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Abstract  In this study, a historic simulation covering 
the period from 1951 to 2000 and three projected scenario 
simulations covering 2001–2050 were conducted em-
ploying the regional climate model RegCM4 to detect the 
changes of terrestrial water storage (TWS) in major river 
basins of China, using the Intergovernmental Panel on 
Climate Change (IPCC) Special Report on Emissions 
Scenarios (SRES): A1B, A2, and B1. The historic simula-
tion revealed that the variations of TWS, which are 
dominated by precipitation in the basins, rely highly on 
their climatic features. Compared with the historic simu-
lation, the changes of TWS in the scenario simulations 
showed strong regional differences. However, for all sce-
narios, TWS was found to increase most in Northeast 
China and surrounding mountains around the Tibetan 
Plateau, and decrease most in eastern regions of China. 
Unlike the low seasonal variations of TWS in arid areas, 
the TWS showed strong seasonal variations in eastern 
monsoon areas, with the maximum changes usually oc-
curring in summer, when TWS increases most in a year. 
Among the three scenario simulations, TWS increased 
most in Songhua River Basin of B1 scenario, and de-
creased most in Pearl River Basin of A2 scenario and Hai 
River Basin of A1B scenario, accompanied by different 
annual trends and seasonal variations. 
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1  Introduction  
Terrestrial water storage (TWS) is an essential part of 

the hydrological cycle and plays a key role in the global 
climate system. Generally, it is regarded as the sum of all 
forms of water components stored on and underneath the 
land surface, such as soil water, groundwater, surface wa-
ter, snow, land ice, biomass water, etc. Changes in TWS 
are determined largely by climatic variations and, to a 
great extent, affect the hydrological characteristics of 
river basins. 

Numerous studies have been conducted on TWS in the 

               
Corresponding author: XIE Zheng-Hui, zxie@lasg.iap.ac.cn 

past using water-balance calculations, model simulations, 
or satellite observations (Chen et al., 2007; Ma et al., 
2010; Su et al., 2011). The possible contribution of TWS 
to global climate changes in the future also becomes a 
subject of wide concern (Yates et al., 2008; Shi and Gao, 
2012; Coats et al., 2013). Most of the simulation studies 
conducted using General Circulation Models (GCMs) 
focused on the analysis at a subcontinental scale because 
of their sparse resolutions. However, for estimating TWS 
in a specific basin, higher resolution and downscaling 
from GCMs’ outputs are needed. Moreover, in these ear-
lier studies, less attention was given to the entire analysis 
of TWS variations, perhaps by long-term simulations 
from a regional climate model under different climate 
scenarios, in major river basins of China. 

Therefore, the aim of this study was to investigate the 
possible changes of TWS in eight river basins of China 
under different climate scenarios. Long-term continuous 
simulations were conducted under three climate scenarios, 
and the following analysis on each basin was performed.  

2  Model description and experimental design 
The regional climate model employed in this study was 

RegCM4, developed at the International Center for Theo-
retical Physics (ICTP) in Italy (Giorgi et al., 2012). 
RegCM4 uses three convective precipitation schemes 
(Kuo, Grell, and Emanuel) to simulate precipitation. Its 
land surface module is optional, with the Biosphere-  
Atmosphere Transfer Scheme version 1e (BATS1e) (Dic-
kinson et al., 1993) and the Community Land Model ver-
sion 3.5 (CLM3.5) (Oleson et al., 2008) available for em-
ployment.  

In this study, the Grell scheme and the CLM3.5 mod-
ule were used. The model centered on 36°N, 102°E, at a 
spatial resolution of 50 km × 50 km. The boundary condi-
tions for the model were provided by the outputs of 
EH5OM (European Center/Hamburg Model version 5/ 
Max-Planck Institute Ocean Model) at a spatial resolution 
of T63 (1.875° × 1.875°).  

