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Seasonal and interannual changes in the Earth’s gravity field are mainly due to mass exchange among the atmosphere, ocean, 
and continental water sources. The terrestrial water storage changes, detected as gravity changes by the Gravity Recovery and 
Climate Experiment (GRACE) satellites, are mainly caused by precipitation, evapotranspiration, river transportation and 
downward infiltration processes. In this study, a land data assimilation system LDAS-G was developed to assimilate the 
GRACE terrestrial water storage (TWS) data into the Community Land Model (CLM3.5) using the POD-based ensemble 
four-dimensional variational assimilation method PODEn4DVar, disaggregating the GRACE large-scale terrestrial water stor-
age changes vertically and in time, and placing constraints on the simulation of vertical hydrological variables to improve land 
surface hydrological simulations. The ideal experiments conducted at a single point and assimilation experiments carried out 
over China by the LDAS-G data assimilation system showed that the system developed in this study improved the simulation 
of land surface hydrological variables, indicating the potential of GRACE data assimilation in large-scale land surface hydro-
logical research and applications. 
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Changes in the Earth’s gravity field reflect the redistribution 
of the Earth’s mass, and thus the migration and exchange of 
the Earth’s mass can be estimated from gravity observations 
(Sun, 2002). Seasonal and interannual gravitational changes 
are mainly caused by mass exchange among the atmosphere, 
ocean and continental water sources through the processes 
of precipitation, river transportation, evaporation, and melt-
ing of glaciers and the Arctic ice cap (Tapley et al., 2004a; 
Hu et al., 2006). Changes in terrestrial water storage (main-

ly due to precipitation, evapotranspiration, river transporta-
tion and downward infiltration processes) are also reflected 
in gravity observations. Changes of each component of the 
water cycle can therefore be assessed and applied in water 
resource management and water cycle research. 

The Gravity Recovery and Climate Experiment (GRACE) 
gravity observation satellites were launched in 2002 as a 
joint National Aeronautics and Space Administration 
(NASA) and German Aerospace Center (Deutsche 
Luftfahrtmitte, DLR) project (Tapley et al., 2004b) to detect 
gravity anomalies and estimate large-scale changes of col-
umn-integrated terrestrial water storage (TWS) for the en-
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tire globe, providing valuable information for regional and 
continental scale hydrological research. The GRACE meas-
urements have been applied in novel investigations of glob-
al and regional terrestrial water storage changes (Syed et al., 
2008; Zhong et al., 2009; Grippa et al., 2011; Su et al., 2012; 
Xu et al., 2013), terrestrial water budget (Sheffield et al., 
2009; Troy et al., 2011), terrestrial freshwater discharge 
(Syed et al., 2009), sea level variations (Konikow, 2011; 
Llovel et al., 2011; Wouters et al., 2011), the changing mass 
of ice sheets (Chen et al., 2009a; Chen et al., 2011), drought 
events (Chen et al., 2009b, 2010), regional evapotranspira-
tion (Rodell et al., 2004), parameter improvement for water 
table depth (WTD) simulation (Lo et al., 2010), and model 
evaluations (Niu and Yang 2006a, Niu et al., 2007b), all of 
which have yielded important insights into the land surface 
water cycle at regional and global scales. 

Estimates of terrestrial water storage anomalies (TWSA) 
using GRACE observations are generated monthly, with a 
spatial resolution limited to about 150000 km2 (Rowlands et 
al., 2005). Vertically, GRACE TWSA observations inte-
grate changes in groundwater (GW), soil moisture (SM), 
surface water, vegetation water, snow and ice. In order to 
realize the full potential of GRACE to improve the simula-
tions of these components, the monthly and col-
umn-integrated TWSA data must be disaggregated vertical-
ly and in time (Zaitchik et al., 2008). Rodell et al. (2007) 
estimated regional groundwater storage (GWS) variations 
by removing the modeled SM and snow water equivalent 
(SWE) from GRACE data, assuming that the contributions 
of vegetation and surface water were negligible. Yeh et al. 
(2006) used SM observations to isolate GWS variations 
from GRACE TWSA. Niu et al. (2007a) derived the SWE 
for basins in Arctic regions from GRACE TWSA data with 
the aid of modeled below-ground water storage, to com-
pensate for the large errors that occured in the measure-
ments by microwave sensors in regions of boreal forest and 
deep snow. Feng et al. (2013) estimated GWS variations by 
removing simulated SM from GRACE TWSA, and dis-
cussed groundwater depletion in North China. These studies, 
which evaluated variations in components of the water cycle 
using GRACE measurements, all isolated individual com-
ponents from GRACE TWSA with the aid of auxiliary in-
formation.  

