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Abstract The stable isotope composition of precipitation has been widely applied to trace moisture
sources. In the westerly dominated areas of central Asia, the isotopic composition of precipitation
significantly correlates with surface air temperature, and the temperature effect is widely accepted. However,
the significance of isotopes in tracing water vapor source is not clear for this region, and a further
investigation using event-based observations is still needed. Based on a network around the Tianshan
Mountains, the westerly regime of precipitation isotopes is investigated. Although the seasonality of
precipitation isotopes for the northern and southern basins of the Tianshan Mountains is similar, the more
arid climate and leeward landform of the southern basin lead to weak moisture transport and relatively
enriched oxygen isotopes. Of the synoptic systems resulting in heavy precipitation, the central Asian vortex
more commonly leads to depleted isotopic ratios in precipitation, which is related to the contribution of
northerly moisture and/or surface moisture. The specific humidity-adjusted Lagrangian diagnostic indicates
that the heavy precipitation on the southern basin stations usually has relatively local moisture sources in this
arid climate and that terrestrial moisture evaporated from Europe and central Asia, rather than marine
moisture from the Atlantic Ocean, is more likely to be the direct moisture source. A sensitivity analysis for
target height and adjusting threshold of specific humidity is also applied to the improved Lagrangian
diagnostic. Overall, the findings were unaffected by different conditions, and the moisture was more likely to
be locally sourced, as indicated by higher specific humidity thresholds.

1. Introduction

Water vapor is a highly variable constituent in the atmosphere and plays an important role in global climate
change [Lavers et al., 2015; Ye et al., 2015]. The source and long-range transport of water vapor on global and
regional scales are vital in the studies of water budget and weather processes [e.g., Bosilovich and Schubert,
2002; Gimeno et al., 2013; Good et al., 2015]. Among the methods to identify source-sink relationships of water
vapor in the atmosphere, physical water vapor tracers have been widely used in the past decades [e.g., Gat
and Carmi, 1970; Salati et al., 1979; Levin et al., 2009; Jouzel et al., 2013; Yao et al., 2013; Good et al., 2014; Li
et al, 2015, 2016b], with stable isotopes of hydrogen (*H or D) and oxygen (*80) considered as ideal measur-
able tracers in precipitation and water vapor. Because of the isotopic fractionation that occurs during water
phase change in the hydrological cycle, the variations in the stable isotope signatures of vapor and precipita-
tion at synoptic, seasonal, or interannual scales can be modeled to trace moisture sources and describe water
vapor transport [Gimeno et al., 2012]. In addition, synoptic conditions influence atmospheric processes and
moisture transport and then impact on the precipitation isotopes. Previous studies indicated that high- or
low-pressure systems may cause isotopically enriched or depleted precipitation, respectively, because synop-
tic conditions influence the meteorological variables of vapor condensation as well as the contribution of
locally recycled moisture to precipitating vapor [e.g., Crawford et al., 2013; Guan et al., 2013; Bailey et al.,
2015; Steen-Larsen et al., 2015].

The Tianshan Mountains (also known as Tien Shan) is one of the main mountain ranges in central Asia span-
ning more than 30° in longitude and 5° in latitude, forming a relatively wet island in an arid region [Hu, 2004;
Sorg et al.,, 2012]. As an important natural resource in an arid and semiarid climate, precipitation and vapor
sources around the Tianshan Mountains have attracted great attention in hydrological and climate studies.
During the past decades, monthly [e.g., Zhang and Wang, 2016; Liu et al., 2009, 2014], daily, or event-based
[e.g. Yao et al, 1999; Pang et al., 2011] sampling for precipitation isotopes was discontinuously undertaken

WANG ET AL.

PRECIPITATION ISOTOPES IN CENTRAL ASIA 2667


http://orcid.org/0000-0001-8095-2674
http://orcid.org/0000-0002-7977-9509
http://orcid.org/0000-0003-1474-402X
http://orcid.org/0000-0002-8337-2795
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2015JD024626
http://dx.doi.org/10.1002/2015JD024626
http://dx.doi.org/10.1002/2015JD024626
http://dx.doi.org/10.1002/2015JD024626
http://dx.doi.org/10.1002/2015JD024626
mailto:mjzhang2004@163.com
mailto:geowang@126.com

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2015JD024626

at the Urumgi city and neighboring areas. Based on these isotopic data, previous moisture source tracing
using the isotope-based approach has found that the water vapor over the Tianshan Mountains is mainly
replenished by the westerlies, rather than the Indian or eastern Asian monsoons [e.g., Tian et al., 2007; Liu
et al., 2009; Yao et al., 2013; Feng et al., 2013].

These qualitative studies have been based on the seasonal variation of stable oxygen isotopic ratio and
deuterium excess (D-excess=d°H — 89'20) and have also been supported by back trajectories and other
meteorological diagnostics. The traditional Lagrangian approach (i.e., using the back trajectory) has been
used to verify the relationship between isotope composition and moisture source [e.g., Feng et al., 2013],
although the potential uncertainty of the air mass trajectory may originate from many aspects including
the default tracing duration and target height. Especially, the selection of the backward duration greatly
influences the trajectories, and longer duration usually corresponds to a more distant moisture source being
considered in addition to more local sources. Some studies have tried to adjust the backward duration time
using meteorological parameters like specific humidity along the back trajectory [e.g., Sodemann et al., 2008;
Crawford et al., 2013], but there is no case study in such an arid climate. In addition, using the Global Network
of Isotopes in Precipitation database, Liu et al. [2015] found that the northwestern and southwestern winds
may deliver moisture with different isotopic ratios to this region via westerlies, indicating that the isotopic
composition of precipitation around the Tianshan Mountains may contain more information helpful in
tracing moisture sources.

