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Abstract

The quality of soil moisture simulation using land surface models depends largely on
the accuracy of the meteorological forcing data. The present study investigated how to
reduce the uncertainty arising from meteorological forcings in a simulation by adopt-
ing a multiple meteorological forcing ensemble approach. Simulations by the Com-5

munity Land Model version 3.5 (CLM3.5) over mainland China were conducted using
four different meteorological forcings, and the four sets of soil moisture data related to
the simulations were then merged using simple arithmetical averaging and Bayesian
model averaging (BMA) ensemble approaches. Compared to in situ observations, the
four simulations captured the spatial and seasonal variations of soil moisture in most10

cases with some mean bias. They performed differently when simulating the seasonal
phases in the annual cycle, the interannual variation and the magnitude of observed
soil moisture over different subregions of mainland China, but no individual meteo-
rological forcing performed best for all subregions. The simple arithmetical average
ensemble product outperformed most, but not all, individual members over most of the15

subregions. The BMA ensemble product performed better than simple arithmetical av-
eraging, and performed best for all fields over most of the subregions. The BMA ensem-
ble approach applied to the ensemble simulation reproduced anomalies and seasonal
variations in observed soil moisture values, and simulated the mean soil moisture. It is
presented here as a promising way for reproducing long-term, high-resolution spatial20

and temporal soil moisture data.

1 Introduction

Soil moisture plays a very important role in the global hydrological cycle and energy
balance within the land–atmosphere interaction in the climate system (Robock et al.,
1998). It is also a crucial variable for monitoring land surface conditions that trigger ex-25

treme events such as drought and flood (Wang et al., 2009, 2011; Albergel et al., 2012).
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As a consequence, it is very important to obtain accurate high-resolution spatial and
temporal soil moisture information. Currently, land surface models (LSM) have been
widely used to provide estimates of soil moisture on global or continental scales; how-
ever, LSM simulations of soil moisture still contain large errors. One of the main sources
of error is the uncertainty in the meteorological forcing. The accuracy of a simulation5

by LSM depends largely on the quality of its meteorological forcing, and is especially
sensitive to precipitation, radiation and temperature (Wei et al., 2008; Li and Ma, 2010;
Wang and Zeng, 2011).

Meteorological forcing driving a land surface model is usually produced by combining
in situ observations, remote sensing measurements and reanalysis data (Qian et al.,10

2006; Sheffield et al., 2006). It has been found that simulations by CLM3.5 are improved
using a meteorological forcing obtained through merging more in situ observations of
precipitation and temperature (Wang and Zeng, 2011). At a regional scale, more in situ
observations and remote sensing measurements are available for LSM use. For exam-
ple, high-resolution space/time meteorological forcings for mainland China have been15

developed by He (2010), Shi et al. (2008, 2011) and Tian et al. (2010), but various
errors are still found in soil moisture simulations by LSM using different forcings. It has
been found that the simplest ensemble approach (simple arithmetical averaging of soil
moisture from an individual ensemble member) is an effective strategy for improving
the simulation of soil moisture, but it is still not superior to the best individual ensemble20

member in most cases (Guo et al., 2007). Bayesian model averaging (BMA) was pro-
posed by Raftery et al. (2005) as an ensemble post-processing approach for calibrat-
ing forecast ensembles from numerical weather models and producing calibrated and
sharply predictive probability density functions (PDF). Many previous studies, which
applied the BMA approach to a range of different weather and seasonal climate ensem-25

ble forecasts, have demonstrated that it is superior to the simple arithmetical averaging
method and provides a quantitative description of total predictive uncertainty through
the PDF (Raftery et al., 2005; Duan et al., 2007; Vrugt et al., 2008).
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In the present work, four meteorological forcings were used to conduct simulations
over mainland China using Community Land Model version 3.5 (CLM3.5, Oleson et al.,
2007, 2008). Then the four sets of simulated soil moisture data were merged using
a Bayesian model averaging (BMA) ensemble approach to reduce the CLM3.5 simula-
tion uncertainty in the four meteorological forcings, and improve soil moisture simula-5

tion.
This paper is organized as follows. We briefly describe the LSM CLM3.5, four various

meteorological forcings and in situ observation of soil moisture in China in Sect. 2.
Section 3 briefly describes the experiment design and ensemble approach. Validation
and comparison of individual member and ensemble simulations of soil moisture in10

eight climatic subregions of mainland China are presented in Sect. 4. We discuss the
results in Sect. 5 and finally give a summary and conclusions in Sect. 6.

