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A review of precipitation isotope studies in China:
Basic pattern and hydrological process
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Abstract: In the paper, the development of precipitation isotope observation networks in
China was reviewed, and recent achievements in isoscape and environmental effect of pre-
cipitation stable isotopes were summarized; the hydrological process studies based on pre-
cipitation isotopes in China during recent decade were also reviewed. In past decades, the
spatial and seasonal patterns of precipitation isotopes have been investigated nationwide,
especially after the participation in GNIP (Global Network of Isotopes in Precipitation) and the
establishment of CHNIP (Chinese Network of Isotopes in Precipitation), although long-term
measurements are still limited; besides the nationwide network, a series of regional networks
has been widely established across China. From the traditional manual drawing to the com-
puter-aided mapping, and then to the simulation using isotope-equipped models, the produc-
tions of precipitation isoscape have been improved. The main factors controlling precipitation
isotopes were summarized, and the potential significances of isotopes in climate proxies were
mentioned. The recent studies about influence of raindrop sub-cloud secondary evaporation
on isotopes were reviewed; based on the precipitation isotope and other parameters, the
contribution of recycled moisture (evaporation and transpiration) in local precipitation can be
estimated using three- or two-component mixing models. Finally, some prospects of precipi-
tation isotope studies in China were presented.
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1 Introduction

Precipitation plays an important role in global water cycle, and the stable hydrogen and
oxygen isotopes of precipitation provide useful information in hydrological processes. Since
the establishment of the Global Network of Isotopes in Precipitation (GNIP) by International
Atomic Energy Agency (IAEA) and World Meteorological Organization (WMO) in the
mid-20th century, the stable isotopes in precipitation have been widely applied in moisture
source region diagnosis, evaporation flux estimation, paleoclimate reconstruction and other
aspects (Zheng and Chen, 2000; Gu, 2011; Lin, 2013). Because of the complex landform and
moisture transport paths, the spatial distribution and seasonal variation of precipitation iso-
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topes shows a great diversity in China. During recent decades, precipitation isotopes in
China have been widely studied, and a great deal of meaningful information was acquired
from the observations and simulations.

In the paper, a brief history of precipitation isotope observation on national and regional
scales in China was reviewed in Section 2; the technical development of precipitation
isoscape production was summarized as three stages in Section 3; the main factors influenc-
ing precipitation isotopes as well as the environmental significances of isotopes in climate
proxies were analyzed in Section 4; some recent studies about moisture recycling and
sub-cloud secondary evaporation using precipitation isotopic methods were reviewed in
Section 5; finally, some prospects in future studies on precipitation isotopes were presented
in Section 6.

2 Brief history of isotope observation
2.1 Nationwide network

The early studies of stable hydrogen and oxygen isotopes in China’s precipitation dated back
to the field investigation of Mount Qomolangma in the Himalayas Mountains during
1966-1968 (Zhang et al., 1973). After that, although precipitation stable isotopes were re-
ported in Beijing (Wei et al., 1982) and other sites, the nationwide network in China was
absent for a long period. Based on the precipitation samples collected at eight meteorologi-
cal stations (Beijing, Nanjing, Guangzhou, Kunming, Wuhan, Xi’an, Lhasa and Urumgqji) in
1980 (Figure la), Zheng et al. (1983) analyzed the main pattern of stable isotopes in pre-
cipitation of China, and the first national meteoric water line of China was determined as
6D=7.96"0+8.2 (+*=0.95, n=101). Although the sampling frequency for each station was
not exactly the same, this paper was the first nationwide investigation about spatial distribu-
tion of precipitation isotopes in China.