It is clear that the previous precipitation isotope sampling sites were located within a small area and, there-
fore, cannot well describe the varying characteristics of the entire Tianshan Mountains. More importantly, due
to the absence of an intensive observation network, detailed isotopic information about moisture transport
has not been available in this westerly dominant region. In 2012, a 23-station network for the measurement
of stable isotopes in precipitation was established around the Tianshan Mountains in central Asia [Wang et al.,
2016al. Recently, the regime of below-cloud evaporation [Wang et al., 2016c] and moisture recycling [Wang
et al., 2016b] in arid central Asia was assessed based on this event-based database. This network provides a
good platform to detect the impact of moisture source variation on stable isotopes in precipitation. The
objective of this study is to examine (a) the effect of moisture source and synoptic conditions on precipitation
isotopes in central Asia based on the observation network and (b) the usability of a specific humidity-
adjusted Lagrangian diagnostic under an arid and semiarid setting. The results of this investigation will
provide useful information to understand the hydrological processes in central Asia, which is also helpful
for other areas with an arid and semiarid climate.

2. Data and Method
2.1. Study Area

The Tianshan Mountains is the main east-west mountain range in central Asia (Figure 1a). The air regime over
the Tianshan Mountains is mainly controlled by westerlies all year round, and the long distance from the
surrounding oceans leads to very limited precipitation in this region. The Tibetan Plateau, with mean eleva-
tion of approximately 4000 m above sea level (asl), hinders most marine moisture from the Indian Ocean and
Pacific Ocean, and the scarce precipitation that does occur is usually considered to have originated from the
remote Atlantic Ocean. For the Chinese portion of the Tianshan Mountains, the annual mean precipitation at
the mountainous area is 409 mm, but the mean precipitation amounts at the north and south basins are
277 mm and 66 mm, respectively [Shi et al., 2008]. Vast sand deserts are distributed around the Tianshan
Mountains, including the Taklimakan desert (the world’s second largest shifting sand desert) to the south.
As shown in Figures 1b and 1c, the precipitation mainly occurs in the summer months from April to
October, and the precipitation amount in winter months is very low.

2.2, Sample Collection and Isotopic Analysis

In this study, a recently compiled database of stable isotopes in precipitation across the Tianshan Mountains
[Wang et al., 2016a] was applied to investigate the effect of moisture source. As stated in Wang et al. [2016a], a
total of 1052 event-based precipitation samples were collected by full-time meteorological observers at 23
meteorological stations from August 2012 to September 2013 (Figure 1). Relative to the mountain range,
there are 7, 6, and 10 sampling stations located at the northern slope (abbreviated from N1 to N7), the
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Figure 1. (a) Map showing the locations of sampling sites (empty circles) around the Tianshan Mountains, arid central Asia. The sampling sites are labeled as northern
slope: Yining (N1), Jinghe (N2), Kuytun (N3), Shihezi (N4), Caijiahu (N5), Urumgi (N6), and Qitai (N7); mountains: Wugia (M1), Akgi (M2), Bayanbulak (M3), Balguntay
(M4), Barkol (M5), and Yiwu (M6); and southern slope: Aksu (S1), Baicheng (S2), Kuga (S3), Luntai (S4), Korla (S5), Kumux (S6), Dabancheng (S7), Turpan (S8),
Shisanjianfang (59), and Hami (510). (b and c) Spatial distributions of monthly mean precipitation in summer months (April-October) and winter months (November—
March) during 1950-2000. The long-term climatology is acquired from the WorldClim-Global Climate Data version 1.4 [Hijmans et al., 2005].

mountains (from M1 to M6), and the southern slope (from S1 to S10), respectively. To prevent water
evaporation, the liquid samples (rain) were collected immediately after the rainfall ceased and then placed
into 60 mL HDPE (high-density polyethylene) bottles with waterproof seals; the solid samples (snow and
hail) were collected and then melted in ziplock LDPE (low-density polyethylene) bags at room temperature
before being sealed into HDPE bottles. All samples were frozen for storage then fully melted at room
temperature prior to analysis. Corresponding meteorological parameters were also measured such as
surface air temperature, precipitation amount, and relative humidity during precipitation events. In the
1052 events, there were 813 liquid and 208 solid samples, and the remaining 31 samples were labeled as
a mixture (usually sleet). The proportions of precipitation events with amounts <10mm, <5mm, and
<1mm were 91.6%, 78.7%, and 35.6%, respectively (Figure 2). The northern slope usually had more
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frequent and intense precipitation than
the southern slope. The precipitation
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Southern 4+D]—{ . +4.5mm and 2.5 + 4.4 mm, respectively.

