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a b s t r a c t

The land surface soil moisture is a crucial variable in weather and climate models. This study presents a
land data assimilation system (LDAS) that aims to improve the simulation of the land surface soil mois-
ture and energy fluxes by merging the microwave remote sensing data and the general circulation model
(GCM) output into a land surface model (LSM). This system was applied over the Tibetan Plateau, using the
National Centers for Environmental Prediction (NCEP) reanalysis data as forcing data and the Advanced
Microwave Scanning Radiometers for EOS (AMSR-E) brightness temperatures as an observation. The per-
formance of our four data sources, which were NCEP, AMSR-E, LDAS and simulations of Simple Biosphere
Model 2 (SiB2), was assessed against 5 months of in situ measurements that were performed at two sta-
tions: Gaize and Naqu. For the surface soil moisture, the LDAS simulations were superior to both NCEP
and SiB2, and there was more than a one-third reduction in the root mean squared errors (RMSE) for
both of the stations. Compared with the AMSR-E soil moisture retrievals, the LDAS simulations were
comparable at the Gaize station, and they were superior at the Naqu station. For the whole domain inter-
comparison, the results showed that the LDAS simulation of the soil moisture field was more realistic
than the NCEP and SiB2 simulations and that the LDAS could estimate land surface states properly even
in the regions where AMSR-E failed to cover and/or during the periods that the satellite did not over-
pass. For the surface energy fluxes, the LDAS estimated the latent heat flux with an acceptable accuracy

2
(RMSE less than 35 W/m ), with a one-third reduction in the RMSE from the SiB2. For the 5-month whole
plateau simulation, the LDAS produced a much more reasonable Bowen Ratio than the NCEP, and it also
generated a clear contrast of the land surface status over the plateau, which was wet in the southeast
and dry in the northwest, during the monsoon and post-monsoon seasons. Because the LDAS only uses
globally available data sets, this study reveals the potential of the LDAS to improving the land surface
energy and water flux simulations in ungauged and/or poorly gauged regions.
. Introduction

The soil moisture is an essential variable that governs the inter-

ctions between the land surface and the atmosphere (Betts et al.,
996; Entekhabi et al., 1996). The soil moisture controls the ratio
f the runoff to infiltration (Delworth and Manabe, 1988; Wagner
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et al., 2003), controls the surface energy partition (Entekhabi et al.,
1996; Prigent et al., 2005), and influences the development of
vegetation and the carbon cycle. The soil moisture-precipitation
feedback tendency has been identified by Koster et al. (2003),
Koster (2004) and Pal and Eltahir (2002).

The soil moisture profile can be observed at a point scale using
gravimetric methods or a Time Domain Reflectormetry (TDR). How-

ever, these point information are insufficient for research and
applications at regional scales, and are not available in the remote
regions that are difficult to access because building and maintain-
ing such stations is costly and difficult. Conversely, satellite remote
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Fig. 1. Daily averaged meteorological forcing variables at Gaize: the downward
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Obs NCEPb
hortwave radiation (a), downward longwave radiation (b), rain rate (c), and accu-
ulated rainfall (d).

ensing provides the opportunity to measure the surface soil mois-
ure at the regional, continental and even global scales. Passive

icrowave remote sensing provides a means for the direct mea-

urement of the surface soil moisture (Njoku and Entekhabi, 1996)
t a coarse resolution (which is on the order of approximately
0 km) and with a frequent temporal coverage (daily or bi-daily),
Fig. 2. Same as in Fig. 1, but for the Naqu station.