Another more sophisticated method is to merge 
GRACE-derived TWSA information into a land surface 
model (LSM) via data assimilation, and thus achieve verti-
cal disaggregation through the dynamic framework of the 
model. For example, Zaitchik et al. (2008) assimilated 
GRACE TWSA information into an LSM using an ensem-
ble Kalman smoother (EnKS) in the Mississippi River Basin, 
and improved simulations of hydrological variable varia-
tions on a smaller scale than the GRACE observations 
themselves, indicating that data assimilation had the poten-
tial to downscale the GRACE data for hydrological applica-
tions. Su et al. (2010) investigated the effect of GRACE 

data assimilation on snowpack estimation by assimilating 
both GRACE TWSA information and MODIS snow cover 
fraction information. Forman et al. (2012) applied GRACE 
data assimilation for a snow-dominated basin in northwest 
Canada. Houborg et al. (2012) and Li et al. (2012) applied 
GRACE data assimilation for drought monitoring in North 
America and Europe respectively. These studies calculated 
assimilation increments monthly and update on a daily scale, 
and all used the EnKS method for GRACE data assimila-
tion. 

To assign assimilation increments on a more natural ba-
sis, in the present study, GRACE data assimilation was car-
ried out by an ensemble variational assimilation method. 
Many developments have recently been reported on assimi-
lation methods and systems and their applications for land, 
atmosphere and ocean research (Zhu et al., 2007; Wang and 
Mu, 2008; Li et al., 2007; Qiu et al., 2007; Yang et al., 2007; 
Wang et al., 2010; Zhang et al., 2012). Tian et al. (2011) 
developed a proper orthogonal decomposition (POD)-based 
ensemble four-dimensional variational assimilation method 
(PODEn4DVar), which incorporates advantages of both 
ensemble and variational methods and is suitable for 
GRACE data assimilation. In this study, a GRACE data 
assimilation system was developed based on PODEn4DVar 
and the Community Land Model version 3.5 (CLM3.5, 
Oleson et al., 2004; 2008), to realize the disaggregation of 
GRACE data vertically and in time. Its correctness and fea-
sibility were verified by the Observing System Simulation 
Experiments (OSSEs) at a single point. Assimilation ex-
periments based on GRACE TWSA observations were 
conducted in China, and preliminary validations were car-
ried out over eight major basins in China. 

1  GRACE data assimilation system  

In this study, we used the Community Land Model CLM3.5 
(Oleson et al., 2004, 2008) as the forecast operator, and 
PODEn4DVar as the assimilation method in the GRACE 
data assimilation system.  

1.1  Community land model CLM3.5 

Spatial land surface heterogeneity in CLM3.5 is represented 
as a nested subgrid hierarchy, which accounts for land sur-
face characteristic differences at the grid scale, as well as 
ecological differences among vegetation types and hydrau-
lic and thermal differences among soil types. The subgrid is 
composed of grid cells, landunits, snow/soil columns, and 
plant functional types (PFTs). Grid cells may contain dif-
ferent numbers of landunits, including glacier, lake, wetland, 
urban and vegetated. The vegetated landunit contains sever-
al soil/snow columns, and each column is represented by 10 
layers for soil and up to five layers for snow. Every 
soil/snow column contains up to 17 kinds of PFTs, one of 
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which is for bare ground. This model integrates the ad-
vantages of the National Center for Atmospheric Research 
(NCAR) LSM (Bonan, 1996), the Biosphere-Atmosphere 
Transfer Scheme (BATS) (Dickinson et al., 1993) and the 
Institute of Atmospheric Physics, Chinese Academy of Sci-
ences land model (IAP94) (Dai and Zeng, 1997), and has 
been widely used in research on climate, vegetation ecology 
and regional hydrological simulation. Based on the earlier 
version CLM3.0 (Oleson et al., 2004), a new surface dataset 
was introduced and some modifications were made to the 
hydrological process in CLM3.5, resulting in more accurate 
simulation of many hydrological variables and the spatial 
distribution of vegetation. The modifications to the hydro-
logical process mainly consisted of scaling canopy intercep-
tion (Lawrence et al., 2007), a simple TOPMODEL-based 
model for surface and sub-surface runoff (Niu et al., 2005), 
a simple groundwater model for determining water table 
depth (Niu et al., 2007b) and a new frozen soil scheme (Niu 
and Yang, 2006b).  

