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Abstract: Modeling the oxygen-18 in precipitation 
based on regional topography and meteorological 
factors is helpful to constrain missing isotopic data in 
some regions that is required for many paleoclimate, 
eco-hydrological and atmospheric circulation studies. 
Therefore, the relationship between δ18O in 
precipitation (δ18OPPT) and the affecting factors need 
to be thoroughly understood. We present a model 
considering the combined effects of temperature, 
altitude, and latitude on the spatial variability of 
annual average of stable isotopes in precipitation 
across China. This new model performed significantly 
better (P<0.05) than the widely used Farquhar and 
Bowen & Wilkinson models. Our model allows 
modelling the spatial distribution of isotopes in 
precipitation depending on temperature variation. 
The residuals of presented model did not significantly 
correlate with altitude. Based on the model and 
residuals, a high-resolution map of annual average 
δ18Oppt across China was generated. δ18OPPT decreased 
from low toward high latitudes and from low towards 

high altitudes area. The model application provides 
important information for ancient climate, 
hydrological cycle and water vapor sources studies. 
 
Keywords: Climate change; Isotope hydrology; 
Geographic information; Spatial distribution 

Introduction  

The oxygen-18 in precipitation as recorded in 
some oxygenated natural materials has been used 
in studies of ancient and modern process of global 
and regional climatic conditions and hydrological 
processes (Zhang & Yao 1994; Bowen & Wilkinson 
2002; Chan et al. 2012; Terzer et al. 2013; Zhang et 
al. 2017). Oxygen-18 in precipitation was used as a 
natural tracer to reconstruct paleohydrology 
or/and paleoclimate based on isotopic composition 
of the natural materials, such as glacial ice (Petit et 
al. 1999), groundwater (Dutton 1995), fossil 
enamel (Sharp & Cerling 1998), and tree rings (Liu 

Spatial distribution of the oxygen-18 in precipitation in 

China based on a new empirical model 

ZHAO Pei1,2  https://doi.org/0000-0003-2350-3025; e-mail: pzhaosl@yeah.net 

GUO Zheng-sheng3  https://doi.org/0000-0001-7943-0377; e-mail:1452952176@qq.com 

SHE Dong-li4  https://doi.org/0000-0002-0612-4325; e-mail: shedongli@hhu.edu.cn 

TANG Xiang-yu2*  https://doi.org/0000-0003-0467-9180; e-mail: xytang@imde.ac.cn 

*Corresponding author 

1 Department of Geography, Shangluo University, Shangluo 726000, China 

2 Key Laboratory of Mountain Surface Processes and Ecological Regulation, Institute of Mountain Hazards and 
Environment, Chinese Academy of Sciences, Chengdu 610041, China 

3 College of Urban and Environment Sciences, Shanxi Normal University, Linfen 041000, China 

4 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Research Center of Soil and Water 
Conservation and Ecological Environment, Chinese Academy of Sciences & Ministry of Education, Yangling 712100, 
China 

Citation: Zhao P, Guo ZS, She DL, et al. (2019) Spatial distribution of the oxygen-18 in precipitation in China based on a 
new empirical model. Journal of Mountain Science 16(11). https://doi.org/10.1007/s11629-019-5514-8 

© Science Press, Institute of Mountain Hazards and Environment, CAS and Springer-Verlag GmbH Germany, part of Springer Nature 2019 

Received: 11-Apr-2019 
Revised: 14-Jul-2019 
Accepted: 25-Jul-2019 



J. Mt. Sci. (2019) 16(11): 2605-2614   

 2606

et al. 2008). These records are frequently used to 
estimate paleo-temperature that is based on the 
strong spatial and temporal correlation between 
δ18O in precipitation (δ18OPPT) and local 
temperature (Dansgaard 1964; Fricke & O'Neil 
1999).  