which can partially satisfy the temporal resolution that is required
for meteorological modeling. However, in the field of weather fore-
cast and hydrology modeling, a finer temporal resolution would
obviously improve the accuracy and reliability of the forecast.
Contrary to the limitations of in situ measurements and satellite
remote sensing, numerical models can provide continuous esti-
mates of soil moisture over the entire soil profile at any scale.
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Fig. 3. Snapshot observation that was provided by the AMSR-E at the 6.92

owever, due to the model initialization, the parameter and forc-
ng errors, and the inadequate model physics and/or resolution, the

odel predictions are usually of low quality.
The LDAS, which merges the observation information (which

ncludes in situ measurements and satellite remote sensing data)
nto a dynamic model (i.e., LSM), is expected to provide high-quality
urface energy and water flux estimates with adequate spatial cov-
rage and resolution for weather forecast (Reichle and Koster, 2005;
eichle et al., 2007). Compared with the atmospheric and oceanic
ata assimilation, the development of the LDAS was short and
apid. The development of the LDAS was initiated by using a sim-
le direct insertion approach (Jackson et al., 1981) approximately
0 years ago. Currently, the LDAS uses a variety of sophisticated

ssimilation strategies, which include the variational assimilation
trategy (Houser et al., 1998; Pathmathevan et al., 2003; Li et al.,
004; Dunne and Entekhabi, 2006) and the sequential assimilation
trategy (Entekhabi et al., 1994; Walker and Houser, 2001; Reichle
horizontal polarization channel on June 21st (a) and June 22nd (b), 2008.

et al., 2002; Han and Li, 2008). From the view point of applica-
tion scales, the LDAS initially started as field experiments for case
studies (Houser et al., 1998; Reichle et al., 2001), but it has now
extended to the regional scale, such as the European Land Data
Assimilation System (ELDAS) (Van Den Hurk, 2002). Because the
LDAS can make maximum usage of the observation data that are
derived from satellite remote sensing, it is expected to improve
the land surface water and energy simulations, especially in the
ungauged and poorly gauged regions.

The Tibetan Plateau plays an important role in the progression
of the Asian summer monsoon through its strong land-atmosphere
interactions; it also influences circulations over China, the North-
ern Hemisphere and even the entire globe (Ma et al., 2009; Xu

et al., 2008a; Yanai and Song, 1992; Yanai and Wu, 2006; Ye, 1981;
Ye and Gao, 1979; Ye and Wu, 1998). Understanding the land-
atmosphere interaction over the plateau is essential for weather
forecast and climate change studies. Because it occupies a large area
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Fig. 4. Time series of the surface soil moisture at Gaize (a) and Naqu (b). Obs rep-
resents the in situ soil moisture observation; AMSR denotes the AMSR-E level 3 soil
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latent heat of vaporization, T , T and q , q are the temperature

T
S

oisture product from JAXA; NCEP represents the soil moisture that was provided
y the NCEP/NCAR reanalysis; LDAS represents the results from assimilation.

approximately 1.2 million km2) and has a high altitude (mean alti-
ude of more than 4000 m above sea leave (asl)), the observation
ites on the plateau are limited. Although many pioneering studies
ave been conducted there for decades, it is still a challenging task
o represent the land surface energy and the water fluxes over the
ntire Tibetan Plateau.

The objective of this study was to develop an LDAS over the
ibetan Plateau by merging passive microwave remote sensing data
nd GCM output into a land surface model and to investigate the
otential of the LDAS to improve the simulations of the land sur-
ace soil moisture and the energy flux. Specifically, the AMSR-E
rightness temperature data and the NCEP reanalysis data were
ssimilated into the SiB2. In order to evaluate the capability of
he assimilation system, the LDAS products, the SiB2 simulations,

he NCEP simulations, and the AMSR-E retrievals were compared
gainst the in situ observations. Performances of these four data sets
ere then intercompared. The logic behind this inter-comparison
as as follows: (1) the contribution of the remote sensing data in

able 1
tatistic metrics of the daily NCEP forcing data.

Items Naqu

MBE RMSE

DSW (W/m2) 95.83 108.78
DLW (W/m2) −37.96 41.09
Rain rate (mm/d) 0.43 3.90
Accumulated rain (mm) 14.10 48.39
servation and Geoinformation 17 (2012) 43–54

the LDAS can be identified through the comparison between the
LDAS and SiB2; (2) the role of the LSM in the LDAS can be identified
through the comparison between the LDAS and AMSR-E; and (3) the
capability of the LDAS to improve the land surface state estimation
can be identified through the comparison between the LDAS and
NCEP.