2 Model and data

2.1 Land surface model CLM 3.5

The LSM used in this study is the CLM3.5 (Oleson et al., 2007) released by the Na-15

tional Center for Atmospheric Research (NCAR), which is a modified version of CLM3.0
(Oleson et al., 2004), and has significantly improved the simulation of many variables in
the hydrological cycle and the spatial distribution of vegetation. A new surface dataset
has been introduced to improve land surface representation and improve the simu-
lation of surface albedo, near-surface temperature and precipitation (Lawrence and20

Chase, 2007). For the hydrological process, the modifications to CLM3.5 mainly in-
clude canopy interception, surface and subsurface runoff, water table depth, frozen
soil, soil water availability and soil evaporation. A detailed description of the physical
processes, modification and performance of CLM3.5 was given in Oleson et al. (2004,
2008) and Lawrence et al. (2007).25
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In CLM3.5, the total 0–3.43 m soil column is divided into 10 layers of variable thick-
ness. The depths di and thicknesses ∆di of the i th soil layer are given by:

di =
exp

( i−0.5
2

)
−1

4
, i = 1,2, · · · ,10, (1)

∆di =


(d1 +d2)/2, i = 1,
(di+1 −di−1)/2, i = 2,3, · · · ,9,
di −di−1, i = 10.

(2)5

The change of soil water content is calculated from the water-balance equation in each
soil layer.

2.2 Multiple meteorological forcings

An offline CLM3.5 simulation requires external meteorological forcing data that includes
air temperature, wind speed, specific humidity, surface pressure, precipitation and radi-10

ation. In this study, four sets of meteorological forcing over mainland China developed
by different institutions were used in our multiple forcings ensemble system. Those
include:

1. the forcing data for China (hereafter FY) developed by Shi et al. (2008, 2011),
which introduced inverted precipitation and ground-incident solar radiation prod-15

ucts acquired through the high-resolution spatial and temporal FY2C satellite data
available from http://satellite.cma.gov.cn for precipitation and solar radiation. And
the near-surface air temperature, pressure, wind speed and humidity were derived
from the National Centers for Environmental Prediction (NCEP)/NCAR reanalysis
data.20

2. the forcing data for China (hereafter ITP) established by He (2010), which merged
the observations from 740 operational stations of the China Meteorological Ad-
ministration (CMA) into the corresponding Princeton global meteorological forcing
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dataset (Sheffield et al., 2006), to produce near surface air temperature, pres-
sure, wind speed and specific humidity fields. This combined three precipitation
datasets to determine the precipitation field, and corrected the Global Energy and
Water Cycle Experiment-Surface Radiation Budget (GEWEX-SRB) (Pinker and
Laszlo, 1992) shortwave radiation dataset with reference to radiation estimates5

(Yang et al., 2006) in order to ascertain the downward shortwave radiation fields
(Chen et al., 2011).

3. The forcing data (hereafter TIAN) developed by Tian et al. (2010), which extended
the observation-based atmospheric forcing data from Qian et al. (2006) up until
2010, using the ERA-interim data, and temperature and precipitation from 74010

operational stations of the CMA.

4. Japanese 25-yr reanalysis data (JRA-25) (Onogi et al., 2008) (hereafter JRA).

Table 1 summarizes the primary features of, and differences between these forcings.

2.3 In situ observations of soil moisture

The observed soil moisture data were obtained from the CMA National Meteorolog-15

ical Information Center (NMIC). The original data for 1992–2011 from 778 stations
had been collected from agricultural meteorology stations in the cultivated land across
mainland China. The soil moisture was measured three times on the 8th, 18th and 28th
days of every month in the warm season, and no observations in the frozen soil, and at
the soil depths of 10 cm, 20 cm, 50 cm and 100 cm. It was observed by the gravimetric20

technique, and recorded originally as mass percentage θm, i.e.,

θm =
mw

ms
, (3)

where mw is the weight of soil water, ms is the weight of dried soil. The original data
were obtained from agricultural meteorology stations which serve for agriculture, and it
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was expressed as the relative soil moisture content Sm in the soil moisture dataset as
follows:

Sm =
θm

θ
, (4)

where θ is the volumetric soil moisture content at field capacity. The dataset includes
the field capacity information for every station. The relative soil moisture content was5

then converted to volumetric soil moisture with the units m3 m−3, i.e.