In addition, if the records in the materials are 
not subsequently altered, they can be used to 
estimate their geographical origin according to the 
water isotopic compositions. Many disciplines such 
as archaeology, ecology, anthropology, and forensic 
science are of interest in such applications (West et 
al. 2010). However, application of δ18O as a tracer 
in these studies, needs spatially high resolution 
data on isotopes in modern precipitation (Ma et al. 
2018). This means that the mapped information 
can compare with the proxy data for paleo-
precipitation as a spatial reference (Bowen & 
Wilkinson 2002). In addition, West et al. (2010) 
and Bowen (2010) argued that the spatial 
information on isotopic composition in 
precipitation is helpful to gain insights of the past 
(e.g., Ufnar et al. 2004; Schmidt et al. 2007) and 
present (e.g., Salati et al. 1979; Gat et al. 2003) 
large-scale water cycle process. For instance, in 
large-scale hydrological studies, spatial pattern of 
isotope ratios in precipitation are of important to 
partition the water source of large rivers (Bowen et 
al. 2008; West et al. 2010). However, the number 
of monitoring stations of δ18OPPT are limited and 
unevenly distributed across the globe. For example, 
there are only few isotopic datasets of precipitation 
in high-altitude (e.g. Siberia) and desert regions 
(e.g. Takla Makan Desert). Thus, the application of 
δ18O as a tracer in hydrological cycle is restricted to 
particular regions.     

Estimations of δ18OPPT at a given location is 
often derived from interpolation between Global 
Network of Isotopes in Precipitation (GNIP) 
stations (Terzer et al. 2013) or by reference to the 
nearest station. However, the oxygen-18 in 
precipitation is controlled by Rayleigh distillation 
of atmospheric vapor, primarily by change in air-
mass temperature (Rozanski et al. 1992). 
Interpolation methods ignore the geographic 
parameters and highly depend on the number of 
stations (Bowen & Wilkinson 2002). Reasonably 
accurate and low resolution maps of δ18OPPT were 
estimated by coupling with global circulation 
models (GCM) (Hoffmann & Heimann 1997). 

Nevertheless, the limited knowledge of relevant 
meteorological parameters, complex calculations 
and uncertainties regarding the GCM results to the 
past climate limited the application of such 
theoretical models to paleo-δ18OPPT proxy data 
(Bowen & Wilkinson 2002). Beyond that, Farquhar 
et al. (1993) developed a global map of 
precipitation isotope ratios using meteorological 
and geographical variables in order to estimate the 
transfer of δ18O from leaf water to atmospheric CO2. 
However, this model had 6 parameters which was 
relative complex. After that, Bowen & Wilkinson 
(2002) developed another empirical model (Bowen 
& Wilkinson model, BW model) related to latitude 
and altitude to describe the spatial distribution of 
δ18O for global meteoric precipitation. Based on 
these models, the relationships between 
geographical parameters and δ18OPPT on a regional 
scale (Liu et al. 2008) and global scale (Bowen & 
Wilkinson 2002) have been addressed. Lykoudis & 
Argiriou (2007) proposed that statistical models of 
the isotopic composition of precipitation using 
meteorological parameters show better goodness of 
fit than those using only geographical data. 
Nevertheless, the BW model proposed by Bowen & 
Wilkinson (2002) produced the best result on an 
annual basis. 

Bowen (2008) stated that “overwhelming 
dominance of temperature- and precipitation 
amount-related isotopic seasonality within specific, 
well-defined geographic zones and indicate that 
these zones encompass most of Earth’s continental 
land surface.” Thus, the important role of 
meteorological factors should not be neglected 
when simulating precipitation isotopic composition. 
At a defined location, altitude and latitude are fixed 
over considered time scales. This implies that 
δ18OPPT derived with BW model limited to these 
variables is also fixed over time. Therefore, BW 
model accounted for the geographical parameters 
in controlling the distribution of δ18OPPT, but not 
illuminate the effects of meteorological parameters 
on the past changes of δ18OPPT. Terzer et al. (2013) 
noted that the present precipitation isotope 
mapping products had an inherent assumption of 
temporal constancy over the study period. In fact, 
spatial variation of δ18OPPT is an integrated result of 
these geographic and meteorological factors. 

Here we aimed to develop a high-resolution 
map of δ18OPPT across China based on an 
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empirically derived model 
incorporating basic geographic 
parameters and meteorological 
variables such as temperature, altitude, 
and latitude. The objectives of this 
research are: (1) to generate a higher-
resolution map of average annual 
δ18OPPT in China based on this model; 
(2) to find out the distribution pattern 
of the δ18OPPT across China.  