2. Data set

2.1. In situ stations and observations

The data that were observed at the Gaize and Naqu stations were
used in this study; these data were obtained from the Japan Inter-
national Cooperation Agency (JICA) China-Japan climate disasters
mitigation project (JICA project) (Xu et al., 2008b). Gaize station
(32◦18′N, 84◦06′E, 4416 m asl) is located in the middle of western
Plateau, where the dry climate is dominant. The land cover at Gaize
is bare soil with some sparse short grass. Naqu station (32◦22′N,
91◦54′ E, 4509 m asl) is located in the central Plateau, and it expe-
riences a wet climate condition during the monsoon season. The
Naqu site has a flat plateau grassy marsh land surface.

In this study, the land surface soil moisture and energy flux
that were obtained at these two stations were used as the valida-
tion data. The spatial scales of the AMSR-E data (with a resolution
around 50 km), the NCEP reanalysis data (with a resolution of
roughly 210 km), the LSM, LDAS and the in situ observations
were different from each other. Therefore, the direct comparison
between these four data sets and the single in situ station data might
be questionable. According to the design of the JICA project, these
two stations were intentionally set up in mesoscale regions, which
are relatively flat and are believed to be representative of the west
and central Plateau, respectively. This design partly alleviates the
representativeness problems that arise from the LDAS validation.

Two sets of automatic weather stations (AWSs) have been
installed in Gaize and Naqu. The soil moisture that was measured
with an horizontally installed TDR probe at a 5-cm depth from the
surface was used for the surface soil moisture validation. The other
meteorological variables were used to calculate the surface energy
components, i.e., the sensible heat (Hs) flux and the latent heat (LE)
flux by the Bowen Ratio Energy Balance (BREB) method (Fritschen
and Simpson, 1989), as:

LE = Rn − G

1 + B
(1)

Hs = B ∗ (Rn − G)
1 + B

, (2)

where Rn is net radiation, G is ground heat flux and B is Bowen Ratio

B ∼= (Cp/�) ∗ (T1 − T2)
q1 − q2

(3)

with Cp is specific heat capacity at a constant pressure, � is

1 2 1 2

and specific humidity at two levels, respectively. The derived latent
heat flux and sensible heat flux, together with the in situ observed
ground heat flux, were used as the in situ energy flux observations.

Gaize

R MBE RMSE R

0.631 53.94 82.89 0.364
0.813 −38.24 44.37 0.630
0.319 2.83 5.55 −0.009
0.991 195.77 222.43 0.941
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ig. 5. Comparison of the daily averaged surface soil moisture that was simulated
008.

.2. Meteorological forcing data: NCEP reanalysis

The National Centers for Environmental Prediction/National
enter for Atmospheric Research (NCEP/NCAR) reanalysis (which

s referred to as the NCEP reanalysis hereafter) is a global reanaly-
is that was initiated in 1948 and continues to the near real-time
t a horizontal resolution of T62 and a temporal resolution of 6 h
Kalnay et al., 1996). The dynamic model that is used in the NCEP
eanalysis is the NCEP global spectral model (Kanamitsu, 1989;
alnay et al., 1990; Kanamitsu et al., 1991), in which the land sur-

ace processes are treated as portions of the atmospheric model
n a relatively simple approach. Based on the merits of the NCEP
eanalysis data, such as the data availability, the ease of access and
he good spatial and temporal coverage, we used these data as the

eteorological forcing data in this study. The meteorological forc-
ng data, which included the downward shortwave and longwave
adiation, the air temperature at 2 m above the land surface, the
ind speed, the surface pressure, the specific humidity and the rain

ate, spatially and temporally interpolated to generate an hourly
orcing data at 50 km resolution.

