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Abstract
It is the basis of isotope technology application to clarify which factors are related to precipitation isotopes in different regions.
China has a vast territory, and there is still no comprehensive and systematic understanding of the spatial distribution pattern and
influencing factors of precipitation stable isotopes in China. Based on the known Bowen and Wilkinson model, the latitude and
altitude of 117 sites in China were used to simulate δ18O value of each site and to generate the high precision spatial distribution
map of the precipitation oxygen stable isotope over China. According to the spatial distribution of precipitation δ18O, the basic
effects of isotope variation in different climatic regions were analyzed: latitude effect, elevation effect, temperature effect,
precipitation effect, and water vapor source and transportation process. In the eastern monsoon region, the latitude effect of
isotope variation is shown, but the difference between the southern region and the northern region is large. The southern region is
affected by the water vapor of the subtropical Pacific Ocean and precipitation amount effect to form a high value area of δ18O, and
the northern region is more susceptible to the temperature effect. In the same latitude area, due to the influence of local recycled
water vapor and local evaporation, a high-value area of δ18O is formed in the inland basin of the northwestern arid region. In the
Qinghai–Tibet Plateau, the isotope values affected by the high terrain are generally low. The change of δ18O value reflects the
extent to which the south and north areas of the Qinghai–Tibet Plateau are affected by the southwest monsoon and local water
vapor.

1 Introduction

Stable isotopes (2H, 18O) are components of natural water
body and are very sensitive to environmental changes
(Dansgaard 1953; Craig 1961). They record the internal infor-
mation of water cycle process and are an effective method to
track complex hydrological and climatic processes (Gat 1996;
Clark and Fritz 1997; Edwards et al. 2010; Good et al. 2015).
The stable isotope composition of precipitation not only pro-
vides a means for the study of modern processes of global and
regional climate and hydrology but also is applied to quanti-
tative paleoclimate reconstruction (Hoffmann and Heimann

1997; Johnson and Ingram 2004; Daley et al. 2012;
Fernandoy et al. 2011). All of these studies require more in-
formation on stable isotopes in precipitation.

At present, the global network for isotope in precipitation
(GNIP) has more than 1000 monitoring sites, but only 31 sta-
tions are included in China, and the development of large-scale
isotope monitoring network is relatively slow. Based on the
experience of GNIP and other countries in establishing isotope
observation networks, China has successively established a se-
ries of precipitation isotope monitoring networks, such as the
Chinese Network of Isotopes in Precipitation (CHNIP) (Song
et al. 2007) and the Tibetan Plateau Network of Isotopes in
Precipitation (TNIP) (Yao et al. 2013). Scholars have applied
the precipitation isotope data of these sites to carry out a lot of
basic research and applied research, which has promoted the
development of isotope theory. In the 1950s, Dansgaard (1953)
discovered that isotopes in precipitation gradually depleted as
the condensation temperature decreased, which opened up the
application of isotopes in the field of hydrological cycles.
Subsequently, many scholars began to explore the factors af-
fecting the variation of precipitation isotope values (Craig
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1961; Gat 1980; Liu et al. 2009a, b; Zhu et al. 2016). The
atmospheric circulation model was used to study the variation
characteristics of large-scale precipitation stable isotopes (Tindall
et al. 2009; Sjolte et al. 2011; Zhang et al. 2012; Samuels-Crow
et al. 2014). The relationship between precipitation isotopes and
climatic factors was discussed and the sources of precipitation
water vapor was analyzed (Pang et al. 2005; Sengupta and
Sarkar 2006; Yamanaka et al. 2007; Li et al. 2014). In addition,
a large number of studies have been carried out in the Qinghai–
Tibet Plateau (Tian et al. 2001; Yao et al. 2013), the southwest
monsoon region (He et al. 2000; Pu et al. 2013), the southeast
monsoon region and the northwest arid region (Liu et al. 2008,
2009a; Huang et al. 2015; Wang et al. 2018), as well as on the
basin scale (Wu et al. 2011; Zhao et al. 2011; Li et al.
2013a; Pang et al. 2015; Zhu et al. 2019) in China.

