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ABSTRACT
Approximately one-third of the Earth’s arid areas are distributed across central Asia. The stable isotope
composition of precipitation in this region is affected by its aridity, therefore subject to high evaporation and low
precipitation amount. To investigate the factors controlling stable water isotopes in precipitation in arid central
Asia, an observation network was established around the Tianshan Mountains in 2012. Based on the 1052 event-
based precipitation samples collected at 23 stations during 2012-2013, the spatial distribution and seasonal
variation of oD and ¢'80 in precipitation were investigated. The values of 6D and 6'%0 are relatively more
enriched in the rainfall dominant summer months (from April to October) and depleted in the drier winter
months (from November to March) with low D-excess due to subcloud evaporation observed at many of the
driest low elevation stations. The local meteoric water line (LMWL) was calculated to be 6D =7.365'%0 — 0.50
(*=0.97, p <0.01) based on the event-based samples, and 6D =7.605'%0+2.66 (* =0.98, p <0.01) based on
the monthly precipitation-weighted values. In winter, the data indicate an isotopic rain shadow effect whereby
rainout leads to depletion of precipitation in the most arid region to the south of the Tianshan Mountains. The
values of §'%0 significantly correlate with air temperature for each station, and the best-fit equation is established
as 0'%0=0.78T — 16.01 (¥ =0.73, p <0.01). Using daily air temperature and precipitation derived from a
0.5° (latitude) x 0.5° (longitude) gridded data set, an isoscape of 'O in precipitation was produced based on this

observed temperature effect.
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1. Introduction

The stable hydrogen and oxygen isotopes in precipitation
(6D and 6'30) have been widely applied in studies of the
hydrological cycle (Araguas-Araguas et al., 2000), for exam-
ple, tracing moisture sources (e.g. Sodemann et al., 2008;
Crawford et al., 2013; Jouzel et al., 2013), estimating eva-
poration (e.g. Jasechko et al., 2013, 2014) and reconstructing
paleoclimate (e.g. Uemura et al., 2012; Thompson et al.,
2013; Mariani et al., 2014). To investigate the basic spatio-
temporal patterns of water isotopes, an in-situ observation
network is a valuable resource. The Global Network of
Isotopes in Precipitation (GNIP) has been operated by the
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International Atomic Energy Agency (IAEA) and the World
Meteorological Organization (WMO) since 1961 (IAEA/
WMO, 2014); as of 2014, more than 1300 observation
stations around the globe have contributed to the GNIP
database. The isotopic data in the GNIP database, especially
in the stations operated for several years, serve as an indis-
pensable resource in many scientific disciplines on global
and regional scales (e.g. Divine et al., 2011; Hughes and
Crawford, 2012; Pfahl and Sodemann, 2014).
Approximately one-third of the arid area of the world
is located in central Asia (Fig. 1), and the annual mean
precipitation of this region is <150 mm (Chen, 2012). The
Tianshan Mountains, also known as the Tien Shan, span
from Uzbekistan to northwest China, and are considered a
‘wet island’ in arid central Asia. During the past decades,
the Tianshan Mountains and surrounding oases have been
a hot spot for environmental isotope studies in arid central
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Fig. 1.  (a) Map showing the locations of sampling stations (empty circles) around the Tianshan Mountains, arid central Asia. The
sampling stations are labelled as follows: Northern slope: Yining (N1), Jinghe (N2), Kuytun (N3), Shihezi (N4), Caijiahu (N5), Urumqi
(N6) and Qitai (N7); Mountains: Wugia (M 1), Akqi (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 (S9) and
Hami (S10). The satellite-derived land cover is acquired from Natural Earth (www.naturalearthdata.com), and the distribution of deserts
(scattered area) is modified from Wang et al. (2005). The small map shows the spatial distribution of existing isotope stations in the GNIP
database (observation period no less than 12 months for 6'30 value; IAEA/WMO, 2014), and the areas higher than 2000m a.s.l. are
coloured in brown. (b—e) Spatial distributions of monthly air temperature and precipitation in January (left column) and July (right
column) during 1950-2000. The long-term climatology is based on the WorldClim-Global Climate Data Version 1.4 (Hijmans et al., 2005;

www.worldclim.org).

Asia (e.g. Hou et al., 1999; Yao et al., 1999; Zhang et al.,
2003; Panget al., 2011; Feng et al., 2013; Kong et al., 2013).
This region provides an important platform to investigate
hydrological processes occurring in an endorheic drain-
age basin in an arid climate; a good understanding of the
isotopes in rainfall of the region is helpful for paleo-
climate reconstruction using ice cores and speleothems as
well as local water resource management during water
shortages.

The GNIP station Urumgqi (87°37’E, 43°47'N, 918 m
a.s.l., station code 5182801), located on the northern slope of
the Tianshan Mountains, has monthly precipitation isotope
data for the years 1986-1992, 1995-1998 and 2001-2003
(IAEA/WMO, 2014; Wang et al., 2015). In 2004, a nation-
wide network named CHNIP (China Network of Isotopes
in Precipitation) was established, and the Fukang station
(87°56’E, 44°17'N, 460 m a.s.1.) was selected on the northern

slope (Liu et al., 2009, 2014). In addition, precipitation
at stations located in the upper and middle reaches of the
Urumgqi River basin was also discontinuously sampled since
the mid-1990s (Yao et al., 1999; Pangetal., 2011; Fenget al.,
2013).