The precipitation samples were ana-
4 6 8 10 12 14 lyzed using a liquid water isotope analy-
zer DLT-100 (Los Gatos Research, Inc.) at
the Stable Isotope Laboratory, College
of Geography and Environmental
Science, Northwest Normal University.
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Amount (mm per event) a microliter syringe, and the arithmetic

average of last four injections was
Figure 2. Proportional frequency of precipitation amount per eventforall  accepted as the final result. The mea-
the samples collected at the Tianshan Mountains from August 2012 to sured values are expressed as ¢ values
September 2013. The small box plot also shows precipitation amount for relative to V-SMOW (Vienna standard

sampling stations at the northern and southern slopes of the Tianshan
Mountains. Boxes represent 25th-75th percentiles, and the line through

Frequency (%)
S

Amount (mm per event)

mean ocean water):

the box represents the median; whiskers indicate the 90th and 10th Rsample — Rstandard o
percentiles; points above and below the whiskers indicate the 95th and dsample = Rstandard x 1000%o,
5th percentiles. (1)

where Rsampie is the ratio of ?H/'H or '®0/'°0 in the samples and Rstandard is the ratio of *H/'H (0.00015576) or
'80/"°0 (0.0020052) in V-SMOW. The precision is +£0.6%o for 0°H and +0.2%o for 6'20. More details about
sampling and laboratory analyzing were described by Wang et al. [2016a].

2.3. Classification of Synoptic Systems

The synoptic systems producing heavy precipitation events (=10 mm for rain or =5 mm for snow) in the study
region were systemically summarized by Zhang and Deng [1987] and Zhang and Zhang [2006] and can be
classified into four major types: central Asian vortex (V), central Asian short-wave trough (ST), northern frontal
zone trough (NT), and central Asian long-wave trough (LT). Example maps of wind and geopotential height at
500 hPa under these synoptic types are shown in Figure 3. To identify the weather systems resulting in
precipitation for the study region, the National Centers for Environmental Prediction/National Center for
Atmospheric Research (NCEP/NCAR) Reanalysis 1 [Kalnay et al., 1996; Kistler et al., 2001] at spatial resolutions
of 2.5° (latitude) x 2.5° (longitude) was applied. The NCEP/NCAR Reanalysis 1 database was used to analyze
the geopotential height, wind, and vapor flux fields around the Tianshan Mountains. The monthly data were
used in calculating geopotential height and wind field at 500 hPa (~5500 m asl) and 700 hPa (~3000 m asl),
and the daily data were used in producing water vapor flux field from the surface to 300 hPa and 700 hPa.

2.4. Backward Trajectory Adjusted Using Specific Humidity

To identify the movement of air parcels, a Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model [Draxler and Hess, 1998; Draxler and Rolph, 2016] version 4 was applied in this study. The HYSPLIT model
was developed by the Air Resources Laboratory, National Oceanic and Atmospheric Administration, and has
been widely applied in moisture tracing in the past decade [e.g., Bershaw et al., 2012; Crawford et al., 2013;
Bailey et al., 2015; Salamalikis et al., 2015]. In this study, a HYSPLIT-compatible meteorological data set of
Global Data Assimilation System (GDAS) [Kleist et al., 2009] with spatial resolution of 1°x 1° was also used.

Using a Lagrangian model, the variation of specific humidity along a backward trajectory can be checked to
assess the evaporation and precipitation process [e.g., Sodemann et al., 2008; Crawford et al., 2013, 2017].
Specifically, the backward trajectories from the sampling sites for each precipitation event were calculated
using the HYSPLIT model. The mean residence time of water vapor in the stratosphere is approximately
10days [Gat, 2000; Trenberth, 1998], so the backward duration was set as 10 days. In the GDAS data files,
related meteorological information is available at a 6 h time resolution, from which specific humidity can
be calculated (which we focus on here). For each 6 h interval, if the specific humidity for the following time
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(a) Central Asian vortex (V) (b) Central Asian short-wave trough (ST)
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Figure 3. Geopotential height in gpm (geopotential meter) and wind in m/s at 500 hPa for typical synoptic systems
influencing precipitation around the Tianshan Mountains: (a) central Asian vortex (V), 20:00 Beijing Time, 17 October
2012; (b) central Asian short-wave trough (ST), 20:00 Beijing Time, 15 August 2012; (c) northern frontal zone trough (NT),
20:00 Beijing Time, 14 July 2013; and (d) central Asian long-wave trough (LT), 8:00 Beijing Time, 4 February 2013. Gray
shading indicates elevation >5500 m asl (corresponds to ~500 hPa). Red dashed frames mark the study region.

interval is 0.2 g/kg higher than at the previous time interval, and the modeled height of the air mass is below
the planternary boundary layer height, the location of air parcel at the previous time is identified as an
evaporative source location [Sodemann et al., 2008]. If specific humidity along the trajectory is <0.05 g/kg,
no more backward tracing is needed. Similar approaches have been applied in Greenland [Sodemann
et al.,, 2008] and Australia [Crawford et al., 2013, 2017].

In HYSPLIT, the start date/time and location/height for each precipitation event are needed. Four starting
heights were applied to the model, i.e,, 100 m, 500 m, 1000 m, and 1500 m, above ground level. In addition
to 0.2 g/kg, three more threshold values of specific humidity to cut off the trajectories were also tested, i.e.,
0.1g/kg, 0.3 g/kg, and 0.4 g/kg.