The research of precipitation isotopes in China has been fruit-
ful on the regional scale, but for a long time, it has been difficult
to observe in some areas (high latitude and high altitude) on the
national scale and the data sharing of existing observation
stations is insufficient. Therefore, it is necessary to establish the
spatial distribution pattern of precipitation isotopes in China
according to the modeling methods of Bowen and Wilkinson
(2002, hereinafter referred to as BW model) to make up for the
precipitation isotopes blanks of the lacks observation areas. The
BW model has been used in previous research and is worthy of
reference (Bowen and Wilkinson 2002; Dutton et al. 2005; Liu
et al. 2009b), but further studies expanding the available data and
exploring the implications of precipitation isotope variability in
China are needed. In this study, the annual mean δ18O data of
177 sites (including 99 observation sites and 8 ice core sampling
sites) was used to (1) re-establish the spatial distribution pattern
of precipitation isotopes across China and (2) invert the atmo-
spheric hydrological process and analyze the influencing factors
of precipitation isotope changes in different climate regions of
China. This study improves the accuracy of spatial distribution of
precipitation isotopes over China and provides a new platform
for understanding the spatial variability and influencing factors
of precipitation stable isotope in China.

2 Data and method

2.1 Data sources

A total of 117 δ18O data including precipitation observation sites
and ice core sampling points were collected. Figure 1 shows the
spatial distribution of these sites in China. Among them, the
δ18O data of 31 sites is from the GNIP dataset (http://www-
naweb.iaea.org), our research team provides the measured
δ18O data of 3 sites, and the remaining 83 sites are from
publicly published research results in domestic and
international journals. Detailed data information for each site is
listed in Table 1. The precipitation isotope data provided by

GNIP, the technical procedures for sample collection and
transportation, and the standard data are strictly formulated by
the International Atomic Energy Agency (IAEA). The isotope
analysis was performed by the laboratory of the institute of
cooperation of member states through sample comparison, and
all analytical errors were controlled. In addition to GNIP sites,
Chinese scholars and research institutions have established
precipitation sample collection sites nationwide to measure
isotope data by referring to GNIP sampling and experimental
procedures. The error of the precipitation samples of each site
is the measurement error of the analyzer itself. When selecting
these sites, themeasurement error of the precipitation δ18O value
is controlled to be between ± 0.1 and ± 0.5‰. All of the above
measured oxygen isotope data is expressed as δ values relative to
V-SMOW (Vienna Standard Mean Ocean Water):

δ18O ¼ Rsample−Rstandard

Rstandard
� 1000‰; ð1Þ

where Rsample is the ratio of
18O/16O in the samples and Rstandard

is the ratio of 18O/16O in V-SMOW.
The δ18O value of precipitation is the weighted mean of

precipitation amount for one or more years, calculated as fol-
lows:

δ wð Þ ¼ ∑Piδi=∑Pi; ð2Þ

where Pi is the precipitation amount and δi is the oxygen
isotope value .

In addition, the long-term climatic data were derived from
the WorldClim-Global Climate Data version 2 (http://www.
world-clim.org) (Fick and Hijmans 2017) and are also listed
in Table 1. The vapor flux was calculated using NCEP/NCAR
2.5° × 2.5° reanalysis data (NCEP/NCAR Reanalysis 1),
which were obtained from the National Center for
Environmental Prediction/National Center for Atmospheric
Research (http://www.esrl.noaa.gov).

2.2 BW model

Bowen andWilkinson (2002) established a spatial distribution
model of precipitation oxygen isotope (referred to as the BW
model), which is one of the most effective methods for esti-
mating the spatial distribution of stable isotopes in precipita-
tion (Bowen and Revenaugh 2003). The BWmodel considers
that the isotopic composition of precipitation as the sum of
temperature driven rainout effect and regional patterns of wa-
ter vapor source and transport (Bowen and Revenaugh 2003).
Usually, the temperature is mainly affected by latitude and
altitude, so the BW model uses altitude and latitude as model
parameters to simulate the δ18O value (Liu et al. 2009b). The
BW model is expressed as follows:

δ18O ¼ a Latj j2 þ bjLatj þ cAltþ d; ð3Þ
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where δ18O is the preliminary estimated annual mean precip-
itation oxygen isotope value. Lat and Alt is the latitude (°) and
altitude (m) of observation site, respectively. a, b, and c are
empirical parameters; d is an intercept. The error of the BW
model was assessed using mean bias error (MBE), mean ab-
solute error (MAE), and root mean square error (RMSE).
According to the BW model (Bowen and Wilkinson 2002;
Bowen and Revenaugh 2003), the final spatial distribution
pattern of precipitation isotope is a combination of model
estimates and interpolated residual error using inverse dis-
tance weighted method in Arcgis 10.2 software.