However, previous observations outlined above are
mainly distributed at a small spatial scale (usually one or
two sampling sites), insufficient to map isotope variability at
a larger scale affected by complex topography. The limited
availability of in-situ measurements significantly hinders the
understanding of isotopic fractionation processes in this
arid region. To investigate hydrological processes in an arid
climate as well as the climatological significance of stable
isotopes, an intensive and integrated observation network
around the Tianshan Mountains in arid central Asia is
indispensable. In 2012, an observation network of isotopes
in precipitation was established, and a total of 23 stations
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were selected in this region, covering typical landscapes and
climate zones including deserts, oases and mountains in arid
central Asia. The aims of this paper are to investigate the
meteorological and geographical controls on the isotopic
composition of precipitation in the Tianshan Mountains
region and provide a platform to further assess the effect of
changes in present and past hydrological processes.

2. Study area

The Tianshan Mountains is the main mountain range in
central Asia and spans multiple countries including China,
Kyrgyzstan, Uzbekistan and Kazakhstan (Fig. 1). The
mountains consist of a series of east—west ranges and
intermontane basins with a total length of approximately
2500 km; the eastern section (about 1700km in length) is
located in northwest China. The average altitude of the
mountain chain is approximately 4000m a.s.l., and the
highest elevation is 7443 m a.s.l. (Tomur Peak). Vast desert
basins lie to the north and south of the mountains,
including the Junggar Basin (Gurbantunggut Desert) and
the Tarim Basin (Takimakan Desert), which has a mini-
mum elevation of —154m a.s.l.

The spatial distribution of air temperature is generally
controlled by aspect, elevation and latitude, and air tem-
perature on the southern basin of the Tianshan Mountains
is usually higher than that on the northern basin (Fig. 1b
and c). Advected westerly vapour is the dominant moisture
source for the Tianshan Mountains, whereas polar moisture
from the Arctic is a much less significant source (Araguas-
Araguas et al., 1998; Tian et al., 2007; Yao et al., 2013; Liu
et al., 2015). The precipitation amount over the western
section is greater than that on the eastern section, and the
southern slope usually has less precipitation than the northern
slope (Fig. 1d and e). On the northern slope of the Chinese
Tianshan Mountains, annual precipitation decreases from
approximately 250—-350 mm in the western portion to 150—
200 mm in the central portion and 10-30 mm in the eastern
portion. On the southern slope, annual precipitation is
approximately 50—100 mm in the western and middle por-
tions and <50mm in the eastern portion (Zhang and
Zhang, 2006). For most stations in the study region,
precipitation is concentrated over the summer months
from April to October (Wang et al., 2013; Zhu et al.,
2015), and during the drier winter months from November
to March commonly falls as snow (Figs. 1b and 2).

3. Data and methods

The precipitation samples were collected at 23 stations
around the Tianshan Mountains from August 2012 to
September 2013 (Fig. 1 and Table 1). The environment at
which the stations are located can be classified into three

landform groups: the northern slope, the mountains and
the southern slope. The monthly air temperature and
precipitation amount during the sampling period are also
shown in Fig. 2. Most precipitation occurs in summer
months, and precipitation in winter months is very limited.
For most stations, air temperature and precipitation during
the sampling period was similar to the mean monthly
values during the period 1981-2010 (Fig. 2). However,
significantly higher precipitation amounts compared with
the long-term average are seen at some stations (e.g. in June
2013 at southern sites Aksu and Luntai), resulting from
low-frequency precipitation extremes, which may only
occur every few years.

A total of 1052 precipitation samples were collected as
individual events by the full-time meteorological observers.
Standard Chinese precipitation gauges with funnel diameter
of 20 cm were used as samplers. To prevent the evaporation
of precipitation, liquid samples were collected immediately
after the ceasing of precipitation, and then stored in 60 mL
HDPE bottles with waterproof seals. Solid samples (snow
or hail) were melted at room temperature in zip-lock LDPE
bags before being sealed in bottles. Precipitation amount
was measured manually, and air temperature, relative humi-
dity and vapour pressure during precipitation events were
observed hourly using automatic weather stations. The
hourly meteorological records were averaged for each preci-
pitation event.

All the samples were stored frozen prior to isotope ratio
analysis using a liquid water isotope analyser DLT-100
(Los Gatos Research, Inc.) at the Stable Isotope Labora-
tory, College of Geography and Environmental Science,
Northwest Normal University. Before analysis, the frozen
precipitation samples in HDPE bottles were melted at
room temperature. The measurement method was also
detailed by Lis et al. (2008), consisting of injecting every
sample and isotopic standard sequentially six times. The
results are expressed as J-values relative to V-SMOW
(Vienna Standard Mean Ocean Water), and the measure-
ment precision is +0.6 %, for D and +0.2 %, for 6'%0.

4. Results and discussion

4.1. Spatial distribution and seasonal variation

Table 2 shows the weighted values of stable isotopes in
precipitation for each station around the Tianshan Moun-
tains during the sampling period. The spatial distribution
of 5'%0 on an annual and seasonal basis for each station is
also presented in Fig. 3. For the annual mean '%0, the
maximum (—3.6 9,) was measured on samples collected
from Shisanjianfang, and the minimum (—18.6 %,) from
Hami. During summer months (from April to October),
samples from Korla, located on the southern slope, had the
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Table 1.

