt depletion and then maintained the lower
status despite occasional occurrence of high δ18O values. With the
weakening of monsoon, the precipitation δ18O rapidly increased to a
lower extent, and after the total retreat of monsoon, it became depleted
with smaller amplitudes. Similar phenomena have been observed in
other studies at the adjacent stations of Nagqu (Liu et al., 2009b, 2010;
Yu et al., 2015a) and Namco (Kang et al., 2017). Comparatively, the d68
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Fig. 1. Map of Siling Co basin and position of precipitation sampling site (red dot); the inset shows the boundary of the TP and location of study area in TP. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

lower specific humidity (Fig. 4(a)). The δ18O values exhibited an obvious increasing trend despite the occasional depletions (Fig. 2). The
extremely high δ18O appeared on 4 May 2014, 10 May 2015, and 5 May
2016 with values of −2.09‰, −2.82‰, and −1.27‰, respectively. As
previously reported, the isotopic maximum before monsoon is a consequence of two factors: (1) sub-cloud processes, including re-evaporation and diffusive exchange; and (2) first-stage rainout (Hughes
and Crawford, 2013). In terms of sub-cloud process, it caused the precipitation to scavenge heavy isotopes from the ambient atmosphere,
thereby enriching isotopic compositions (Miyake, 1968). From an
analysis of LWML, however, we excluded this factor because both the
slope and intercept were higher than those of GMWL (Fig. 3(a)), implying the little secondary evaporation below the cloud base. Another
factor responsible for higher δ18O values, the stage of rainout, refers to
the proportion of the original vapor that remains after precipitation has
begun. The more rainout process occurred, the more depleted δ18O
would be. In this study, first-stage rainout meant that precipitation was
derived directly from the original vapor of the source region, which, in
some sense, signified the moisture transport distance was short and
mainly concentrated around precipitation site from arid continental
recycling. The short distance could reduce the possibility of rainout
process and thus δ18O values of precipitation from the proximal distance would be higher than those from distant areas. This can also be
demonstrated by the temperature effect, with a significant positive
correlation between precipitation δ18O and temperature with an r value
of 0.55 (p < 0.001; Table 2), as the increasing temperature during this
period (Fig. 2) brought about more intense evaporation and transpiration from the continent. As the OLR for local grid cell nearly coincides
with temperature (Gruber and Winston, 1978), similar positive correlations with OLR for local grid cell, were also observed with the r value
of 0.45 (p < 0.01) (Table 2). This deduction also provided evidence for
the higher d-excess values during this period due to the fact that the
surface processes (evaporation versus transpiration) locally or along the
trajectory, as described by Risi et al. (2008b) and Bony et al. (2008),
may have exerted controls to increase d-excess values (Araguás-Araguás
et al., 1998; Zhang et al., 2009a). Comprehensively, due to the firststage rainout, or rather, the moisture sources from evapotranspiration
from local recycling or along the trajectory, δ18O and d-excess were
prone to be enriched in raindrops (Dansgaard, 1964), which was