3. Results and Discussions
3.1. Precipitation Isotope Seasonality and the Westerly Regime

As stated in Wang et al. [2016a], the precipitation stable isotopes in summer months are much more enriched
than in winter months across the Tianshan Mountains (Figure 4). Long-term observations of isotopes in
precipitation across westerlies-dominated zones of the northern portion of Tibetan Plateau show that 5'20
is enriched in summer and depleted in winter [Tian et al., 2007; Yao et al., 2013]. This is similar to the isotopic
signature at the Tianshan Mountains (Figure 4) which suggests that it is dominated by westerlies all year
round. In contrast, 4'®0 in the monsoon domain (southern portion of Tibetan Plateau) [Yao et al.,, 2013]
experiences an abrupt decrease in May with greatest depletion in August. However, for many months the
westerly and monsoonal signatures are similar; therefore, further investigation of moisture sources is
warranted. In addition, the northern and southern slopes show spatial differences in isotopic ratios of
precipitation. In summer, with relatively frequent precipitation events, the southern stations are usually more
enriched in heavy isotopes, which can be directly seen from the upper whiskers (upper 10th percentiles) and
outlier points (upper 5th percentiles) of the box plots in Figure 4.
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Figure 4. Monthly variation of 5'%0 in precipitation at (a) all sampling sites and (b) northern and southern slopes of the
Tianshan Mountains from August 2012 to September 2013. Boxes represent 25th-75th percentiles, and the line through
the box represents the median; whiskers indicate the 90th and 10th percentiles; points above and below the whiskers
indicate the 95th and 5th percentiles. The monthly variation of 5'80 in observed precipitation for the westerlies and
monsoon domain in High Asia [Yao et al., 2013] is shown in Figure 4a. Precipitation amount per event (P) and sample
number per station (n) for northern and southern slopes are shown in the insets of Figure 4b.

Reanalysis database-derived moisture fluxes can be used to verify the westerly regime influencing the sea-
sonality of isotopes in precipitation of the study region. At the air pressure of 500 hPa (Figures 5a and 5b),
the geopotential height contours in the study region are generally parallel with latitude, and the wind speeds
for the northern and southern slopes of the Tianshan Mountains are similar. In contrast, at 700 hPa (Figures 5c
and 5d), the wind fields for the two sides of the mountains are quite different. Hindered by the Tibetan
Plateau and the Tianshan Mountains, the wind speed at the southern slope is smaller than that at the north-
ern slope, especially in summer. Compared with the northern basin (Junggar Basin), the southern basin
(Tarim Basin) is more closed (judged by the relative elevation difference), and the surrounding mountain
ranges are generally higher than 4000 m asl. The transport time and distance of vapor to the study region
is greatly influenced by the air regime and topography. Although the total column vapor flux at the two
slopes, generally, is of similar magnitude (Figures 5e and 5f), the vapor flux at the lower air column from
surface to 700 hPa shows different spatial patterns (Figures 5g and 5h). In winter (Figure 5g), the vapor flux
at the northern and southern slopes is all small, and the precipitation is also generally limited; in summer
(Figure 5h), the vapor flux at the northern slope is obviously larger than the southern slope. It is clear that
most water vapor concentrates at the bottom of the air column near the surface. In the southern basin,
the mean elevation is approximately 1000 m asl, and the surrounding mountain ranges are mainly higher
than 4000 masl (even up to ~8600 m asl at some peaks). In contrast, the northern basin is relatively open,
and many mountain passes with lower altitudes are located at the western side (the upwind direction), result-
ing in a relatively fluent transport path for westerly winds.

Westerlies are widely accepted as the dominant moisture transport drivers in arid central Asia, in almost all
the studies of meteorology [e.g., Dai et al., 2007; Huang et al., 2015] and isotope hydrology [e.g., Tian et al.,
2007; Liu et al., 2009; Feng et al., 2013]. Across High Asia (including the Tibetan Plateau and neighboring
mountains), a seasonal trend of enriched stable isotopes in summer and depleted values in winter is consid-
ered as a typical feature of westerly dominance, as opposed to Indian monsoon dominance [Yao et al., 2013].
As observed in the current network in arid central Asia, the seasonal characteristics are similar for different
stations, and isotopes are always enriched in summer and depleted in winter leaving no doubt that the
westerlies are dominant. It has been observed that the high latitudes have depleted heavy isotope values
in both vapor and precipitation [Bowen and Revenaugh, 2003; Yoshimura et al., 2011], and the westerly moist-
ure delivered via different latitude paths may lead to variation in precipitation isotope ratios [Liu et al., 2015].
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Figure 5. (a—d) Geopotential height in geopotential meters and wind field in m/s at 500 hPa and 700 hPa and (e-h) water vapor flux in kg/(ms) from surface to
300 hPa and 700 hPa for January and July 2013 based on NCEP/NCAR Reanalysis 1. Gray shades in Figures 5a and 5b and 5c and 5d indicate elevation higher than

5500 m asl (corresponds to ~500 hPa) and 3000 m asl (corresponds to ~700 hPa), respectively. Red dashed frames for each subfigure mark the study region.
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In this study, this influence of northward and southward shifts in the westerly circulation can also be
detected, where the northern stations have trajectories more frequently across the high latitudes and preci-
pitation from these events usually has relatively depleted isotopic composition (as seen in Figure 4b).