1    Data Source and Methods 

The analysis is based on the 
annual weighted δ18OPPT data. The 
ratio 18O/16O in a sample is expressed 
in per mil (‰) in the δ-notation 
relative to V-SMOW (Vienna Standard Mean Ocean 
Water). The data on δ18OPPT was mainly derived 
from the International Atomic Energy Agency-
World Meteorological Organization Global 
Network for Isotopes in Precipitation (GNIP) 
database (http://isohis.iaca.org), and from 
published data (Zhang 1989; Gao 1993; Wei & Lin 
1994; Cai 2000; Wang et al. 2001; Tian et al. 2003; 
Tu et al. 2004; Zhang et al. 2006; Liu et al. 2007; 
Tian et al. 2007; Liu et al. 2009; Zhao et al. 2011; 
Wu et al. 2011; Wang et al. 2012; Chen et al. 2013; 
Ma et al. 2013; Yang et al. 2014; Pang et al. 2015; 
Guo et al. 2015; Wang et al. 2016), and from our 
measurements in Yanting and Shangluo (not 
published data). δ18OPPT values were available for 
126 locations in total and their spatial distributions 
across China are shown in Figure 1.  

For each station, the latitude, elevations, 
annual average temperature of the sites were 
reported. A digital elevation model (DEM) of 5 km 
resolution was obtained from the GTOPO30 (US 
National Geographic Data Center 1998) to get 
altitude and latitude values for each station. For 
those stations, the altitude ranges from 3 to 5200 
m a.s.l.. The annual average temperature was taken 
from 824 meteorological stations (available at 
http://data.cma.cn). Most considered values of 
δ18OPPT were amount-weighted averages for one or 
more complete years, calculated as follows 

          = iPiiP OO 1818 δδ                   (1)
 

where Pi and δ18Oi denote the precipitation amount 

and corresponding oxygen isotope value, 
respectively. Amount-weighted average values were 
calculated for each station. However, for some sites 
only the average, non-weighted values were 
provided in the literature. To test the potential 
biased introduced by average, we compared the 
average values to the weighted average values 
where possible. The average annual δ18OPPT values 
did not produce result significantly different from 
the weighted averages (results not shown). Bowen 
& Wilkinson (2002) also reported the same result 
in a global dataset.  

We tested the model by Farquhar et al. (1993), 
who were among the first to create a global map of 
precipitation isotope ratios using ancillary (i.e. 
other than spatial position) variables. They 
developed a multiregression model according to 
the following relationship: 

fedcbaO 5.02218 +++++= ALTPPTPPTTTδ   (2) 

where δ18OPPT is an initial estimate of average 
annual value of oxygen isotope compositions of 
precipitation, T is the average annual temperature 
(°C), PPT is the annual precipitation (mm), and 
ALT is altitude (m) and a, b, c, d, e and f are 
empirical parameters. 

In addition, we tested the BW model proposed 
by Bowen & Wilkinson (2002), which described the 
isotopic composition of precipitation as a function 
of the absolute value of station latitude (LAT) and 
altitude (ALT): 

dcbaO 218 +++= ALTLATLATδ    (3) 

Figure 1 The distribution of the 126 stations across China, where 
δ18OPPT was sampled. 
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where a, b, c and d were empirical parameters. 
We further extended the model by step-by-

step regression analysis to account for temperature, 
altitude, and latitude (TAL model) to determine the 
spatial variation of δ18OPPT across China. This 
model considers the isotopic composition of 
precipitation as the sum of temperature driven 
rainout effect and terrain patterns (Bowen and 
Revenaugh 2003) as follows: 

dc/baO 218 +++= 0.5ALTLATALTTδ       (4) 

We compared the performance of the 
Farquhar, BW and TAL model in simulating 
δ18OPPT across China by the values of Mean 
Absolute Error (MAE) and R2. 

Based on 126 station residuals from Eq.(4), a 5 
km × 5 km grid was interpolated on the ground of 
China using an inverse-distance-weighted 
approach to incorporate the combined influence of 
latitude effect, altitude effect and temperature to 
reveal the spatial distribution of model residuals 
across China. We incorporated vapor-transport 
effects in our best estimate δ18OPPT map by spatially 
interpolating the residuals from the altitude, 
latitude and temperature model and adding those 
to the map grid generated from the model. To 
validate the simulations with the TAL model, we 
compared the simulated δ18OPPT plus residuals to 
the newly published precipitation data (Zhang et al. 
2017; Wang et al. 2017; Feng et al. 2017). 