of the resulting precipitation would also lie above the LMWL with
slopes higher than 8 (Clark and Fritz, 1997). Although secondary evaporation could also reduce the intercepts, it seemed that such an effect
contributed little to its spatial variations in the TP. Otherwise, because
of the drier climate condition from the south to the north, the d-excess
values would have been progressively lower, which was the opposite of
existing results (Table 2). With this exclusion, the intercepts were
controlled mainly by the origins of distinctive moisture sources, such as
Yao et al.'s (2013) division of the entire TP into three domains. The
lower intercepts in the southern TP resulted from the substantial contribution of monsoon precipitation, which exhibited lower d-excess,
whereas the higher intercepts in the northern TP were influenced
mainly by the precipitation of higher d-excess values brought by continental moisture. Xainza station is located at the boundary of the
monsoon domain and the transition domain toward the north. Thus, the
intercept of LWML for the entire period were theoretically inclined, and
indeed were verified to be medial, and were lower than that of Delingha
(δD = 8.47 δ18O + 15.2, R2 = 0.98, p < 0.01) in the northern TP and
Tuotuohe (δD = 8.29δ18O+17.5) on the central TP toward the north
(Tian et al., 2001b), and were higher than that of Lhasa (δD = 7.90
δ18O + 6.29, R2 = 0.97, p < 0.01) in the southern TP (Tian et al.,
2001b), indicating the interaction of these two moisture sources. Additionally, when the vapor propagated toward the TP interior, the potential addition of continental recycling moisture of high d-excess,
which evaporated from the surface waters, the plants as well as the bare
soil along the route, was also considered to be another significant factor
responsible for the increasing trend of intercepts from the south to the
north (Tian et al., 2007; Yang et al., 2006), as was previously reported
for central TP (Liu et al., 2007). On the basis of this analysis, the higher
intercepts and slopes during pre-monsoon, monsoon and westerly seasons as well as the whole period all emphasized the role of moisture
sources coming from the evapotranspiration from the continent. Section
3.5.2 provides more details about the moisture sources.
3.2. Isotopic characteristics of precipitation and local controls during
different seasons
During the pre-monsoon season (April–May), sporadic precipitation
with long intermittent dry spells occurred as a result of the relative
69
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Fig. 2. Seasonal variations of precipitation δ18O (blue dots), d-excess (red dots), OLR, relative humidity, temperature), and precipitation amount in Xainza. The
dashed line is the division line of the four seasons. The blank, oblique-line, grey, and dotted bars represent westerly, pre-monsoon, monsoon and post-monsoon
season respectively and the corresponding samples are 34, 88,18,19 respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

to August, precipitation δ18O was mainly controlled by the large-scale
synoptic activities (Tian et al., 2001a). Hence, it was evident that the
control of OLR for local grid cell on precipitation δ18O outweighed the
almost non-existent local “amount effect” and was the strongest at
Xainza station during monsoon season. The observed lower d-excess
values in precipitation may have reflected the influence of humid air
masses sourced over the oceans.
Until post-monsoon season (September), precipitation events and
precipitation amounts decreased as a result of the decreased specific
humidity (Fig. 4(c)). Precipitation δ18O increased quickly after the
ending of monsoon precipitation from −17.05‰ on 31 August 2016 to
−13.21‰ on 4 September 2016 and continued to rise consecutively to
−9.4‰ on 11 September, −8.50‰ on 14 September 2016. Statistical
analysis showed that, unlike other seasons, no significant correlations
between precipitation δ18O and any meteorological parameter have
been found. That is to say no specific parameter could be the dominant
control. Combined with the result of LMWL during this season
(Fig. 3(c)), the lower slope and intercept indicated the strong sub-cloud
re-evaporation effect and other factors that may function in a state of
synergy to act on this process. Regarding moisture sources, the low dexcess values may be attributed to still-distant moisture sources or the
weak evapotranspiration resulting from the high relative humidity.
Actually, the weak correlations between precipitation δ18O and meteorological parameters may be also due to the absence of an adequate
number of samples and a longer period of observations are needed for

consistent with studies conducted by Liu et al. (2007, 2010) and the
conclusions in section 3.1.
With the onset and progress of monsoon season (June to August,
abbreviated as JJA), marine air masses moved upward to the Himalaya
mountains and propagated into the TP interior. The increased specific
humidity (Fig. 4(b)) contributed to continuous spells of precipitation
compared with other seasons. Precipitation δ18O started to decrease
until a dramatical depletion and maintained a lower status with an
amplitude of 30‰ (Fig. 2). Fluctuations of δ18O indicated an alternation of active and inactive monsoon process (Liu et al., 2010). As shown
in Fig. 2, several extremely low δ18O have emerged with high precipitation amounts, e.g., on 16 July 2014, 30 July 2016, 8 August 2016,
13 August 2016. However, contrasting cases of high δ18O values accompanied by high precipitation amount were also documented on 22
August 2014, 19 August 2015 and 11 July 2016, which go against the
common phenomena of “amount effect” as widely observed in other
regions of the TP (Yu et al., 2016b). Statistical analysis revealed that
precipitation δ18O failed to show any significant relationship with
precipitation amount or with other local meteorological parameters but
behaved positively with OLR for local grid cell with a statistical r value
of 0.45 (p < 0.01; Table 2). Previous studies have confirmed the strong
influences of the convective activities on the isotopic composition of
precipitation in the tropics (Risi et al., 2008a), southern (Gao et al.,
2013), and western TP (Guo et al., 2017). Also on the central TP, where
thunder storms occurred more frequently, especially in months of June
70
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Fig. 3. LMWLs in Xainza station during the period of 2014–2016 for(a) pre-monsoon, (b)monsoon, (c)post-monsoon, (d)westerly. The black refer to the Global
Meteoric Water Lines (GMWL). The dots and lines of different color in each panel represent the Local Meteoric Water Line(LMWL) of different seasons for Xainza
Station. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