Latitude, longitude, altitude, long-term climatology (7 — air temperature, P — precipitation amount, £ — pan evaporation and

RH - relative humidity) from 1981 to 2010 and sample number (n) for each sampling station in this study

Station Lat Lon Alt (m) T(°O) P (mm) E (mm) RH (%) n
Northern slope Yining (N1) 43°57 81°20° 662.5 9.5 298.9 1556.8 65 90
Jinghe (N2) 44°37 82°54 320.1 8.2 112.1 1481.5 62 42
Kuytun (N3) 44°24 84°52’ 562.0 8.5 183.5 1950.2 59 47
Shihezi (N4) 44°19’ 86°03’ 4429 7.8 226.9 1483.8 64 74
Caijiahu (N5) 44°12' 87°32 440.5 6.5 153.8 1964.3 62 58
Urumgqi (N6) 43°47 87°39 935.0 7.3 298.6 2015.0 58 75
Qitai (N7) 44°01" 89°34’ 793.5 5.4 200.9 1810.5 61 44
Mountains Wugia (M1) 39°43’ 75°15 2175.7 7.7 188.7 2738.6 45 65
Akqi (M2) 40°56’ 78°27 1984.9 6.8 237.7 1745.8 52 62
Bayanbulak (M3) 43°02' 84°09’ 2458.0 —4.2 280.5 1132.4 70 96
Balguntay (M4) 42°44' 86°18’ 1739.0 7.0 220.4 1829.3 42 60
Barkol (M5) 43°36’ 93°03’ 1677.2 2.7 230.5 1701.6 55 53
Yiwu (M6) 43°16’ 94°42' 1728.6 4.2 104.4 2100.5 44 23
Southern slope Aksu (S1) 41°10° 80°14’ 1103.8 10.8 80.4 1948.0 57 39
Baicheng (S2) 41°47 81°54 1229.2 8.2 136.6 1335.0 65 52
Kuga (S3) 41°43 82°58’ 1081.9 11.3 76.7 2176.9 49 40
Luntai (S4) 41°47 84°15 976.1 11.6 78.6 2043.0 48 25
Korla (S5) 41°45 86°08’ 931.5 12.0 59.2 2669.8 46 22
Kumux (S6) 42°14 88°13’ 922.4 9.8 59.9 3049.2 42 28
Dabancheng (S7) 43°21" 88°19’ 1103.5 6.9 76.7 2491.9 51 12
Turpan (S8) 42°56' 89°12’ 34.5 15.1 15.4 2533.7 39 21
Shisanjianfang (S9) 43°13" 91°44' 721.4 12.5 22.6 6214.4 32 6
Hami (S10) 42°49' 93°31" 737.2 10.3 43.7 2415.3 45 18

maximum value of 6'0 (—1.6 %,), and the minimum was
from Barkol (—10.5 %,). A similar pattern was observed
for oD.

Low D-excess (d=0D-85"%0; Dansgaard, 1964) was
measured in samples collected from the low rainfall stations
and in winter months where there is very little rainfall (Table 2).
Usually, low D-excess results from subcloud secondary eva-
poration, which also leads to enrichment of heavy isotopes
in precipitation. Considering the sampling procedure men-
tioned above, evaporation during collection (i.e. on the
funnel or in the collection bottle) can be generally excluded
as a cause of low D-excess. For instance, in Jinghe, the
rainfall amounts are very small in winter, and the D-excess is
much lower than other stations on the northern slope due
to the effect of subcloud evaporation. The low values of
D-excess in Turpan and Shisanjianfang on the southern
slope are also related to the low precipitation amount and
high evaporation.

High D-excess values have also been detected in samples
from some stations. In Urumgqi, the biggest oasis city around
the Chinese Tianshan Mountains, the summer D-excess is
much higher than the neighbouring stations (e.g. Caijiahu,
a rural station ~70km north of Urumgqi towards the
Gurbantunggut Desert), which may result from moisture
re-evaporation from surface water and vegetated urban
areas of Urumgqi as well as surrounding irrigable land.

Precipitation extremes also influence the weighted mean
values. For instance, in Aksu, the large precipitation amount
in June 2013 (93.2mm, also see Fig. 2) is attributed to
heavy rain events, whereas the long-term precipitation
amount in June is just 12.7mm. A single 31.8 mm event
on 16/17 June 2013 had a D-excess value of 24.0 9,,, which
is much higher than the seasonal and annual mean.

Figure 4 shows the monthly variation of §'%0 in preci-
pitation from August 2012 to September 2013, and the air
temperature and precipitation amount for each station are
also presented. Generally, the 6'0 is more enriched in
summer months than in winter months. Winter air masses
are relatively cold and dry, and precipitation amount is
very low, especially in the mountains and on the southern
slope. This leads to a greater variability between sites in
winter because of smaller sample numbers.

On the northern slope, the 80 for these stations is
spatially coherent (Fig. 4a), and the most depleted preci-
pitation occurred between November and February. These
stations are located at similar latitudes (between 43°47'N
and 44°37'N) where westerlies are the dominant vapour
source (Tian et al., 2007; Yao et al., 2013). The isotopic
values on the northern slope are comparable with previous
studies at Urumgqi (between —28.0 %, and 1.8 %, for 6'%0;
IAEA/WMO, 2014) and Fukang (between —24.6 9, and
—2.1 9, for 6'*0; Liu et al., 2014).
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Fig. 2. Monthly variation of air temperature and precipitation for each sampling station around the Tianshan Mountains from August
2012 to September 2013 (blue) and from 1981 to 2010 (red).