θv = Sm ×
ρs

ρw
×θ. (5)

Likewise, mass percentage can also be converted to volumetric soil moisture, i.e.,

θv = θm ×
ρs

ρw
, (6)

where ρs and ρw are the bulk density of soil and water respectively. This soil moisture10

observation dataset has been widely used to study the variations of soil moisture or
evaluate the LSM simulated soil moisture in China (Liu et al., 2001; Li et al., 2005;
Zhang, 2009; Wang and Zeng, 2011), and is in a constantly updated. In this study,
a simple quality control was performed for the updated soil moisture observation in
terms of observing frequency (i.e. the ratio between the available measurements time15

and the period from March to September)( Zhang, 2009), and then the monthly values
at depths of 0–10 cm, 10–20 cm and 70–100 cm, at 411 stations from July 2005 to
June 2010 were used to evaluate the simulated soil moisture. The 411 stations were
grouped into eight subregions on the basis of the spatial patterns of the centers of
dryness and wetness throughout China, based on Zhu (2003); these are defined in20

Table 2. Figure 1 shows the subregions and the location of all 411 stations; 391 of the
stations were located in the eight subregions in this study.

3473

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/3467/2013/hessd-10-3467-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/3467/2013/hessd-10-3467-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/
Highlight
in a [delete]

Highlight
70–100 cm[But this layer was not listed on the previous page.  Do you have data for every 10 cm layer?]

Highlight
This soil moistureobservation dataset[How can readers obtain the data?  Are they part of the International Soil Moisture Network, http://www.ipf.tuwien.ac.at/insitu/?  If not, why not?]



HESSD
10, 3467–3500, 2013

Improving simulation
of soil moisture in

China

J.-G. Liu and Z.-H. Xie

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3 Experiment design and ensemble approach

3.1 Experiment design

The four soil moisture simulations were determined by the following forcings (de-
scribed in Table 1), which are coded as: (1) CLM3.5 FY (for the FY simulation). (2)
CLM3.5 TIAN (for the TIAN simulation). (3) CLM3.5 ITP (for the ITP simulation). (4)5

CLM3.5 JRA (for the JRA simulation). In order to spin-up for the deep soil layers and
reduce the uncertainty from initialization, the model first adopted ITP meteorological
forcing from 1979 to 2010, and the first file on 1 January 2011 was saved and used
to initialize all four simulations. These were all run at resolutions of 0.1◦ latitude×0.1◦

longitude in CLM3.5. Because the different forcings spanned four different time peri-10

ods, in this study we chose the time span that was common to all four, which was July
2005–June 2010.

The four sets of simulated soil moisture data were then merged, using simple arith-
metical averaging and BMA ensemble approaches.

3.2 Ensemble approach15

The ensemble approaches have been found to be quite effective in improving soil
moisture simulations. The simplest ensemble approach (simple arithmetical averag-
ing) and an advanced ensemble approach (BMA) were both used in this study. Raftery
et al. (2005) proposed a BMA approach which involves statistical post-processing to
produce calibrated and sharply predictive PDFs from ensembles of dynamic models,20

and provide a reliable description of the total modeling uncertainty. The BMA predic-
tive PDF is a weighted average of PDFs centered on the bias-corrected forecasts from
a set of individual ensemble members:

p
(
y |
(
f1, · · · , fK ,yT

))
=

K∑
k=1

wkpk

(
y |
(
fk ,yT

))
, (7)
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where y is the predictive variable,fk ,k = 1,2, · · · ,K is the kth ensemble member fore-
casts, K is the number of ensemble members being combined, yT are the training data,
pk(y |(fk ,yT )) is the conditional PDF of y based on ensemble member fk , given that fk
is the best forecast in the ensemble. The weighting wk is the posterior probability of
forecast fk , such that it is non-negative and

∑K
k=1wk = 1, and represents the contribu-5

tion of ensemble member k to the predictive skill of the ensemble. From Eq. (7), we
can get the posterior predictive PDF of predictive variable y , such as soil moisture in
this study. In the original BMA approach in Raftery et al. (2005), it is assumed that
the conditional PDF pk(y |(fk ,yT )) is Gaussian, but the probability distribution of soil
moisture error is non-Gaussian. Tian et al. (2011) found that the gamma distribution is10

better for approximating the soil moisture error than the Gaussian distribution. In our
BMA we develop and use, we assume that the conditional PDF pk(y |(fk ,yT )) from each
ensemble member at the specific time and location was approximated as the gamma
distribution

pk

(
y |
(
fk ,yT

))
=

1

βαk
k Γ(αk)

yαk−1 exp(−y/βk). (8)15

The shape parameter αk and scale parameter βk of the gamma distribution are given
as:

µk = αkβk = b0k +b1kfk , (9)

σ2
k = αkβ

2
k = c0 +c1fk , (10)

20

where µk and σ2
k are mean and variance of the gamma distribution, and b0k ,b1k ,c0,c1

are parameters to be estimated. The mean of BMA posterior PDF p(y |(f1, · · · , fK ,yT )) is
the deterministic forecast. In this study, we only consider the deterministic forecast of
BMA method for the soil moisture.

The BMA parameters b0k ,b1k were estimated from a training data set using the25

linear regression method, and ωk ,c0,c1 were estimated from a training data set using
3475
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the maximum likelihood technique for which the values were obtained iteratively using
the modified Markov chain Monte Carlo (MCMC) algorithm following Vrugt et al. (2008).
In present study, July 2005–June 2008 was chosen as the training period, and July
2008–June 2010 as the evaluation period. In spatial distribution, the BMA parameters
were relocated from data-rich areas to data-sparse or no-data areas, based on the5

distribution compartmentalization of climate defined in Table 2.

4 Results

4.1 Spatial distribution and temporal variation

Because the soil layer depths in CLM3.5 do not match the depths at which the in situ
observations were made, the soil moisture was observed only for the 0–10 cm, 10–10

20 cm and 70–100 cm soil layers. The multiple soil layers in CLM3.5 were adjusted
to the three observed soil layer thicknesses by the weighted averages of soil layer
thicknesses in CLM3.5.

Figure 2 shows the spatial distribution for the five-year (July 2005–June 2010) aver-
aged volumetric soil moisture derived from CLM3.5 simulations driven by the above four15

forcings, their simple arithmetical averaging ensemble (referred to as CLM3.5 mean
from here on), their BMA ensemble (referred to as CLM3.5 BMA from here on), and
observed values in the 0–10 cm soil layer (the first column in the Fig. 2), 10–20 cm
soil layer (the second column in the Fig. 2) and 70–100 cm (the third column in the
Fig. 2). For the soil moisture in the 0–10 cm soil layer, the observed soil moisture over20

mainland China (Fig. 2a) in the first column displays obvious northwest/northeast and
northwest/ southeast gradients from dry to wet. Soil drought (<0.14, Fig. 2a) in the
first column is evident in most of Xinjiang, western Gansu, Inner Mongolia and the
Hetao region; wetter soil appears over part of the northeast and most of southeast.
The spatial pattern is generally consistent with the analysis of in situ soil moisture ob-25

servations from Sun et al. (2005). Figure 2b–e in the first column indicate that the soil
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moisture simulated by all four forcings generally captured the spatial pattern of soil
moisture in most cases, but the CLM3.5 FY, CLM3.5 TIAN and CLM3.5 ITP simulated
moisture content was wetter than observed values, especially CLM3.5 FY over the Hai
River Basin. CLM3.5 JRA predicted drier soil than observed over northern China, es-
pecially in the northeast. In summary, a mean bias was revealed in the CLM3.5 soil5

moisture simulation when individual forcings were used. Figure 2f,g in the first column
show that CLM3.5 mean and CLM3.5 BMA reduced the mean bias, resulting in a spa-
tial distribution that approximated the observed values more closely than the individual
members, and captured the locations of the several soil moisture drought centers very
well. Also, CLM3.5 mean was wetter than the observed values; CLM3.5 BMA clearly10

captured several dryness and wetness centers of mainland China, and it approximated
the observed values spatially.

The second and the third column repeat the maps of the first column in Fig. 2, with the
10–20 cm and 70–100 cm soil layers shown. Both 0–10 cm and 10–20 cm soil layers are
the upper soil layers, and the spatial distribution in the 10–20 cm soil layer (the second15

column in Fig. 2) basically agrees with the first column in Fig. 2, and the performance
is similar. For the 70–100 cm layer (the third column in Fig. 2), the spatial pattern of
soil moisture for all simulations coincide with observations in most cases, but spatial
distribution varies much less than the 0–10 cm layer (the first column in Fig. 2), and the
mean bias is much greater. Possible causes include the inability of CLM3.5 to simulate20

the variation of soil moisture at deeper soil layers, or alternatively the relatively short
spin-up time. Figure 2g show that CLM3.5 BMA greatly improved the simulated results,
and agreed more closely with the observed spatial patterns in 0–10 cm, 10–20 cm and
70–100 cm soil layers.

