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Abstract: The isotope-equipped GCMs (general circulation models) are useful tools to inves-
tigate the isoscape in precipitation and water vapor, especially for the regions without enough 
in-situ observations. To study the spatial distribution and seasonal variation of precipitation 
isotopic composition in arid central Asia, several isotope-equipped GCMs are applied, and the 
long-term observations in two stations are used to verify the GCM-simulated results. Gener-
ally, seasonality of isotopic composition can be well simulated in each GCM, and the values of 
δ18O in precipitation are larger in summer months (from April to October) and lower in winter 
months (from November to March). Higher latitude usually shows lower values of δ18O in 
precipitation, and lower latitude has higher values. The values of δ18O are relatively low in the 
eastern section, and higher in the western section. Among these simulations, ECHAM is good 
at describing the isotopic composition in the study region, which can be seen from the mean 
absolute error (MAE) and root-mean-square error (RMSE). The ECHAM-derived values of 
δ18O in precipitation positively correlate with the observed series, and the correlation coeffi-
cient based on ECHAM is the largest among these GCMs. 

Keywords: GCM; isotopic composition; precipitation; central Asia 

1  Introduction 

The stable hydrogen and oxygen isotopes are widely-used tools in studies of regional and 
global hydrological cycle (e.g., Jouzel et al., 2013; Aemisegger et al., 2014; Chen et al., 
2014). Atmospheric precipitation is a vital section in water circulation, and the stable iso-
topes in precipitation can reflect climatic and environmental information. In arid central Asia, 
the existing isotopic studies showed that the hydrogen and oxygen isotopes in precipitation 
were mainly controlled by air temperature (also known as temperature effect), instead of 
precipitation amount (Yao et al., 1999; Feng et al., 2013; Liu et al., 2014). The extremely 
arid condition may influence below-cloud secondary evaporation and local moisture recy-
cling (Pang et al., 2011; Kong et al., 2013).  
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The spatial distribution of stable isotopes (also called isoscape) in precipitation can be  
spatially interpolated using observation network (West et al., 2010). However, the available  
observations in central Asia are still too limited in spatial coverage to understand the full 
isoscape for this arid region. For the areas without enough in-situ measurements, researchers 
have to use other approaches to acquire the isoscape, including stable isotope-equipped 
GCMs (general circulation models). After the initial use by Joussaume et al. (1984), a num- 
ber of GCMs have been applied to investigate the regional and global isoscapes (e.g., Tindall 
et al., 2009; Risi et al., 2013; Sjolte and Hoffmann, 2014). The accuracy of the GCM-  
simulated results is related with the spatiotemporal resolution of models and the isotopic  
parameterization schemes. Usually, only one model is used in each publication of  
GCM-based simulations. The comparisons of simulated isotopes using different GCMs are  
necessary to assess the biases of modeled results and to select the optimal models for spe- 
cific regions and periods (Sturm et al., 2010; Risi et al., 2012; Yao et al., 2013; Conroy  
et al., 2013). 

In this study, based on the simulations of several isotope-equipped GCMs released by the  
second Stable Water Isotope Intercomparison Group (SWING2), the isoscape of δ18O in arid  
central Asia is investigated. To improve the knowledge of isotopic process in precipitation  
under an arid condition, the spatial distribution and seasonal variation of δ18O in precipita- 
tion for each model are compared, and slopes of local meteoric water line (LMWL) are also 
mentioned. In addition, two typical stations, Urumqi and Hotan, are selected to assess the 
modeled results. 

2  Data and method 

2.1  Study area 

Because of the long distance to the surrounding oceans and the influence of huge mountains  
ranges, the marine moisture can be hardly transported to the central area of Eurasian conti- 
nent (Figure 1a; the land cover is acquired from Natural Earth via http://www.naturalearth- 
data.com). As shown in Figure 1b (Hijmans et al., 2005), the annual mean precipitation for  
the arid area in central Asia is less than 150 mm (Chen, 2012). The air regime of this region 
is mainly controlled by the Westerlies in the Northern Hemisphere (Figure 2), and the 
westerlies and polar vapor are considered as the main sources for the limited precipitation 
(Araguas-Araguas et al., 1998; Tian et al., 2007). In central Asia, the high mountains usually 
have more precipitation than the low-lying basins and plains (Zhang and Zhang, 2006). 