Figs. 1 and 2 show the comparisons between the daily aver-
ged NCEP forcing data and the data that were observed at Gaize
nd Naqu, respectively. It was clear that the NCEP generally
verestimated the downward shortwave radiation data, while it
nderestimated the downward longwave radiation data. The NCEP

ain rate data from the Naqu station were acceptable, but the data
rom Gaize were seriously biased. This was in agreement with per-
ious studies (Berg et al., 2003). As indicated in Table 1, even for
he daily averaged values, the correlation coefficient (R) of the rain
NCEP (a), AMSR-E (b), LDAS (c) and SiB2 (d) over the Tibetan Plateau on Jun 22nd,

rate was very small, and the mean bias error (MBE) of the accumu-
lated rain was very large at the Gaize station, which implies that
the rainfall input may introduce large errors into the LDAS simu-
lation. The NCEP reanalysis also provides land surface states and
fluxes, which include the soil moisture at 0–10 cm, the latent heat
flux, the sensible heat flux and the ground heat flux. This data were
subset to illustrate the general land surface status that is used in
the current GCMs.

2.3. AMSR-E brightness temperature and soil moisture products

The brightness temperatures of the AMSR-E that were observed
at 6.925 GHz and 18.7 GHz were used as the observation data in
the LDAS, considering there is little radio frequency interference
(RFI) effect at these frequencies in this region. The observation
times of AMSR-E are local noon and midnight. In this application,
only the midnight observation data were used as the land sur-
face temperature profile was almost uniform at this overpass time.
The assimilation window of the assimilation system was, therefore,
decided as one day. The resolution of the system was also decided
by the 0.5◦ resolution of the AMSR-E data.

Fig. 3 provides two examples of the AMSR-E midnight observa-
tion at the 6.925 GHz horizontal channel for two consecutive days.
Over a large domain like the Tibetan Plateau, it is difficult for the
AMSR-E to cover whole study area with one scan. Therefore, the

satellite observation was not always available in all regions at the
same time.

Land surface variables, which includes surface soil moisture,
soil temperature and vegetation water content, can be directly
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effects of the dry soil particles and the influence of the mois-
ture and temperature profile; (2) an advanced integral equation
method (AIEM) (Chen et al., 2003), which accounts for the surface
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ig. 6. Monthly averaged diurnal cycles of the latent heat flux (a), sensible heat flux
b), and ground heat flux (c) at the Gaize station.

stimated from AMSR-E brightness temperature data by using var-
ous algorithms (Njoku et al., 2003; Paloscia et al., 2006). The
MSR-E soil moisture retrievals that were produced by the Japan
erospace Exploration Agency (JAXA) were used in this study (Lu
t al., 2009; Fujii et al., 2009). This data set was used to represent the
tate-of-art estimation of the land surface status that was provided
y microwave remote sensing. By comparing LDAS simulation with
he AMSR-E soil moisture retrievals, the superiority of the LDAS
roduct to the satellite data can be identified.

. Land data assimilation system

.1. Components of the LDAS

The LDAS that was used in this study is an updated version of
ang et al. (2007), and it consists of a LSM, which is used to forecast
he land surface status and calculate surface fluxes, an observation
perator (i.e., a radiative transfer model (RTM)), which can simulate

he microwave brightness temperature for the corresponding land
urface status, and an optimization scheme, which is used to search
or optimal values of soil moisture while minimizing the difference
etween the simulated and observed brightness temperatures.
servation and Geoinformation 17 (2012) 43–54

The LSM was the SiB2 (Sellers et al., 1986, 1996), which con-
tained some modifications regarding the heat and momentum
transfer simulation for the bare soil (Yang et al., 2002) and for the
sparse canopy (Watanabe and Kondo, 1990). The SiB2 was selected
as the dynamic model based on the following criteria: (1) its suc-
cessful application on the Tibetan Plateau (Gao et al., 2004; Li et
al., 2004; Hong and Kim, 2010); (2) its experiences in global scale
application (Sato et al., 1989); and (3) its relatively simple two-layer
structure that allowed for an easy application in the data assimila-
tion system. The soil column of SiB2 was discretized into the three
following layers: the surface layer (0–5 cm depth), the root zone
layer (5–20 cm depth) and the deep soil layer (20–200 cm depth).
The complete formulation of the SiB2 was described by Sellers et al.
(1986, 1996).