3 Results and discussion

3.1 Basic pattern

It can be seen from the method that the BWmodel is a second-
order polynomial regression model of δ18O and latitude and
altitude. During the process of water vapor transport from low
latitude to high latitude, water vapor condensation produces
precipitation due to the gradual decrease of temperature,
which makes the residual water vapor and the isotopes in the
subsequent precipitation gradually depleted, showing the lat-
itude effect of the change of isotope value. In addition to the

latitude effect, with the increase of altitude, the isotope value
also shows a decreasing trend, that is, the elevation effect of
the change of isotope value. In order to make the model effect
more ideal, the BWmodel adopts a two-step regression meth-
od, which avoids the interaction of latitude effect and eleva-
tion effect. In order to minimize the effects of height, based on
previous research experience (Bowen and Wilkinson 2002;
Dutton et al. 2005) and the distribution of Chinese sites (Fig.
1), the first fit is the latitude and δ18O values of the site eleva-
tion below 200 m (n = 31). A second-order polynomial best
describes the dependence of δ18O value on latitude:

δ18O ¼ −0:009Lat2 þ 0:427Lat−11:323
r2 ¼ 0:92;P < 0:0001
� �

;

ð4Þ

It can be seen from Eq. (4) that the goodness of fit between
δ18O and latitude is high, and there is a significant negative
correlation between them. Figure 2a also shows that as the
latitude increases, the δ18O value decreases gradually.
Therefore, the isotope values of sites below 200 m over
China show better latitude effect. The latitude effect is more
obvious to the north of 30 °N (Fig. 2a).

The large elevation difference of China’s topography is an
advantageous condition for studying the isotope elevation ef-
fect. In this study, the altitude of all sites ranged from 3 to

Fig. 1 Spatial distribution of precipitation observation sites and ice core
sampling sites and different climatic zones (the southeastern monsoon

region can be divided into the southern region and the northern region
with the boundary of the Qinling-Huaihe River) in China
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Table 1 Basic information of precipitation observation sites and ice core sampling sites and their δ18O value in China

Sites Long (°E) Lat (°N) Alt (m) Annual mean Data sources

T (°C) P (mm) δ18O (‰)

Tianjin 117.10 39.06 3 12.95 540 − 7.68 GNIP

Guangzhou 113.32 23.13 7 22.09 1692 − 5.83 GNIP

Haikou 110.21 20.02 15 24.40 1711 − 6.09 GNIP

fuzhou 119.17 26.05 16 19.93 1361 − 6.6 GNIP

Wuhan 114.13 30.62 23 17.00 1236 − 6.67 GNIP

Nanjing 118.18 32.18 26 15.44 979 − 7.26 GNIP

Changsha 113.04 28.12 37 17.66 1424 − 6.69 GNIP

Hong Kong 114.17 22.32 66 22.40 2166 − 6.64 GNIP

Jinzhou 121.10 41.13 66 9.10 560 − 8.54 GNIP

Yantai 121.10 37.53 66 11.98 651 − 7.24 GNIP

Shijiazhuang 114.25 38.02 80 12.71 505 − 8.05 GNIP

Liuzhou 109.40 24.35 97 20.86 1614 − 6.47 GNIP

Zhengzhou 113.65 34.72 110 14.65 627 − 7.04 GNIP

Qiqihar 123.55 47.23 147 3.62 414 − 10.6 GNIP

Yanshan 110.08 25.07 170 19.19 1885 − 5.96 GNIP

Haerbin 126.62 45.68 172 4.32 542 − 10.2 GNIP

Changchun 125.22 43.9 237 5.18 591 − 10.09 GNIP

Xi’an 108.93 34.3 397 14.07 624 − 7.41 GNIP

Chengdu 104.02 30.67 506 16.57 928 − 7.05 GNIP

Taiyuan 112.55 37.78 778 10.25 422 − 8.89 GNIP

Zunyi 106.88 27.7 844 15.41 1068 − 8.32 GNIP

Urumqi 87.62 43.78 918 7.23 231 − 10.7 GNIP

Guiyang 106.43 26.35 1071 14.91 1147 − 8.33 GNIP

Yinchuan 106.13 38.29 1112 9.13 198 − 6.62 GNIP

Jinbian 108.79 37.61 1337 8.28 398 − 7.6 GNIP

Hetian 79.56 37.08 1375 11.67 30 − 5.74 GNIP

Lanzhou 103.88 36.05 1517 8.93 345 − 5.47 GNIP

Pingliang 106.68 35.51 1800 8.82 524 − 9.3 GNIP

Kunming 102.41 25.01 1892 14.87 886 − 10.26 GNIP

Shanghai 121.48 31.22 4 16.46 1061 − 7.47 Yang et al. (2014)

Leting 118.88 39.43 10.5 10.81 620 − 8.26 Pang et al. (2015)

Huimin 117.53 37.43 11.7 13.26 583 − 7.99 Pang et al. (2015)