2.2  Data description 

Stable Water Isotope Intercomparison Group is an international project to compare isotope-  
equipped GCMs simulated by different research teams, and contains the first and second  
stages until now, i.e., SWING (Noone, 2007) and SWING2 (Sturm et al., 2010). In this  
study, the simulated results of several GCMs are selected from the SWING2 list (available at  
http://www.giss.nasa.gov/projects/swing2), and the details about horizontal resolution are  
listed in Table 1. All these selected GCM simulations are forced with the sea surface tem-
perature, and are expressed as δ value (i.e., δ18O and δD). As shown in Table 1, three simu- 
lations (ECHAM, LMDZ and isoGSM) are nudged with reanalysis data, and two simulations 



Wang Shengjie et al.: Comparison of GCM-simulated isotopic compositions of precipitation in arid central Asia 773 

 

 

 
 

Figure 1  Spatial distribution of satellite-derived land cover with shaded relief (top) and annual mean precipita-
tion during 1950–2000 (bottom) in arid central Asia 

 

 
 
Figure 2  Spatial distribution of wind field at 500 hPa in January, April, July and October during 1981–2010 
based on NCEP/NCAR Reanalysis 1 
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Table 1  Basic information of stable isotope-equipped GCMs used in this study 

GCM 
Horizontal resolution
(latitude×longitude) 

Simulation method Period Key reference 

ECHAM 64×128 Nudged with ECMWF 1956–2001 Hoffmann et al., 1998 

LMDZ 72×96 Nudged with ECMWF 1979–2007 Risi et al., 2010 

LMDZ (free) 72×96 Free 1979–2007 Risi et al., 2010 

MIROC (free) 64×128 Free 1979–2007 Kurita et al., 2011 

isoGSM 94×192 Nudged with NCEP 1979–2007 Yoshimura et al., 2008 
 

(LMDZ and MIROC) have free simulations. The similar nudge methods are described in 
previous studies (e.g., Yoshimura et al., 2008). 

The monthly data of δ18O and δD in two stations in arid central Asia are used, including 
Urumqi (43.78°N, 87.62°E, 918 m, during 1986–1992, 1995–1998 and 2001–2003) and 
Hotan (37.13°N, 79.93°E, 1375 m, during 1988–1992). The long-term observations in the 
two stations are acquired from the Global Network of Isotopes in Precipitation (GNIP) da-
tabase (IAEA/WMO, 2014). The locations of the two sites are also marked in Figure 1. The 
values in the nearest four grid boxes are weighted to the station location using IDW (inverse 
distance weighted) method (Shepard, 1968; Wang et al., 2015). Figure 3 shows the long- 
term mean of air temperature and precipitation in Urumqi and Hotan measured by the China 
Meteorological Administration during 1981–2010. The annual precipitation in Urumqi and 

Hotan are 298.6 mm and 43.9 mm, respectively, and the annual air temperature are 7.3℃ 

and 13.0℃, respectively. 

 
Figure 3  Monthly mean of air temperature and precipitation during 1981–2010 in Urumqi and Hotan 

 

The values of mean bias error (MBE), mean absolute error (MAE) and root-mean-square 
error (RMSE) were used in comparison between the observed and simulated isotopic com-
position in precipitation. The formulas of MBE, MAE and RMSE are 
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where s
i  and o

i are GCM-simulated and observed values of isotopic composition in pre-

cipitation, respectively. 
Pearson’s correlation coefficient (r) and two-tailed t test were used to assess the correla-

tion between the GCM-simulated and observed values. 

3  Results and discussion 

3.1  Seasonal variation and spatial distribution 

Figure 4 shows monthly variation of stable isotopes in precipitation. Grid boxes within 
35°–55°N and 50°–105°E were calculated. The strong seasonality can be seen in all the 
GCM-simulated results. According to seasonal variation of precipitation and air temperature 
in the study region, summer months are defined as months from April to October, and winter 
months are from November to March (Zhang and Deng, 1987; Zhang and Zhang, 2006). The 
values of δ18O are higher in summer months and lower in winter months. In most GCMs, 
June has the maximum median of δ18O value, and the minimum median value on a monthly 
basis can be seen in December and January. 