1.2  POD-based ensemble four-dimensional variational 
assimilation method (PODEn4DVar) 

Tian et al. (2008) proposed a hybrid method, referred to as 
POD4DVar, based on the Monte Carlo method and the POD 
technique, in which incremental analysis is represented by 
the POD base with no requirement for the adjoint model. 
On this basis, Tian et al. (2011) developed the PO-
DEn4DVar method, which integrated the advantages of 
ensemble methods and variational methods, and can simul-
taneously assimilate multi-time observations and provide 
temporal smoothness constraint and flow-dependent back-
ground errors. This method obtains the analysis field by 
minimizing the following incremental format of cost func-
tion: 
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incremental analysis is expressed by 

 , obs .a x r yx y     (4) 

Therefore, the final analysis can be calculated from 

 , obs .a b a b x r yx x x x y        (5) 

For a more detailed description of PODEn4DVar, refer to 
Tian et al. (2011). 

1.3  GRACE data assimilation system 

An observation operator is needed to convert simulated hy-
drological variables to GRACE-derived TWSA. The obser-
vation operator H is defined as follows: for the background 
vector bx ， which contains the daily model results in the 

current assimilation window  ,1 ,2 ,, , ,b b b b NTx x x x  ， 

where NT  is the number of days in the assimilation win-

dow, and  , 1, ,b kx k NT   contains the simulated SM 

(solid ice and liquid water), GWS and SWE for the kth day, 
the simulated TWSA is expressed as 

    sim avgb by x H x TWS TWS    

   , avg
1

1
,
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b k
k

h x TWS
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   (6) 

where TWSsim is the simulated monthly TWS for the current 
assimilation window, TWSavg is the time-averaged TWS for 
the study period, and h is the operator to convert daily hy-
drological variable simulations to TWS. 
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The core of the GRACE TWS data assimilation system is 
to transform daily simulations to monthly TWSA using the 
observation operator and simultaneous update the daily SM, 
GWS and SWE data. The GRACE data assimilation system 
includes two steps: first, forecast is done by running 
CLM3.5 in the current assimilation window to obtain the 
daily simulations of individual variables; and second, up-
dating is done by carrying out the assimilation calculations 
and then updating the simulation results during the current 
window using eqs. (4) and (5). The main processes of the 
update step are as follows (Figure 1):  

(1) Read data, including the GRACE observations and 
CLM3.5 simulation results in the current assimilation win-
dow and the historical results, and then construct the back-
ground field vector and the sample matrix. 

(2) Calculate the MP matrix X  , the OP matrix Y   and 
the observation increment obsy . 

(3) Apply the POD transformation to the MP matrix X  , 
and apply the same transformation to the OP matrix Y   to 
obtain transformed MP samples x  and OP samples y . 

(4) Calculate the optimal assimilation increment ax  and 

the analysis field xa from eqs. (4) and (5). 
(5) Update the CLM3.5 simulations and the initialization 

file of the current assimilation window by the analysis field.  
If the simulation time has not ended, then go back to the 

forecast step and run CLM3.5 using the updated restart file 
as the initial condition, and then repeat the update step. 

2  Data and experiment design  

2.1  Data 

This study required near-surface atmospheric forcing data to 
drive CLM3.5, GRACE-derived TWSA data for data assim-
ilation and evaluation, and the in situ soil moisture observa- 

 

 

Figure 1  Flow chart of GRACE terrestrial water storage data assimila-
tion system.  

tional data for preliminary validation. 
Two sets of atmospheric forcing data were used: the 

Princeton forcing data at three-hourly and 1°×1° resolution, 
which combined NCEP–NCAR reanalysis data and obser-
vation-based global precipitation, temperature and radiation 
data, covering the period of 1948–2008 (Sheffield et al., 
2006); and the forcing data developed by Tian et al. (2010) 
(hereafter TIAN), which extended the observation-based 
atmospheric forcing data from Qian et al. (2006) to 2010, 
using ERA-interim data (http://data-portal.ecmwf.int/data/ 
d/interim_daily) with six-hourly and 1.5°×1.5° resolution. 
The ERA-Interim data assimilated ground-based observa-
tion, and therefore their surface fields matched closely with 
the observation-based reanalysis data, including precipita-
tion and temperature (Simmons et al., 2010). 