the further investigations.
During the westerly season (October–March), specific humidity was
the lowest among the four seasons and thus precipitation events were
sparsely distributed with frequencies of no more than 5 times every
month from October to March of the following year, especially in 2015
during which no precipitation events occurred from January to March.
As shown in Fig. 2, the low δ18O values were always accompanied by
extremely low temperatures, and significant positive correlations were
observed between precipitation δ18O and temperature, demonstrating a
“temperature effect” with an r value of 0.71 (p < 0.01). Representative
cases were noted on 7 January 2015 and 7 January 2016 with values of
−23.41‰ and −22.41‰ in δ18O and −12.90 °C and −11 °C in temperature, respectively. Due to the lower temperature, the re-evaporation effect of precipitation hardly existed (Fig. 3(d)) and the large
variations in scope with alternating extremely low precipitation d-excess values during this season may have required an accumulation of
isotopic data in future days.
The overall analysis suggested that during the non-monsoon season
(pre-monsoon, the post-monsoon as well as the westerly), variability of
precipitation δ18O was mainly governed by temperature whereas the
role of OLR for local grid cell was exclusively acknowledged to be responsible for the depletion during the monsoon season. Considering
that OLR is merged into 2.5° × 2.5° cells and represents the large-scale
convective activities, we tentatively concluded that non-local meteorological variables may therefore control the variations of precipitation

Table 2
Statistical correlations between precipitation δ18O and local meteorological
parameters at Xainza station during the different seasons.
Linear Correlation Coefficient(r)

Pre-monsoon
Monsoon
Post-monsoon
Westerly

δ18O-T

δ18O-P

δ18O-RH

δ18O-OLR

0.55∗∗
−0.30∗∗
−0.06
0.71∗∗

0.07
−0.19
−0.41
0.19

0.25
−0.16
−0.44
0.04

0.49∗∗
0.45∗∗
0.31
0.27

Note: T: temperature (°C); P: precipitation amount (mm); RH: relative humidity
(%); OLR: outgoing longwave radiation issued from NOAA satellite; numbers
with ** and * means the correlations are significant at the 0.01 and 0.05 level,
respectively; numbers without an * do not pass the significant test.

δ18O in Xainza during monsoon season. Despite the statistically strongest correlation with OLR for the local grid cell, the corresponding r
value was still less than 0.5. This correlation indicated that the OLR for
the local grid cell was insufficient to explain the observed variance of
δ18O values and further investigation into some other factors would be
needed. Actually, Lawrence et al. (2004) has classified the convective
activities into two types: the isolated (small events initiated locally) and
the organized (large systems triggered widely). Precipitation δ18O in
the organized events is more depleted than that in the isolated events.

Table 1
The LWMLs (without uncertainties) in some typical stations in Tibetan Plateau.
Site
Delingha
Tuotuohe
Xainza
Lhasa
Dingri
a

Longitude (°)
97.37
92.43
88.7
91.1
87.01

Latitude (°)
37.37
34.22
30.9
29.7
28.65

LMWLa

Elevation (m.a.s.l)

18

2981
4533
4681
3658
4330

δD = 8.47 × δ O+15.2
δD = 8.29 × δ18O+17.5
δD = 8.19 × δ18O+10.72
δD = 7.90 × δ18O+6.29
δD = 7.59 × δ18O-3.56

All of LMWLs shown in Table 1 are established on the daily precipitation isotope data.
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Data period

Data source

1993.5.12–1996.5.16
1996.5.26–1996.8.28
2014.1–2016.12
1996
2010.1–2013.12

Tian et al. (2001b)
Tian et al. (2001b)
This study
Tian et al. (2001b)
Yao et al. (2013)
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Fig. 4. Distribution of specific humidity fields at 500hpa in Xainza (black dot) and the surrounding regions for (a) pre-monsoon, (b) monsoon, (c)post-monsoon, (d)
westerly.