The IAEA periodically released technique reports of Environmental Isotope Data: World
Survey of Isotope Concentration in Precipitation since the 1960s, but the vast land of China
was not well covered during the initial three decades, except a coastal station Hong Kong
(IAEA/WMO, 2015). In the 1980s, some research institutes in China tried to contact IAEA,
and precipitation samples or measured isotopic data were gradually submitted to GNIP. In
the published issue covering GNIP data in 1984-1987 (IAEA, 1990), the monthly isotopic

(a) Zheng et al. (1983) (b) GNIP (IAEA/WMO, 2015) (c) CHNIP (Liu J et al., 2014a)
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Figure 1 Spatial distribution of nationwide network for precipitation isotopes in China
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data in Shijiazhuang, Kunming, Xi’an and Guangzhou were included (Zhang, 1989); in the
issue covering the 1988-1991 data (IAEA, 1994), more stations were added, including
Guilin (Liu et al., 1987; Tu et al., 2004) as well as Qiqgihar, Hotan, Yinchuan, Tianjin, Lhasa,
Changsha, Guiyang, Nanjing, Fuzhou and Haikou (Zhao et al., 1995). Much more isotopic
data were released later as a part of the GNIP database (Zhang et al., 1991; Liu et al., 1997a,
1997b). Shown in Figure 1b, there were a total of 33 sampling stations with monthly fre-
quency in China, and there were 27 stations with monthly 6'*0 data no less than 24 months
(IAEA/WMO, 2015). Using the annual weighted isotopic data in precipitation at 20 GNIP
stations (Gu, 2011), the meteoric water line of China was 6D=7.7'*0+7.0 (n=20). Based on
all the monthly data at 33 stations available IAEA/WMO, 2015), the meteoric water line of
China was determined as 6D=7.55"°0+6.1 (+’=0.94, n=2299).

However, all the GNIP stations in China suspended observations in the early 2000s, ex-
cept Hong Kong (IAEA/WMO, 2015). In order to continue systematic observations nation-
wide, a new observation network named the Chinese Network of Isotopes in Precipitation
(CHNIP) was established based on the Chinese Ecosystem Research Network (CERN) in
2004 (Figure 1c), and precipitation was monthly sampled and then analyzed for stable hy-
drogen and oxygen isotopes (Song et al., 2007). Using the observations at the initial years of
CHNIP, Liu J et al. (2008, 2009, 2010) analyzed the regional patterns of isoscape in China.
Based on the observations at 29 CHNIP stations from 2005 to 2010, Liu J et al. (2014) re-
viewed the main pattern of precipitation isotope in China, and presented a comparison be-
tween CHNIP and GNIP. Based on the CHNIP during 2005-2010 (Liu J et al., 2014), a re-
cent meteoric water line of China was determined as dD=7.485'*0+1.01 (r2=0.94, n=928).

2.2 Regional network

To investigate the precipitation isotopes for a specific region, the existing nationwide obser-
vation networks are usually not enough. With the rapid development of measurement in-
strument, precipitation isotopes were analyzed in a number of sites across China in recent
years. Here we summarized the recent measurements of precipitation isotopes for each
natural zone in China.

(1) Cold area of the Tibetan Plateau

The Tibetan Plateau with a mean altitude >4000 m a.s.l. covers a vast area in China, but
the in-situ observation in the GNIP and CHNIP database is always limited (see Figures 1b
and 1c¢). To improve the knowledge for this region, an observation platform, later named as
the Tibetan Plateau Network of Isotopes in Precipitation (TNIP), was established (Yao et al.,
2013), and a great number of isotope studies have been carried out based on TNIP (e.g., Tian
et al., 2007, 2008; Yu et al., 2007, 2008, 2009, 2015a, 2015b, 2016; Liu Z et al., 2007,
2008b, 2010; Gao et al., 2009, 2011; Wen et al., 2012; Ren et al., 2013). An earlier review
of TNIP was presented by Yu et al. (2006). Based on the long-term TNIP observations and
simulations, Yao et al. (2013) reviewed the climatic controls on stable oxygen isotope in
precipitation across the Tibetan Plateau, and demonstrated that the northern and southern
portions are dominated by the westerly and monsoon moisture, respectively. In addition, the
Qilian Mountains at the northeastern margin (e.g., Zhang and Wu, 2007a, 2007b; Wang ef al.
2008; Zhao et al., 2011b; Wu H et al., 2014a; Li Z et al., 2015a, 2015b; Cui and Li, 2015)
and the Hengduan Mountains at the southeastern margin (e.g. Xu et al., 2006, 2008; Song et
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al., 2015) of the plateau have also been investigated in many studies.