2    Results 

2.1 Observed δ18OPPT 

To improve the present empirical model, the 
correlation relationship of potential describing 

factors and δ18OPPT were analyzed (Table 1). The 
annual average temperature was the most 
correlative factor correlate of the spatial and 
temporal variation of δ18OPPT (P<0.01). The altitude 
had significantly negative relationship with δ18OPPT 
(P<0.01). The annual average humidity had 
significantly positive relationship with the δ18OPPT 
(P<0.01). Latitude had significantly negative 
effects on the δ18OPPT (P<0.01). In addition, the 
annual average precipitation amounts positively 
correlated with the δ18OPPT (P<0.05). Although the 
annual average humidity had a higher influence 
than the latitude, such dataset were not easy to be 
obtained compared to the latitude. 

δ18OPPT decrease significantly (R2=0.07, n=126, 
P<0.05) towards higher latitudes (-0.11 ‰/°North) 
(Figure 2a), while δ18OPPT did not correlate 
significantly (R2=0.03, P > 0.05) with longitude 
(0.04 ‰/°East) (Figure 2b). The spatial variability 
of δ18OPPT was strongly correlated with altitude (R2 
=0.18, P< 0.01) (Figure 2c) with more depleted 
values towards higher elevations (laps rate of -
1.00 ‰/km). Also, temperature showed a 
significant correlation (R2=0.33) with δ18OPPT 
getting more enriched towards higher temperature 
(0.24 ‰/°C) (Figure 2d).  

2.2 Simulated δ18OPPT 

The Farquhar model to simulate δ18OPPT as a 
function of temperature, precipitation amount and 
altitude across China based on 126 stations was 
described as follows 

74.9-20.0-E52.1004.0-004.0-35.0O 5.026-218 ALTPPTPPTTT +=δ
 

(R2=0.31, P<0.001)           (5) 

The coefficients of these models were re-fitted 

Table 1 Correlation coefficients matrix of precipitation oxygen-18 isotope and affecting factors in China 

 Oxygen-18 
(‰) 

Latitude 
(°) 

Longitude 
(°) 

Altitude 
(m) 

AAPA 
(mm) 

AAT 
(°C) 

AAWS 
(m/s) 

AAH  
(%) 

Oxygen-18 (‰) 1     
Latitude (°) -0.235** 1       
Longitude (°) 0.077 -0.173 1      
Altitude (m) -0.399** -0.015 -0.422** 1   
AAPA (mm) 0.222* -0.741** 0.431** -0.372** 1   
AAT (°C) 0.452** -0.611** 0.363** 0.644** 0.679** 1   
AAWS (m/s) -0.158 0.198* 0.053 0.061 -0.043 -0.238** 1  
AAH (%) 0.248** -0.521** 0.386** -0.535** 0.744** 0.601** -0.185* 1 

Note: **means significance at 0.01 level, * means significance at 0.05 level;  
AAPA means annual average precipitation amount; AAT means annual average temperature; AAWS means average 
wind speed; AAH means annual average humidity. 
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to this Chinese dataset. Thus, the Farquhar model 
could explain about 31.3% of the spatial variability 
of observed δ18OPPT across China. The relationship 
between modeled and observed values was linear 
with a slope of 1, and intercept of 0.0. The mean 
absolute error between observed δ18OPPT values and 
estimated with the Farquhar model was 1.81‰ 
(σ=1.43).  

The BW model to simulate δ18OPPT as a 
function of latitude and altitude across China based 
on 126 stations read as follows 

26.19-001.0-90.020.0-O 218 ALTLATLAT +=δ  

(R2=0.30, P<0.001)          (6) 

Thus, the BW model could explain about  
30.4% of the spatial variability of observed δ18OPPT 
across China. The relationship between modeled 
and observed values was linear with a slope of 1.01, 
an intercept of 0.27. The mean absolute error 
between observed δ18OPPT values and estimated 
with the BW model was 2.13‰ (σ=1.72).  

The TAL model for δ18OPPT simulation resulted 
in the following relationship:  

3.071-11.0^/1.74-31.0O 0.5218 ALTLATALTT +=δ  

(R2=0.46, P<0.001)         (7) 

 All the parameters showed significance 
(P<0.001). Thus, the TAL model could explain 
about 46.3% of the spatial variability of δ18OPPT 
across China. The modeled isotopes in 
precipitation were significantly different to the 
values of Farquhar and BW models (P<0.05). The 
relationship between modeled and observed values 
was linear with a slope of 1.02, an intercept of 0.15. 
Given the presented database, the MAE between 
observed and simulated δ18OPPT values was 1.51‰ 
(σ=1.12). Table 2 reports the parameter estimates, 
R2 and F values for the three models. The 
performance of the TAL model was better than the 
Farquhar and BW models in China where the 
altitude ranged from 3 to 5200 m a.s.l. in the given 
dataset.  