The GRACE data used in this study were provided by the 
Tellus product (Wahr et al., 2004; Swenson and Wahr, 2006) 
processed at the NASA Jet Propulsion Laboratory (JPL). 
This product was smoothed with a 300 km radius and pro-
cessed into grid format with monthly and 1°×1° resolution. 
This carried data for the 10-year period from April 2002 to 
May 2011 but, as some monthly data were missing from 
2002, 2003 and 2011, the seven years’ complete data for 
2004–2010 were selected for this study. 

The in situ soil moisture observation data were obtained 
from the China Meteorological Data Sharing System. The 
original data for 778 stations were relative soil moisture 
content collected every 10 days from agricultural meteoro-
logical stations located in farmlands across China. We 
chose data from 226 stations that were relatively continuous 
(not more than 20%of the data from March to September 
were missing), and converted them to monthly volumetric 
soil moisture in three soil layers of 0–10 cm, 10–20 cm and 
70–100 cm. Finally, five years’ data for 2004–2008 were 
used for validation. 

2.2  Experimental design 

OSSEs at a single point were conducted to verify the cor-
rectness and feasibility of the assimilation system developed 
in this study, and experiments using GRACE observation 
data were also performed over China. In order to obtain 
reasonable initial conditions for both sets of experiments, a 
100-year CLM3.5 simulation was run using the Princeton 
atmospheric forcing data, and the final results were used as 
the initial conditions for all experiments in this study. The 
OSSEs were conducted on a single point located at (116.5°E, 
40.5°N): the CLM3.5 daily simulation results driven by the 
Princeton forcing data at this point in 2004 were used as the 
true fields (observations), and the monthly, weekly, two-day 
and daily TWSA calculated from the true fields were taken 
as the observations to be assimilated. Then the simulation 
and assimilation experiments using the four observations 
with different frequencies were carried out driven by the 
TIAN atmospheric forcing data of 2004 at this point, and 
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the results of the four assimilation experiments were here-
after referred to as Ass_monthly, Ass_weekly, Ass_2day 
and Ass_daily. Afterwards daily SM and GWS from the 
true fields were used to evaluated the OSSEs and investi-
gate the sensitivity of the assimilation system to observation 
frequency. 

To further investigate the effect of the assimilation sys-
tem on the simulations, assimilation experiments based on 
GRACE-derived TWSA data were carried out with the 
TIAN atmospheric forcing data over the China region 
(15°–55°N, 70°–140°E) from 2004 to 2010 with a spatial 
resolution of 1°×1°, including the CLM3.5 simulation 
without assimilation (Sim) and simulation using the newly 
developed assimilation system (Ass). Preliminary valida-
tions using in situ soil moisture data were carried out over 
eight major drainage basins in China (Figure 2).  

In both sets of experiments in this study, the ensemble 
size was set to be 30, and the historical sampling method 
(Wang et al., 2010) was used: a 30-year run of CLM3.5 
using the Princeton forcing data was conducted with the 
initial conditions described above to obtain daily simulation 
results; then, in each assimilation window, the sample ma-
trix was generated using the daily results from the time pe-
riod corresponding to the current assimilation window of 
every year (including daily SM (10 layers of solid ice and 
liquid water), GWS and SWE). Since there was only one 
GRACE observation each month, the assimilation window 
was set at one month, and the GRACE observation error 
was set at 20 mm (Zaitchik et al., 2008; Su et al., 2010). 

3  Results 

3.1  Observing System Simulation Experiments (OS-
SEs) 

The precipitation data for 2004 from the two sets of atmos-
pheric forcing data were compared, and the OSSEs results 

were evaluated using the daily observations (Figure 3). Fig-
ure 3(a) shows the precipitation time series in 2004 from the 
Princeton and TIAN atmospheric forcing data, which were 
different because of their different sources. As a result, the 
results driven by Princeton forcing data, which were used as 
observations, also differed from the simulations driven by 
the TIAN atmospheric forcing data.  

The daily TWSA, total column SM (liquid water) and 
GWS time series are shown in Figure 3(b)–(d), including 
four assimilation results corresponding to four different 
observation frequencies. The differences between observed 
and simulated TWSA were consistent with those from the 
precipitation series in Figure 3(a), and were especially ob-
vious after July. The four assimilation results from different 
observation frequencies all improved the simulation of daily 
TWSA for the whole time period, and the improvements 
were much more evident after July. The daily variations 
after assimilation were more consistent with observations. 
Table 1 gives the correlation coefficients (R) and root mean 
square errors (RMSE) between simulated, assimilated daily 
TWSA, total column SM (liquid water), GWS and the ob-
servations. Assimilation significantly increased R and de-
creased RMSE for TWSA. As the observation frequency 
increased, R increased and RMSE clearly declined, indicat-
ing the correctness and feasibility of the assimilation sys-
tem. 

