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ABSTRACT

Towards a better understanding of hydrological interactions between the land surface and atmosphere, land surface mod-
els are routinely used to simulate hydro-meteorological fluxes. However, there is a lack of observations available for model
forcing, to estimate the hydro-meteorological fluxes in East Asia. In this study, Common Land Model (CLM) was used in
offline-mode during the summer monsoon period of 2006 in East Asia, with different forcings from Asiaflux, Korea Land
Data Assimilation System (KLDAS), and Global Land Data Assimilation System (GLDAS), at point and regional scales,
separately. The CLM results were compared with observations from Asiaflux sites. The estimated net radiation showed good
agreement, with r = 0.99 for the point scale and 0.85 for the regional scale. The estimated sensible and latent heat fluxes using
Asiaflux and KLDAS data indicated reasonable agreement, with r = 0.70. The estimated soil moisture and soil temperature
showed similar patterns to observations, although the estimated water fluxes using KLDAS showed larger discrepancies than
those of Asiaflux because of scale mismatch. The spatial distribution of hydro-meteorological fluxes according to KLDAS
for East Asia were compared to the CLM results with GLDAS, and the GLDAS provided online. The spatial distributions of
CLM with KLDAS were analogous to CLM with GLDAS, and the standalone GLDAS data. The results indicate that KLDAS
is a good potential source of high spatial resolution forcing data. Therefore, the KLDAS is a promising alternative product,
capable of compensating for the lack of observations and low resolution grid data for East Asia.
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1. Introduction

Recently, the exchange of energy and water fluxes be-
tween the land surface and the atmosphere has been recog-
nized as a crucial factor in understanding the hydrological
cycle (Betts et al., 2000; Cox et al., 2000; Pielke, 2001;
Friedlingstein et al., 2003; Seneviratne and Stöckli, 2006;
Betts et al., 2007; Stöckli et al., 2008; Lei et al., 2011). Pre-
vious studies have attempted to estimate land–atmosphere in-
teractions using climate models in accordance with more ac-
curate quantification of heat and water fluxes (Chen et al.,
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1996; Sellers et al., 1996; Dai et al., 2003; Lim et al., 2012).
Previous studies have considered Land Surface Mod-

els (LSMs) coupled with other models to compute hydro-
meteorological fluxes with high accuracy (Rihani et al.,
2010). In addition, LSMs have greatly progressed in terms of
calibration procedures, parameter optimization, and adoption
of other LSMs (Dai et al., 2003; Choi et al., 2010). These
models contain several schemes, including: dynamic vege-
tation (Dickinson et al., 1998); a transfer system for water,
radiative and turbulent transfer; and a physiological system
for stomatal processes. Previous researches on LSMs have
incorporated complex lateral heterogeneity in addition to the
significant advances in computational complexity (Famigli-
etti and Wood, 1994) and increased understanding of physio-
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logical vegetation processes (Wang and Jarvis, 1990).
The Common Land Model (CLM) has been widely used

to interpret relationships between the land surface and atmo-
sphere, considering the effects of vegetation (Arora, 2002).
The CLM can reproduce the complicated energy and wa-
ter transportation patterns and calculate realistic results using
relatively few user-defined parameters. It can also produce
accurate results for fluxes based on the consideration of var-
ious vegetation and snow effects. This model is continually
being developed by coupling it with other models, modifying
its schemes, and increasing the level of model verification.

For instance, Whitfield et al. (2006) applied the CLM and
another model (the Land Surface Process model) to a marsh
wetland in the southeastern United States over a dry-down
period. The CLM results showed good agreement, with low
values of mean absolute error and root-mean-square error
(RMSE): less than 0.33 m3 m−3 for volumetric water con-
tent, 1.40 K for temperature, and 61.7 W m−2 for surface
heat fluxes. In addition, soil moisture and snow water stor-
age were simulated using CLM which is able to estimate ter-
restrial water storage such as interception, runoff, and frozen
soil processes. These results were compared with those of the
Gravity Recovery and Climate Experiment (Niu and Yang,
2006). Abramowitz et al. (2008) evaluated CLM, the Com-
munity Atmosphere Biosphere Land Exchange model, and
the Organizing Carbon and Hydrology in Dynamic Ecosys-
tems method. Their results showed that no single model
achieved the best results for all of the measurements at six dif-
ferent sites; therefore, they suggested a calibration of the few
parameters for better results. Huang et al. (2008) and Meng
et al. (2009) adjusted the data assimilation algorithm to im-
prove evapotranspiration estimations compared with previous
studies. Li et al. (2012) modified the scheme of soil thermal
conductivity in CLM to more accurately estimate the energy
and water fluxes, such as soil temperature, net radiation, la-
tent heat flux, and sensible heat flux, using land surface pro-
cess field experiment data for bare soil conditions on a loess
plateau. Choi et al. (2010) obtained reliable energy and water
fluxes using CLM with Korea flux network data for farmlands
during the growing season. Likewise, CLM has been ana-
lyzed for model developments, scheme improvements, and
model applications.