 
Figure 2 The linear regression of latitude (a), longitude (b), altitude (c) and temperature (d) vs. δ18OPPT in China. 

 

Table 2 Comparison of three empirical models for isotope modelling in precipitation.

Model Equation Parameters R2 Residual sum 
of squares 

Farquhar  δ18O=aT+bT2+cPPT+dPPT2+eALT0.5+f 0.35, -0.004, -0.004, 1.52E-6, -0.02, -9.74 0.31 682.31
BW δ18O=a|LAT|2+ b|LAT|+cALT+d -0.02, 0.90, -0.001, -19.62 0.30 693.02 
TAL δ18O=aT+bALT/LAT2+cALT0.5+d 0.31, -1.74, 0.11, -13.07 0.46 583.69

Note: BW model is Bowen & Wilkinson Model, TAL model is a Temperature, Altitude and Latitude model. 
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2.3 Spatial distribution of model residuals 
in China 

Following comparison of interpolation 
schemes, the provided dataset and the TAL model 
(which proved to provide the best estimates) were 
used to generate national precipitation δ18OPPT 
grids. The residuals describing the difference 
between observed value and those predicted values 
by the TAL model are shown in Figure 3. Difference 
between estimated and observed δ18OPPT ranged 
from -5.27‰ to 4.25‰. 61.9% of the residuals in 
China ranged from to -1.70‰ to 1.80‰, which 
shows the good performance of the TAL model 
applied to China. In the Northeast and central and 
southwest region of China, low-magnitude 
residuals confirmed that the δ18OPPT was primarily 
dependent on altitude, latitude and temperature 
variations. Biased positive residuals occurred at the 
western Tibetan Plateau and northern Mongolia 
Plateau. The model underestimated δ18OPPT values 
in these regions. On the contrary, the TAL model 
overestimated δ18OPPT over the northern of 
Xinjiang within a relatively small area. Residual 
reflected that the importance of other factors such 
as continental effect, precipitation amount effect, 
moisture transport trajectory and relative humidity 
influence δ18OPPT distribution.  

To assess the effects of altitude on the model 
performance, the linear regression was conducted 
between altitude and residuals (Figure 4). There 
was no significant relationship between model 
residuals and altitude. The regression slope was 
5.56E-05 and R was 0.03. These results indicated 
that the performance of this new model was not 
affected by the altitude.   

2.4 Spatial distribution of δ18OPPT across 
China 

The spatial distribution of annual δ18OPPT 
values in the precipitation by the TAL model across 
China is shown in Figure 5. The latitude, altitude 
and temperature dependence of δ18OPPT and 
regional deviation thereof were accounted for in 
this map. The map reproduces δ18OPPT closely, with 
a MAE of 0.07‰ (σ=0.87%, n=126). The 
relationship between simulated δ18OPPT with 
residuals and measurements was linear with a 
slope of 0.98 and R2=0.95.  

 
Figure 3 The residual error (observed–simulated) of 
the TAL model in China. (TAL model is a model 
improved by us to account for temperature, altitude, 
and latitude). 

 

 
Figure 4 The regression analysis of altitude and TAL 
model residuals in China. (TAL model is a model 
improved by us to account for temperature, altitude, 
and latitude). 

 

 
Figure 5 The national wide distribution map of annual 
mean δ18OPPT in China. 
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δ18OPPT decreased from the low latitudes 
toward the high latitudes and from low altitudes 
towards high altitude area. For example, 
precipitation in northeast of China had low δ18OPPT 
values, while they were highest in the southern 
coast. On the contrary, the Himalaya Mountains 
had the lowest δ18OPPT. While in the Tibetan 
plateau, pronounced low δ18OPPT values were found, 
which is mainly attributed to strong altitude effect. 
The effect of altitude on the spatial distribution of 
δ18OPPT was very clear for the Qinghai-Tibet plateau, 
the Tianshan Mountains and the Altai Mountains 
area.  