The orographic controls on precipitation water isotope have been presented in many studies [e.g., Liebminger
et al., 2006; Liotta et al., 2006; Guan et al., 2009]. As shown in Figure 5, based on reanalysis database, the moist-
ure advection is greatly controlled by the mountain ranges surrounding the basin, and the westerly vapor flux
is very different for the two sides of the Tianshan Mountains. In summer months, the moisture transport via
the lower atmosphere is much weaker at the southern slope than that at the northern slope (Figures 5f
and 5h), and the mountain ranges hinder the movement of westerly moisture to the arid leeward basin.
Compared with the southern slope stations, the northern slope stations usually have lower air temperature,
larger precipitation amount, and more frequent precipitation events. In this observation network across the
Tianshan Mountains, the influence of below-cloud evaporation is more significant at the southern slope sites
than the northern sites [Wang et al., 2016c].

3.2. Synoptic Controls on Precipitation Isotopes

Precipitation isotope ratios are usually impacted by many factors including air temperature and precipitation
amount, and it is necessary to normalize for these by comparing the isotopic characteristics of events with
similar meteorological conditions. Here we focus on precipitation occurring during summer (June, July,
and August) of 2013 under relatively warm and wet conditions. Small rainfall samples commonly experience
evaporation in the atmosphere as they fall below the cloud [Dansgaard, 1964; Salamalikis et al., 2016; Wang
et al., 2016c]; thus, only 48 samples at 19 stations representing heavy precipitation of >10 mm are considered.
Among these stations, there are eight stations with heavy rain samples occurring on no less than three occa-
sions in the summer of 2013, i.e., Jinghe (N2), Urumqi (N6), and Qitai (N7) on the northern slope; Wugia (M1),
Akqgi (M2), Bayanbulak (M3), and Balguntay (M4) in the mountains; and Aksu (S1) on the southern slope
(Table 1a). The heavy rain events were more frequent on the northern slope and the mountains than those
on the southern slope. From the 10 sampling stations on the southern slope, there is only one station
(Aksu) with >3 heavy rain events. For the three samples in Aksu, the value of 6D for one event (14-15 June
2013) was —0.1%so, although the rain amount was not very small (17.0 mm).

Analyzing the isotopic composition at these eight stations under different synoptic systems (Table 1b), the
precipitation amount weighted values of JD are —60.3%o, —29.2%o, and —23.6%o, respectively, for central
Asian vortex, central Asian short-wave trough, and northern frontal zone trough. Similar patterns can be
found in §'80. The events influenced by the central Asian vortex have significantly more depleted D and
180 values. For example, in Urumg, the value of 6D under central Asian vortex was —89.9%o (19-20 June
2013), and 6D under central Asian short-wave trough and northern frontal zone trough ranged from
—50.5%0 (24 June 2013) to —18.1%o0 (30-31 August 2013). A similar pattern was seen in most stations,
although the influence of meteorological factors (including air temperature, precipitation amount, and
relative humidity) still plays a role to some degree.

The relationship between synoptic systems and precipitation isotopes has been investigated in regions with
multiple moisture sources [e.g., Guan et al., 2013; Crawford et al., 2013], and the variability in trajectories con-
trolled by synoptic systems can usually be related to precipitation isotopes. However, in arid central Asia, the
westerly transport can be detected for all the seasons. That is, although synoptic conditions vary, the westerly
is always dominant, which is in contrast to previous studies mentioned above. Although the relationship
between central Asian vortex and precipitation process in the study region was analyzed in some meteoro-
logical studies [e.g., Zhang et al., 2012; Yang et al.,, 2015], the relationship between synoptic system and
isotopic composition has not been reported before.

In our network, the central Asian vortex usually presents a depleted isotopic composition with a lower
D-excess. This synoptic type is characterized by strong convection resulting in continuous storms [Zhang
and Deng, 1987]. Convection has been shown to result in a similar isotopic signature on the southern
Tibetan Plateau [Gao et al., 2013]; however, over the southern Tibetan Plateau moisture is primarily derived
from the Indian monsoon and depletion results from orographic effects and rainout. In this region, we may
be seeing a contribution of isotopically depleted northern vapor (Figure 4b) as well as local recycled moisture,
with high rainfall intensity reducing the opportunity for raindrop evaporation or exchange. As seen in
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Table 1a. Meteorological Information (T—Air Temperature, P—Precipitation Amount, h—Relative Humidity, and
Synoptic System) and Isotopic Ratios of Heavy Rains (P>10 mm per Event) at Stations With >3 Samples Around the
Tianshan Mountains During Summer 2013