In spite of the large amount of work carried out using
CLM, it has not been widely used or validated for data from
East Asia, due to a lack of observations. To address this, the
current study utilized spatiotemporal patterns of energy and
water fluxes that were estimated using CLM with different
forcings, from Asiaflux and the Korea Land Data Assimila-
tion System (KLDAS). The temporal variations in energy and
water fluxes were validated using the observations from Asi-
aflux. The spatial distributions of the energy and water fluxes
from CLM using KLDAS data were compared with those
from the results of the Global Land Data Assimilation Sys-
tem (GLDAS) forcing, as well as standalone GLDAS data.
Our research was performed to evaluate the applicability of
CLM and the ability of KLDAS to act as a supplement to
the current data limitations of ground-based measurement in

East Asia.

2. Common Land Model

CLM was developed at the National Center for Atmo-
spheric Research from the Project for Intercomparison of
Land-surface Parameterization Schemes to determine land
surface fluxes (Whitfield et al., 2006). Its development is
generally recognized as a combination of three older mod-
els: the LSM designed by Kiehl et al. (1996), the Biosphere
Atmosphere Transfer Scheme (Dickinson et al., 1993), and a
1994 version of the Chinese Academy of Sciences’ Institute
of Atmospheric Physics LSM (Dai and Zeng, 1997). CLM
is the most advanced type of land surface model, integrating
the strengths of the aforementioned land surface models into
one system (Li et al., 2012). This combination improves the
performance of the previous methods and facilitates practical
results using relatively simple user-defined parameters.

The model characteristics are as follows: (1) 10 soil lay-
ers are used to calculate the soil moisture and temperature; (2)
up to five snow layers are used to forecast ice, snow, and snow
melt (Dai et al., 2001); (3) the freezing of soil moisture is con-
sidered; (4) a mosaic method for calculating the energy and
water balance of each tile by means of a sub-grid is included
(Koster and Suarez, 1992); (5) the calculation of the degree
of ground saturation and runoff is based on the Topography-
based Hydrological Model (Beven and Kirkby, 1979); (6) 18
International Geosphere–Biosphere Programme (IGBP) clas-
sifications for land cover types are used; and (7) one layer
is considered for photosynthesis-conductance. In this study,
CLM version 2.1 was used to produce the various fluxes.

The fundamental equation of CLM is a physical govern-
ing equation that includes the water conservation equation to
represents mass conservation of water phase, Eq. (1), and
the energy conservation equation which represents the con-
servation of energy according to time rate of change in stored
energy, Eq. (2) (Dai et al., 2003):

∂
∂ t

∫
ΔV

ρkθkdV

= −
∫

S
Uk ·dS +∑k′

∫
ΔV

Mk′k(1−δk′k)dV +
∫

ΔV
SkdV ; (1)

∂
∂ t ∑k=i,l,v,d

∫
ΔV

ρkθkhkdV

= −∑k=i,l,v

∫
S
Ukhk ·dS +

∫
S

λ∇T ·dS +
∫

ΔV
RdV . (2)

Here, V is the control volume (m−3), T is temperature (K),
ρk is the intrinsic density of constituent k (kg m−3), θk is
the partial volume of constituent k (m3 m−3), hk is the spe-
cific enthalpy (J kg−1), Uk is mass flux (kg m−2 s−1), Mk′k
is phase change (kg m−3 s−1), δk′k is the Kronecker delta,
Sk is a source or sink term, λ is the thermal conductivity of
the medium (W m−1 K−1), and R is radiation flux (W m−2).
Equation (1) shows the rate of mass change represented by
the sum of mass flow, phase change, and sources or sinks.
Equation (2) represents the rate of change in stored heat as the
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sum of conduction, radiation, and negative convection (Dai et
al., 2001).