(2) Arid area of Northwest China

In the arid area of Northwest China, the studies of precipitation isotopes mainly focused
on the Tianshan Mountains and the Hexi Corridor. For the Tianshan Mountains, the upper
and middle reaches of the Urumgqi River Basin has aroused great interest, which made the
small inland river basin a hot spot of precipitation isotope studies since the late 1990s (e.g.,
Yao et al., 1999; Hou et al., 1999; Zhang et al., 2003; Pang et al., 2011; Feng et al., 2013;
Kong et al., 2013); the strong temperature effect as well as the processes affecting precipita-
tion isotopes in this watershed was analyzed, but the isotope studies beyond this basin (e.g.,
Wang X et al., 2015) were scarce. In 2012, an observation network with more than 20 sta-
tions was established around the Tianshan Mountains, which was useful to understand the
spatial pattern of precipitation isotopes across this region (Wang, 2015; Wang et al., 2016a,
2016b, 2016c). For the Hexi Corridor (sometimes referred to as the Extensive Hexi Region,
including the Hexi Corridor and the Qilian Mountains), some studies were carried out (e.g.,
Wu et al., 2010, 2011; Ma J ef al., 2012; Guo et al., 2015a), which were reviewed by Hu et
al. (2014) and Guo et al. (2015b). Besides the Tianshan Mountains and the Hexi Corridor,
studies on other parts were relatively limited (e.g., Wu J et al., 2012; Yin et al., 2011).

(3) Monsoon area of East China

For the northern portion of the monsoon area of East China (divided by the Qinling
Mountains-Huaihe River Line), the precipitation isotopes at some experiment watersheds
were analyzed, e.g., Liu et al. (2005) and Liu X et al. (2007). In the Beijing City, the pre-
cipitation isotopes have been discontinuously measured in the past decades (e.g., Wei et al.,
1982; Zheng et al., 1983; Wen et al., 2010; Tao et al., 2013; Zhai et al., 2013; Li J et al.,
2015); in the Lanzhou City, an intensive observation network has been implemented, which
was useful to understand the micro climate controls on precipitation isotopes (Ma et al.,
2014; Chen et al., 2015a, 2015b). In addition, a precipitation isotope network was recently
established across the Haihe River basin, and seven sampling stations were included in this
network (Pang et al., 2015; Zhao et al., 2015).

For the southern portion of this region, the precipitation isotopes have been reported at
many cities, and seasonal pattern and moisture source were analyzed, including Changsha
(Wu et al., 2015; Wu H et al., 2012, 2014b; Huang et al., 2013, 2015; Li G et al., 2015),
Guangzhou (Xue et al., 2007, 2008; Xie et al., 2011; Yang et al., 2011; Yin et al., 2012; Liao
et al. 2012), Guilin (Wu X et al., 2014; Zhang M et al., 2015), Nanjing (Tang et al., 2015),
Chongqing (Li et al., 2010) and others (Zheng et al., 2009; Zhang et al., 2010; Chen et al.,
2010). In addition, the in-situ observation of precipitation isotopes across the Taiwan Island
was also reported by Peng et al. (2010, 2011, 2012).

2.3 Development of measurement technique

The development of commercial measurement instrument for analyzing water stable isotopic
ratios resulted in the availability of more and more data in hydrological and climate studies.
Generally, the currently used measurement techniques in China include the isotope ratio
mass spectrometer (IRMS) and the isotope ratio infrared spectroscopy (IRIS).