The value of 6'%0 in the mountains is more variable than In a previous investigation (Feng et al., 2013), event-based
that on the northern slope (Fig. 4b). The Chinese Tianshan 0'80 in precipitation at three mountainous sites (between
Mountains cover about 20° in longitude from west to east, 2130m and 3693m a.s.l.) mainly ranged between 0 9%,

and the terrain and precipitation distribution is complex. and —30 9%,, which coincides with this study, although the
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Table 2. Precipitation-weighted values of 6D, 6'%0 and D-excess for each station from August 2012 to September 2013

oD (%) 8" (%) D-excess (%) "
Summer  Winter Summer  Winter Summer Winter Summer  Winter

Station Annual months months Annual months months Annual months months Annual months months
Yining (N1) —-99.7 —474 —160.7 —13.6 —-17.1 —21.1 8.8 9.6 79 90 58 32
Jinghe (N2) -372 =357 —142.8 —-35.0 —49 —16.3 3.2 34  —126 42 40 2
Kuytun (N3) —657 —429 —191.9 —-9.6 —6.9 —24.5 10.9 12.1 43 47 38 9
Shihezi (N4) —84.4 —46.1 —171.3  —12.1 —-17.1 —234 12.5 10.9 16.2 74 55 19
Caijiahu (N5) —832 —56.7 —164.5 —11.8 —8.4 —22.0 10.9 10.6 11.6 58 35 23
Urumgi (N6) —-92.1 —639 —1614 —136 —10.5 —21.3 16.6 19.7 9.1 75 41 34
Qitai (N7) —73.1 =549 —152.7 —11.1 -9.1 —20.3 16.0 17.5 9.4 44 29 15
Wugia (M1) —345 —-285 —170.4 —6.1 —54 —23.1 14.4 14.4 14.4 65 61 4
Akqi (M2) —398 —383 —-96.3 —6.4 —6.2 —134 11.2 11.2 11.1 62 59 3
Bayanbulak —52.6 —46.38 —203.4 -84 —-17.7 —26.2 14.3 14.6 6.4 96 87 9

(M3)
Balguntay —-52.1 =521 N.A. —-7.8 7.8 N.A. 10.3 10.3 N.A. 60 60

(M4)
Barkol (M5) —888 —73.8 —187.7 —12.3 —10.5 —24.2 9.4 9.9 5.9 53 34 19
Yiwu (M6) —-735 =706 —198.5 —10.5 —10.1 —284 10.7 10.2 28.8 23 21 2
Aksu (S1) —28.5 =275 —-91.3 —4.7 —4.6 —11.9 9.2 9.3 3.5 39 35 4
Baicheng (S2) —252 —14.8 —193.5 -39 —2.6 —24.1 5.9 6.3 —1.0 52 45 7
Kuga (S3) —386 —17.0 —194.5 —-5.7 -29 —25.8 7.2 6.6 11.8 40 35 5
Luntai (S4) —63.5 —452 —193.3 -9.3 —-17.0 —25.0 10.6 11.1 7.1 25 24 1
Korla (S5) —335 —11.1 —202.4 —4.5 —1.6 —26.8 2.6 1.4 11.8 22 16 6
Kumux (S6) —633 —383 —198.5 —8.6 —-55 —253 5.2 5.5 3.6 28 24 4
Dabancheng —52.6 —46.1 —268.5 —8.3 -17.5 —353 13.6 13.5 14.3 12 11 1

(87)
Turpan (S8) —1053 —343 —2054 —12.1 —-2.5 —25.6 —8.6 —144 —-0.5 21 17 4
Shisanjianfang —333 —18.0 —164.9 —3.6 —1.6 —20.4 —4.9 —53 —1.4 6 4 2

(89)
Hami (S10) —1442 —46.8 —210.7 —18.6 —-55 —27.6 4.9 -29 10.2 18 9 9

N.A., not available.
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Fig. 3. Spatial distribution of precipitation-weighted 4'*0 for each station around the Tianshan Mountains from August 2012 to
September 2013. (a) Annual, (b) summer months and (c) winter months.
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Fig. 4.
Mountains from August 2012 to September 2013.

minimum 6'®0 in the current observation network is less
than —30 9%,.

Compared with the two subregions above, enriched §'%0
is seen more frequently on the southern slope (Fig. 4c).
In this subregion, the precipitation amount is very small,
and strong evaporation greatly enriches the isotopic com-
position of precipitation. For example, in Turpan with 21
samples, most precipitation events (15 events) are <1mm,
and approximately half (11 events) are <0.3 mm. However,
some of the most depleted rainfall is also seen south of the
Tianshan Mountains, which reflects an isotopic rain shadow
effect due to rainout, similar to that observed for the
California and Nevada (e.g. Ingraham and Taylor, 1991).