Moreover, according to Risi et al. (2008b), the abrupt depletion in
precipitation δ18O could not be explained by the intensity of individual
convective systems but the signature of enhanced convection at the
regional scale. Thus, in next section, we would explore the potential
effect of OLR on a larger scale.

et al., 2014). Thus, these analyses reinforced our conclusion that precipitation δ18O in Xainza was strongly concerned with the synchronous
variations in regional convective activity.
Additionally, except the synchronicity, time-lagged averaged convective processes may also have the integrated impacts on water vapor
and the subsequent precipitation δ18O over several previous days,
which has been observed in other regions (Gao et al., 2013; Moerman
et al., 2013; Risi et al., 2010; Tremoy et al., 2012). So, in the next
section, we would explore the influence of temporal integration of local
and spatial convections on precipitation δ18O.

3.3. Precipitation δ18O response to regional convection
In this section, we investigated how precipitation δ18O could possibly be influenced by regional convective activity in our sampling location during the monsoon season. As the major part of monsoon rains
occurred due to convective uplift (Tian et al., 2001a), precipitation
amount in this region could be a good index to quantify the convective
activity. Thus, the gridded daily Precipitation data GPCC (in mm) and
the outgoing longwave radiation (OLR) flux (in W/m2) would be jointly
used as proxies of convections and the spatial correlation between
precipitation δ18O and convections would be calculated.
As discussed in previous section, variability in the δ18O values of
precipitation samples had an insignificant anticorrelation with the
amount of local precipitation amount during the monsoon season
(Table 2). In Fig. 5(b), negative correlations between precipitation
amount and precipitation δ18O were observed, still not locally but in a
larger area around the station with r values of −0.18 to −0.39
(p < 0.05) during the monsoon season. This verified our deduction
that the negative relationship was not due to local “amount effect” but
rather due to large scale rainout process resulting from convections.
This can also be proved by a stronger positive correlation between
precipitation δ18O and OLR over a much larger area spreading to the
Indian subcontinent to the Arabian Sea (Fig. 5(a)), especially in the
sector 26°-31°N/81°-91°E (hereafter Zone 1, Fig. 5(a), black rectangle).
Actually, similar phenomena were captured in the Andaman Islands
(Chakraborty et al., 2016) and the western coastal region (Lekshmy

3.4. Temporal integration of convections
For assessment, we averaged the OLR for the local grid cell over n
number of days (where n = 1, 2, 3 … 20) preceding the precipitation
events and calculated the corresponding correlations in Xainza during
the monsoon season. The index n refers to the average moisture residence time that affected the precipitation δ18O through the residual
vapor.
From Fig. 6, in June, the positive correlation between precipitation
δ18O and OLR peaked on condition that OLR was averaged over the
previous 9 days with an r value of 0.56 (p < 0.05), whereas the synchronous correlation was nonsignificant. In July and August, however,
it took fewer days to reach the strongest correlation with an r value of
0.40 (p < 0.01) and 0.43 (p < 0.01) with temporal integration of 1
day and 2 days respectively. During the entire monsoon season (June–August), the correlation between precipitation δ18O and OLR integrated over the previous 9 days was the strongest with an r value of
0.57 (p < 0.01; Fig. 6), suggesting that precipitation δ18O was an integrator of the previous convective activity. This property could be
explained by the fact that each convective system would deplete the
low-level vapor, but later, the vapor mounting the isotopic memory of
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Fig. 5. Regional correlations between daily precipitation δ18O and(a) OLR, (b) precipitation amount during monsoon seasons from January 2014 and December
2016. The black rectangle shows the Zone 1 region discussed in the text.