IRMS, as a traditional method, has been frequently applied to measure water stable iso-
topic ratios for a long period in China (e.g., Zheng et al., 1983; Liu et al., 1987; Yao et al.,
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2013; LiuJ et al., 2014). A brief development history of IRMS in the past decades as well as
the typical commercial IRMS productions was introduced by Lin (2013), and the main types
included dual-inlet IRMS, continuous flow IRMS, GC-C/TC-IRMS and so on. Yang et al.
(2012) presented an inter-comparison of stable isotopes in sea water and groundwater using
three commercial analyzers (Finnigan MAT253, MAT252 and Delta-plus).

In the past several years, IRIS has provided an important alternative to the traditional
IRMS due to its ease of use, low cost and potential of fieldwork, which led to a rapid devel-
opment of water isotope studies in China. As seen in the recent publications, there were
three commercial IRIS productions, including: (1) off-axis integrated cavity output spec-
troscopy (OA-ICOS) by Los Gatos Research Inc., e.g., Wu et al. (2015); (2) wave-
length-scanned cavity ring-down spectroscopy (WS-CRDS) by Picarro Inc., e.g., Tang et al.
(2015); and (3) tunable diode laser absorption spectroscopy (TDLAS) by Campbell Scien-
tific Inc., e.g., Wen et al. (2010). An inter-comparison of four commercial analyzers was
carried out by Wen X ef al. (2012), including analyzers from Campbell Scientific
(TGA100A), Picarro (L1115-i and L1102-1) and Los Gatos Research (DLT-100). Compari-
sons of water isotopic analysis using IRMS and IRIS were also conducted by Zhao et al.
(2011a), Liu et al. (2013) and Zhang L et al. (2015).

3 Precipitation isoscape

The spatial distribution of stable isotopes in precipitation, also known as isoscape, is impor-
tant in isotope studies. To investigate the isoscape of precipitation in China on a national
scale, great efforts have been made during the last decades. The development of isoscape
productions corresponded to the establishment of observation network and the improvement
of calculation approach. From the traditional manual drawing to the computer-aided map-
ping, and then to the simulation using isotope-equipped climate models, a series of isoscape
productions in China has been released in the past. The main development stages were listed
below:

(1) Simple spatial interpolation

Before the wide use of computer-aided interpolation technique especially for geographical
information system (GIS), scientists have to manually draw the spatial distribution based on
the known data at sampling sites (e.g., Yu and Li, 1997; Liu et al., 1997a; Zhang and Yao,
1998). For the regions without enough observations, some empirical relationship may be
considered. Since the 2000s, computer-aided interpolation technique operated in ArcGIS,
Surfer or other programs has been frequently applied in geography, which provided a prac-
tical approach to create precipitation isoscape (e.g., Luo et al., 2008; Li et al., 2014b).
However, these simple spatial interpolation methods were still not very good at predicting
the unmeasured sites at small scales, especially under a complex topography.

(2) Interpolation with spatial and climate variables

The precipitation isotopes are usually related to spatial variables (e.g., latitude, longitude
and elevation) and/or climate variables (e.g., temperature) (Liu J et al., 2014). With the ad-
vanced support of GIS, these geographical and meteorological controls can be practically
considered in isoscape productions. Based on a global isoscape model (6'*0=a|L|*+b|L|+cA+
d, where L and A are latitude and altitude, respectively; sometimes called BW model) de-
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veloped by Bowen and Wilkinson (2002), Liu Z et al. (2008a, 2009) calculated precipitation
isoscape in China with consideration of latitude and altitude, and then Yang et al. (2014)
reevaluated the model. Zhao L et al. (2012) changed the altitude parameter to air tempera-
ture, and developed a new second-order regression for each month (6'*O=aL*+bL+cT+d,
where L and T are latitude and temperature, respectively). In addition, using an interpolation
with a variable of surface air temperature, the precipitation isoscape in China was also cal-
culated by Li ef al. (2011c).