The validation with recently published data 
that was not used in the calibration confirmed the 
high predictivity of the model. Estimated δ18OPPT 
values at Anqing (117.07°E, 30.51°N) was -7.54‰, 
compared to the measured value of -7.23‰ (Zhang 
et al. 2017). At Pailugou (100.28°E, 38.53°N), the 
simulated δ18OPPT value was -9.70‰, while the 
measured value was -9.07‰ (Feng et al. 2017). 
δ18OPPT simulation for Weinan (109.46°E, 34.49°N) 
was -7.35‰, which was close to the measured 
value of -7.28‰ (Wang et al. 2017). In each case, 
the simulated δ18OPPT maps closely approximated 
the measurements. In addition, the Equation (7) 
showed that a temperature increase by 1°C would 
lead to an average δ18OPPT enrichment of 0.31‰ for 
China. This value was closely to the linear 
regression of the δ18OPPT and temperature (0.24‰). 

3    Discussion 

3.1 Model performance 

Comparison of three models for the spatial 
interpolation of precipitation δ18OPPT showed that 
the proposed TAL model including temperature as 
a variable performed better than the Farquhar 
model, which was limited to altitude, temperature 
and precipitation amount as variables and BW 
model, which was limited to altitude and latitude as 
variables. In addition, the residuals did not show a 
significant linear relationship with altitude. The 
residuals of BW model showed significantly linear 
relationship with the altitude at global scale 
(Bowen & Wilkinson 2002) and national scale (e.g. 
China in Liu et al. 2008). Bowen (2010) argued 
that, the processes correlated of the spatial 

distribution of δ18OPPT can be investigated using 
such a regression model. More importantly, the 
TAL model can account for the effect of 
temperature on the distribution of δ18OPPT, which 
means the δ18OPPT map is dynamically following the 
temperature trend across space. Other research 
also reflects the importance of temperature to 
influence δ18OPPT (Dutton et al. 2005). Reiteration 
of the procedure here, for paleo-δ18OPPT data, may 
illuminate past changes in the hydrological cycle 
and physical parameters controlling the 
distribution of δ18OPPT regimes.  

This regression model attempts to derive 
explicit relationships between isotopic composition 
and parameters that describe mechanistic 
relationships to isotope values. Our model suggests 
that precipitation isotope ratios decrease with 
decreasing temperature, increasing altitude, and 
increasing latitude, consistent with observed 
patterns in global datasets (Dansgaard 1964; 
Rozanski et al. 1992). These ancillary parameters 
are better and easier sampled (e.g., known at more 
sites or more accurately or more cheaply or longer 
time series than isotopes) and could according to 
our model provide a basis for extrapolating 
precipitation isotopic ratio variation to 
unmonitored locations.  

3.2 Spatial distribution of δ18OPPT in China 

Based on the data from 126 stations, the 
spatial distribution of stations was less variable 
than that in the former study (e.g., Liu et al. 2008). 
In general, the presented pattern of δ18OPPT 
distribution was similar to that previously 
documented, but with considerable refinement. 
This spatial patterns of δ18OPPT depicted in the map 
over China reflects meridional, altitudinal, and 
continental temperature effects. The resulted map 
included modeling values for sites far from 
monitoring stations as well as fine-scale variation 
related to topography. The map played an 
important role in the identification and 
characterization of meaningful and useful patterns 
of isotope variation on a regional scale (Rozanski et 
al. 1992). Large scale of atmospheric vapor 
transport also affected δ18OPPT by changing the 
length and origin of vapor-transport pathway 
(Boyle 1997). These effects appeared as regional 
deviation of observed stations from the prediction 
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with the presented TAL model. The vapor transport 
effect in the best estimated δ18OPPT map were 
incorporated by spatial interpolating the residuals 
from the latitude, altitude and temperature model 
and adding those to the map grid generated from 
the model.  

Broad regions across the China, particularly 
the Tibet Plateau and the western China, exhibited 
significant differences between observed and 
modeled values. These differences suggested that 
caution should be made when using the map in 
those regions. The modeled results were lower than 
the measured values, which may be related to 
strong monsoon activities during the period of 
strong convective precipitation process (Liu et al. 
2008). It was the unique topography of the Tibetan 
Plateau that made the water source of precipitation 
more complex due to the existence of monsoon and 
non-monsoon regions (Li et al. 2012). In the 
southwest monsoon period, water vapor from the 
Indian Ocean results in low δ18OPPT (Tian et al. 
2001). In other periods, relatively high δ18O still 
existed in precipitation, which may cause from 
recycling of local vapor (Yu et al. 2009). In 
northwest China, the western region of Xinjiang, 
the modeled results were obviously higher than the 
measured values, which may relate to the water 
vapor in these areas coming from inland re-cycling 
of precipitation. The precipitation produced by dry 
continental air often enriched in δ18O and the 
strong evaporation also aggravated the enrichment 
of δ18O during the raining process.  