The observation operator that was used in this study is an
extended RTM that includes the following: (1) a soil media radia-
tive model (Lu et al., 2009), which counts the volume scattering
-200
  May Jun Jul Aug Sep

Fig. 7. Same as in Fig. 8, but at the Naqu station.
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oughness effects; and (3) the Tau-Omega model (Jackson and
chmugge, 1991), which accounts for the vegetation effects. The
ownward radiation from the vegetation and the atmosphere,
hich are reflected by the soil surface, was neglected because the

eflection at the soil surface was much smaller than the emission
rom the surface. Furthermore, because the atmosphere is almost
ransparent to the low frequencies of the microwave region (Ulaby
t al., 1986), the atmospheric effect was also neglected. The opti-
ization scheme that was used is the shuffled complex evolution

SCE) method (Duan et al., 1993).

.2. Algorithm of LDAS

The LDAS used here adopts a two-pass technique to implement
oth parameter optimization and the land data assimilation. In
ass 1, which runs continuously for a period of approximately two
onths, the soil parameters that were used in the LSM and RTM
ere optimized. The cost function of the parameter optimization

s shown in eq. (4) as the following:

OST =
n∑

i=1

2∑

j=1

[TBobs,i(fj, p) − TBsim,i(fj, p)]2 (4)

here n is the number of AMSR-E observations during the opti-

ization window (approximately 2 months); TBobs represents the

bserved brightness temperature by the AMSR-E; TBsim represents
he simulated brightness temperature by the RTM; f is the fre-
uency, f1 = 6.925 GHz, f2 = 18.7 GHz; and p is the polarization. By

ig. 8. Comparison of the ten-day average Bowen ratio over the Tibetan Plateau for the
c) for the period from July 21 to 31, (d) for the period from August 21 to 31, and (e) for S
eriod from June 21 to 30, (h) for the period from July 21 to 31, (i) for the period from Au
ervation and Geoinformation 17 (2012) 43–54 49

minimizing the costs, the parameter sets including the soil porosity,
the soil texture (percentage of sand and clay), the surface roughness
parameters, and the vegetation RTM parameters, were optimized.

After obtaining the soil parameters through pass 1, the normal
land data assimilation was implemented through a variational way,
which directly assimilated radiance (brightness temperature) into
the LSM (SiB2) using the observation operator (RTM). The surface
soil moisture status in the LSM was updated at the initial time of
each assimilation cycle (approximately 1 day) by minimizing the
cost function of the assimilation pass as follows:

COST =
2∑

j=1

{[TBobs(fj, p) − TBsim(fj, p)]2

+ [TB0(fj, p) − TB0,bg(fj, p)]2} (5)

where TB0 and TB0,bg are the simulated brightness temperatures
using the renewed soil moisture and the background soil moisture,
respectively. In the assimilation pass, only the surface soil mois-
ture was optimized. It was decided by considering the following
facts: (1) the AMSR-E could only receive the electromagnetic sig-
nals emitted from the top few centimeters of soil (roughly less than
5 cm); (2) the AMSR-E brightness temperature is more sensitive to

the soil moisture than the soil physical temperature; and (3) there
are only four observations available in the one-day assimilation
window and it is thus difficult to optimize any other variable than
the surface soil moisture.

LDAS ((a) for the period from May 21 to 31, (b) for the period from June 21 to 30,
eptember 21 to 30) and the NCEP ((f) for the period from May 21 to 31, (g) for the
gust 21 to 31, and (j) for September 21 to 30)).
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the NCEP was not reliable at both of the locations.
The AMSR-E retrievals were in good agreement with the in situ

observations that were performed at Gaize station; they con-
tained the smallest MBE and RMSE and the largest R. However, the

Table 2
Statistic metrics of the estimated surface soil moisture (vol/vol, in %).