First, a historic simulation was conducted using data 
covering the period from 1941 to 2000, and then three 
future simulations (covering 2001–2050) were continued 
to run forward under three climate scenarios based on the 
Intergovernmental Panel on Climate Change (IPCC) Spe-
cial Report on Emissions Scenarios (SRES): A1B, A2, 
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and B1. The simulation from 1941 to 1950 was regarded 
as the spin-up of the model, and the following analysis of 
historic simulation used the results from 1951 to 2000, 
which was named as “RF”. In addition, the initial 
groundwater table for simulations used the final status of 
a 100-year simulation by CLM3.5 instead of the uniform 
4.43 m during initialization.  

The model domain citing the locations of eight river 
basins in China that were studied is shown in Fig. 1. 

3  Model validation and TWS variations in  
historic simulation 

In this study, the quantities of biomass water and water 
in land water bodies (lakes, reservoirs, etc.) could not be 
determined using RegCM4; therefore, in this model, TWS 
was represented approximately by the sum of snow, soil 
water, and groundwater, and their integral changes were 
considered as the changes in TWS. The changes of TWS 
in a certain period can be determined using the following 
land water balance equation (Zeng et al., 2008): 

t tTWS P E RΔ = − − ,          (1) 
where P is the precipitation, Et is the evapotranspiration, 
and Rt is the total runoff (sum of the surface runoff and 
subsurface runoff generated). 

Before the analysis of TWS variations, validation of 
the historic simulation was performed for each component 
of the land water balance Eq. (1). The precipitation data 
for validation were derived from observations of 740 me- 
teorology stations (Xie et al., 2007) conducted during 

1951–2000. The runoff data of 0.5° × 0.5°, which were 
climatology data of total runoff without interannual varia-
tions, were collected from the Global Runoff Data Center 
(GRDC) (www.bafg.de/GRDC). For evapotranspiration, 
the ECMWF (European Center for Medium-Range 
Weather Forecast) 40 Year Re-analysis data from 1958 to 
2000, with a resolution of 2.5° × 2.5°, were used in this 
study (Uppala et al., 2005).  

Figure 2 shows the spatial distributions of mean pre-
cipitation, total runoff, and evapotranspiration from 1958 
to 2000. The simulated precipitation by RegCM4 corre-
sponded well with the observation. However, data on 
simulated dry bias in humid areas and wet bias in arid 
areas showed that the simulated precipitation in China 
was 0.01 mm d–1 less than observed precipitation on av-
erage, and the pattern correlation coefficient (PCC) was 
only 48.81%. The simulated total runoff was rather less in 
the southern China and there was no obvious gradient 
across the domain as in the observation. On average, the 
simulated runoff was 0.14 mm d–1 less than the observed 
runoff in China and the PCC was 44.18%. The bias was 
inherent and had a few seasonal variations, indicating that 
the runoff generation mechanism in RegCM4 needed fur-
ther improvements. The spatial distribution of simulated 
evapotranspiration was quite similar to that of the re-
analysis data, with a PCC of 91.22%, whereas the simu-
lated evapotranspiration was 1.04 mm d–1 less on average. 
However, the reanalysis data were generated by the data 
assimilation system, and not from actual observations. 
These data were huge and not applicable for northwest 

 

 
 

Figure 1  Study domain and locations of eight river basins. 
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desert regions; however, as demonstrated by Hagemann et 
al. (2005), this evapotranspiration dataset was high for 
many river basins, so the true bias might not be as great as 
1.04 mm d–1. 

The mean values of components in Eq. (1) during 
1958–2000 in eight river basins of China are listed in Ta-
ble 1. The TWS change estimated by the relation P − Et − 
Rt is denoted as ΔTWS1. For comparison, the simulated 
TWS changes were also estimated by the integral changes 

of snow, soil water, and groundwater from 1958 to 2000, 
and denoted as ΔTWS2.  

Theoretically, the changes of TWS tend to be zero over 
a long time period if the human-induced disturbances are 
not considered. However, as shown in Table 1, the TWS 
changes detected in eight basins remained negative be-
cause of the excessive evapotranspiration and mismatch 
of observed data from different sources. The TWS changes 
estimated by the relation P − Et − Rt did not alter greatly 

 

 
 

Figure 2  Spatial distributions of mean (a) precipitation simulated, (b) precipitation observed, (c) runoff simulated, (d) runoff observed, (e) 
evapotranspiration simulated, and (f) evapotranspiration observed. Units: mm d–1. 
 