Yucheng 116.60 36.95 20 13.52 590 − 8.2 Yang et al. (2014)

Jiayi 120.46 23.48 27 23.20 1901 − 6.02 Peng et al. (2010)

Taizhong 120.68 24.12 34 22.38 1807 − 6.03 Peng et al. (2010)

Beijing 116.46 39.92 43 12.40 557 − 8.77 Yang et al. (2014)

Pingdong 120.80 22.03 54 23.83 2465 − 6.41 Peng et al. (2010)

Sanjing 133.52 47.58 56 1.86 606 − 12.79 Yang et al. (2014)

Yichang 111.30 30.26 59 15.99 1186 − 7.39 Zhao et al. (2009)

Caotun 120.69 23.99 75 22.11 2027 − 6.42 Peng et al. (2010)

Dinghushan 112.55 23.16 90 21.87 1792 − 6.01 Liu et al. (2009a)

Taoyuan 111.50 28.92 106.5 17.25 1307 − 6.35 Yang et al. (2014)

Changshou 120.63 31.55 130 15.56 961 − 6.69 Yang et al. (2014)

Guilin 110.13 25.12 170 19.30 1852 − 6.2 Wu (2012)

Qianyanzhou 115.07 26.73 200 18.16 1514 − 4.4 Yang et al. (2014)

Taidong 121.09 22.84 250 23.21 2302 − 6 Peng et al. (2010)
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Table 1 (continued)

Sites Long (°E) Lat (°N) Alt (m) Annual mean Data sources

T (°C) P (mm) δ18O (‰)

Huitong 109.72 26.87 300 16.73 1288 − 4.79 Yang et al. (2014)

Naiman 120.70 42.92 358 7.14 439 − 9.41 Yang et al. (2014)

Gaoling 109.10 34.55 378 13.17 658 − 7.07 Yang et al. (2014)

Nanzheng 106.90 33 458 14.59 865 − 7.14 Yang et al. (2014)

Hanzhong 107.00 33.1 512 14.76 841 − 5.18 Wu (2012)

Bannan 101.53 21.9 560 20.16 1587 − 6.67 Yang et al. (2014)

Puli 120.98 23.97 732 21.04 2474 − 7.02 Peng et al. (2010)

Altai 88.14 47.86 737 3.63 187 − 14 Yang et al. (2014)

Changbaishan 128.47 42.4 738 3.26 658 − 9.98 Yang et al. (2014)

Majia 120.69 22.67 740 20.17 3579 − 6.19 Peng et al. (2010)

Fukang 87.75 44.5 800 7.95 161 − 12.31 Yang et al. (2014)

Yuanping 112.72 38.03 828.2 8.95 393 − 7.62 Pang et al. (2015)

Changzhi 113.07 36.05 991.8 10.25 608 − 10.55 Pang et al. (2015)

Yanan 109.47 36.6 1020 9.96 520 − 7.17 Yang et al. (2014)

Baotou 109.85 40.67 1067 6.54 299 − 7.87 Pang et al. (2015)

Datong 113.33 40.1 1067.2 7.26 370 − 9.36 Pang et al. (2015)

Changwu 107.68 36.85 1200 9.83 594 − 7.13 Yang et al. (2014)

Ansai 109.32 35.2 1200 9.33 484 − 7.47 Yang et al. (2014)

Duolun 116.47 42.18 1245.4 2.85 389 − 11.26 Pang et al. (2015)

Mengzi 103.23 23.23 1301.7 14.62 1354 − 7.3 Li et al. (2016)

Simao 101.24 22.4 1302.9 19.01 1493 − 7.57 Wu (2012)

Linze 100.12 39.35 1367 7.82 163 − 8.2 Yang et al. (2014)

Minqin 103.05 38.38 1367.5 8.50 132 − 11.67 This study

Jiuquan 98.47 39.77 1480 7.72 100 − 11.3 Wu et al. (2011)

Wuwei 102.40 37.55 1531.5 − 2.83 471 − 6.16 This study

Tengchong 98.30 25.01 1648.7 14.49 1509 − 8.03 Li et al. (2012b)

Gaolan 103.95 36.33 1668.5 8.65 297 − 6.7 Chen et al. (2013)

Yinluoxia 100.20 38.81 1698 6.51 269 − 6.5 Wu et al. (2011)

Wulin 121.31 24.35 1800 9.72 3194 − 9.88 Peng et al. (2010)

Yuzhong 104.12 35.85 1874.4 6.79 373 − 10.8 Chen et al. (2013)