Data sources Gaize Naqu

MBE RMSE R MBE RMSE R
Fig. 8.

.3. Parameters of the LDAS

In this study, global parameter databases were used to obtain
he default parameters; for instance, the default soil parameters
nd the land cover characteristics were derived from the Interna-
ional Satellite Land-Surface Climatology Project (ISLSCP) initiative
I (Hall et al., 2005). Due to the lack of in situ observations, the
efault morphological parameters of the Agriculture/C3 grassland
nd the aerodynamic parameters that were required to run SiB2
ere derived from Sellers et al. (1996) and were fixed during the

ntire simulation period.
The time-space varying vegetation information, which is

equired in the SiB2 and RTM, were derived from the MODIS (Mod-
rate Resolution Imaging Spectroradiometer) 8-day Leaf Area Index
LAI) products, which were converted to 0.5 × 0.5 degrees resolu-
ion and interpolated to daily values.

. Results and discussion

The LDAS was run over the entire Tibetan Plateau, using NCEP
s the atmospheric forcing data and the AMSR-E brightness tem-
eratures as the observations. The simulation period was from May
st to September 30th, 2008, which covering the whole monsoon
eason. To check the influences of the remote sensing data in the
DAS, the LSM (SiB2) using the NCEP reanalysis data alone was

ompared. The output of this LSM run was named SiB2. Soil mois-
ure from the four data sets, NCEP, AMSR-E, SiB2 and LDAS, were
rst compared against the in situ observations at two local stations.

nter-comparison of the regional soil moisture distributions among
inued)

the four data sets was then conducted. For the surface energy fluxes,
similar analyses were performed.

4.1. Validation of the soil moisture with the in situ observations

Fig. 4a and b show the local scale comparison results from Gaize
station and Naqu station, respectively. Table 2 summarizes the
RMSE, MBE, and R of the four data sets. Compared to the in situ
station data, the NCEP reanalysis data generally overestimated the
soil moisture mean values, while they underestimated its variation
ranges at both of the sites. The bias was larger at Gaize than at Naqu,
which corresponds to the larger rainfall errors that were observed
at Gaize and are shown in Fig. 1 and Table 1. For both of the stations,
the RMSE and MBE of the NCEP were larger than 10% (vol/vol). This
result suggests that the land surface status that was presented by
LDAS 2.74 8.46 0.361 −0.17 3.88 0.853
AMSR-E −3.01 6.13 0.601 10.16 21.25 0.562
NCEP 25.28 26.13 0.442 10.02 12.15 0.417
SiB2 10.35 12.59 −0.243 −5.52 8.94 0.315
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Fig. 8.

MSR-E did not fit the soil moisture variation trends that were
bserved at Naqu station; these results contained the largest MBE
nd RMSE. This unstable performance was not an uncommon case
or satellite retrievals, and hinders the application of the AMSR-E
oil moisture products worldwide. This is one reason why bright-
ess temperature were assimilated directly in this study, rather
han the soil moisture retrievals.

The SiB2 performed better than the NCEP, but it overestimated
he soil moisture at Gaize station and underestimated at the soil

oisture at Naqu station. Further, the SiB2 showed the weakest cor-
elation to the in situ data at both stations. This result implies that
eliable land surface estimations cannot be obtained by just simply
unning an LSM with atmosphere forcing from a GCM output.
Compared to the NCEP and the SiB2 data, the soil moisture sim-
lation of the LDAS was much improved. The LDAS provided the
est estimates at Naqu, which showed a significantly decreased
BE and RMSE and a significantly increased R. However, for Gaize,
inued)

although the surface soil moisture was improved in quantity (the
RMSE decreased by two-thirds), it showed a poor correlation with
the observations. We believe this result was caused by the strong
forcing errors that were inherited from the biased rainfall input,
and we suggest that reasonable forcing data are needed to properly
estimate the temporal variations.