The time series of observed, simulated and assimilated 
daily SM shown in Figure 3(c) indicate that the model sim-
ulation clearly underestimated SM for most of the period; 
assimilation reduced the degree of underestimation, and the 
daily variations after assimilation were closer to the obser-
vations. As can be seen from Table 1, R and RMSE were 
both improved by assimilation; as the observation frequency 
increased, R rose and RMSE gradually fell.  

Figure 3(d) shows the time series of the observed, simu-
lated and assimilated daily GWS. The model simulation  

 

 

Figure 2  Study area and eight major basins in China: Songhua River Basin (SH), Haihe Basin (HA), Heihe Basin (HE), Tarim Basin (TA), Yellow River 
Basin (YL), Huaihe Basin (HU), Yangtze River Basin (YZ) and Pearl River Basin (PE). 
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Figure 3  Time series of 2004 precipitation from the Princeton and TIAN atmospheric forcing data used in the OSSEs (a). Daily time series of observations, 
assimilation and simulation results of OSSEs experiments for TWSA (b), total column SM (liquid water) (c), GWS (d). Ass_monthly, Ass_weekly, 
Ass_2day and Ass_daily are for the results that assimilated monthly, weekly, two-day and daily observations. 

Table 1  Comparison of correlation coefficients and root mean square errors between simulated, assimilated daily TWSA, total SM (liquid water), GWS 
and observations  

  Sim Ass_monthly Ass_weekly Ass_2day Ass_daily 

TWSA 
R 0.0158 0.937 0.960 0.987 0.995 

RMSE 80.901 22.635 16.683 8.777 5.582 

Total column soil 
moisture 

R 0.888 0.938 0.942 0.955 0.956 

RMSE 63.689 45.127 42.588 37.513 37.425 

Groundwater 
R 0.702 0.896 0.904 0.791 0.718 

RMSE 32.562 10.960 14.307 23.515 31.604 

 
significantly underestimated GWS in the latter stage of the 
time period; assimilation reduced the extent of underestima-
tion and improved the global variation trend, but with dif-

ferent degrees of overestimation. As can be seen from Table 
1, the simulated GWS were negatively correlated with ob-
servations, while assimilation greatly improved R and re-
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duced RMSE, indicating that the daily variations of GWS 
after assimilation matched more closely with the observa-
tion. As the observation frequency increased, R was the 
largest for weekly observations, and RMSE was the small-
est for monthly observations. Obvious changes were found 
between assimilation windows when assimilating monthly 
observations. This may be because, when the temporal res-
olution of TWSA observations was coarse (monthly) and 
variations of TWSA were visible, differences of observa-
tions between two assimilation windows were evident, poor 
model performances would cause obvious changes between 
windows. As observation frequency gradually increased, the 
assimilation window was consequently shorter, and the 
changes were less obvious, which tends to indicate the rea-
sonableness.  

To investigate the influences that data assimilation had 
on the simulation of daily variations inside one month for 
individual variables, statistical characteristics were calcu-
lated for each month. Compared with the model simulations, 
R for SM remained almost the same after assimilation, but 
RMSE fell obviously for most of the months; R for GWS 
also stayed close to simulations, but RMSE greatly reduced 
for months when model simulations were poor (results not 
shown).    

Independent data of daily SM and GWS were used to 
evaluate the OSSEs, indicating that data assimilation could 
effectively obtain more accurate daily simulations of indi-
vidual components from monthly TWSA observations, 
which also compensated for the lack of observations during 
the validation of assimilation experiments based on GRACE 
TWSA data. Since the time scale of GRACE observations 
used in this study was only monthly, the discussion about 
the sensitivity to observation frequency in the OSSEs did 
not affect the experiments based on GRACE observations; 
however, it could be better applied to GRACE data assimi-
lation research in the future. 

3.2  Experiments based on GRACE-derived TWSA 
data 

3.2.1  Terrestrial water storage  

The GRACE-derived TWSA were converted to absolute 
TWS via the time-averaged TWS in this study, to compare 
with simulated and assimilated results and thus evaluate the 
performance of the assimilation system.  