 

Figure 4  Box plots showing the monthly variation of δ18O in arid central Asia derived from ECHAM, LMDZ, 
LMDZ (free), MIROC (free) and isoGSM 

 

Figure 5 shows the spatial distribution of δ18O in January and July simulated from the 
isotope-equipped GCMs. Generally, the isoscapes derived from each GCM are similar. In 
January, the lower values of δ18O are mainly distributed in Tibetan Plateau and Mongolian 
Plateau, and the higher values usually lie at the southwestern part of the study area. The rel-
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relatively low values can also be seen in the Tianshan Mountains from the simulations of 
ECHAM, LMDZ, LMDZ (free) and isoGSM. However, it should be noted that precipitation 
amount during winter months is relatively limited (as shown in Zhu et al., 2015). In July, the 
δ18O values less than –15‰ can only be found in MIROC (free) and isoGSM. For most ar-
eas in arid central Asia, the values of δ18O are larger than –10‰. 

 

Figure 5  Spatial distribution of δ18O in arid central Asia derived from ECHAM, LMDZ, LMDZ (free), MIROC 
(free) and isoGSM in January (left column) and July (right column) 
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To show the spatial difference of the seasonality, the study region can be subdivided into 
two sections according to longitude and latitude, respectively (Figures 6 and 7). Generally, 
higher latitude (45°–55°N, i.e., northern section) usually has lower values of δ18O in pre-
cipitation, and lower latitude (35°–45°N, i.e., southern section) has higher values. The lati-
tude dependency can be simulated in all the isotope-equipped GCMs. For the western 
(50°–75°E) and eastern (75°–105°E) sections, the seasonal variation of δ18O is also slightly 
different. Compared with those in winter months, the differences between the two longitude 
intervals in summer months are relatively small. In August, the values of δ18O in the western 
section are very close to those in the eastern section, which can be seen in most iso-
tope-equipped GCMs. 

 

Figure 6  Monthly variation of average δ18O at different latitude intervals in arid central Asia derived from 
ECHAM, LMDZ, LMDZ (free), MIROC (free) and isoGSM 

 
Figure 7  Monthly variation of average δ18O at different longitude intervals in arid central Asia derived from 
ECHAM, LMDZ, LMDZ (free), MIROC (free) and isoGSM 
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3.2  Local meteoric water line 

Local meteoric water line (LMWL) states the correlation between stable hydrogen and oxy-
gen isotope values in waters. Precipitations evaporating or mixing with evaporated surface 
water greatly influence the slopes and intercepts of LMWL. In the isotope-equipped GCMs, 
the slopes of LMWL range from 7.74 to 8.02 (Figure 8). The simulated result of LMDZ  
(free) has the maximum slope of 8.02. The intercepts of LMWL range between 7.75‰ 
(LMDZ) and 13.94‰ (isoGSM). Generally, the good correlations can be found in all the 
GCMs, and the values of r2 are all larger than 0.98. 

 

 

Figure 8  Correlation between δ18O and δD in arid central Asia derived from ECHAM, LMDZ, LMDZ (free), 
MIROC (free) and isoGSM 

 

As mentioned in the above sections, the simulated isotopic composition shows strong sea-
sonality. The seasonal difference can also be seen in the slopes and intercepts of LMWL 
(Table 2). In most GCM simulations, the slopes in summer months are lower than those in 
winter months. The intercepts in winter months are generally larger than 13, but those in 
summer months range between 7.32 and 11.77. The elevated slopes and intercepts of LMWL 
during winter months indicate an arid condition in these months. The seasonality in LMWL 
has been reported by previous studies (e.g., Gu, 2011), which coincides with simulation re-
sult in this study. 

The spatial distribution of LMWL slope derived from isotope-equipped GCMs is pre-
sented in Figure 9. Compared with the spatial pattern of δ18O values, the distribution of 
slopes derived from different models are more complex. In ECHAM and LMDZ, low values 

(≤7.5) are mainly distributed in the western section, and the slopes of most parts in the 

eastern section are generally between 7.5 and 8.0. In LMDZ (free) and MIROC (free), the 
area with slopes below 7.5 is very limited. The spatial distribution simulated from isoGSM 
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Table 2  Slopes and intercepts of LMWL during summer months (from April to October) and winter months 
(from November to March) in arid central Asia derived from ECHAM, LMDZ, LMDZ (free), MIROC (free) and 
isoGSM 

Summer months Winter months 
GCM 

Slope Intercept (‰) r2 Slope Intercept (‰) r2 

ECHAM 7.74 7.32 0.968* 8.09 13.00 0.995* 

LMDZ 8.10 7.44 0.978* 8.32 14.12 0.997* 

LMDZ (free) 7.99 9.60 0.982* 8.29 15.41 0.998* 

MIROC (free) 8.11 11.77 0.994* 8.11 13.41 0.998* 

isoGSM 7.38 11.31 0.950* 8.13 20.09 0.992* 

Note: * Statistically significant at the 0.01 level. 