4.2. Inter-comparison of the regional soil moisture estimates over
the Tibetan Plateau

Fig. 5 shows the daily soil moisture over the Tibetan Plateau on
June 22nd 2008, from the NCEP, AMSR-E, LDAS and SiB2, respec-
tively. It is clear that the NCEP produced a wetter and more

homogenous soil moisture distribution than the AMSR-E, LDAS and
SiB2. Although the AMSR-E retrieval showed more spatial variation,
it failed to provide full coverage, which can partly be attributed
to the limitation of the sensor, the platform and the algorithm. In
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Table 3
Statistic metrics of the monthly averaged diurnal surface energy fluxes (in W/m2)
that were simulated by the LDAS.

Gaize Naqu

MBE RMSE R MBE RMSE R

Hs 43.38 54.21 0.88 35.64 42.36 0.93
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LE 12.88 31.05 0.88 6.93 35.14 0.98
G0 −15.09 77.19 0.95 3.72 68.85 0.97

ontrast, the SiB2 was able to provide a soil moisture estimation
or the whole plateau. By integrating the advantages of the LSM
nd the remote sensing data, the LDAS provided a comprehensive
nd more realistic soil moisture distribution. For example, the LDAS
stimated that the soil moisture was less than 5% (vol/vol) in two
esert regions, the Taklamakan desert (37◦–40◦N, 78◦–85◦E) and
he Chaidamu desert (35◦–40◦N, 92◦–96◦E); however, in the two
esert, the NCEP simulations generally predicted a soil moisture
hat was larger than 20% (vol/vol), and the SiB2 simulations pre-
icted a moisture that was approximately 10% (vol/vol). Moreover,
MSR-E can only provide two observations per day, while the LDAS
an generate hourly soil moisture. Compared to the AMSR-E soil
oisture products, the LDAS can therefore provide more informa-

ion regarding the spatial and temporal variation of the surface soil
oisture.

.3. Intercomparison of the surface energy fluxes as simulated by
he LDAS and the NCEP

Figs. 6 and 7 show the monthly averaged diurnal variation of
he latent heat flux, the sensible heat flux, and the ground heat
ux at Gaize and Naqu, respectively. The NCEP simulations are also
lotted, but one should keep in mind that the value provided by the
CEP is 6 h average. From Figs. 6 and 7, the following results were
erived: (1) among the three surface energy components, the latent
eat flux was best estimated by the LDAS; (2) the LDAS generally
verestimated the sensible heat flux at both of the stations; (3) the
DAS produced a bigger range for the ground heat flux; and (4) the
DAS performance was better at the Naqu station than at Gaize.

As listed in Table 3, the RMSE of the latent heat flux estimates
as the smallest, the sensible heat flux was intermediate, and the

round heat flux was the largest. This result suggests that the skill
f the latent heat flux estimates from the LDAS was better than the
ensible heat flux, which was superior to the ground heat flux. This
erformance may be partly attributed to the design of the LDAS:
nly the surface soil moisture status were corrected directly, this
mpacting the latent heat flux calculation more obviously than the
ensible heat flux calculation.

As shown in Tables 3 and 4, compared to the SiB2 simulation,
he LDAS generally improved the latent heat flux and the ground
eat flux estimations. For the latent heat flux simulation, the LDAS
ecreased the RMSE from the SiB2 at Gaize by more than one-third

2
17 W/m ). For the ground heat flux, the LDAS decreased RMSE
y about one-sixth (14 W/m2). Both the LDAS and the SiB2 over-
stimated the sensible heat flux, which is partly due to that LSM
oes not accounting for the excess resistance that is important for

able 4
tatistic metrics of the monthly averaged diurnal surface energy fluxes (in W/m2)
hat were simulated by the SiB2.