Station Date TCCO  P(mm) h(%) oD (%) 6'°0(%e)  D-Excess (%o)  System?
Jinghe (N2) 6-7 Jun 162 102 78 ~229 —41 10.3 ST
18-19Jun 150 105 83 -380 -55 59 v
22-23Jul 189 311 85 _356 —59 113 v
Urumgi (N6) 19-20Jun 1238 16.6 % ~899 ~133 16.4 v
24 Jun 17.5 10.1 90 —505 -75 9.7 ST
15-16Jul 165 119 % —423 -73 15.8 NT
30-31Aug 103 14.1 95 ~18.1 ~52 237 NT
Qitai (N7) 20 Jun 12.7 154 92 -803 120 15.8 v
15-16Jul 161 114 90 —559 95 20,5 NT
18 Aug 147 189 85 ~500 -83 16.2 ST
26 Aug 15.7 124 87 —489 94 26.4 ST
30-31Aug 104 18.0 88 —224 —63 277 NT
Wugia (M1) 16 Jun 83 17.8 88 ~13.1 —42 208 ST
10-11 Jul 958 193 89 -325 —66 20.2 ST
19 Aug 125 17.2 89 ~205 43 143 ST
Akgi (M2) 17-18Jun 103 10.0 88 254 47 124 NT
12-13Aug 121 3838 88 ~15.1 22 27 NT
15-16 Aug ~ 12.1 165 86 ~136 -38 16.5 NT
19-20 Aug  13.0 152 88 137 ~37 16.1 ST
2021 Aug 122 15.3 88 ~186 24 04 ST
Bayanbulak (M3) 19 Jun 1.8 15.4 90 —140.9 —19.6 15.5 Vv
13 Aug 7.8 13.0 89 —498 -87 19.9 NT
26-27 Aug 94 26.0 65 —557 95 204 ST
Balguntay (M4) 15-16Jun 108 10.0 91 —446 7.7 16.7 ST
19 Jun 124 145 90 626 92 10.7 v
2Jul 12.7 220 90 ~73 15 5.1 NT
22-23Jul 112 184 94 12.9 0.1 124 v
17-18 Aug 112 119 87 555 —9.1 17.5 v
Aksu (S1) 14-15Jun 139 17.0 83 —0.1 24 189 ST
16-17Jun  14.1 318 89 179 -52 240 ST
18 Jun 135 313 88 ~710 ~100 86 v

3V = central Asian vortex, ST = central Asian short-wave trough, and NT = northern frontal zone trough.

Tables 1a and 1b, the precipitation amount from this synoptic type is not the highest, so the heavy isotope
depletion cannot be attributed to the amount effect. As presented in Liu et al. [2015], the westerly
moisture path variability may influence the isotopic fractionation of precipitation in arid central Asia. In addi-
tion, the convective processes of the vortex also mean that locally recycled vapor may contribute more to
precipitating vapor in atmosphere, and local moisture is usually isotopically depleted. Although the regional
background is arid, the recycled moisture contributed from oases cannot be ignored [Wang et al., 2016b; Li
et al,, 2016a] and the lakes of Eastern Kazakhstan may also contribute.

3.3. Precipitation Isotopes and Lagrangian Diagnosed Moisture Paths

The Lagrangian approach has been widely applied to diagnose air mass transport as well as to identify moist-
ure sources, but the setting of constant backward duration and starting height can contribute to some uncer-
tainty. In addition, traditional approaches do not consider meteorological variables which may lead to the
erroneous identification of a moisture source in instances where the moisture had rained out prior to the

Table 1b. Precipitation Amount Weighted Averages (With Arithmetic Averages + Standard Deviation in Brackets) for Each Synoptic System

System® n Tavg (°0) Pavg (Mm) havg (%) Davg (%o) 5"®04vg (%o) D-Excessayg (%o)
v 9 12,9 (122 £4.5) 165.1° (183 £7.7) 89 (89 % 4) —60.3 (—62.3£423) —9.1 (~9.4£55) 12.3 (127 £3.9)
ST 13 12.6 (129 +2.8) 221 .Zb (17.0+6.3) 85 (85+7) —29.2 (—29.9+18.1) —5.8 (—5.8+2.5) 17.5 (16.5 +6.8)
NT 9 12,0 (12.0 £2.8) 155.7° (17.3 £8.9) 89 (90 £ 3) —236(—27.8+17.3) —47(-55%27) 13.7 (160 £ 8.2)

3y = central Asian vortex, ST = central Asian short-wave trough, and NT = northern frontal zone trough.
otal precipitation.
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Figure 6. Spatial distribution of raw and adjusted trajectories to target heights (100 m, 500 m, 1000 m, and 1500 m above ground level) of sampling stations for each
heavy precipitation event around the Tianshan Mountains in summer 2013. The specific humidity-adjusted trajectories are marked as red curves, and the raw
trajectories are marked as grey curves (and overlying red curves). The sampling stations in the observation network are marked as empty circles. The black curve
denotes the national boundary of China, and the brown shadow denotes the Tibetan Plateau with elevation >3000 m above sea level. The satellite-derived land
cover is acquired from Natural Earth (http://www.naturalearthdata.com). A zoomed map focused in the Tianshan Mountains is shown in supporting information

Figure S1.

air mass arriving at the sampling site. A Lagrangian diagnostic adjusted using specific humidity [e.g.,
Sodemann et al., 2008; Crawford et al., 2013] may improve backward trajectory to some degree; however, this
has not been previously applied in an arid setting. Using the method described in section 2.4, the backward
trajectory with a selected constant duration can be adjusted according to the variation of specific humidity
along the air mass path, and the trajectory length can be reduced to the location where the specific humidity
is less than a specified threshold.