 
Figure 9  Spatial distribution of LMWL slope in arid central Asia derived from ECHAM, LMDZ, LMDZ (free), 
MIROC (free) and isoGSM 
 

is generally different from that in other GCMs, and the longitude dependency is not obvious. 

3.3  Case study in Urumqi and Hotan 

Observed isotopic records in Urumqi and Hotan are used to assess the simulation results. 
Urumqi lies on the northern slope of the Tianshan Mountains, and Hotan is located at the 
western part of the Tarim Basin. In order to acquire the value of isotopic composition in the 
two sites, the nearest four grid boxes are weighted to the station location. Figure 10 presents 
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simulated and observed isotopic values in Urumqi and Hotan. The seasonality of δ18O in 
precipitation can be simulated in each isotope-equipped GCM. In Urumqi, most results are 
no less than the observed values. In Hotan, the observed values of δ18O in summer months 
are larger than the modeled values. According to the monthly distribution of air temperature 
and precipitation (Figure 3), most precipitation occurs in summer months, and Hotan is 
much drier than Urumqi. In addition, the air temperature in Hotan is generally larger than 
that in Urumqi. 

 
Figure 10  Monthly variation of δ18O in Urumqi and Hotan derived from observations, ECHAM, LMDZ, LMDZ 
(free), MIROC (free) and isoGSM 

 

As is shown in Table 3, the observed values of δ18O positively correlate with simulated 
values in Urumqi and Hotan. Most isotope-equipped GCMs have r2 larger than 0.85. The 
values of MBE vary between –0.87‰ and 3.51‰ in Urumqi, and range between –3.02‰ 
and 0.25‰ in Hotan, respectively. In Urumqi and Hotan, MAEs modeled by ECHAM are 
1.39‰ and 1.86‰, respectively, which are the least values among these GCMs. The mini-
mum value of RMSE in Urumqi (2.01‰) can be seen in the result simulated by ECHAM. In 
Hotan, RMSE less than 2.5‰ can be simulated by ECHAM (2.12‰), LMDZ (2.33‰) and 
isoGSM (2.36‰). Generally, ECHAM is good at simulating isotopic composition of pre-
cipitation in Urumqi and Hotan. Previous studies using several isotope-equipped GCMs over 
eastern Asia (Zhang et al., 2011, 2012) also show a good simulation of ECHAM. 

In previous studies (e.g., Yoshimura et al., 2008; Risi et al., 2010; Conroy et al., 2013), 
the effect of nudging is dependent on the locations and the specific models. According to the 
simulations of LMDZ and LMDZ (free) in this study (Table 3), the nudged result generally 
has less MAE and RMSE than the free simulation. In Urumqi, MAE reduces from 3.52‰ 
(free simulation) to 2.45‰ (nudged simulation), and RMSE reduces from 4.09‰ to 3.00‰. 
In Hotan, MAE (and RMSE) derived from the nudged and free LMDZ are 1.88‰ (and 
2.33‰) and 2.36‰ (and 2.69‰), respectively. 

The slopes and intercepts of LMWL simulated by the isotope-equipped GCMs are also 
shown in Table 4. The GCM-simulated slopes range from 7.43 to 7.85 which are larger than 
the observations. However, the simulated slopes in Hotan (between 7.80 and 8.20) are all 
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Table 3  MBE, MAE and RMSE of GCM-simulated δ18O in Urumqi and Hotan derived from ECHAM, LMDZ, 
LMDZ (free), MIROC (free) and isoGSM 

Urumqi Hotan 
GCM 

MBE (‰) MAE (‰) RMSE (‰) r2 MBE (‰) MAE (‰) RMSE (‰) r2 

ECHAM –0.87 1.39 2.01 0.936* –0.91 1.86 2.12 0.952* 

LMDZ 2.42 2.45 3.00 0.896* 0.25 1.88 2.33 0.934* 

LMDZ (free) 3.51 3.52 4.09 0.864* 0.24 2.36 2.69 0.884* 

MIROC (free) –0.07 2.17 2.40 0.853* –3.02 3.51 4.26 0.893* 

isoGSM 0.55 2.12 2.20 0.895* –0.77 2.10 2.36 0.911* 

Note: * Statistically significant at the 0.01 level. 
 