3. Validation sites and data

3.1. Asiaflux

In this study, the data obtained from flux networks were
used to create a forcing dataset and validate the output of the
model. Asiaflux is a regional network of micrometeorologi-
cal tower sites that measure the exchange of carbon dioxide,
water vapor, and energy between terrestrial ecosystems and
the atmosphere (Baldocchi et al., 2001). The selected vali-
dation sites registered in Asiaflux are Gwangneung (GDK),
Haenam (HFK), and Seto (SMF), located in southern Ko-
rea and Japan (Fig. 1). This study used the GDK and HFK
measurements for the same time period (2006), as they had
relatively good data quality. Asiaflux uses eddy covariance
techniques to measure the surface energy within the atmo-
spheric boundary layer (Hong et al., 2003; Matumoto et al.,
2008). Quality control procedures based on micrometeoro-
logical theories and statistical tests (e.g., coordinate rotation,
Webb–Pearman–Leuning correction, control of ranges and
spikes, and quality flagging) were applied to improve the data
quality (Kwon et al., 2009). The planar fit rotation method
was used to compensate for the limitations of double rota-
tions and triple rotations for tilt correction (Wilczak et al.,
2001). When applied to flux sites, these methods can pro-
duce a stable coordinate frame to minimize over-rotation.

The characteristics of each site are described in Table 1.
Observations were recorded every 30 minutes. The HFK and
GDK sites are located in South Korea at (34◦32′N, 126◦34′E)

and (37◦45′N, 127◦09′E), respectively. The annual mean pre-
cipitation at HFK is 1306 mm, with rainfall occurring pre-
dominantly in the summer months (Chun et al., 2010). The
mean annual air temperature is 13.3◦C, and the land cover is
seasonal cropland for rice paddies, soybeans, and sweet pota-
toes (Choi et al., 2010). The soil type is classified as silt loam
to loam, and the terrain type is relatively flat, except in the
southeast where there is a slope of approximately 4◦. The
annual mean precipitation at GDK is 1132 mm, with rainfall
occurring mainly in the summer months. The mean annual
air temperature is 11.5◦C, the vegetation type is mixed decid-
uous/coniferous forest, and the soil type is sandy loam. The
SMF site (35◦15′N, 137◦04′E) has a complex terrain type and
mixed forest vegetation. The mean annual air temperature is
15.1◦C, with a mean annual precipitation of 1615 mm. The
soil type is classed as brown forest soil. The instruments for
flux measurement are described in Table 2. The fluxes were
measured at a height of 20.8 m at HFK, 40.7 m at GDK, and
19.0 m at SMF. The study period was 23 June to 9 July 2006.

3.2. GLDAS
GLDAS is an assimilation system that combines satel-

lite data and observed data using advanced modeling sys-
tems, such as Mosaic, CLM, and the Noah LSM. GLDAS
is a global, high-resolution, and offline modeling system that
integrates satellite and ground-based observations to produce
optimized surface states and fluxes (Rodell et al., 2004). The
spatial resolutions of GLDAS data are 0.25◦ and 1.0◦. The
atmospheric forcing data in GLDAS are based on outputs
from the atmospheric data assimilation systems of weather
forecasts or analysis systems, including NASA’s Goddard
Earth Observing System data assimilation system, the Euro-

 

Fig. 1. The three validation flux sites in the study area (http://www.AsiaFlux.net/; http://www.sanlim.kr/).



394 LAND-ATMOSPHERE INTERACTIONS OVER EAST ASIA VOLUME 33

Table 1. Details of the Haenam, Gwangneung, and Seto sites in Korea and Japan.

Country Sites name Position Vegetation type Terrain type

Annual mean
air temperature

(◦C)

Annual mean
precipitation

(mm) Soil type

Korea KoFlux Haenam Site
(HFK)

(34◦32′N,
126◦34′E)

Seasonal cropland Relatively flat, except
the southeast section
with a slope of about
4◦

13.3 1306 Silt loam to
loam

KoFlux Gwangneung
Supersite (GDK)

(37◦45′N,
127◦09′E)

Mixed deciduous/
coniferous forest

Mountainous area with
dominant slopes of
10◦–20◦ and maxi-
mum 51◦

11.5 1132 Sandy loam

Japan Seto Mixed Forest
Site (SMF)

(35◦15′N,
137◦04′E)

Mixed forest Complex terrain on a
ridge

15.1 1615 Brown for-
est soil

Table 2. Flux measurement instruments (http://www.asiaflux.net/).