(3) Isotope-enabled climate model simulation

The in-situ measurements of precipitation isotopes can be incorporated to general circula-
tion models (GCMs) or regional circulation models (RCMs), and the precipitation and vapor
isoscape can be simulated at different spatial and temporal scales. In recent years, the stable
isotope-enabled GCMs were widely used, which provided meaningful information about
regime controlling precipitation isotopes in China (Yao et al., 2013). Generally, these pub-
lished simulation studies can be classified into two types: (a) Reproduced using the global
isotopic output released by the Stable Water Isotope Intercomparison Group (SWING) and
its second stage (SWING2) (Risi et al., 2012), e.g., Zhang et al. (2012) based on SWING
and Wang S ef al. (2015) based on SWING?2. (b) Simulated with local isotope input (mainly
on the Tibetan Plateau), e.g., Gao et al. (2011, 2013, 2015, 2016), Yao et al. (2013), He et al.
(2015a, 2015b). In addition, other models can also be used to generate isoscapes in China,
such as the isotope Atmospheric Water Balance Model 1IAWBM) (Zhang X P et al., 2015).

4 Environmental significance of isotopes
4.1 Meteorological controls

Gu (2011) summarized that the stable isotopes in precipitation are mainly influenced by
three factors including water molecule characteristics (e.g., mass number and specific heat),
moisture source region condition (e.g., location, vapor transport intensity and evaporative
condition) and precipitation region condition (e.g., temperature effect, amount effect, lati-
tude effect, altitude effect and continental effect). The factors controlling stable isotopes in
precipitation are vital information, and the environmental effect of precipitation isotope
aroused great attention in past decades.

The temperature and precipitation amount are major meteorological factors influencing
stable isotopes in precipitation. The fractionation of isotopes during evaporation and con-
densation is related to air temperature. Figure 2a shows the spatial distribution of correlation
coefficients between stable oxygen isotope and air temperature based on the national and
some regional networks (IAEA/WMO, 2015; Liu J et al., 2014; Yao et al., 2013). Across
China, temperature effect at the northern portion is much more significant than that at the
southern portion. Regarding the amount effect, the high correlation coefficients between
60 and precipitation amount mainly occur at the southern portion of China (Figure 2b). In
addition, a stepwise regression model was applied to the GNIP and CHNIP stations by Liu J
et al. (2014), and the monthly value of §'°0 in precipitation can be estimated using corre-
sponding meteorological parameters including air temperature, precipitation amount, rela-
tive humidity, vapor pressure, sunshine duration, wind speed and direction.
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Figure 2 Spatial distribution of correlation coefficients between precipitation §'*0 and meteorological parame-

ters (a. air temperature, b. precipitation amount) in China (data are acquired from Yao et al., 2013; Liu J et al.,
2014; IAEA/WMO, 2015)

The main moisture transport paths in China include the East Asian monsoon, the Indian
monsoon and the Westerly, and the precipitations controlled by different source regions and
atmospheric circulation patterns usually present different isotopic ratios (Zhang et al., 2004;
Yu et al., 2014; Cai and Tian, 2016). In the Tibetan Plateau (Tian et al., 2007; Yao et al.,
2013), the westerly-dominant regions (northern portion) showed enriched isotopes in sum-
mer and depleted isotopes in winter, but the Indian monsoon-dominant regions (southern
portion) exhibited an obvious decreasing trend of 6'*0 from spring to summer. In eastern
China (Tan and Nan, 2010; Tan, 2014; Huang et al., 2015), the intensity co-variation of
moistures from the Indian and Pacific Oceans may lead to a variation of precipitation iso-
topes. In the Tianshan Mountains dominated by the westerly, Liu et al. (2015) analyzed the
impact of moisture transport path on precipitation isotopes, and found an interannual differ-
ence in isotopes caused by the high and low latitude sources. In some event-based isotope
studies, the influence of moisture source region was very sensitive (Pang et al., 2006). For
instance, based on the rain samples collected during an extreme event (21-22 July, 2012,
collected at frequencies between 10 min and 2 h) in the Beijing City (Tao et al., 2013; Li et
al., 2015), the contributions from southern and southeastern moistures were detected. In the
Tianshan Mountains (Wang, 2015), the stable isotopes in event-based samples were consid-
ered to be related to the duration of moisture transport.