To quantitatively examine the performance of CLM3.5 simulations of soil moisture25

driving by four individual forcings and their ensemble simulations, we compares the
simulated and observed monthly volumetric soil moisture time series averaged over
the eight subregions defined in Table 2. In this study, because the observational sta-
tions are sparse and the area average of simulated volumetric soil moisture only count
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grid cells nearest to the available observation stations. Figure 3 shows the compar-
isons between simulated and observed monthly volumetric soil moisture in the 0–10 cm
soil layer for the period July 2005–June 2010 in the eight subregions for each of the
four models, and also for CLM3.5 mean and CLM3.5 BMA. CLM3.5 FY, CLM3.5 TIAN
and CLM3.5 ITP all generally captured the seasonal cycle and temporal evolution of5

the observed soil moisture reasonably well, but overestimated the amplitude for most
subregions in mainland China, predicting much higher soil moisture values than ob-
served. CLM3.5 JRA performed somewhat worse in capturing the temporal evolution
of soil moisture, but showed a smaller bias than the other three. The CLM3.5 mean and
CLM3.5 BMA ensembles showed considerable improvement over the individual forcing10

simulations. CLM3.5 BMA produced a closer simulation of the observed values of the
temporal evolution of both soil moisture and seasonal phases, and greatly reduced the
mean bias. It also approximated the observed time series most closely.

It should be noted that LSM simulation usually reproduce anomalies and seasonal
variations but fail to simulate the mean soil moisture (Entin et al., 2000; Guo and15

Dirmeyer, 2006; Qian et al., 2006); the BMA approach applied in the present study
did simulate the mean soil moisture values.

Figure 4 reproduces the maps in Fig. 3, but for the 10–20 cm soil layer. The temporal
variation basically agrees with the map in Fig. 3 and has a similar performance for the
eight subregions. For the 70–100 cm soil layer (Fig. 5), in six experiments the simulation20

agreed the observed temporal variation in the China I–VII subregions, but most did not
capture the observed temporal variation well in the China VIII subregions. This may
be due to the dense vegetation, copious rainfall, the shortage of observations, and the
complex terrain in southern China. In subregions China I and II, the temporal variation
was much smaller and the mean bias was much greater than that shown in Fig. 3.25

CLM3.5 JRA performed worst in this soil layer, substantially underestimating the soil
moisture in northern China (subregions China I, II and V). CLM3.5 BMA performed
best of all six simulations, both for temporal variation and mean soil moisture.
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Figure 6 compares the six simulations, averaged over the eight subregions, with
the observation of soil moisture annual cycle in the 0–10 cm soil layer. All six simu-
lations generally captured the annual cycle in most subregions, but the CLM3.5 FY
was too wet, CLM3.5 TIAN and CLM3.5 ITP predicted slightly wetter values than ob-
served; CLM3.5 JRA simulations had a smaller bias and were drier than observations5

in northern China, especially for the deep soil layer (70–100 cm, not shown in Fig. 6);
CLM3.5 BMA agreed very closely with observation. For the 10–20 cm and 70–100 cm
soil layers, the annual cycle were comparable (not shown in Fig. 6).

4.2 Statistical comparison between simulation and in situ observation

As a further quantitative illustration of the advantages of the BMA ensemble approach10

in improving the simulation of soil moisture, statistical scores of correlation (R), bias,
root mean square error (RMSE) and normalized standard deviation (SDV) were used to
further examine the performance of the six simulations. R and SDV were plotted on two-
dimensional Taylor diagrams (Taylor, 2001). The SDV is displayed as radial distance,
R for in situ observations as an angle in the polar plot, and the in situ observation as15

a point on the x-axis at R=1 and SDV=1 (recorded as REF).
The statistical post-processing in the BMA method requires training data to calibrate

the BMA model parameters, we chose July 2005–June 2008 as the training period and
July 2008–June 2010 as the evaluation period. The statistical scores of the six models
in the 0–10 cm soil layer are presented in Fig. 7 for each of the eight subregions. For the20

individual forcing experiments, CLM3.5 ITP and CLM3.5 TIAN showed good temporal
correlation (R), ranging from 0.5 to 0.8 in most subregions. CLM3.5 JRA performed
worst in temporal correlation, and is shown to have negative correlation in Fig. 7a). Fig-
ure 7b,c shows that CLM3.5 JRA produced a relatively small bias and RMSE, whereas
the three other individual forcing experiments each showed a relatively large bias and25