Table 1  Mean values of each component for land water balance (units: mm d–1). 

Observation Simulation 
 

P Et Rt ΔTWS1 P Et Rt ΔTWS1 ΔTWS2 

Tarim 0.16 1.98 0.01 −1.83 0.90 0.45 0.27 0.18 0.09 

Hei 0.37 1.95 0.02 −1.60 0.66 0.46 0.16 0.04 0.07 

Yellow 1.24 2.14 0.30 −1.20 1.24 1.01 0.22 0.01 0.20 

Hai 1.44 2.26 0.07 −0.89 1.48 1.32 0.16 0.00 0.37 

Songhua 1.53 2.20 0.38 −1.05 1.77 1.11 0.63 0.03 0.02 

Huai 2.47 2.40 0.44 −0.37 1.70 1.61 0.10 −0.01 0.10 

Yangtze 2.68 2.34 1.25 −0.91 1.86 1.48 0.36 0.02 0.05 

Pearl 4.09 2.52 1.85 −0.28 2.16 1.91 0.25 0.00 0.18 

*P is precipitation; Et is evapotranspiration; Rt is total runoff; ΔTWS1 is the TWS change estimated by the relation P − Et − Rt; ΔTWS2 is the TWS 
change estimated by the integral changes of snow, soil water, and groundwater storage. 
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in the simulation period. It is worth noting here that the 
few changes were due to the restriction of water balance 
in the model. For the absolute value of each component, 
large uncertainty or bias still exists. Although the esti-
mated ΔTWS2 changes were little, they were still greater 
than ΔTWS1 because the method of comparison between 
the instantaneous values at the beginning and the end of 
the period had a large uncertainty depending on the cho-
sen time period. Despite this, in the following analysis, 
TWS was regarded as integral values of snow, soil water, 
and groundwater; the relation P − Et − Rt could not repre-
sent the absolute values of TWS and changes during dif-
ferent time periods in this case. 

The mean monthly anomalies of TWS in eight river 
basins are shown in Table 2. The variation for each basin 
was closely related to its climatic conditions. For the 
Tarim River Basin in the non-monsoon region, there was 
not enough rainfall during summer and fall. Positive TWS 
anomalies started from April and lasted for four months, 
earlier and shorter than that in the other basins. The Hei 
River Basin in the edge region was affected by summer 
monsoon; low precipitation and short rainfall contributed 
to its lowest TWS variations and flattest peak in summer. 

The Yellow River Basin and Hai River Basin had similar 
climatic conditions and TWS variations. Positive TWS 
anomalies from July to November corresponded well with 
those in the rainy season there. 

The Songhua River is in Northeast China, with suffi-
cient water and large TWS variations. Its geographical 
location in a region that is less affected by summer mon-
soon led to the positive TWS anomaly of five months, 
shorter than other basins in eastern monsoon regions. For 
Huai and Yangtze River Basins, TWS variations corre-
sponded with their analogous climatic conditions. The 
Pearl River Basin, which is in areas of lowest latitude, had 
the largest variations of TWS among the eight basins of 
China due to its wettest climate.  

For comparison, the mean monthly changes of TWS 
from 2002 to 2011, as estimated by the Gravity Recovery 
and Climate Experiment (GRACE), are shown in Table 3. 
The TWS changes estimated by GRACE had a spatial 
distribution of 300 km and did not maintain local conser-
vation of water mass in a year, which were different from 
the simulated anomalies. Despite these, the simulations 
corresponded well with the GRACE data in magnitude 
and time when the peak values appear. 

 
Table 2  Monthly anomalies of simulated historic TWS (units: mm). 