4.2 Geographical controls

As mentioned in Section 3, the variation of stable isotopes in precipitation is related to lati-
tude and elevation (Liu Z et al., 2008a, 2009; Yang et al., 2014). Based on the CHNIP sta-
tions covering an elevation range from 3 m to 3688 m a.s.l., Liu J et al. (2014) presented a
regression model as §'°0=8.892-0.041LON-0.312LAT-0.0024ALT where LON, LAT and ALT
are longitude (°), latitude (°) and altitude (m), and partial correlation coefficients are 0.040,
0.369 (p<0.05), 0.190 (p<0.05), respectively. The gradient between precipitation 6'°O and
latitude was —0.22%o/° based on CHNIP (Liu J et al., 2014), which was very similar to the
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GNIP-based result in eastern China (-0.23%0/°; Gu, 2011).

Based on the CHNIP database, the linear gradient between precipitation 6'*O and altitude
was —0.13%0/100 m in China, and the CHNIP sites across the Tibetan Plateau showed a
much lower value (—0.3%0/100 m) than the nationwide result (Liu J ef al., 2014). However,
in the TNIP database (Yao et al., 2013), the gradients are —0.17%0/100 m for the west-
erly-dominant portion and —0.13%0/100 m for the monsoon-dominant portion of the Tibetan
Plateau; Some other values are also reported in previous studies for this region (Yao et al.,
2009). These different gradients between isotopic ratio and elevation are greatly related to
the spatial and temporal representativeness of sampling stations.

4.3 TIsotopes as climate proxy

If the stable isotopes in precipitation are well recorded in ice core, speleothems or other cli-
mate proxies, the climate information in the past can be reconstructed using the isotopic
technique. During recent years, the relationship between 60 in ice cores and surface air
temperature have been widely investigated at many glaciers in China, e.g., Muztagata Gla-
cier (Tian et al., 2006), Dunde Ice Cap (Yao and Thompson, 1992), Guliya Glacier (Yao et
al., 1996), Malan Ice Cap (Wang et al., 2003), Puruogangri Glacier (Yao et al., 2006), Ge-
ladaindong Glacier (Kang et al., 2007), Noijin Kangsang Glacier (Zhao H et al., 2012), East
Rongbuk Glacier (Zhang et al., 2005), Dasuopu Glacier (Yao et al., 2002) and Miaoergou
Ice Cap (Song et al., 2011). Generally, for the ice cores drilled at the northern portion con-
trolled by the westerlies, the temperature effect in ice cores was widely accepted, unless
great elution occurred; however, for those at the southern portion controlled by monsoon
moisture, the explanations of stable isotopes in ice cores were relatively complex. Zhao et al.
(2014) reviewed the environmental significance of stable isotopes in 10 typical ice cores,
and found that the normalized ice core 5'°0 positively correlated with air temperature for
northern portion (=0.53) and southern portion (r=0.44), respectively. In addition, to inves-
tigate the influence of post-deposition of the stable isotope in snow-firn-ice evolution, a se-
ries of field work was carried out at the Urumqi Glacier No. 1 in the Tianshan Mountains,
e.g., Hou et al. (1999), Zhang et al. (2009), Li et al. (2011a, 2011b), Wang et al. (2011).

Besides the ice core studies, many investigations on environmental significance of spe-
leothems isotopes were also carried out, and the isotopic evolutions from rainfall to drip
water were observed across China, e.g., Luo et al. (2013, 2014), Wu X et al. (2014), Tan et
al. (2015), Zeng et al. (2015). Luo et al. (2008) and Peng and Li (2012) reviewed some pro-
gress on this subject; the main conclusion was that the drip water isotopes is jointly influ-
enced by precipitation isotopic ratio and local environment, and the explanations of mon-
soon intensity and circulation effect were popular in speleothems isotope studies.