Lishan 121.16 24.27 1980 10.55 3043 − 8.32 Peng et al. (2010)

Huashan 110.08 34.48 2064.9 8.66 671 − 10.13 Li et al. (2013a)

Xining 101.77 36.62 2261 6.06 386 − 6.83 Yang et al. (2014)

Qilianxiang 102.37 37.33 2339 − 4.15 491 − 6.58 This study

Bilu 121.32 24.23 2350 8.33 3537 − 10.44 Yao et al. (2013)

Alishan 120.81 23.51 2413 13.47 2627 − 9.88 Peng et al. (2010)

Ailaoshan 101.02 24.53 2450 12.32 973 − 9.2 Yang et al. (2014)

Xishui 100.29 38.57 2569 − 2.04 397 − 9.2 Wu et al. (2011)

Leibo 103.20 28.5 2600 5.72 942 − 10.11 Han and Song (1998)

Jiangjiagou 103.50 23.1 2630 15.92 1459 − 11.57 Guo et al. (2012)

Bomi 95.77 29.87 2737 2.79 741 − 11.8 Yao et al. (2013)

Dayekou 100.30 38.5 2766 − 5.03 428 − 8.08 Wu (2012)

Wolong 102.97 30.85 2805 3.21 777 − 12.01 Yang et al. (2014)

Geermu 94.89 36.42 2823 5.17 43 − 6.7 Wu (2012)
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Fig. 2 a The fit of the δ18O value and latitude of the sites (n = 31) that
altitude below 200 m. b The fit of the residuals and elevations of all sites

(n = 117); the residual is the difference between the measured δ18O and
the predicted δ18O by Eq. (4)

Table 1 (continued)

Sites Long (°E) Lat (°N) Alt (m) Annual mean Data sources

T (°C) P (mm) δ18O (‰)

Delingha 97.37 37.37 2981 3.86 173 − 7.74 Yang et al. (2014)

Gonggashan 101.75 30 3000 − 0.79 773 − 12.35 Song et al. (2015)

Huanglong 103.62 33 3247 − 0.27 754 − 15.3 Wang et al. (2012)

Lulang 94.73 29.77 3327 1.29 648 − 14.5 Yao et al. (2013)

Yangcun 91.88 29.88 3500 − 0.33 388 − 15.9 Yao et al. (2013)

Lhasa 91.13 29.7 3649 5.24 398 − 16.47 Yao et al. (2013)

Yushu 96.97 33.03 3682 − 0.38 542 − 13.14 Yao et al. (2013)

Nyalam 85.97 28.18 3810 0.37 493 − 12.4 Yao et al. (2013)

Jianjing 85.53 28.2 3880 − 0.55 504 − 14.33 Yao et al. (2013)

Qilain Site 96.50 39.5 4200 − 13.70 302 − 12.77 Yang et al. (2014)

Shiquanhe 80.08 32.5 4279 0.45 99 − 12.6 Yao et al. (2013)

Gaize 84.10 32.33 4416 0.19 81 − 9.95 Yao et al. (2013)

Baidi 90.43 29.12 4430 − 0.15 295 − 15.7 Yao et al. (2013)

Wenguo 90.35 28.9 4500 − 0.49 280 − 16.5 Yao et al. (2013)

Naqu 92.07 31.48 4507 − 0.76 431 − 16.6 Yao et al. (2013)

Tuotuohe 92.43 34.22 4533 − 3.77 280 − 11.9 Yao et al. (2013)

Nam Co 90.99 30.77 4730 − 1.54 416 − 18.4 Yang et al. (2014)

Dui 90.53 28.58 5030 − 2.97 287 − 18.6 Yao et al. (2013)

Anduo 91.68 32.29 5200 − 3.54 431 − 11.93 Yang et al. (2014)

Xixiabangma 102.97 30.85 2734 3.21 777 − 12.01 Yang et al. (2014)

Dunde 96.40 38.1 5325 − 14.05 297 − 9.93 Yao et al. (2013)

Geladandong 91.17 33.57 5720 − 13.46 398 − 12.34 Yao et al. (2013)

Malan 90.67 35.83 6056 − 13.42 270 − 12.58 Yao et al. (2013)

Puruoganggri 89.12 33.82 6200 − 14.22 302 − 14.67 Yao et al. (2013)

Guliya 81.48 35.28 6200 − 18.93 92 − 14.25 Yao et al. (2013)

East Rongbuk 86.97 28.02 6500 − 17.30 270 − 17.5 Yao et al. (2013)