Sites name Measured fluxes Instruments (Name, Manufacturer, Country)

KoFlux Haenam Site
(HFK)

Wind speed/air temperature Three-dimensional sonic anemometer (CSAT3, Campbell Sci., Inc., USA)
Latent heat flux/sensible heat flux Open-path H2O/CO2 gas analyzer (LI-7500, Li-Cor, USA)
Precipitation On-site automated weather station run by the Korea Meteorological Asso-

ciation
Net radiation Net radiometer (CNR1, Kipp and Zonen, Netherlands)
Soil heat flux Heat flux plate (HFP-3, Campbell Sci., Inc., USA)
Soil temperature Soil thermocouple probe (TCAV, Campbell Sci., Inc., USA)
Soil water content Water content reflectometer (CS-615, Campbell Sci., Inc., USA)
Data logger Data logger (CR-5000 Campbell Sci., Inc., USA)

KoFlux Gwangneung
Supersite (GDK)

Wind speed/Air temperature Three-dimensional sonic anemometer (CSAT3, Campbell Sci., Inc., US)
Latent heat flux/Sensible heat flux Open-path H2O/CO2 gas analyzer (LI-7500, Li-Cor, USA)
Precipitation Tipping bucket (WDSA-205, Wedaen, Korea)
Net radiation Net radiometer (CNR1, Kipp and Zonen, Netherlands)
Soil heat flux Heat flux plate (HFP-3, Campbell Sci., Inc., USA)
Soil temperature Soil thermocouple probe (TCAV, Campbell Sci., Inc., USA)
Soil water content Water content reflectometer (CS-615, Campbell Sci., Inc., USA)
Data logger Data logger (CR3000 Campbell Sci., Inc., USA)

Seto Mixed Forest
Site (SMF)

Wind speed/Air temperature Ultrasonic anemometer (SAT-540, KAIJO, Japan)
Latent heat flux/Sensible heat flux Open-path H2O/CO2 gas analyzer (LI-7500, Li-Cor, USA)
Precipitation Tipping bucket (34-T, Ohta Keiki, Japan)
Net radiation Net radiometer (CNR1, Kipp and Zonen, Netherlands)
Soil heat flux Heat flux plate (PHF-01, REBS Inc., USA)
Soil temperature Soil thermocouple probe (C-PT100, Climatec, Japan)
Soil water content Water content reflectometer (CS-616, Campbell Sci., Inc., USA)
Data logger Data logger (CR3000 Campbell Sci., Inc., USA)

pean Centre for Medium-Range Weather Forecasting, and the
Air Force Weather Agency Agricultural meteorology model-
ing system. The land surface data came from the University
of Maryland vegetation classification, the Boston University
Leaf Area Index (derived from Advanced Very High Reso-
lution Radiometer measurements), and Moderate Resolution
Imaging Spectroradiometer (MODIS) data. The elevation
database was compiled from a global 30-arc-s elevation to-
pographic dataset. GLDAS data have been validated and are
widely used as inputs and validation data in various research.
In this study, the GLDAS data using the Noah LSM (0.25◦
resolution and 3 h intervals) were used to compare the spatial
distributions between KLDAS and GLDAS. We selected the

GLDAS data from the Noah LSM because it has the highest
resolution and a relatively short time interval.

3.3. KLDAS
KLDAS is an offline modeling system developed in order

to generate realistic and consistent surface variables, specifi-
cally for the region of East Asia (Lim et al., 2010, 2012). The
purpose of the KLDAS is to provide optimum land surface
fluxes, land surface parameters, and initial surface conditions,
such as soil moisture and soil temperature, as an alternative
to in-situ data. In particular, the main goal of this system is
to estimate coherent values by reducing the uncertainties in
current land models, which use satellite and observation data.
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The KLDAS uses the same basic concepts as land data assim-
ilation projects. In the KLDAS, the Noah LSM is derived us-
ing Global Data Assimilation and Prediction System analysis
data from the Korean Meteorological Administration, cumu-
lative rainfall data from the Global Telecommunication Sys-
tem, and satellite data based on downward solar radiation. In
addition, the Noah LSM uses MODIS land products to de-
termine land surface characteristics. The domain of KLDAS
covers East Asia between 10◦N and 50◦N, and 110◦E and
155◦E. The KLDAS project provides hourly near-surface me-
teorological data, which are available to force LSMs and near
real-time offline Noah LSM soil fields and flux data, with a
grid spacing of 10 km. The KLDAS provides temperature,
surface pressure, relative humidity, wind speed, and down-
ward solar radiation. In East Asia, KLDAS can contribute to
analyzing the water budget by providing high-quality datasets
in various fields. Table 3 presents the time intervals and other
information on the KLDAS forcing data sources.