4.2. Local meteoric water line

Using all the event-based samples in this study, a local
meteoric water line (LMWL) is established as

oD =7.365"0 - 0.50 (r* =0.97, p<0.01, ¢
=0.04, o

slope

=0.52, n = 1052) (1)

intercept

2012-8 2012-12 2013-4 2013-8
Date (yyyy-m)
—0— Yiwu (M6) —@— Aksu (S1)

®  Bayanbulak (M3)
—v— Balguntay (M4)

(i) 150
120 4

$-4-5- B en Y5
2012-8 2012-12 2013-4 2013-8
Date (yyyy-m)

—0— Kumux (S6)
A Baicheng (S2) —«— Dabancheng (S7)
& Kuga (S3) —— Turpan (S8)
—¥— Luntai (S4) +— Shisanjianfang (S9)
—O— Korla (S5) X Hami (S10)

Monthly variation of precipitation 6'%0, air temperature and precipitation amount for each station around the Tianshan

Based on the monthly weighted values, the LMWL (Fig. 5) is

0D = 7.605"0 +2.66 (¥ =0.98, p<0.01, ¢
=0.08, 0

slope
intercept = 1-12, 1= 230) 2)
As shown in Fig. 5, during winter months, the study
regions are generally cold and dry (Fig. 1b, 1d and 2), and
precipitation is depleted in oD and 6'%0 (Fig. 3). In con-
trast, the isotopic composition of monthly precipitation
during summer months is more enriched. The slope of the
LMWL is lower than that of the global meteoric water line
(GMWL) of 8 (Craig, 1961). The low LMWL slope is
associated with non-equilibrium conditions affecting falling
raindrops during dry conditions (Liu et al., 2014), leading
to the potential for significant subcloud evaporation.
Using the event-based values, the LMW Ls for the northern
slope, mountains and southern slope, respectively, are

oD =7.518%0 +1.95 (* =0.97, p<0.01, ¢
=0.006, o

slope

= 0.88, n = 430) 3)

intercept
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Fig. 5.  Correlation between monthly weighted D and 6'%0 for

each station around the Tianshan Mountains from August 2012 to
September 2013

oD =7.518"0 +3.21 (?=0.97, p<0.01, 6

slope
=0.07, Opiereepe = 0.75, n = 359) “)
6D =7.156"0 — 6.54 (* = 0.96, p < 0.01, 0.
= 0.09, Ointercept — 1.02, n = 263) (5)

and the LMWLs for the whole region for the summer
(Apr—Oct) and winter (Nov—Mar) months, respectively, are

oD = 6.586"0 — 2.62 (1 = 0.92, p<0.01, ¢

slope
=0.07, Oypiereepe = 051, n = 838) (6)
8D =7.905"0 + 5.80 (* = 0.97, p <0.01, 0.
= 0.10, Ointercept — 233, n= 214) (7

4.3. Meteorological controls on isotopic
composition

In the study region, air temperature and vapour pressure
are higher during summer and lower during winter. In
contrast, relative humidity is lower in summer and higher in
winter. In winter months, air temperature is usually below
0 °C, and surface air is very dry. In summer months, more
moisture is delivered to the study region via westerlies, and
rainfall is relatively frequent. The correlation coefficients
between 0'%0 and major meteorological parameters (air
temperature, precipitation, relative humidity and vapour
pressure) are shown in Table 3. The values of §'%0 show
strong dependence on air temperature and vapour pressure,
and the positive correlations between 6'30 and air tem-
perature are statistically significant at the 0.05 level for
each station. For most stations, the 0'80—T correlation
coefficients are larger than 0.7. Significant negative corre-

lations between 6'%0 and precipitation can only be seen
at three stations (i.e. Yining, Kumux and Turpan), and
the correlations for most regions are not significant. In
addition, 6'"®*O—RH correlations are significantly negative
for most stations, but the correlation between relative
humidity and 6'%0 is generally weaker than that between
vapour pressure and 6'30. This corresponds to the sea-
sonality of relative humidity (higher in winter and lower in
summer), air temperature and vapour pressure (lower in
winter and higher in summer) and the stronger correlation
with vapour pressure is likely to be due to its strong
dependence on temperature.

The gradients between 6'30 and air temperature range
from 0.54 9%,/°C (Aksu) to 1.14 9%,/°C (Hami), depending
on the location (Table 3). Using the monthly weighted
values, the 6'80—T gradients range between 0.42 9 /°C
(Balguntay) and 1.04 9,,/°C (Turpan), and are generally
higher than seen globally at the mid- and high-latitudes
(0.55 %,/°C; Rozanski et al., 1993) and elsewhere in China
(0.36 %,/°C based on GNIP; Gu, 2011). Among the four
natural zones in China (i.e. North China, South China,
Northwest China and Tibetan Plateau), Northwest China,
where the Chinese Tianshan Mountains is located, has the
highest §'%0-T gradient (0.58 %,/°C) (Liu et al., 2014),
which is comparable with this study. The good correlation
between air temperature and J'®0 in precipitation has
previously also been reported for the Tianshan Mountains,
although the gradients were different (e.g. 0.46 9%,/°C to
0.87 %,/°C, Yao et al., 1999; 0.52 %,/°C to 0.56 %,/°C, Pang
et al., 2011; 0.79 %,/°C to 0.84 %,/°C, Feng et al., 2013).