The simulations of TWS over all eight basins in China 
were greatly improved after assimilation. Figure 4 shows 
that the TWS simulations of CLM3.5 were unsatisfactory 
for most basins. The model estimated the seasonal cycle and 
inter-annual variability of TWS reasonably well, but did not 
agree well with the observations. The differences in magni-
tude between simulations and observations were obvious in 
most basins; also the simulations showed clear upward or 
downward trends over some of the basins, which were not 
consistent with the observations. These results showed that, 

although CLM3.5 was capable of roughly estimating the 
TWS over most basins, there was still room for improve-
ment. Compared with model performance, assimilation sig-
nificantly improved the simulation of TWS in terms of both 
time variability and magnitude. Aside from the unsatisfac-
tory results for the Songhua River Basin in the final two 
years of the simulation period, assimilation results matched 
extremely well with the observations in the other basins. 
Where the CLM3.5 simulations were not satisfactory, such 
as the Songhua River Basin, the Heihe Basin in western 
China, the Tarim Basin and the Yellow River Basin, the 
improvements due to assimilation were clearly evident, 
amending the TWS simulations in both time variability and 
magnitude. Data assimilation also outperformed the model 
for the Yangtze River and Pearl River basins, where the 
CLM3.5 simulations were relatively effective, and assimila-
tion results were consistent with the observations. The cor-
relation coefficients and root mean square errors between 
simulated, assimilated and observed TWS were compared in 
Figure 5 to further illustrate the assimilation performance. 
The correlation coefficients for all basins were improved, 
especially for the Songhua River, Heihe, Tarim and Yellow 
River basins and all of them approached one, with the ex-
ception of the Songhua River Basin. The RMSE all fell to 
values approaching zero after assimilation, again with the 
exception of the Songhua River Basin. These results 
showed that, although the land surface model could roughly 
simulate the time variations of TWS, clear differences be-
tween the simulations and observations were seen, espe-
cially for magnitude. The newly developed data assimilation 
system based on GRACE information significantly im-
proved the estimation of both time variability and magni-
tude for TWS, which in turn also indicated the correctness 
and feasibility of the system. 

3.2.2  Anomalies of hydrological variables  

The purpose of assimilating GRACE-derived TWSA into a 
land surface model was to merge GRACE information with 
model simulation in order to disaggregate the col-
umn-integrated information vertically and in time, and to 
globally constrain the hydrological simulations and improve 
the estimation of individual hydrological variables, for bet-
ter applications in land surface hydrological research. For 
this reason, the influences of GRACE data assimilation on 
the simulation of SM anomalies and GWS anomalies were 
further evaluated. 

Assimilation did not greatly affect the simulation of total 
column SM anomalies, but improvements were evident in 
most of the basins. For total SM anomalies in three layers 
that matched with the in situ observations (0–10 cm, 
10–20 cm, 70–100 cm), assimilation results were consistent 
with simulation in half of the basins, but differences were 
evident for the others. For total column SM, where the wa-
ter storage was greater than the above three layers, the ef-
fect of assimilation was much more obvious, and adjust- 
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Figure 4  Daily TWS series based on GRACE observations. Black dots: absolute TWS converted from GRACE TWSA observations; red lines: simulation 
results; blue lines: assimilation results. 

ments were evident for most of the basins after assimilation 
(results not shown). Constrained by in situ SM observations, 
the total column SM anomalies from simulation and assim-
ilation were compared with the total SM anomalies ob-
served at the above three layers (Figure 6). The time varia-
tions of the simulated total column SM anomalies remained 
almost identical to the observed three-layer anomalies for 
most of the basins, but were negatively correlated in some 
basins. For most of the basins, assimilation results were 
clearly different from the simulations and improved the 
correlation coefficients to different degrees, reflecting that 
GRACE data assimilation could adjust and improve the 
simulations of SM. 

The improvements that GRACE data assimilation had on 
the simulations of GWS were much more obvious than SM. 
Figure 7 shows the time series of simulated and assimilated 
GWS anomalies together with GRACE-derived TWSA 
from 2004 to 2010. The figure shows that the land surface 
model did not simulate the GWS time variations correctly, 
and even negative correlations were found for the Heihe and 
Huaihe Basins. Data assimilation greatly improved the sim-
ulation of time variations for GWS, and the assimilation 
results matched much better with the GRACE-derived 

TWSA. The correlation coefficients shown in Table 2 also 
greatly increased for six of the basins after assimilation.  

The results for water table depth (WTD) were similar to 
those for GWS. The model produced a more accurate simu-
lation of WTD than that of GWS, but improvements were 
still needed in some basins. After assimilation, the WTD 
anomalies agreed well with the GRACE-derived TWSA, 
and the correlation coefficients for all the basins were in-
creased to different extents.  