 Tarim Hei Yellow Hai Songhua Huai Yangtze Pearl 

Jan −14.03 −10.06 −26.69 −22.93 −37.36 −43.59 −69.79 −61.76 

Feb −11.20 −14.36 −44.89 −37.74 −48.16 −51.78 −81.15 −87.86 

Mar −7.35 −16.88 −54.95 −49.24 −57.21 −47.73 −69.61 −93.32 

Apr 6.23 −8.86 −48.38 −40.87 −11.43 −14.19 −29.76 −74.16 

May 30.16 4.91 −17.74 −15.35 50.17 31.05 19.15 −36.81 

Jun 35.70 12.44 19.22 20.49 78.58 35.91 51.42 6.74 

Jul 17.67 15.03 43.80 45.51 69.21 43.74 73.33 74.12 

Aug −0.01 14.12 49.05 49.65 41.19 42.53 73.29 123.03 

Sep −10.50 9.46 42.00 35.00 12.16 30.86 58.21 106.09 

Oct −18.09 1.27 25.48 16.09 −30.93 10.95 23.03 54.30 

Nov −14.34 −1.86 14.47 4.56 −35.57 −9.18 −6.50 14.36 

Dec −14.24 −5.20 −1.36 −5.17 −30.66 −28.58 −41.63 −24.74 

 
Table 3  Monthly changes of TWS by GRACE (units: mm). 

 Tarim Hei Yellow Hai Songhua Huai Yangtze Pearl 

Jan −24.34 4.76 −8.33 −8.70 −3.57 1.92 −15.28 −22.57 

Feb −12.43 −1.55 −14.91 −14.59 −1.29 1.14 −23.03 −32.33 

Mar −4.14 9.67 −10.22 −19.34 6.53 −9.76 −24.67 −41.09 

Apr 7.96 8.69 −7.44 −16.35 8.88 −15.53 −22.79 −42.69 

May 7.83 15.44 −9.69 −26.72 10.16 −27.04 −12.81 −27.72 

Jun 10.25 11.95 −7.95 −35.28 8.76 −45.30 −0.39 −7.43 

Jul 19.21 0.71 −8.72 −40.03 9.70 −37.04 29.96 52.63 

Aug 13.14 4.33 5.01 3.85 25.18 21.93 64.72 98.75 

Sep −1.95 7.81 10.65 23.27 17.33 36.74 60.01 92.00 

Oct −14.65 16.23 15.24 14.19 −2.90 26.56 52.55 81.29 

Nov −32.78 5.03 −4.34 −7.63 −14.65 1.96 30.65 58.72 

Dec −26.25 3.40 −4.81 −7.04 −4.64 3.21 9.15 13.74 
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4  Future variations of TWS under different 
climate scenarios 

Figure 3 shows the spatial distributions of mean his-
toric TWS (1951–2000) and the differences of TWS be-
tween scenario simulations (2001–2050) and the historic 
simulation. As shown in Fig. 3a, the maximum TWS oc-
curs in mountains or forests over Southwest and Northeast 
China, whereas the minimum TWS occurs in eastern plain, 
western desert, and grassland in Tibetan Plateau.  

Compared with the historic situation, on average, the 
TWS in all the three scenario simulations were found to 
increase in China. The changes in areas covered by stripes 
passed the t-test with a confidence level of 95%. As 
shown in Figs. 3b–d, the regions where TWS increases 
most are the Northeast China and the surrounding moun-
tains around the Tibetan Plateau, the regions with richest 
water resource. However, most regions in eastern mon-
soon area, which is the most inhabited region, were found 
to suffer from the reduction of land water resources to 
different degrees, no matter what the climate scenario is, 
which would be far more severe had the human activity 
been taken into account in the model.  

Despite their similar spatial patterns, the changes in 
TWS under different scenarios had some different fea-
tures. As shown in Fig. 3b, the TWS in China increased 
by 9.48 mm for A1B scenario on average. The most sig-
nificant reduction of TWS was noticed in North China 
Plain and Sichuan Basin, where the mean reduction ex-
ceeded 100 mm in the last 50 years. For A2 scenario in 
Fig. 3c, the averaged increase of TWS in China was 8.66 
mm and its greatest reduction was observed in Sichuan 
Basin and southeastern coastal region of China, although 
the reductions in southeastern regions were not statisti-
cally significant. As shown in Fig. 3d, the TWS in China 
increased most in B2 scenario among the three scenarios, 
to a value of 30.99 mm on average. The decrease of TWS 
in eastern areas was rather weak, except in Southwest  

China. According to the spatial distributions of changes of 
precipitation, evapotranspiration, and runoff (not shown), 
precipitation was the dominant factor affecting changes of 
TWS. 