Figure 6 shows the differences between raw and specific humidity-adjusted trajectories for the heavy preci-
pitation events in the summer of 2013 (zoomed-in maps focused on the sampling sites are provided in Figure
S1 in the supporting information). It is clear that the adjusted trajectories are shorter than those of the raw
result. The marine moisture source in central Asia is usually considered as the Atlantic Ocean, which is very
clear for the upper atmosphere [Hu, 2004]. However, the adjusted moisture paths are generally similar and
originate mostly from central Asia. The huge mountain ranges to the south hinder most southern moisture
(i.e., the Indian Monsoon via the Arabian Sea and the Bay of Bengal) to the study region. Classifying into
terrestrial and ocean sources by visual inspection of the back trajectories, the terrestrial source is more
meaningful, and the direct moisture sourced from oceans is very limited. From the spatial distribution of
the adjusted back trajectories it is evident that the moisture leading to precipitation at the sampling sites
is more likely to have been sourced over Europe and central Asia, rather than from the Atlantic Ocean.

Using the specific humidity-adjusted Lagrangian method, we can investigate the influence of moisture paths
on precipitation isotopes for the northern and southern slopes (Figures 7 and S2). Although different starting
heights are presented, the westerly fetch is always dominant. The backward trajectories at the northern slope
sites rarely pass over the Tarim Basin in the south, especially for back trajectories with starting heights of less
than 1000 m above ground level. Generally, the precipitation at the northern slope sites is more likely to be
depleted, and precipitation with 6'80 of —5%s, or higher, is usually seen at the southern slope stations. The
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Figure 7. Spatial distribution of adjusted trajectories to target heights (100 m, 500 m, 1000 m, and 1500 m above ground level) of sampling stations for each heavy
precipitation event around the Tianshan Mountains in summer 2013. The measured isotope ratios in precipitation at target stations are marked as different colors.
The sampling stations in the observation network are marked as empty circles. The black curve denotes the national boundary of China, and the brown shadow
denotes the Tibetan Plateau with elevation >3000 m above sea level. The satellite-derived land cover is acquired from Natural Earth (http://www.naturalearthdata.
com). A map showing full trajectories is shown in supporting information Figure S2.

northern and southern stations differ in isotopic signature as well as moisture transport trajectory. The
trajectories at the northern part of central Asia (more depleted) are more likely to influence the northern
slope sites, as the Tianshan Mountains hinders their passage to the southern slope sites. The different starting
heights do influence the results, but the main trajectory pattern is still stable.

In some publications on isotopic modeling of falling rain drops [e.g., Salamalikis et al., 2016], the 850 hPa
heights (~1500masl) were approximately considered as cloud-based heights or precipitating heights.
However, the assumption is not always valid in our network, because many mountainous sites in the
Tianshan Mountains are higher than 1500 m. The lifting condensation level has been considered to be an
effective approach to estimate cloud-based height [e.g., Fletcher and Bretherton, 2010; Wang et al., 2016c].
Wang et al. [2016c] estimated the cloud-based heights for each precipitation event in the Tianshan
Mountains and calculated an average height in summer of 657 +454 m; the proportions with estimated
heights <100 m, 100-500 m, 500-1000 m, 1000-1500m, and >1500m were 2.1%, 42.3%, 37.9%, 10.6%,
and 7.1%, respectively. The altitudes of 100 m, 500 m, 1000 m, and 1500 m were selected in the current study
and were included for completeness of the analysis. As shown in Figures 5f and 5h, although a large vapor
flux results from higher elevations (higher than 700 hPa or ~3000 m asl) in summer, the upper air moisture
is not likely to lead to precipitation in arid central Asia, which has been evidenced by many meteorological
studies [e.g., Li and Zhang, 2003; Zhao et al., 2010; Yang et al., 2013].

The results from a sensitivity analysis on the threshold of specific humidity are presented in Figures 8 and S3.
The starting heights, of the back trajectories, were set at 500 m above ground level, and four threshold values
(from 0.1 g/kg to 0.4 g/kg with step width of 0.1 g/kg) of specific humidity were applied in the adjusting
method. Generally, the adjusted trajectories were not very sensitive to the selection of the threshold value.
For threshold values of 0.2g/kg and less, little difference in the length of the back trajectory was seen
(Figures S3a and S3b), indicating that the same moisture sources lead to precipitation at the measurement
sites. As the threshold value was increased, the back trajectories indicated that the predominant moisture
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Figure 8. Spatial distribution of adjusted trajectories to sampling stations for each heavy precipitation event around the Tianshan Mountains using different specific
humidity thresholds (0.1 g/kg, 0.2 g/kg, 0.3 k/kg, and 0.4 g/kg) in summer 2013. The measured isotope ratios in precipitation are marked as different colors. The target
height is set as 500 m above ground level. The sampling stations in the observation network are marked as empty circles. The black curve denotes the national
boundary of China, and the brown shadow denotes the Tibetan Plateau with elevation >3000 m above sea level. The satellite-derived land cover is acquired from
Natural Earth (http://www.naturalearthdata.com). A map showing full trajectories is shown in supporting information Figure S3.

sources were closer to the measurement sites. This is an expected result as fewer vapor sources are available
in the arid region farther from the sites.

Generally, the trajectory results using different parameters remain similar, and the default specific humidity
parameter used in previous studies [Sodemann et al., 2008; Crawford et al., 2013] is meaningful for the study
domain. The adjusted approach is not very sensitive to the specific humidity thresholds. It should be noticed
that the trajectories and the detected potential moisture sources are related to the starting height, because
vapor transport in the upper atmosphere is more fluent than that in the lower atmosphere. The adjusted
Lagrangian approach based on specific humidity along the back trajectory is valid for arid central Asia, and
the improved result is meaningful even under an arid condition.