corresponding correlation coefficients within the Zone1 are
0.66(p < 0.05), 0.54(p < 0.01), 0.55(p < 0.01) and 0.62(p < 0.01)
for June, July, August, and June to August respectively, which were
higher than the correlation values at the local scale. This revealed that
precipitation δ18O in central TP was strongly influenced by the integrative upstream regional convective activity. This also has been
evidenced in western Africa (Risi et al., 2008b) and the Andes (Vimeux
et al., 2011). Therefore, we hypothesized that the influence of the upstream regional OLR may be the possible reason for the lack of or weak
local “amount effect” in Xainza.
3.5. Influence of moisture sources on precipitation isotopic values
3.5.1. Air mass trajectory by HYSPILT
Atmospheric circulations, especially moisture sources could exert
strong influences on isotopic compositions of precipitation (Aggarwal
et al., 2004; Bershaw et al., 2012; Breitenbach et al., 2010; Tian et al.,
2001a). Fig. 8 displayed the clustered air mass trajectories of precipitation-producing days back to 10 days at 1500 m a.g.l for whole
observation period inclusive of the four seasons as divided in Fig. 2. The
categories of trajectories were defined according to the visual inspection. Although the analysis errors due to uncertainties in observation or
the data assimilation techniques limited the accurate climate simulations (Krklec and Domínguez-Villar, 2014), in our study, the HYSPLIT
model was only used to track the sources of prevailing moisture to
specific locations and based on other existing studies (Aggarwal et al.,
2004; Sjostrom and Welker, 2009), we therefore assumed that back
trajectories could give an approximation of moisture origins.
We identified possible categories in Xainza for each season (Fig. 2)
with quantities of five for July (Fig. 8(d)), 6 for August (Fig. 8(e)), 3 for
the westerly (Fig. 8(a)), and 4 for the other months (Fig. 8(b)-(c),(f)). The
moisture origins can be roughly separated into 3 broad categories: (1) the
Mediterranean Sea, and the Atlantic Ocean; (2) the continental trajectories on short pathways; (3) the Arabian Sea (AS) and Bay of Bengal
(BOB). As shown in Fig. 8, distribution of cluster percentages weighted
by the precipitation amount were greatly uneven and displayed in a
landslide. The most dominant pathway was from the south direction,
consisting of AS or Indian subcontinent and BOB. Despite the ever-present occurrence of moisture from the Mediterranean Sea and surrounding
regions as well as the continental trajectories on short pathways
throughout the year, the corresponding percentage remained below that
of AS and BOB with maximum values of 42% and no more than 20%
during the monsoon and westerly seasons. The specific humidity along
these pathways was also quite low, contributing little to the precipitation
for the specific location. With this consideration, we would put on more
focus on the moisture pathways from the south branch.

Fig. 6. Correlations between the precipitation δ18O and local OLR averaged
over n (0–20 days) previous days in Xainza. The numbers labeled in each month
refer to the day when the maximum correlation occurred. We collected 20, 32,
and 36 samples for June, July, and August, respectively.

the last rain would again feed the subsequent convective systems
through moisture recycling. As a result, the isotopic composition of
precipitation was strongly correlated with the integrated convective
activity averaged over the previous n days. Besides, it has been recognized that the strength of the isotopic memory depends on how
strong and frequent convective systems are as the convective activities
in the strong convective systems are sufficiently built up to influence
isotopic values (Rahul et al., 2016). The strength of isotopic memory
also decided the length of the integration time when maximum correlation occurs. That was why the integration time was longer at the
beginning (June) of the monsoon season but shorter during the mature
phase of the monsoon season (July to August). Taking a case of August,
as the convective activity was more intense and frequent and was
characterized by a faster instantaneous local depletion of water vapor,
the isotopic memory was shorter, and thus a shorter integration time
was sufficient to abrade the traces of the preceding convective systems.
Besides, we also completed similar calculations on the regional scale
and examined the integrative effects of regional OLR on precipitation
δ18O. We performed the spatial correlation analysis between precipitation δ18O and the regional OLR averaged over previous n days.
Here, n defined the day when the maximum correlation emerged of
n = 9, 1, 2, and 9 for June, July, August, and June to August based on
the results shown in Fig. 6. The convective activity during monsoon
season was always accompanied by a large northward flux transport
(Gao et al., 2013). As shown in Fig. 7, the remarkable positive correlations between precipitation δ18O and averaged OLR were distributed
toward the south along trajectories from the upstream regions and the
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Fig. 7. Regional correlations between precipitationδ18O and OLR averaged over n previous days in (a) June, (b) July, (c) August, and (d) JJA, respectively. The
numbers of n are in accordance with the number labeled in Fig. 6 for each month. The black rectangle shows the Zone 1 region discussed in the text.