 Generally, with increasing latitude, δ18OPPT 
gradually decreased from the south coast to 
northern China, showing the latitudinal effect. This 
effect was caused by the gradual removal of lighter 
isotope water from the air masses when it moved 
from coastline to inland. Higher δ18OPPT occurred 
in the south coast and northwest of China, and 
lower in the northeast of China and Tibetan 
Plateau. This result was similar to the findings of 
Liu et al. (1997) and Li et al. (2012). Zhang et al. 
(2004) reported that the south vapor path (starting 
from the tropics through the vapor passage in the 
Yunnan-Guizhou Plateau to the middle and lower 
reaches of the Yangtze River), the north vapor path 
(from west China, via north China to Japan under 
the westerlies) and the plateau vapor path (from 
South Asia over the Himalayas to the northern 
Tibetan Plateau) affected the water source of 

precipitation in China. These water vapor paths 
resulted in depleted isotope values in the above-
mentioned locations. In the arid region of 
Northwest China, which is beyond the reach of the 
Indian Ocean monsoon and Pacific monsoon, re-
evaporated moisture plays an important role in the 
atmospheric water source, which leads to higher 
δ18OPPT. 

The TAL model results revealed that a 
temperature increase by 1 °C would generally 
enrich δ18OPPT values by 0.31 ‰ on average over 
China. This calculation was nearly identical to that 
derived from the linear regression result 
(0.24‰/°C) and in previous studies (0.28‰/°C, 
Rozanski et al. 1992, 0.30‰/°C, Bowen 2008) 
both in a global scale). Higher temperature 
enhances the Rayleigh fractionation process. 
Consequently, this model allowed the predication 
of the spatial isotopes pattern in precipitation after 
temperature change. 

Bowen & Wilkinson (2002) pointed out that 
the distribution map of δ18OPPT at present afforded 
several potential uses. Considering the map here 
accounts for the additional effect of local 
temperature on δ18OPPT distribution, temporal 
change in δ18OPPT at a single location may be better 
evaluated with reference to map values than former 
modeled and interpolated estimates. This means 
that if the future temperature pattern over a region 
is given, the distribution pattern of δ18OPPT can also 
be estimated. Secondly, the map depicts modern, 
nationally averaged relationships between δ18OPPT 
and a number of explicit (latitude, altitude and 
temperature) and more obscure (vapor sources, 
storm tracks) geographic variables. This model 
allowed the assessment of how these geographical 
and meteorological factors correlate of the spatial 
distribution of δ18OPPT. Finally, because regions 
where δ18OPPT deviates significantly from the global 
average geographic and meteorological trends may 
reflect large-scale vapor-transport patterns, 
recognition of such areas in a dataset for paleo-
δ18OPPT could highlight temporal variations in 
atmospheric or oceanic circulation in China. 

One of the shortcomings of the current 
generation of empirical models and geostatistical 
tools for isotope mapping is their inability to 
provide time-explicit maps such as daily data. In 
the future, developing technologies for sample 
collection and analysis and even the remote 



J. Mt. Sci. (2019) 16(11): 2605-2614  

 2613

measurement of vapor isotope ratios may enable 
more comprehensive sampling of global water 
isotope distributions (Helliker & Noone 2010). 

4    Conclusions 

Based on the TAL model and currently existing 
δ18OPPT data in precipitation from 126 stations over 
China, a model of the quantitative relationship 
between δ18OPPT and latitude, altitude and 
temperature was established. Temperature was 
found to be the most important explanatory 
variable in this model. In addition, the average 
effect of temperature on the δ18OPPT value was 
0.31‰/°C. Although there were some deficiencies, 
a higher-resolution of spatial pattern of annual 
δ18OPPT across China was revealed, generally 
reflecting the detailed δ18OPPT pattern in China. 
δ18OPPT decreased from the low latitudes toward the 
high latitude and from low altitudes towards high 

altitude area. As China’s altitude varies 
considerably, the good performance of this model 
in China may imply that it can be well allied in an 
even wider region. With improved accuracy, this 
model can be used to more closely predict and 
identify changes in hydro-climate, investigate the 
spatiotemporal dynamics of atmospheric water 
transport, and reconstruct material origins with 
reference to both space and time.  
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