Muztagata 75.10 38.28 7010 − 17.76 263 − 16.71 Yao et al. (2013)
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7010 m. In order to quantitatively estimate the change of δ18O
value with altitude, first, the δ18O values of all sites were
predicted according to Eq. (4) and then the residuals of each
station were calculated. Second, the residuals and elevations
of each site were fitted by least squares regression:

RES ¼ −0:0015Alt r2 ¼ 0:65;P < 0:0001
� �

; ð5Þ

where RES is residual. The residual is the difference between
the measured δ18O and the modeled δ18O by Eq. (4). RES =
measured δ18O-modeled δ18O; modeled δ18O was predicted
by Eq. (4). As shown in Fig. 2b, the precipitation δ18O value
in China shows a linear decline with altitude, and the slope of
Eq. (5) is − 0.0015. That is to say, the precipitation δ18O value
in China decreases with altitude by − 1.5‰ km−1. This value
is lower than that of the global average of − 2.8‰ km−1

(Poage and Chamberlain 2001) and − 2‰ km−1 (Bowen and
Wilkinson 2002), but it is consistent with previous studies on
China (Liu et al. 2009b; Yang et al. 2014).

The types of landforms in China are complex and diverse,
and the variation of δ18O value is influenced by many factors
at the same time, such as topographic changes, local water
vapor circulation, and sub-cloud secondary evaporation,
which makes the decline rate of the δ18O value in precipitation
with altitude vary greatly in time and space. Therefore, the
variation of the simulated precipitation δ18O value with alti-
tude in China actually simplifies the complexity of these
influencing factors.

Based on BWmodel, the dependence of precipitation δ18O
value on latitude and altitude combination is described by
adding the above Eqs. (4) and (5). Equation (6) provides a
good estimate of the δ18O value in precipitation (r2 = 0.64,
P < 0.0001, Fig. 3a) in the following:

δ18O ¼ −0:009Lat2 þ 0:427Lat−0:0015Alt−11:323

r2 ¼ 0:64;P < 0:0001
� �

;

ð6Þ

As shown in Fig. 3b, the range of residual varies from
− 4.59 to 5.3‰. The mean bias error (MBE), mean absolute
error (MAE), and root mean square error (RMSE) of the
modeled values are − 0.5‰, 1.5‰, and 2.09‰, respectively.

3.2 Spatial distribution of model residual

The variation range of the residual between the measured
δ18O value and the modeled δ18O value is − 4.6 to 5.2‰
(Fig. 3b). As shown in Fig. 4a, the distribution of residuals
is mostly between − 1.5 and 1.5‰, which further indicates
that the BW model can better estimate the spatial distribution
of δ18O value in precipitation over China. The spatial distri-
bution of residual can reflect the influence of other important
factors on the variation of precipitation isotope value in

different regions except latitude effect and altitude effect
(Eq. 6), such as water vapor source and transport, local water
vapor cycle, sub-cloud secondary evaporation, precipitation
amount effect, and relative humidity (Dutton et al. 2005).

In order to reflect the influence of the above regional fac-
tors on the precipitation δ18O value in different regions of
China, we use the inverse distance weight (IDW) interpolation
method to generate the spatial distribution map of the model 6
residuals (Fig. 4a). From Fig. 4a, we can see that the residuals
are obviously larger in other regions except for the region of
− 1.5 to 1.5‰, which indicates that the measured δ18O values
in these regions are significantly different from the simulated
δ18O values. Negative residual regions mainly occur in the
southern Qinghai–Tibet Plateau, most of the Yunnan–
Guizhou Plateau, and the Sichuan Basin; the south of the
North Plain extends southward to the middle and lower
reaches of the Yangtze river basin, the north of Taiwan, the
southern slope of the Altai Mountains, and the Sanjiang Plain
in Northeast China. These areas may also be affected by pre-
cipitation amount effect or Indian Ocean water vapor transport
(Zhang and Yao 1998; Yao et al. 2013), making the measured
of precipitation δ18O value lower than the estimated δ18O
value. On the contrary, in the western and central regions of
northwest arid region, such as the Taklimakan Desert in the
Tarim Basin, Badain Jilin Desert in Inner Mongolia, and the
north and west of Qinghai–Tibet Plateau, these areas may be
affected by local continental water vapor and secondary evap-
oration (Tian et al. 2007; Liu et al. 2008), making the simu-
lated δ18O value lower than the measured δ18O value.

3.3 Spatial distribution of δ18O value in precipitation
over China

In order to reflect the combined effects of various factors on
the precipitation δ18O value, the residual grid (Fig. 4a) was
added to the grid generated by Eq. (6) to produce the spatial
distribution map of precipitation δ18O value over China (Fig.
4b). Figure 4b represents our best estimation of precipitation
δ18O value and can roughly show the spatial distribution of
precipitation δ18O value over China.