During the westerly seasons (Fig. 8(a)), the precipitation events
were characterized mainly by moisture transporting eastward by westerlies along the short (67%) and long-distance (33%) pathways. Then,
during pre-monsoon season, the shorter pathways withdrew and switched to the direction of the AS branch with a percentage of 58% and
little contribution from the BOB branch. The increased specific humidity along this trajectory may have been responsible for the increased precipitation events and precipitation amounts in Xainza.
Moisture from this trajectory mostly stemmed from the surface of the
Indian subcontinent (with low relative humidity) and could strongly
modify the evaporative vapor, resulting in higher d-excess values in the
subsequent precipitation, which was consistent with higher intercept of
pre-monsoon LMWL (Fig. 3(a)). Additionally, when moisture was
transported from the direction of the AS branch, it always took a shorter
path from the source region to Xainza, and it usually encountered relatively lower precipitation and convection (Fig. 9(a)) along the route
compared with the BOB branch (Midhun et al., 2018), thus leading to
higher precipitation δ18O values. These conclusions were consistent
with the findings given in Section 3.2.
With the onset of monsoon (June) (Fig. 8(c)), an obvious switch of
moisture transport pathways from AS to BOB branch occurred accompanied by an increased percentage of 80% in BOB branch and the increased specific humidity of air parcels therein indicated a constant
moisture supply. As the atmosphere above BOB was more convectively
active compared to the AS (Krishnamurthy and Ajayamohan, 2010)
(Fig. 9(b)), we also considered the shifting moisture sources to be an
alternation of stronger upstream convections. As the organized convections would intensify the rainout process with the accelerated removal of heavy isotopes, air parcels traveling across the BOB branch
and adjacent regions tend to be relatively lower and thus much lower
isotopic values in precipitation. This explained the decreasing trend in
precipitation δ18O from the maximum values in June (Fig. 2), but it
may have resulted from the relatively weaker convections during the

formative period. With the strengthening of the monsoon, the percentage of moisture sourced from ocean increased to 93% in July and 98%
in August. Correspondingly, the convections became more intense
(OLR < 205 W/m2 by Permana et al. (2016)) to a larger extent toward
the AS branch (Fig. 9(c)). Abundant moisture carried by more trajectories of longer distance traveled (1) to the east (BOB branch), moving
along the Brahmaputra-Yalongzangbo Rivers and propagating into the
central TP (Fig. 8(d)–(e)); and (2) to the west (AS branch), climbing
across the Indian peninsula toward the central TP (Fig. 8(e)). In addition to the influence resulting from intense convections, we also considered an uplifting effect when climbing across the Himalayan
mountains to the leeward side (Yu et al., 2016b). Large quantities of
humid air masses on the windward side were continuously condensed
into precipitation due to the decreased temperature and heavy isotopes
were progressively stripped off the remaining vapor. This could be revealed by the significant assumption of specific humidity from nearly
20 g/kg over the windward side to less than 10 g/kg after crossing
mountains (Fig. 8(d and e)). These processes above were considered to
be responsible for the abrupt depletion from the beginning of July and
the subsequent lower status of isotopic values. In terms of July and
August, larger quantities of trajectories with differences in distance and
percentage limited the further analysis. As precipitation amount is a
direct reflection of convective intensity and to give a more straightforward comparison, we calculated the precipitation amount along all
the clustered trajectories derived from the ocean (4 for August and 3 for
July)(Fig. 10). From Fig. 10, we could see that the average precipitation
amounts in August were higher than those in July and based on the
Rayleigh Distillation model, it could perfectly explain the isotopic values of August -2‰ lower than those of July (Fig. 2). This indirectly
justified that not the transport distance but the rainout process controlled by the intensity of convections along pathways was the crucial
factor to control variability of precipitation isotopic values at the destination site.
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Fig. 8. Clusters of back trajectories in precipitation-producing days as well as the specific humidity along each mean trajectories simulated by HYSPLIT model for
Xainza station (black circles) in (a) October–March, (b) April–May, (c) June, (d) July, (e) August, and (f) September. Trajectories and specific humidity are computed
using a 6-h time step with the GADS reanalysis data back to 10 days at 1500 m AGL.