3.2.3  Southwest drought 

Southwest China is an important agricultural production 
region, and seasonal droughts are the main agro-meteoro- 
logical disasters in this area. A very rare and serious 
drought, which lasted from September 2009 to April 2010, 
affected Guangxi, Yunnan, Guizhou, Chongqing and Si-
chuan in Southwest China, and the local agricultural pro- 
duction and social economy suffered a great loss. The 
GRACE-derived TWSA captured this drought well; as Fig-
ure 8 shows, the GRACE observations detected that most 
areas in the region were losing water, with two negative 
anomaly centers located at the junction of Yunnan, Sichuan 
and Tibet and the junction of Yunnan and Guangxi. How- 
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Figure 5  Comparison of correlation coefficients and root mean square errors for assimilated and simulated TWS and GRACE-derived TWS. Gray: simula-
tion results; black: assimilation results. 

 

Figure 6  Monthly time series of simulated and assimilated SM anomalies, together with in situ observations for 2004–2008 (102 m3 m3). Black dots: in 
situ observations; red lines: simulation results; blue lines: assimilation results. Simulation and assimilation results for total column SM anomalies on 
left-hand vertical axis; observed SM anomalies for three layers (0–10 cm, 10–20 cm, 70–100 cm) on right-hand vertical axis. 
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Figure 7  Monthly time series of simulated and assimilated GWS anomalies (mm) (left-hand vertical axis) and GRACE-derived TWSA (mm) (right-hand 
vertical axis) from 2004 to 2010. Black dots: GRACE-derived TWSA; red lines: simulation results; blue lines: assimilation results. 

Table 2  Comparison of correlation coefficients between assimilated, simulated GWS and WTD anomalies and GRACE-derived TWSA for the eight basinsa) 

Basins SH HA HE TA YL HU YZ PE 

Groundwater anomaly 
Ass 0.165 0.811 0.756 0.490 0.498 0.553 0.178 — 

Sim 0.044 0.588 0.116 0.195 0.384 0.008 0.257 — 

Water table depth 
anomaly 

Ass 0.331 0.682 0.336 0.311 0.363 0.641 0.891 0.907 

Sim 0.328 0.588 0.092 0.253 0.223 0.520 0.810 0.861 

a) For the abbreviations of basin names see the legends to Figure 2. 

ever, the land surface model simulations did not present a 
similar pattern, with positive anomalies in Sichuan, Chong-
qing, Yunnan and most of Guangxi, and negative anomalies 
only in Guizhou, all of which were inconsistent with the 
facts. Data assimilation greatly outperformed the model. 
Although the magnitudes after assimilation differed from 
the observations, the spatial distribution pattern was ap-
proximately the same as GRACE with the two negative 
anomaly centers, which agreed very well with observations. 
As we can tell from the differences between simulation and 
assimilation results, the model simulations were too wet for 
Southwest China from the fall of 2009 to the spring of 2010, 

while data assimilation had very significant improvements.  
This severe and comprehensive drought involved mete-

orological, hydrological, agricultural and social economic 
aspects (Yin and Li, 2013). Since the essence of an agricul-
tural drought is that the soil moisture is too low to meet the 
water demand of the vegetation, this aspect should be re- 
flected by soil moisture anomalies for this period. Figure 9 
shows the simulated and assimilated spatial distribution of 
the total column soil water storage anomalies for the 
drought period. The model simulation showed positive 
anomalies (i.e., increased soil moisture) in most areas, while 
negative anomalies were seen only in some parts of Guang- 
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Figure 8  Spatial distribution of TWSA in Southwest China, averaged for the period of September 2009–April 2010. (a) GRACE observations; (b) simula-
tion results; (c) assimilation results; (d) difference between assimilation and simulation results. 

 

Figure 9  Spatial distribution of SM anomalies in Southwest China averaged for September 2009–April 2010. (a) Simulation results; (b) assimilation re-
sults. 
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xi and Yunnan; that is, drought conditions were not indi-
cated. Data assimilation performed much better than model 
simulation. Most regions of the five provinces were losing 
water after assimilation, with two negative centers, reflect-
ing the true spatial range of the drought.  

The spatial distribution and negative centers of soil water 
storage anomalies in Figure 9 agreed well with GRACE 
observations in Figure 8, and adjustments in the magnitude 
of the soil water content were evident, indicating the capa-
bility of data assimilation to effectively disaggregate the 
GRACE information vertically and improve the simulation 
of individual hydrological variables. These evaluations, 
though simple and preliminary in nature, were nevertheless 
indicative of the potential of the GRACE data assimilation 
system for drought monitoring research. 