It can be seen from the Fig. 4b that the high value region of
δ18O is mainly distributed in the eastern monsoon region and
the northwest arid region, and the low value area is distributed
in the southwest of Qinghai–Tibet Plateau region and the
northeastern region of China. In the eastern monsoon region,
including most of the North China Plain, the Han River basin,
the Sichuan basin, the Yunnan–Guizhou Plateau, the Yarlung
Zangbo River basin, and the plains areas of Taiwan Island, the
δ18O value is highest, which ranged from − 8 to − 6.3‰. In the
western part of the Qinghai–Tibet Plateau and the northwest–
southeast direction curved mountain, Altai Mountain,
Tianshan, and other mountains, the δ18O value is lowest,
which is between − 18.8 and − 16‰. Comparing our research
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results with other studies (Liu et al. 2009b; Yang et al. 2014), it
is found that the range of the maximum δ18O value becomes
smaller, and the range of the minimum δ18O value becomes
larger, that is, the range of variation of δ18O becomes smaller,
but the δ18O value is higher in most areas, especially in the
central basin and the eastern low latitude plain. Obviously, the
high value areas of δ18O are mainly distributed in basins,
valleys, and low-altitude plains. The low-value areas are
mainly distributed in high-latitudes and high-altitude areas
and are strongly influenced by latitude effect and elevation
effect.

In the eastern monsoon region, the δ18O value tends to
decrease with the increase of latitude; when in the northeast

region, the δ18O value is the lowest. Although the isotope
values of precipitation in the monsoon region are generally
higher, but the latitude effect can still be exhibited. The
Qinghai–Tibet Plateau is affected by high altitude and special
topography. Except for the plateau marginal zone, the Qaidam
Basin, and the eastern low-altitude zone, the δ18O value of the
plateau is low, and its spatial distribution is greatly affected by
the northwest–southeast arc mountain. In the Northwest arid
regions China, except for the low δ18O value in the mountain-
ous area, the high value area of δ18O extends from the Tarim
Basin to the Hexi area of Gansu and the Middle East area of
Inner Mongolia, mainly affected by local water vapor cycle
and local evaporation under arid environment.

Fig. 4 a Spatial distribution of residuals using inverse-distance-weighted
method over China. b Spatial distribution of δ18O value in precipitation

over China based on a sum of residual distribution map (a) and δ18O
value estimated by Eq. (6)

Fig. 3 aMeasured δ18O value versus δ18O value modeled by Eq. (6) of 117 sites. b The frequency distribution of residual between measured δ18O value
and modeled δ18O value
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3.4 Temperature and precipitation amount
dependence of δ18O in precipitation

China’s temperature and precipitation vary greatly from north
to south and from east to west. Therefore, China is divided
into several sub-regions according to the relative uniformity of
the underlying surface and climatic conditions (Fig. 1).
Figure 5 shows the regression of δ18O values and temperature
and precipitation amount for each sub-region. In the southeast
monsoon region, although it can be affected by the southeast

monsoon water vapor, there are great differences between the
southern region and northern region. In the southern region, as
the temperature rises and the precipitation increases, the δ18O
value is positively correlated with the temperature and nega-
tively correlated with the precipitation amount (Fig. 5a, b),
that is, there are both temperature effect and precipitation
amount effect. However, the temperature effect in the southern
region is more significant than the precipitation amount effect
and is closest to the subtropical ocean water vapor source. The
δ18O value in the precipitation water vapor is high (Pang et al.

Fig. 5 The variation of δ18O values in the southern region (a, b) and
northern region (c, d), northwest arid region (e, f), southwest monsoon

region (g, h), and Qinghai–Tibet Plateau (i, j) with temperature and pre-
cipitation in China
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2005), and the high-value region of precipitation δ18O value is
formed in the southern region with good hydrothermal com-
bination (Fig. 4b). In the northern region, the δ18O value is
positively correlated with temperature and precipitation (Fig.
5c, d), that is, there is a temperature effect but no precipitation
amount effect, indicating that the precipitation amount effect
is more obvious in low latitude area and the temperature effect
is more obvious in middle- and high-latitude areas, which are
more consistent with the previous scholars’ conclusions
(Zhang and Yao 1998; Yamanaka et al. 2007).