Fig. 9. The distribution of OLR in (a) April–May, (b) June, (c) July–August, and (d) September.
75

Quaternary International 513 (2019) 66–79

T. Zhang, et al.

variance) During the westerly season, the whole TP was within the
influence of westerly, and d-excess values were usually high due to the
arid conditions of the source region. The dissimilarity of d-excess values
among these three stations (lowest in Delingha and highest in Xainza)
largely depended on local meteorological conditions, e.g. the drier
conditions in Delingha. As for the pre-monsoon season, without consideration of the extremely low values in April in Delingha, the d-excess
values started to increase in Delingha and decrease in Lhasa.
Neutralizing both variations, the d-excess values in Xainza increased to
a lower extent. Without regard to the trend, only the values of d-excess
in these three stations during pre-monsoon were comparatively higher
owing to the possible moisture evaporated from the continent, consistent with the result of HYSPLIT. During the monsoon season, the dexcess values became much lower in Lhasa due to more moisture from
the warm and humid Indian Ocean but still higher despite the impalpable decrease in Delingha due to more moisture originating from
the inland continent. The d-excess values in Xainza Station, however,
were inclined to be medial with an obvious transitional feature as a
consequence of its location between Lhasa and Delingha on the central
TP and influenced by both continental and ocean moisture sources,
which could not be captured by HYSPLIT. Supposing the fact that the dexcess values in Lhasa (4.13‰) and Delingha (11.75‰) represented the
ocean and continental influence, respectively, a simple calculation demonstrated that at least 28% of the moisture forming precipitation was
supplied by continental sources. At the end of monsoon season (postmonsoon), the d-excess values of Xainza and Delingha showed a slight
increase, whereas the d-excess values for Lhasa remained unchanged,
indicating the possible earlier retreat of monsoon in Xainza and
Delingha.
To sum up, the seasonal variations of d-excess values in Xainza were
much gentler than those in Lhasa and Delingha, which reflected the
ever-present significant influence of continental moisture throughout
the year, consistent with conclusions in section 3.1. Compared with the
abrupt decrease of δ18O values, the slighter decrease of d-excess values
during the monsoon season retained more signals of moisture that had
evaporated from the continent and thus may lead us into more consideration of local recycles.

Fig. 10. The distribution of precipitation amounts along the clustered trajectories in July (orange line) and August (blue line). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

During post-monsoon season (September) (Fig. 8(f)), there existed
an obvious shortening in the transport distance with minor differences
in the cluster percentage. The decreased specific humidity along the
pathways as well as convective activities revealed by larger OLR values
(Fig. 9(d)) indicated the weakening of the rainout process along the
trajectories and thus the increased isotopic values. Considering the result of section 3.1, the local meteorological conditions were also considered to be responsible for the higher isotopic values. Based on the
multi-layer simulations of trajectory, Tian et al. (2001a) concluded the
post-monsoon was characterized by the thinning down of moisture
transport layers. This needed simulations at different starting heights
and similar investigations would be carried out in future work.
Comprehensively, during the westerly season, the moisture is
mainly brought by the westerly. During other seasons, two dominant
moisture sources mainly originated from the BOB and the AS branches
with seasonal varying percentage. In light of pre-monsoon season, air
mass mainly came from the direction of the AS branch. A shorter
transport distance with weak convective activities as well as the evapotranspiration along it led to the higher isotopic values. In contrast,
during the monsoon season, air mass from the BOB as well as the AS
branch (August) prevailed, and an intense rainout process resulting
from active convectivities along these longer pathways emphasized the
influence of upstream regional convective processes on the variability
of precipitation δ18O in the study area. It is worth noting that HYSPLIT
is an air-parcel, not a water vapor, back trajectory algorithm. The addition and removal of water vapor from the air mass is not included in
our analysis and we couldn't infer the relative importance of continental
moisture sources, especially during the monsoon season. So, to more
concisely determine moisture origins, the d-excess values will be employed in the subsequent analysis.