3.4. Isotopic Evolution of Rainfall Along the Trajectory

The evolution of rain events across this large region may also give us some insight into rainout, so we focus
on the isotopic compositions at all the sampling sites for two large precipitation events around 18-20 June
and 25-27 August 2013 (Figures 9 and 10), where some heavy rains were observed across the region
(Tables 1a and 1b). It is clear that the rain belts move from west to east for both events, although the two
processes are controlled by different synoptic systems (central Asian vortex and central Asian short-wave
trough) which result in markedly different trajectories. As the rain belt moves eastward, the isotopic compo-
sition of precipitation becomes more depleted in the heavy isotopes (Figure 9). For the northern slope
stations, the depleting trend in isotopes is obvious, although Jinghe (N2) is usually isotopically more enriched
than Yining (N1) presumably because the mountain range between the two sites means that they do not
generally lie along the same trajectory. From Jinghe (N2) to Qitai (N7) the moisture path is fluent, and preci-
pitation isotopes show clear depletion along the vapor transport trajectory. For the southern slope, with
smaller precipitation amounts, whilst the time sequence for precipitation events in these stations coincides
with the passage of the synoptic system, significant below-cloud process (as discussed in Wang et al.
[2016c]) and complex trajectory paths, particularly for the central Asian vortex (Figure 10a), may impact on
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Figure 9. Variation of 5'®0in precipitation at all sampling sites around the Tianshan Mountains in (a-c) 18-20 June 2013
and (d-f) 25-27 August 2013 around the Tianshan Mountains. In each subfigure, the different colors denote the station
name, and the station codes are labeled, respectively. One color corresponds to a single station and therefore that multiple
bars of the same color represent multiple samples from one site. The length of the bar represents the time where the rain
fell. The thickness of line denotes the precipitation amount for each event, i.e, P <3 mm, 3mm<P < 10 mm, and

P>10mm.
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Figure 10. Spatial distribution of adjusted trajectories to target heights (100 m, 500 m, 1000 m, and 1500 m above ground level) of sampling stations for each heavy
precipitation event around the Tianshan Mountains in (a) 18-20 June (central Asian vortex) and (b) 25-27 August (central Asian short-wave trough) 2013. The
target heights for each station are marked as different colors. The sampling stations in the observation network are marked as empty circles. The black curve denotes
the national boundary of China, and the brown shadow denotes the Tibetan Plateau with elevation >3000 m above sea level. The satellite-derived land cover is

acquired from Natural Earth (http://www.naturalearthdata.com).
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the rainfall isotopic ratios along the trajectory. The rain amounts are very small at the moisture downstream
areas like Turpan (S8, 0.5 mm and 2.6 mm in Figures 9c and 9f), Shisanjianfang (59, 0 mm and 0.7 mm), and
Hami (510, 2.2 mm and 0.5 mm). The different isotopic characteristics for the two sides of the Tianshan
Mountains indicate that the local influence may be more significant at the southern slope stations. For the
mountains, the sites are sufficiently distant from each other and the elevations and aspects so variable that
evolution of rainfall between sites is not seen. However, Figure 9b shows depletion between consecutive
samples collected at each site for the June event which can be interpreted as a rainout effect.

For a small region, the altitude effect (negative correlation between isotopic ratio and elevation) usually exists
for the mountains. However, for such a large region with length of ~1700 km from west to east, the altitude
effect is not always the most significant. The rainout pathway from west to east, the large variation in latitude,
and the temperature variation with elevation are all contributors to what may be perceived as an altitude
effect. In our previous study [Wang et al., 2016a], the altitude effect is only seen to be significant in summer,
and the different climate conditions of the mountains near the northern slope and southern slope make it
hard to relate variability to altitude alone.

4, Conclusion

Compared with coastal and island sites with potential oceanic evaporative sources from many or all direc-
tions, the contribution of terrestrial evapotranspiration to the local precipitation is much greater in arid
and semiarid regions of central Asia, and the dominant upwind direction (i.e., westerlies) is more coherent.
Based on an observation network of isotopes in precipitation around the Tianshan Mountains in central
Asia, the moisture sources and synoptic effect on precipitation isotope composition were investigated. A
Lagrangian diagnostic adjusted using specific humidity, which has not been previously applied in an arid
setting, was applied to identify the moisture sources for each precipitation event. The adjusted trajectories
were usually shorter than the raw ones, which may lead to a more meaningful result. Previously, the
Atlantic Ocean has been considered as the primary marine moisture source in central Asia. However, most
adjusted trajectories cannot reach the Atlantic Ocean, and the terrestrial moisture evaporated from Europe
and central Asia may instead be the main moisture sources. The sensitivity analysis for target height and
specific humidity threshold indicates that this improved approach is valid in an arid climate. Among the main
synoptic systems in the study region, the central Asian vortex usually corresponds to the rain events with the
most depleted isotopic ratios, which is considered to be related to the contribution of northerly moisture
and/or locally recycled moisture with depleted isotopes. Because of the small number of significant rainfall
events in such an arid climate, a longer time series would be of benefit in investigating both synoptic and
rainout progresses in this region.
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