In the northwest arid area, the temperature effect is consid-
ered to be the decisive factor in many factors affecting the
precipitation isotope composition, and the δ18O value in pre-
cipitation water vapor is originally high due to the influence of
local continental water vapor cycle and secondary evapora-
tion. As shown in Fig. 5e, f, there is indeed a temperature
effect and no precipitation effect in the northwest arid area,
but the correlation of the δ18O value with temperature and
precipitation is weaker than that in other regions. This may
be due to the sparse and uneven distribution of sites in the
northwest arid region (Fig. 1), which makes the existing sites
unable to represent the overall situation of the region. There is
a positive correlation between the δ18O value and temperature
and precipitation in the southwest monsoon region, and the
correlation is high (Fig. 5g, h). In the Qinghai–Tibet Plateau
region, there are still temperature effect and precipitation ef-
fect, but the correlation between δ18O value and temperature
and precipitation is also weak (Fig. 5i, j), which is related to
the special role of high terrain.

3.5 Water source signatures reflected by δ18O
in precipitation

Figure 6a shows the annual average vapor flux, from which
we can see the water vapor source and transport of China.
Figure 6b shows the water vapor flux divergence, which

represents the net income and expenditure of water vapor. In
the eastern monsoon region, the westerly water vapor trans-
port, the southwest monsoon, and southeast monsoon water
vapor transport are converged in the south of the Yangtze
River and the conveying intensity can reach 1200–
1500 kg m−1 s−1. In the south and east of the convergence
area, the water vapor mainly comes from the southwestern
monsoon of the Indian Ocean and the southeastern monsoon
of the Pacific Ocean. In the west and north of the convergence
area, the water vapor is mainly transported by the westerly.
Water vapor diffuses northward and eastward from the con-
vergence area, forming a positive diffusion area in southeast-
ern China, and the northward water vapor transport is weak-
ened until the northernmost Mohe is only 300 kg m−1 s−1. The
corresponding δ18O value in Fig. 4b also shows a decreasing
trend with the increase of latitude.

The Indian Ocean water vapor is the main source of pre-
cipitation in the southern of the Qinghai–Tibet Plateau (Tian
et al. 2001). In the west of China, the southwest monsoon
water vapor transport from south to north is weakening, and
the proportion of westerly water vapor and local continental
air mass is gradually increasing (Fig. 6a). According to Tian
et al. (2001), TanggulaMountain is an important boundary. As
shown in Fig. 4b, the precipitation δ18O value in western
China decreases first and then increases from south to north.
Figure 6b shows that in the south of the Loess Plateau and the
north of Sichuan basin is the water vapor flux negative diver-
gence area, i.e., the net income area of water vapor. In the
south and southeast of the Qinghai–Tibet Plateau, due to the
influence of high topography, water vapor around the flow
and overturned transport to form the northwest–southeast wa-
ter vapor convergence zone, which is one of the sources of
precipitation water vapor in these areas, and the corresponding
δ18O value is also larger. Therefore, the spatial distribution of
precipitation δ18O values can well track water vapor and its
transport trajectories from different sources.
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4 Conclusion

Amodel was built to simulate the δ18O value in precipitation by
stepwise regression of δ18O value and latitude and altitude of 117
sites in China. The spatial distribution map of precipitation δ18O
value in China with high precision was generated by spatial
interpolation, and the variation of δ18O value in different climatic
regions and its influencing factors was analyzed. The simulation
results show that the BWmodel can better simulate precipitation
δ18O value in China. The main area of the model residual distri-
bution in China is between − 1.5 and 1.5‰. Other residual de-
viation regions can be used to explain that the precipitation δ18O
values are affected by other local factors besides latitude effect
and altitude effect, while the spatial distribution of δ18O values
over China can simultaneously reflect latitude effect, altitude
effect, and regions other influence factors. The δ18O value is
restricted by topography; the high value areas are mainly distrib-
uted in basins, valleys, and plains at low altitude; and the low
value areas are mainly distributed in high latitude and high alti-
tude areas and some mountain areas, which are affected by ele-
vation effect. In the southeast monsoon region, the latitude effect
of isotope value variation is reflected from south to north, but the
difference between the south and north indicates that the precip-
itation amount effect is obvious in the low latitude areas and the
temperature effect is obvious in the middle and high latitude
areas. In the same latitude area, the inland basins in the northwest
arid region have formed high isotope value areas, which indicate
that the inland water vapor cycle and secondary evaporation
have strong influence on the area. In the Qinghai–Tibet
Plateau, the isotope values are generally low due to the influence
of high topography (altitude effect), the southwest monsoon
weakens from south to north, and the westerly and inland water
vapor cycles strengthen. The corresponding isotope values de-
crease from south to north and then increase. The spatial distri-
bution of precipitation δ18O values can track water vapor from
different sources in China.
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