RMSE. The standard deviation of CLM3.5 FY approximated in situ observations most
closely (i.e., SDV approximated 1 most closely)(Fig. 7d). Figure 7 also shows that only
some of the individual forcing experiments ranked highly, and this was only in some of
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the subregions. None of the individual forcing experiments ranked highest in all subre-
gions.

CLM3.5 mean ranked highly over most subregions but it did not outperform all the
individual members. The CLM3.5 BMA ranked highly over all subregions for all fields
and performed better than CLM3.5 mean over most subregions, and performed best in5

temporal correlation over China II, III, VI subregions, in bias over all subregions except
China VI, VII, in RMSE over all subregions except China VII subregion and in SDV over
China III subregion for all fields. In general, The CLM3.5 BMA performed best for all
fields over most of the subregions.

Figures 8 and 9 show the statistical score for six different experiments in the 10–10

20 cm and 70–100 cm soil layers. They show similar outcomes, but the quality of the
prediction deteriorated with greater soil depth; for instance, in the China IV and VIII
regions, the BMA ensemble was less dominant in temporal correlation.

Figure 10 shows three Taylor diagrams comparing the six experiments with observed
values over the eight subregions: the Fig. 10a is for the 0–10 cm soil layer, the Fig. 10b15

is for the 10–20 cm soil layer and the Fig. 10c is for the 70–100 cm soil layer. (Nega-
tive correlations are not shown in Taylor diagrams.) Figure 10 shows clearly that the
CLM3.5 ITP generally performed best of the four individual forcing experiments, and
CLM3.5 BMA performed best of all six experiments in general, in most cases. The
BMA ensemble approach improved the quality of simulated soil moisture significantly,20

not only in better simulation of the spatial (Fig. 2) and temporal variation (Figs. 3–5),
but also in reducing the mean bias (Figs. 2–6).

5 Discussion

The uncertainty of LSM-simulated soil moisture mainly derives from the uncertainty of
the meteorological forcing that is used, and also on the LSM parameterization method.25

This suggests that more effort is needed to reduce the uncertainty and improve the soil
moisture simulation. Due to the lack of available long-term soil moisture data, the BMA
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ensemble approach was applied to multiple forcings and a multi-model ensemble for
simulating soil moisture, and showed promise as a way of reproducing accurate and
high-resolution long-term spatial and temporal soil moisture data, which in turn is very
important for the study of long-time hydrological variation at the land surface.

It should be noted that there are some limitations in this study. The BMA method can5

reduce the modeling uncertainty and improve modeling, but it depends on observa-
tions to train. In this study, we assume that the local observations of the station are the
true values, and the uncertainty of the soil moisture observations were not discussed.
Secondly, we did not consider the uncertainty of scale mismatch between observation
and simulation. The thickness of soil layer between observation and CLM3.5 simulation10

was different, and we adjusted the multiple soil layers in CLM3.5 to the three observed
soil layer thicknesses by the weighted averages of soil layer thicknesses in CLM3.5.
The spatial scale between local station observation and the size of CLM3.5 grid was
characterized by a mismatch, and we chose the nearest CLM3.5 grid to match the local
station observation. These uncertainties were not considered in this study. Thirdly, the15

BMA ensemble approach depends on the availability of observational data; measured
soil moisture information in China is sparse, especially in southern China. Therefore
spatial BMA parameters must be transferred from data-rich areas to data-sparse or
no-data areas. In this study, we transferred parameters based on the distribution com-
partmentalization of climate, as set out in Table 2. However, the spatial variation of20

soil moisture is large (Liu et al., 2001; Minet et al., 2011), it is sensitive to precipita-
tion (P ), radiation and temperature (i.e., be related to P and evapotranspiration (ET)),
but it is not simply equal to (P –ET) times a simple scale factor, and it is also closely
related to soil processes, vegetation processes and others in CLM3.5. As an exam-
ple, Fig. 11 illustrates the P –ET compared to the simulated soil moisture. This figure25

clearly illustrates that the soil and vegetation processes influence significantly the sim-
ulated soil moisture in CLM3.5 at the regional scale. So this BMA parameters transfer
method can improve the simulation in a way, the uncertainty in this method remains to
be addressed. If the observations are sparse, other methods might be appropriate. For
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example, a comprehensive parameter transfer method that embraces climate, hydrol-
ogy, vegetation, soil texture properties may improve simulated soil moisture patterns.