4  Discussion and summary  

A GRACE data assimilation system was developed in this 
study, which assimilated the GRACE-derived TWSA in-
formation into the Community Land Model CLM3.5 
through the ensemble four-dimensional variational assimila-
tion method PODEn4DVar, in order to disaggregate the 
monthly and column-integrated GRACE information both 
vertically and in time, and convert the integrated infor-
mation into changes of individual variables (including SM, 
GWS and SWE in this study). Single-point OSSEs were 
designed to verify the feasibility of the system, while assim-
ilation experiments based on GRACE observations were 
carried out in China, and preliminary evaluations were 
conducted over eight major basins and the southwestern 
areas. 

The results of the OSSEs showed that GRACE data as-
similation could improve the simulation of land surface hy-
drological variables, indicating the feasibility of the assimi-
lation system. Correlation coefficients and root mean square 
errors between assimilation results and daily observations 
were improved significantly, demonstrating that data assim-
ilation could produce more accurate daily variations of in-
dividual variables from the monthly and column-integrated 
TWSA observations. Experiments that assimilated observa-
tions of different frequencies showed that, as the observa-
tion frequency increased, data assimilation performed better 
for SM with relatively rapid variations, but similar results 
did not hold for GWS with relatively slow variations. 

Assimilation experiments based on GRACE-derived 
TWSA observations and preliminary validations were con-
ducted over eight major basins in China, to explore the ef-
fect that GRACE data assimilation had on the simulations 
of hydrological variables. It was found that data assimila-
tion significantly improved TWS simulations, with results 
agreed very well with GRACE observations, and correlation 
coefficients and root mean square errors greatly improved 
as well. Data assimilation did not have a marked effect on 

the simulations of SM anomalies, and yet improved the 
correlation coefficients for most of the basins. The influ-
ences of data assimilation on the simulation of GWS anom-
alies and WTD anomalies were much more visible. Correla-
tion coefficients between GWS and WTD anomalies after 
assimilation and the GRACE-derived TWSA observations 
were greatly improved for almost all the basins. Data assim-
ilation also captured the 2009–2010 drought event that took 
place in Southwest China in terms of TWSA and SM anom-
alies. All of these results illustrated that the GRACE data 
assimilation system had a considerable potential for im-
proving simulations of hydrological variables and for ap-
plications in drought monitoring. 

The evaluations of the experiments based on GRACE- 
derived TWSA data were conducted at the scale of basins; 
however, the variation characteristics of SM and GWS in 
upstream regions of the larger basins may differ considera-
bly from that downstream. Therefore it may be neither rep-
resentative nor significant to take average values over the 
whole basin. Evaluations over smaller regions that are de-
termined by climate may reflect the impacts of data assimi-
lation much better and further illustrated its effects for dif-
ferent climate regions, so as to better apply in water cycle 
and drought monitoring. This still needs further discussion. 
Notably, while GRACE-derived TWSA observations inte-
grate change information from any depth, only GWS, SM 
and SWE were considered in this study, and the land sur-
face model used can only depict water storage changes in 
unconfined aquifer; meanwhile, the GRACE observations 
are able to detect the influences of human activities on 
GWS, which are not considered in the model. The discrep-
ancies between observation and model not only can promote 
the further development of the GRACE data assimilation, 
but also can bring new ideas for the future development of 
land surface models. 

Only preliminary and simple validations were carried out 
in this study. The fact that assimilating SM and GWS can 
have destabilizing impacts on other model processes sug-
gests that the effects on the simulations of runoff and evap-
oration need to be investigated, as well as further applica-
tions in drought monitoring. The forecast operator used in 
this study was the Community Land Model CML version 
3.5. It has subsequently been developed to version 4.5 and 
incorporated into the Community Earth System Model as 
the land module, and many improvements have been made 
to the hydrological process. Therefore, the forecast operator 
needs to be updated, so that to enhance the accuracy of the 
data assimilation system. The spatial resolution of GRACE 
observations is very coarse, and disaggregation in the hori-
zontal direction has not yet been achieved in this study. In 
future work it is intended to conduct the GRACE data as-
similation research at a higher spatial resolution to dis-
aggregate the GRACE information horizontally, and 
high-resolution datasets of TWS and other hydrological 
variables will be generated for better applications in land 
surface hydrological research and drought monitoring. 
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