Gaize Naqu

MBE RMSE R MBE RMSE R

Hs 29.93 42.17 0.87 34.39 39.72 0.96
LE 34.32 48.36 0.93 9.73 36.17 0.93
G0 −10.39 81.18 0.95 9.05 82.22 0.96
servation and Geoinformation 17 (2012) 43–54

the sensible heat flux calculation (Yang et al., 2009), and should be
addressed in future research.

4.4. Regional Bowen ratio distribution

Fig. 8 shows the ten-day averaged Bowen ratio distribution over
the plateau, and this was calculated for the last 10 days of each
month from May to September. As shown in Fig. 8a–e, there was
an obvious temporal variation in the Bowen ratio that was simu-
lated by the LDAS. The variation was closely related to the monsoon
activities over the Tibetan Plateau. Fig. 8a depicts the high Bowen
ratio values; this result indicates that the sensible heat flux was
dominant in May, and that the land surface was dry during the
pre-monsoon season. As the monsoon began and progressed dur-
ing June and July (Fig. 8b and c), the Bowen ratio decreased and
the latent heat flux became gradually dominant. During the post-
monsoon season (Fig. 8d and e), as the monsoon fading, the Bowen
ratio increased, and the sensible heat flux was once again domi-
nant. However, the Bowen ratio (Fig. 8f–j) that was generated from
the NCEP reanalysis did not show this clear variation.

A clear contrast in the Bowen ratio distribution over the plateau
can be observed in the LDAS simulation (Fig. 8b–d); the Bowen
ratio was low in the southeast and high in the northwest. This is
in response to that the Plateau was wet in the southeast regions
while it was dry in the northwest regions. These findings are also
supported by the daily soil moisture field (Fig. 5c) and the ten-day
average soil moisture field that was provided by the LDAS (data not
shown). These contrasting land surface statuses and energy flux
distribution characteristics could be explained by the well-known
atmospheric activities: during the Asian monsoon, cyclones bring
moisture from the Bay of Bengal to the southeast of the plateau,
and they bring dry air masses from the Taklamakan desert to the
northwest of the plateau.

5. Conclusion

This study showed that it is possible to improve the land surface
energy and water flux estimates by merging the AMSR-E obser-
vations and the NCEP reanalyses in a LDAS. The results of this
simulation were validated at two stations by comparing these data
against the in situ soil moisture and energy flux observations. The
LDAS generally simulated the surface soil moisture well; the MBE
was less than 3% (vol/vol), and the RMSE was less than 8% (vol/vol).
Compared to the performance of the NCEP and SiB2, the LDAS was
clearly able to partially reduce the errors that were inherited from
the biased forcing data. For the surface energy components, the
accuracy of the latent heat flux and the ground heat flux simulations
were improved; the RMSE decreased by 1/3 and 1/6, respectively.

For simulations over the whole Tibetan Plateau, the regional dis-
tribution of the surface soil moisture and the Bowen ratio that was
generated by the LDAS corresponds well to the climatic pattern on
the Tibetan Plateau, which provides a more realistic monsoon cycle
than that were generated by the NCEP. Moreover, the comparison
between the LDAS soil moisture and the AMSR-E products demon-
strated that the LDAS was able to provide more comprehensive data
in the regions and/or during the periods that the satellite fails to
provide observations. Therefore, the land surface water and Bowen
ratio data sets that were generated by the LDAS are superior to
those that were provided by the NCEP, SiB2 and AMSR-E. This data
set would provide an opportunity to study the land atmosphere
interactions and the potential to improve the understanding of the

climate and weather system over the Tibetan Plateau.

In this study, all the data and parameters were obtained from
the global data set as follows: the meteorological forcing data were
obtained from the NCEP; the satellite remote sensing data were
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btained from the AMSR-E; the vegetation data were obtained from
he MODIS; and the default parameters were obtained from the
SLSCP II. All of these data are globally available, publicly acces-
ible and free. Therefore, the LDAS could be easily applied to any
egion, and the experiences earned from this study are also useful
or ungauged or poorly gauged regions.
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