All the 1052 samples are applied to calculate the regional
best-fit 5'8%0—T equation:

0"0 =0.78T — 16.01 (* =0.73, p<0.01, ¢
=001, 0

slope

=021, n = 1052) 8)

intercept

The equations for summer and winter months, respec-
tively, are

00 =0.71T — 14.76 (* = 0.42, p <0.01, o

slope

=003, Gjpyereepr = 045, n = 838) 9)
80 =0.70T — 17.12 (¥ = 0.34, p <0.01, ...
=0.07, Gipyereep = 0.58, n = 214) (10

The gradient difference between the equations for liquid
and solid samples, respectively, is only 0.01 % /°C:

50 = 0.67T — 14.05 (¥ = 0.36, p < 0.01, ¢

slope
=0.03, yyiereepe = 050, n = 813) (11)
6"%0 =0.68T — 17.38 (¥ = 0.28, p <0.01, 0,
=0.08, 0jpyereepr = 0.66, 1 = 208) (12)
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Table 3. Slopes (S) and correlation coefficients () between 6'%0 and meteorological parameters (T — air temperature, P — precipitation,
RH - relative humidity and e — vapour pressure) during precipitation events for each station around the Tianshan Mountains from August

2012 to September 2013

o%o-1 o0-pP 5"®0-RH 5"%0—e

Station S (%,)°C) r S (%,/mm) r S (%o %) r S (%,/hPa) r

Yining (N1) 0.78 +0.04 0.90 —0.96+0.20 —0.45 —0.40+0.08 —0.46 1.30+0.09 0.85
Jinghe (N2) 0.64+0.08 0.78 —0.22+0.18 —0.19 —0.28+0.08 —0.51 0.94+0.15 0.70
Kuytun (N3) 0.66+0.06 0.84 —0.17+0.42 —0.06 —0.42+0.09 —0.56 1.22+40.13 0.81
Shihezi (N4) 0.76 +0.04 0.89 —0.48+0.28 —0.20 —0.51+0.08 —0.58 1.42+0.11 0.83
Caijiahu (N5) 0.7340.04 0.93 0.08 +0.40 0.03 —0.40+0.15 —0.34 1.4340.11 0.88
Urumgqi (N6) 0.74+0.04 0.90 0.03+0.20 0.02 —0.51+0.13 —0.41 1.46+0.10 0.87
Qitai (N7) 0.73+0.05 0.90 0.27+0.25 0.16 —0.35+0.21 —0.25 1.45+0.12 0.88
Wugia (M1) 0.7340.10 0.69 —0.14+0.15 —0.12 —0.17+0.05 —0.40 1.59+0.30 0.55
Akgi (M2) 0.78 +0.09 0.75 —0.15+0.08 —0.22 —0.16+0.06 —0.33 1.37+0.18 0.71
Bayanbulak (M3) 0.99+0.07 0.84 —0.22+40.21 —0.11 —0.24+0.06 —0.37 2.8140.22 0.79
Balguntay (M4) 0.81+0.14 0.59 —0.23+0.17 —0.17 —0.17+0.05 —0.39 1.04+0.29 0.42
Barkol (M5) 0.78+0.07 0.85 0.39+0.29 0.19 —0.41+0.11 —0.46 1.81+0.20 0.79
Yiwu (M6) 0.74+0.13 0.77 —0.02+0.32 —0.01 —0.24+0.14 —0.36 1.50+0.33 0.70
Aksu (S1) 0.54+0.10 0.67 —0.25+0.15 —0.26 —0.28+0.07 —0.58 0.81+0.28 0.43
Baicheng (S2) 0.80+0.07 0.86 0.31+0.45 0.10 —0.18+0.08 —0.30 1.50+0.18 0.77
Kuqa (S3) 0.91+0.07 0.91 —0.38+0.47 —0.13 —0.42+0.08 —0.66 1.64+0.24 0.74
Luntai (S4) 0.68+0.25 0.50 —0.32+40.23 —0.28 —0.10+0.09 —0.22 1.19+0.50 0.44
Korla (S5) 0.93+0.07 0.95 0.71+1.04 0.15 —0.52+40.13 —0.66 2.12+0.26 0.87
Kumux (S6) 0.84+0.10 0.86 —1.25+0.58 —0.39 —0.30+0.08 —0.61 1.54+0.32 0.68
Dabancheng (S7) 0.86+0.12 0.91 0.43+0.93 0.14 0.17+40.33 0.16 1.58+0.37 0.80
Turpan (S8) 0.98+0.12 0.89 —8.03+2.14 —0.65 —0.51+0.13 —0.68 1.58+0.32 0.75
Shisanjianfang (S9) 0.55+0.07 0.97 5.75+3.54 0.63 —0.01+0.35 —0.01 1.16+0.19 0.95
Hami (S10) 1.1440.09 0.95 —3.1242.05 —0.36 —1.04+0.29 —0.66 2.24+0.30 0.88

Note: Statistically significant at the 0.05 level is marked in bold.

The difference in intercept between summer and winter
samples mirrors that between liquid and solid samples; how-
ever, the differences in slope are very small. We investigate
seven stations that have more than 10 solid samples (Table 4).
In Caijiahu, Urumgqi and Bayanbulak, the slopes derived
from solid samples are larger than those from all the
samples; in the other four stations (Yining, Shihezi, Qitai
and Barkol), the slopes of solid samples are less than those
of all the samples. Stable isotopes in ice cores are widely
applied in paleoclimate studies, and in the Tianshan
Mountains, 630 values in ice cores are considered as
proxies of air temperature (Lee et al., 2003; Liu et al.,
2011). Considering the 5'®0—T gradients shown in Tables 3
and 4, the great spatial variation in gradients as well as the
complex difference between snow and rain samples should
be considered carefully in the application of these data to
paleoclimate reconstruction.