The mean seasonal changes of TWS with monthly dif-
ferences of the scenario simulations (2001–2050) and the 
historic simulation (1951–2000) are shown in Fig. 4. The 
TWS in Tarim River Basin increased in all scenarios, with 
few seasonal variations. Low monthly variations were 
also seen in Hei River Basin and Yellow River Basin. 
Unlike the positive changes in Hei River Basin, the TWS 
in Yellow River Basin increased in A2 and B1 scenarios, 
whereas it decreased in A1B scenarios. The changes of 
TWS were similar in Hai River Basin and Huai River 
Basin: low changes in A2 and great reduction in A1B 
scenarios; however, in B1 scenario, TWS increased 
greatly in Hai River Basin compared to that in Huai River 
Basin. Like the Tarim and Hei River Basins, TWS in 
Songhua River Basin increased most in all scenarios 
among the eight river basins. Despite a slight increase in 
Pearl River Basin in B1 scenario, the TWS in Yangtze 
River Basin and Pearl River Basin decreased in general, 
and it decreased most in Pearl River Basin in A2 scenario. 
The changes of TWS in all eastern monsoon regions 
showed strong seasonal variations, except for Yellow 
River Basin. The largest differences usually appear in late 
spring, summer, and early autumn, when the TWS in-
creases most in a year. 

In addition to the seasonal variations, the linear slopes 
of the projected annual TWS series are presented in Table 
4. As shown in the table, despite the positive or negative 
changes of TWS when compared with the historic simula-
tions, the TWS series in all basins had slightly increasing 
trends for B1 scenario. For A1B scenario, similar in-
creasing trends were observed in most basins except for 
Hai River, Huai River, and Yangtze River Basins. For A2 
scenario, TWS in all basins over eastern monsoon areas 
showed decreasing trends, with the largest one of −2.34  

 

 
 

Figure 3  Spatial distributions of mean (a) historic TWS, (b) difference of TWS (A1B–RF), (c) difference of TWS (A2–RF), and (d) difference of 
TWS (B1–RF). Units: mm. 
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Figure 4  Mean monthly changes of TWS between historic and scenario simulations in (a) Tarim River Basin, (b) Hei River Basin, (c) Yellow River 
Basin, (d) Hai River Basin, (e) Songhua River Basin, (f) Huai River Basin, (g) Yangtze River Basin, and (h) Pearl River Basin. 

 
Table 4  Linear slopes of annual projected TWS series (units: none). 

 A1B A2 B1 

Tarim 0.92 0.56 1.10 

Hei 0.27 0.06 0.07 

Yellow 0.34 −1.80 0.56 

Hai −0.21 −2.34 3.65 

Songhua 0.28 −0.99 0.87 

Huai −0.56 −1.38 1.14 

Yangtze −1.72 −0.13 0.29 

Pearl 0.72 −0.16 0.81 

 
being in Hai River Basin. The decrease was more obvious 
in North China, Yellow River, and Hai River Basins. 

5  Conclusions 
The regional climate model RegCM4 driven by outputs 

of EH5OM under different climate scenarios, based on 
the IPCC SRES, was used in this study to estimate the 
projected changes of TWS in eight major river basins of 
China in the future. A historic simulation (1951–2000) 
and three scenario simulations (2001–2050) were con-
ducted. The main conclusions are as follows: 

(1) Variations of TWS in the basins were found to be 
related to their climatic features, with lowest seasonal 
variations being observed in Hei River Basin and highest 
in Pearl River Basin. 

(2) Although TWS was observed to increase on aver-
age in China, most parts of the eastern regions were found 
to suffer from the reduction of TWS to different degrees 
in the scenario simulations, with the greatest changes 
usually occurring in summer. 

(3) The changes of TWS dominated by precipitation 
had regional differences among the three scenarios, with 
largest growth in Songhua River Basin of B1 scenario, 
and largest reduction in Pearl River Basin of A2 scenario 
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and Hai River Basin of A1B scenario. 
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