6 Summary and conclusion

This study investigated the extent to which the quality of soil moisture simulation is
improved by using a multiple meteorological forcings ensemble approach. Four mete-5

orological forcings developed by different institutions were used in the LSM numerical
model CLM3.5 to simulate the moisture content of soils across mainland China. All
simulations were performed on a grid at 0.1◦ resolution. Two ensemble approaches
(simple arithmetical averaging, and BMA) were then applied to the resulting four sets
of simulations. The simulated soil moisture from all six experiments were then com-10

pared to in situ measured soil moisture from 411 stations in eight subregions across
mainland China for the period July 2005–June 2010. The major conclusions are:

1. The CLM3.5 simulations of soil moisture using the four individual forcings gen-
erally captured the spatial pattern and seasonal variation of soil moisture in
these areas, but produced some mean bias comparing with the in situ observed15

soil moisture values. Of the four individual forcing experiments, CLM3.5 ITP and
CLM3.5 TIAN showed the best correlation, CLM3.5 JRA had the lowest mean
bias, and the variation of soil moisture values produced by CLM3.5 FY was gen-
erally consistent with measured values. In general, CLM3.5 ITP performed best
and CLM3.5 JRA performed worst in most subregions. This result is associated20

with the quality of the meteorological forcing: for example, ITP, TIAN and FY re-
quire substantial numbers of measured values to be merged with remote sensing
observations.

2. The performances of the simulations in the top soil layers (0–10 cm and 10–
20 cm) were superior to those at 70–100 cm, which is associated with the ability25

of CLM3.5 to simulate soil moisture in the deeper soil layers, and the mismatch
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between the actual measured soil layer depths and the theoretical depths that
are part of the design of the CLM3.5 model. The simulated soil moisture values in
northern China were found to approximate more closely to in situ observed values
than those in southern China (subregions China IV, VII and VIII). This result was
presumably related to the copious rainfall in those subregions together with the5

scarcity of observational data, the dense vegetation, the complex terrain and the
soil texture.

3. Ensembles based on combining the four meteorological forcings improved the ac-
curacy of the simulated soil moisture. The simple arithmetical averaging ensemble
ranked highly in most subregions, but did not produce the best of the results in all10

categories in most subregions. The BMA ensemble performed better, being best
over most of the subregions in general. The BMA ensemble approach significantly
improved the ability to accurately simulate soil moisture. It is a promising way of
reproducing the mean value and variation in volumetric soil moisture.
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Table 1. Comparison of major features of four sets of meteorological forcing data.

Forcing Resolution Coverage Composition Institution Reference

FY 1 h
0.2◦ ×0.2◦

15◦ N–55◦ N
75◦ E–135◦ E
2005.7–2010.6

1. precipitation and ground- inci-
dent solar radiation from FY2C
satellite data;
2. NCEP/NCAR reanalysis data

CMA Shi (2008);
Shi et al. (2011)

ITP 3 h
0.1◦ ×0.1◦

15◦ N–55◦ N
70◦ E–140◦ E
1979–2011

1. near-surface air temperature,
pressure, wind speed, specific,
humidity and precipitation from
740 operational stations of the
CMA;
2. Princeton meteorological forc-
ing data;
3. TRMM3B42 and APHRODITE
precipitation product;
4. GEWEX-SRB shortwave radia-
tion data sand radiation estimates
from a hybrid radiation model

ITPCAS He (2010);
Chen et al. (2011);
Sheffield et al. (2006);
Yang et al. (2006);
Yatagai et al. (2009);
Huffman et al. (2007);
Pinker and Laszlo
(1992)

TIAN 6 h
1.875◦

×1.915◦

15◦ N–55◦ N
70◦ E–140◦ E
2004–2010

1. precipitation and temperature
from 740 operational stations of
the CMA;
2. ERA-interim reanalysis data;

IAPCAS Tian et al. (2010)