4.4. Geographical controls on isotopic composition

The spatial distribution of stable isotopes is usually related
to geographical factors, including altitude (Alt, in m),
latitude (Lat, in degrees) and longitude (Lon, in degrees).

Using stepwise regression, the value of 6'0 on an annual
basis can be expressed as

00 = —0.383Lon 4 23.931 (* = 0.24, p <0.05, n = 23)
(13)

and the regressions in summer and winter months,
respectively, are

80 = — 0.003Alt — 1.690Lat + 69.421 (+* = 0.53, 14
p<0.01,n=23)

00 = —0.467Lon + 16.851 (r* = 0.21, p < 0.05, n = 22)
(15)

In summer months, both altitude and latitude signifi-
cantly influence the distribution of ¢ values in precipita-
tion. The strong moisture advection via westerlies leads to
a relatively obvious altitude effect, and drier conditions
on the southern slope enrich the isotope composition
in precipitation. In winter, the distribution of isotopes in
precipitation is more influenced by longitude than latitude,
and the ¢ values in the western section are generally more
enriched than those in the eastern section. This is a function
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Table 4. Total precipitation amounts (P), slopes (S) and correlation coefficients (r) between air temperature and 0'®0 for solid and liquid
samples in selected stations with > 10 solid samples around the Tianshan Mountains from August 2012 to September 2013

Station Solid samples Liquid samples
Pootia (mm)  Seotia (%0/°C) 1 1 Ssolia=San (%/°C)  Priquia (mMm)  Stiquia (%/°C) 7 1 Siiquia—Sai (%e/"C)

Yining (N1) 126.3 0.29+0.19 0.30 26 —0.49 179.7 0.84+0.08 0.79 60 0.06
Shihezi (N4) 57.8 0.52+0.23  0.50 17 —0.23 158.8 0.76+0.13 0.64 53 0.00
Caijiahu (NYS) 36.3 0.76+0.19 0.68 20 0.03 143.4 0.70+0.11 0.72 36 —0.03
Urumgqi (N6) 103.4 0.84+0.16 0.67 34 0.10 246.7 0.84+0.13 0.73 40 0.10
Qitai (N7) 43.1 0.60+0.26 0.55 14 —0.13 202.1 0.74+0.14 070 30 0.00
Bayanbulak (M3) 12.5 1.35+0.32  0.80 12 0.36 206.9 0.80+0.12 0.60 78 —0.19
Barkol (M5) 35.5 0.73+0.33 046 21 —0.05 154.1 0.70+0.16  0.65 29 —0.07

Note: Statistically significant at the 0.05 level is marked in bold.

of the rainout pathway, although the precipitation events
are very scarce in winter.

On the northern slope, a one-degree increase in longi-
tude (from west to east) may lead to a decrease of 0.46 %,
(* =0.55, p=0.06, n=7) for 'O in summer months.
Compared with that in summer months, the gradient in
winter months (—0.21 %, for 6'%0, r* =0.05, p =0.62,n =7)
is closer to 0. In the mountains, a longitude increase of one
degree corresponds to a 0.26 %, decrease in 6'%0 during
summer months (> =0.97, p <0.01, n=6) and a 0.41 %,
decrease during winter months (> =0.37, p =0.28, n=>5).
On the southern slope, the gradients are —0.02 %, (> =0.00,
p=0.91, n =10) in summer months and —0.58 %, (** =0.18,
p=0.22, n =10) in winter months. This suggests that long-
itude effects exist for each subregion throughout the
year, and the moisture transportation via westerlies influ-
ence the spatial distribution of isotope composition in
precipitation.

4.5. Precipitation isoscape

As shown in Section 4.3, the isotopic composition sig-
nificantly correlates with air temperature, and the strong
linear regression can be used to estimate the contiguous
distribution of isotopes (also known as an isoscape) in
precipitation if air temperature is known. In this section, to
calculate the isoscape of J'%0, a spatial interpolation
method with ancillary variable was applied, and included
three steps:

(1) Based on the 6'®0-T regression model [eq. (8)],
a gridded daily air temperature was used to calculate
the value of 0'®0 for each grid, and then a gridded
daily precipitation was applied to weight the annual
mean. [t means that only the precipitation days (daily
amount >0.1 mm) were considered to calculate the
isotopic values for each grid box. The reconstruc-

ted isotopic composition (J) in precipitation can be
expressed as

(16)

where P; and T; are the daily precipitation amount
and air temperature, and k and b are the slope and
intercept of fitting regression between temperature
and isotopic values, respectively. The daily gridded
data of air temperature and precipitation at 0.5°
resolution from September 2012 to August 2013
were provided by NMIC (National Meteorological
Information Center). The data set has been widely
used in climate studies of the study region (e.g. Wang
et al., 2013), and the details of data assimilation and
precision were described by NMIC (2012a, b).
The residual values for each sampling station were
calculated, that is, difference of 530 value between
linear estimation and observed data. Then, an inverse
distance weight method was applied to spatially
interpolate the residual values.
(3) Combine the predicted §'0 value from the first step
and interpolated residual values from the second

)

step. Similar method was introduced in Bowen and
Wilkinson (2002), Bowen and Revenaugh (2003), Liu
et al. (2008) and van der Veer et al. (2009).