Table 4  Slopes and intercepts of LMWL in Urumqi and Hotan derived from observations, ECHAM, LMDZ, 
LMDZ (free), MIROC (free) and isoGSM 

Urumqi Hotan 
GCM 

Slope Intercept (‰) r2 Slope Intercept (‰) r2 

Observations 6.90 –0.30 0.996* 8.48 12.79 0.997* 

ECHAM 7.68 6.20 0.999* 8.18 18.14 1.000* 

LMDZ 7.43 –0.43 0.990* 8.03 10.47 0.999* 

LMDZ (free) 7.62 4.60 0.993* 7.87 9.84 0.998* 

MIROC (free) 7.85 9.55 0.998* 8.20 16.32 1.000* 

isoGSM 7.69 15.08 0.995* 7.80 16.70 0.994* 

Note: * Statistically significant at the 0.01 level. 
 

less than the observed slope. In Urumqi, most GCMs (except LMDZ, –0.43‰) have larger 
LMWL intercepts than the observations. In Hotan, LMDZ and LMDZ (free) have less inter-
cepts of LMWL than the observations. The simulated slopes and intercepts in Hotan are 
generally larger than those in Urumqi, which coincide with the observations in the two sta-
tions. 

The correlations between δD and δ18O in precipitation are related with evaporation, and 
lower slope of LMWL may indicate strong evaporation in raindrop falling (Gat, 1996). 
GCM-simulated slopes are higher in Urumqi and lower in Hotan, compared with observed 
values in the two sites. The differences indicate that the GCM-simulations may underesti-
mate the rain evaporation in Urumqi and overestimate that in Hotan. However, the slope of 
LWML in Urumqi is lower than that in Hotan, which can be well simulated in each GCM. 
These findings may provide meaningful information about the applicability of different 
GCMs for this arid region. 

Many processes may influence the accuracy of GCM simulations, and the difference in 
isotopic composition shown in these models is related with the parameterization in GCMs 
(Conroy et al., 2013). The hypothesis of details in isotope fractionation process in each 
GCM may be different from the actual condition. It should be noted that the gridded simula-
tions reflect the mean level for each grid box, and the specific characteristics in a certain 
location may be smoothed. The spatial resolutions of output provided by SWING2 are not 
the same for different isotope-equipped GCMs, which may influence the simulated results. 
ECHAM and MIROC have the same resolutions, which are higher than LMDZ and lower 
than isoGSM. 

4  Conclusions 

In this paper, several isotope-equipped GCMs are applied to investigate the spatial distribu-
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tion and seasonal variation of isotopic composition in precipitation over arid central Asia. 
Two GNIP stations with long-term precipitation isotopic records are also used to verify the 
GCM-simulated results. 

(1) Generally, seasonality of isotopic composition in precipitation can be well simulated 
in each GCM, and the δ18O values are larger in summer months and lower in winter months. 
Higher latitude (45°–55°N) usually shows lower values of δ18O in precipitation, and lower 
latitude (35°–45°N) has higher values. On a longitude basis, the eastern section (75°–105°E) 
usually shows lower values of δ18O, and the values in the western section (50°–75°E) are 
relatively high. 

(2) In the isotope-equipped GCMs, the slopes of LMWL range between 7.74 (isoGSM) 
and 8.02 (LMDZ-free), and the intercepts of LMWL range from 7.75‰ (LMDZ) to 13.94‰ 
(isoGSM). The intercepts in winter months are generally larger than 13, but those in summer 
months range between 7.32 and 11.77. 

(3) Among all the simulations in this study, ECHAM is good at describing the isotopic 
composition of precipitation in arid central Asia. The ECHAM-derived values of δ18O posi-
tively correlate with the observed series, and have the largest correlation coefficients among 
these GCMs. The good simulation can also be seen from MAE and RMSE in Urumqi and 
Hotan. 
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