5 Sub-cloud evaporation and moisture recycling

5.1 Raindrop sub-cloud evaporation

The sub-cloud secondary evaporation of falling raindrops may greatly influence the isotopic
ratios, which makes J-value and D-excess in near-ground samples different from that below
cloud base. In a study of water vapor isotopes in China derived from satellite measurements,
Liu Z et al. (2014) found that below-cloud evaporation is a key driver causing the difference
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of isotopes from vapor to precipitation in non-monsoon regions. Usually, precipitation im-
pacted by sub-cloud evaporation may show an enriched J-value and decreased D-excess, and
the slope and intercept of meteoric water line also changes. The variations of isotopic ratio
and meteoric water line under different meteorological conditions were frequently used to
reflect the existence of sub-cloud evaporation (e.g., Meng and Liu, 2010; Wu et al., 2015;
Chen et al., 2015b; Zhao et al., 2015).

The quantitative estimation of isotopic variation from cloud base to near-ground caused
by sub-cloud process has aroused attentions in recent years. Using a cloud physics model,
Zhang et al. (1998) simulated the variation of stable isotopes in raindrops; the results indi-
cated that 8°0 in falling raindrop gradually enriches through unsaturated air, but D-excess
shows a decreasing-and-increasing trend with a transition height depending on relative hu-
midity and raindrop size. Kong et al. (2013) used a model developed by Froehlich et al.
(2008) to describe the D-excess variation from cloud base to ground, and presented a linear
relationship that 1% of raindrop evaporation corresponds to approximately 1%o of D-excess
decrease, which coincided with previous report in the European Alps (Froehlich ez al. 2008).
However, the meteorological input in this model is not available for most studies, so the
slope of ~1%0/1% was often applied to estimate the evaporation proportions (e.g., Peng et al.,
2010; Ma et al., 2014; Chen et al., 2015b; Jin et al., 2015). It should be mentioned that the
relationship of ~1%0/1% are derived from a low evaporation condition with remaining frac-
tion of raindrop mass >95% (Kong et al., 2013; Froehlich ef al. 2008), and more arid climate
should be considered. Based on an observation network around the Tianshan Mountains,
Wang et al. (2016b) calculated a wider range of remaining fraction from ~0% to 100%, and
found that the correlations between D-excess difference and raindrop remaining fraction are
relatively weak under a condition of high evaporation; under meteorological conditions of
air temperature >20°C or relative humidity <70%, the regression coefficient is up to
~1.5%0/1%.

5.2 Recycled moisture in precipitation

The recycled moisture in precipitation denotes the precipitation sustained by evapotranspira-
tion, including water vapor originating from evaporation and transpiration of land surface,
and usually plays an important role in continental precipitation (Brubaker ef al., 1993). In a
conceptual model, the precipitating vapor can be assumed as an intensive mixture of ad-
vected and recycled vapor, and the contributions of advection, evaporation and transpiration
in local precipitation can be calculated using isotopic ratios in each component (Peng et al.,
2011). This type of models is sometimes called the three-component mixing model. It is
clear that systemic measurements for stable isotopes in each water body (precipitation, vapor,
surface water, plant, soil and others) are very useful to calculate the contribution of recycled
moisture; however, the precipitation isotope is the vital input, and the isotopes in other car-
riers can be estimated using precipitation isotopes if necessary (e.g., Peng et al., 2011; Wang
et al.,2016a).

The three-component mixing model has been applied in many regions in China during
recent years (Table 1). Peng et al. (2011) calculated the contribution of locally recycled
moisture in the Taiwan Island, and found that the contributions from advection, evaporation
and transpiration are 58%—71%, 1%-2% and 28%—41%, respectively. Ma Q et al. (2012)
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used a similar method to investigate the Tibetan Plateau, and showed that the contributions
of recycled moisture have seasonal difference between summer and winter months. At the
oasis sites near the Tianshan Mountains in Northwest China, Wang ef a/l. (2016a) found that
transpiration contribution at large oasis (like Urumgqi) is much greater than that at small oasis.
Generally, the relative contribution for each component is related to the surface meteoro-
logical conditions (especially air temperature and relative humidity), underlying surface
landcover (vegetation, open water or others) and study domain.