Based on the 8'80-T correlations and high-resolution
temperature and precipitation data set, the isoscape in
precipitation for this region is shown in Fig. 6. The MBE
(mean bias error), MAE (mean absolute error) and RMSE
(root-mean-square error) of predicted 6'%0 values in preci-
pitation are —0.24 9., 2.09 %, and 2.62 9., respectively,
and the correlation coefficient between estimated and
observed %0 is 0.72 (p <0.05).
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Fig. 6.  Spatial distribution of predicted 6'%0 in precipitation on
an annual basis around the Tianshan Mountains from September
2012 to August 2013.

The annual isoscape predicts the Tarim Basin on the
southern slope has 6'%0 values greater than —35 %, and the
Junggar Basin on the northern slope shows 6'%0 greater
than —15 9,. It is clear that isotopic compositions on the
southern slope are much more enriched than those on the
northern slope. Generally, the southern basin is more arid
and has higher surface air temperatures than the northern
basin. This means that despite the isotopic rain-shadow effect,
which leads to significantly depleted winter precipitation in
the southern basin, its limited winter precipitation amount
means that the annual isotope composition is more en-
riched than observed for northern basin sites. In addition,
precipitation J values for the mountains are generally
more depleted than that for the low-lying basins, which
reflects the influence of temperature as well as elevation.
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Fig. 7.

It should also be noted that whilst the western section of
the Tianshan Mountains is at a much higher elevation than
the eastern section, the most depleted J'%0 is not always
found at the highest altitude. Although air temperature is
an important factor controlling isotopic composition, the
seasonal distribution of precipitation also greatly influences
the isoscape of d'%0 especially in the arid regions.

4.6. Long-term variability in isotopic composition

To investigate the longer term variability in isotopic com-
position, the monthly isotopic values in precipitation in
Urumgqi (87°37’E, 43°47'N, station code 5182801) during
periods 1986—1992, 1995-1998 and 2001-2003 were ac-
quired from the GNIP database (IAEA/WMO, 2014). As
shown in Fig. 7a, the variation in 5'30 between these periods
is less during summer months, compared with winter months.
For example, the weighted 0'%0 in January 2013 is —24.8 %,
but the value is —15.1 9, during January 2001-2003. The
major meteorological parameters (air temperature, preci-
pitation amount and vapour pressure) are also presented
in Fig. 7b—d. The monthly air temperature and vapour
pressure during the 2012-2013 sampling period are gener-
ally close to that observed in other decades, although the
period 1995-1998 shows higher air temperature and larger
vapour pressure in summer. For the monthly means in
March and April, our sampling period also exhibits a
higher temperature and vapour pressure. Compared with

(b) 30
20 -
§10-
I~0_
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—20 — —
cC QO 55 >c 35028 29
Sg2223°283028

C O = = > c 5 O0O0a 8 > 0
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Monthly variations of (a) 'O in precipitation, (b) air temperature, (c) precipitation amount and (d) vapour pressure in Urumgi

during periods 1986—1992, 1995-1998, 2001-2003 and 2012-2013. Dots represent all monthly data points.
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Table 5. Slope (S) and correlation coefficient () between monthly 6'%0 and air temperature and sample number (#) in Urumgqi during

periods 1986—1992, 1995-1998, 2001-2003 and 2012-2013

1986-1992 1995-1998 2001-2003 2012-2013 Total
S (%./°C) 0.44+0.03 0.37+0.04 0.3540.04 0.51+0.04 0.41+0.02
r 0.86 0.89 0.82 0.96 0.86
n 72 28 31 13 144

Note: Statistically significant at the 0.05 level is marked in bold.

air temperature and vapour pressure, the monthly precipita-
tion amount significantly varies between the four periods.
During our sampling period, the precipitation amount in
November and December is much larger than that in other
decades, but amount from May to August is less than that in
other periods.

The relationship between 0'*0 and meteorological para-
meters (especially air temperature) provides meaningful
input to paleoclimate reconstruction. In Table 5, §'*0-T
correlations are calculated for different periods, using
monthly mean air temperature. It is clear that the cor-
relation between 6'%0 and air temperature is always signi-
ficantly positive (p <0.05). The 6'80-T gradients have
variation ranging from 0.35 9/,/°C (2001-2003) to 0.51 9,,/°C
(2012-2013), and the correlation coefficient is up to 0.96
during 2012-2013.

5. Conclusions

Event-based precipitation data from an observation net-
work around the Tianshan Mountains of arid central Asia
during 2012-2013 have been used to analyse the spatial
distribution and seasonal variation of stable hydrogen and
oxygen isotopes, and investigate meteorological and geo-
graphical controls under arid conditions. The values of
stable isotopes in precipitation significantly correlate with
surface air temperature for each station, and the best-fit
equation between 0'°0 value and air temperature is
580 =0.787-16.01 (* =0.73, p <0.01). The isotopic values
are usually more enriched in summer months (from April to
October) and lower in winter months (from November to
March). In winter, the data indicate an isotopic rain shadow
effect whereby rainout leads to depletion of the very small
amounts of winter precipitation in the most arid region
to the south of the Tianshan Mountains. Small rainfall
amounts and low humidity in both summer and winter
result in low D-excess due to subcloud evaporative processes
which is particularly evident in this southern zone. Based on
a high-resolution daily air temperature and precipitation
data set, an annual precipitation isoscape for the region
is presented based on the temperature effect observed in this
study.
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