4. Conclusion
To better constrain the paleoclimate reconstruction and provide
more insight into the hydrological regimes on the central TP, we presented climatic controls on seasonal variations of precipitation isotopes
from January 2014 to December 2016 at Xainza Station in Siling Co
Basin located along the boundary of the monsoon domain and the
transition domain (Yao et al., 2013). To explore the controlling factors
on precipitation isotopes, we calculated statistical correlations among
the influencing factors, including local meteorological parameters and
OLR as proxies for the large-scale convections, and precipitation δ18O
based on the data from meteorological stations as well as the satellite
products. Results showed that the δ18O displayed a distinct seasonal
variation, with enriched values occurring in pre-monsoon season and
relatively depleted values in monsoon season, respectively. Correlation
analysis revealed that significant positive correlations between precipitation δ18O and temperature were observed during the pre-monsoon
and westerly seasons with short-distance moisture trajectories of a large
percentage. During the monsoon season, however, precipitation δ18O
failed to show any significant relations with local meteorological factors
whereas strong positive correlations were observed with integrated
regional convective activities over several previous days (0–20 days).
The length of the integration time depended on the strength and frequency of convections and was different in each month (e.g., 9 days in
June, 1day in July, 2 days in August) as more frequent and more intense
convections would deplete more efficiently the vapor at low-levels
(Lawrence et al., 2004), which would feed the subsequent precipitation.
The increased transport distances during monsoon season, which

3.5.2. Moisture sources by d-excess
In the previous section (section 3.1), we have simply compared the
LMWLs across the south-north transect and a preliminary analysis of
LMWL during different seasons has been done. Here, we would conduct
a more detailed comparison of d-excess in precipitation of Xainza station with results of Lhasa (affected by southwest monsoon) and Delingha (affected by the westerly)(Fig. 11)(Liu et al., 2007; Tian et al.,
2007).
Overall, significant seasonal differences were evident, especially
between Lhasa and Delingha with a statistical difference at the
p < 0.01 level (least significant difference test following analysis of
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Fig. 11. Comparison in seasonal variations of monthly weighted average d-excess values in precipitation for (a) Delingha, (b) Xainza, and (c) Lhasa.

extended to the humid ocean with enhanced upstream convections
along the trajectory lead to more depleted isotopic values and thus the
weakening of convections may be responsible for the increase of δ18O
values of the post-monsoon season. Additionally, the comparison of dexcess values with other stations in the TP demonstrated the ever-present significant influence of continental moisture throughout the year.
The slighter decrease in d-excess values during the monsoon season
retained more signals of moisture evaporated from the continent and
thus may lead us into more consideration of local recycles. These results
indicate that the effects of different moisture sources, including the
Indian monsoon and convections should also be taken into consideration when interpreting δ18O from climate proxies and tracing the water
cycles on the central TP.
It should be noted that gaps still exist in our study, which could not
be neglected and deserve future consideration. Actually, pronounced
differences of isotopic characteristics as well as the climate controls for
each year may provide more valuable details to constrain the reconstructions of paleoclimate. The robust uncertainties of air mass
trajectories run by the HYSPLIT model could not provide more details
of the moisture sources from the local recycles limited by the resolution
and data quality of GADS reanalysis. The enhanced local recycling
process has been considered the main cause for the increased precipitation in the hinterland of TP and thus plays an important role in
local hydrological cycles. Based on this, we propose to set up continuous sampling of the atmospheric vapor, the soil as well as vegetations in Xainza station to offset these defects in the future work.
Besides, to more concisely depict the impact of upstream regional

convections and the resulting rainout process on the precipitation isotopes, we would take advantage of the existing results and plan to set up
several new sites for precipitation sampling along air mass trajectories.
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