Table 1 Contributions of each component (f,4,-advection, fe,-evaporation and f,-transpiration) in local precipita-
tion in previous studies

Contribution (%)*

Model type Study region Months Reference
Jaav S Jue

Taiwan Island Jun-Sep 58-71 1-2 28-41 Pengetal. (2011)
Three-component o\ plateau fun-Sep - 36°68 5712 2Tl (2012b)
mixing model Oct-May 4864  1-6 3148

Tianshan Mountains Apr-Oct 84-97 1-6 3-10  Wang et al. (2016a)

Nam Co Lake, Tibetan Plateau  Jun-Sep - 28-31 - Xuetal. (2011)
Two-component Tianshan Mountains Jan-Dec - 0-8 - Kong et al. (2013)
mixing model Southeast China Jun-Sep - 1-4 - Ma et al. (2013)

Qinghai Lake, Tibetan Plateau ~ Apr-Oct - 23 - Cui and Li (2015)

Note: * The ranges of contribution denote values for different sampling sites or years, not different months.

In some cases that evaporation flux is considered to be significantly greater than transpi-
ration flux (e.g., stations near large open water or covered by bare soil), the precipitating
vapor can be assumed as a mixture of advection and evaporation vapors (excluding transpi-
ration). This type of models is usually called the two-component mixing model. Xu et al.
(2011) calculated the contribution of evaporation from the Nam Co Lake in the Tibetan Pla-
teau using isotopic method, and found a proportion between 28.4% and 31.1% during the
period 2005-2008. In another studies at the Qinghai Lake in the northeastern Tibetan Plateau
(Cui and Li, 2015), the evaporation contribution from the lake was estimated to be 23.4%
(equals 90.5 mm), ranging from 3.0% in October to 37.9% in August. Compared with lake-
side sites, the evaporation contribution reported in other studies are usually much lower (e.g.,
Kong et al., 2013; Ma et al., 2013), and some mountainous stations even show a negligible
contribution (<0.1%).

6 Summary and outlook

The recent progress in precipitation stable isotope studies across China was reviewed in this
study. During past decades, the nationwide observation network for precipitation isotopes
has been established, which is important to investigate the main isotopic pattern in China. As
analyzing technique develops in recent years, a great number of water isotopic data are
available for scientific research, and the newly supplemented in-situ measurements greatly
improve the knowledge at different areas. The main factors controlling precipitation stable
isotopes in China was generally clear, especially for temperature and amount effects, al-
though the environmental significance of isotopes at interdecadal and synoptic scales may
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need more studies. Based on the more and more in-situ observations, the precipitation iso-
tope has been frequently used to estimate the recycled moisture in local precipitation as well
as other aspects in hydrological and climate studies.

With the great improvements in research method and measurement technique, more hy-
drological process can be detected, and the following aspects should be focused on in future
research. (1) The connection between stable isotopes in precipitation and water vapor. In
recent years, the vapor isotopes across China have been continuously measured using iso-
topic ratio infrared spectroscopy at more and more sites as well as satellite techniques,
which can remove the disadvantage of logical discontinuity in precipitation isotopic records.
The different information of isotopes in precipitation and water vapor should be paid more
attention. (2) Micro and synoptic scale diagnoses using isotopic method. The precipitation
isotopic variations at a small domain or short time period were not well considered in the
previous studies, but the information within the process at micro and synoptic scale is very
useful in hydrological and climate research. (3) Potential of '’O in precipitation. As a stable
isotope of oxygen, 70 has aroused great attention in recent years, mainly caused by the re-
cent technique development. However, in the publication available, the studies on precipita-
tion 'O and '"O-excess across China are still nearly absent. (4) Wide use of isotope-enabled
GCM simulations. The isotope-enabled GCMs in recent publications show good perform-
ance describing dynamical and microphysical processes, especially over the Tibetan Plateau,
and this approach can be applied in a wider scope across China.
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