JRA 6 h
1.125◦

×1.125◦

Global
1979–2011

JRA-25 reanalysis data JMA Onogi et al. (2008)

China Meteorological Administration (CMA), Institute of Tibetan Plateau Research, Chinese academy of
Sciences (ITPCAS), Institute of Atmospheric Physics, Chinese Academy of Sciences (IAPCAS), Japanese
25-yr Reanalysis (JRA-25), Japan Meteorological Agency (JMA), Tropical Rainfall Measuring Mission
(TRMM), Asian Precipitation-Highly Resolution Observational Data Integration Toward Evaluation of Water
Resources (APHRODITE), Global Energy and Water Cycler Experiment– Surface Radiation Budget
(GEWEX-SRB) precipitation products (Huffman et al., 2007), precipitation data.
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Table 2. Locations of the eight subregions in China.

Identification Region Name Location Number of
Observational
Stations

China I northeast China 120◦ E–135◦ E,
40◦ N–50◦ N

74

China II northern North China 110◦ E–120◦ E,
40◦ N–45◦ N

34

China III southern North China 110◦ E–120◦ E,
34◦ N–40◦ N

116

China IV middle and lower Yangtze River Basin 110◦ E–122◦ E,
30◦ N–34◦ N

36

China V eastern northwest China 95◦ E–110◦ E,
34◦ N–42◦ N

67

China VI western northwest China 80◦ E–95◦ E,
34◦ N–50◦ N

19

China VII northern southwest China 100◦ E–110◦ E,
28◦ N–34◦ N

32

China VIII southern southwest China 100◦ E–110◦ E,
20◦ N–28◦ N

13
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Fig. 1. Locations of the 411 stations (black dots) with in situ soil moisture observations. Also
shown (boxes) are the eight subdivisions for regional averaging.
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Fig. 2. Mean volumetric soil moisture ( m3 m−3) averaged from July 2005 to June 2010 in 0–
10 cm soil layer (the first column), 10–20 cm soil layer (the second column), 70–100 cm soil
layer (the third column): (a) observation; (b) CLM3.5 FY; (c) CLM3.5 TIAN; (d) CLM3.5 ITP;
(e) CLM3.5 JRA; (f) CLM3.5 mean; (g) CLM3.5 BMA.
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Fig. 3. Time series of monthly volumetric soil moisture ( m3 m−3) for the 0–10 cm soil layer
from observations, CLM3.5 FY, CLM3.5 TIAN, CLM3.5 ITP, CLM3.5 JRA, CLM3.5 mean and
CLM3.5 BMA at the eight regions defined in Table 2.
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Fig. 4. As for Fig. 3, but for 10–20 cm soil layer.
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Fig. 5. As for Fig. 3,but for 70–100 cm soil layer.
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Fig. 6. The July 2005–June 2010 mean of monthly volumetric soil moisture ( m3 m−3)
for the 0–10 cm soil layer from observations, CLM3.5 FY, CLM3.5 TIAN,CLM3.5 ITP,
CLM3.5 JRA,CLM3.5 mean and CLM3.5 BMA at the eight regions defined in Table 2.
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Fig. 7. Statistical scores for CLM3.5 FY, CLM3.5 TIAN, CLM3.5 ITP, CLM3.5 JRA,
CLM3.5 mean, and CLM3.5 BMA in the validation period July 2008-June 2010 in the 0–10 cm
soil layer for the eight regions defined in Table 2: (a) R; (b) bias; (c) RMSE; (d) SDV.
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Fig. 8. As for Fig. 7, but for 10–20 cm soil layer.
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Fig. 9. As for Fig. 7, but for 70–100 cm soil layer.
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Fig. 10. Taylor diagram illustrating the statistics of the comparison between CLM3.5 FY,
CLM3.5 TIAN, CLM3.5 ITP, CLM3.5 JRA, CLM3.5 mean, CLM3.5 BMA and in situ observa-
tion for the eight regions defined in Table 2 in the validation period July 2008-June 2010 in: (a)
0–10 cm soil layer; (b) 10–20 cm soil layer; (c) 70–100 cm soil layer.
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 Fig. 11. Comparison between: (a) simulated mean volumetric soil moisture in the 0–10 cm soil
layer; and (b) mean precipitation minus simulated evapotranspiration (P –ET) averaged from
July 2005 to June 2010 by CLM3.5 using ITP forcing.
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