3.4. Forcing data
The temporal patterns of the forcing data (Asiaflux and

KLDAS) for CLM at each study site were examined (figure
not shown). The forcing data for CLM comprised incoming
solar radiation, incoming infrared radiation, precipitation, air
temperature, wind speed, atmospheric pressure, and specific
humidity. The range of incoming solar radiation was approx-
imately 0–1000 W m−2; however, the variation in incoming
infrared radiation did not show large fluctuations (300–500 W
m−2). The patterns of increase and decrease of the incoming
solar radiation between the Asiaflux and KLDAS data were
similar, except when it rained. This meant that differences
appeared in the precipitation amounts between the observa-
tion and KLDAS, because of scale mismatch; however the
occurrence times of precipitation were similar. The range
of air temperature at the study sites was 290–304 K (CLM
using Asiaflux forcing) and 287–302 K (CLM using KL-
DAS forcing). The variation in air temperature from Asiaflux
was larger than the assimilated air temperature from the KL-
DAS data. The air temperature and specific humidity showed
similar trends in terms of variation, although there was less
fluctuation in the specific humidity than there was for air
temperature. Precipitation data in KLDAS were similar to the

Table 3. Data sources of KLDAS.

Averaging time 60 min

Incoming solar (shortwave)
radiation

Geostationary Operational Environ-
mental Satellite (GOES)

Meteorological Satellites (MTSAT)
Incoming infrared (longwave)

radiation
Global Data Assimilation and Pre-

diction System (GDAPS)
Air temperature GDAPS
Wind speed (zonal direction) GDAPS
Atmospheric pressure GDAPS
Specific humidity GDAPS
Precipitation Global Telecommunication System

(GTS)
Automatic Weather Station (AWS)

observations; however, the KLDAS precipitation data at HFK
overestimated during the same period. The incoming solar ra-
diation was underestimated when the precipitation was over-
estimated. Although the Asiaflux data showed higher values
than the KLDAS data, both datasets generally indicated sim-
ilar tendencies for each forcing variable.

4. Model parameters and initial data settings

To execute CLM, initialization and parameterization were
needed. The necessary data for parameterization are longi-
tude/latitude, soil texture profile, soil color index, porosity,
leaf area index, height of the forcing measurements, and per-
centages of land cover types based on IGBP classifications 1–
18. The parameterization details are given in Table 4. HFK
was considered to be cropland, while GDK and SMF were
mixed forest. The soil texture and porosity were predeter-
mined soil characteristics, and the leaf area index and canopy
roughness length were predefined land cover conditions.

The initial data such as soil moisture, soil temperature,
and air temperature at the point scale were obtained from
the Asiaflux observations. The initial data for the regional
scale were provided by different sources. The soil moisture,
soil temperature, and air temperature were acquired from KL-
DAS, as estimated using the Noah LSM. The parameteriza-
tions, such as the site locations, soil texture, soil color, and
height of the forcing measurements, for the point scale, were
taken from Asiaflux. For the regional scale, the United States
Geological Survey land use/land cover classifications of KL-
DAS were converted into IGBP classifications (Liang et al.,
2005).

5. Statistics

Statistics were used to estimate error. The accuracy of the
CLM results was assessed using the RMSE and bias between
flux observations and CLM results. The formulas used for
the regression analysis are as follows:

bias =
∑n

i=1(xobserved,i − xsimulated,i)
n

, (3)

RMSE =

√√√√ n

∑
i=1

(xobserved,i − xsimulated,i)2

/
n , (4)

Table 4. Initial parameterization for point scale estimation of land
cover conditions.

Parameter (CLM) Cropland Mixed forest

Soil texture Sandy loam to loam Loamy sand to loam
Porosity 0.458 0.450
Leaf area index 0.05–6.00 3.00–6.00
Canopy roughness length 0.06 m 0.80 m
Saturated hydraulic con-

ductivity
Clapp and Hornbeger (1978)

Stomatal resistance Collatz et al. (1991)
Thermal conductivity Farouki (1981)
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where n, xobserved and xsimulated are the number of data points,
observed values, and CLM results, respectively. In addition, a
simple linear regression analysis was performed to obtain re-
gression coefficients, error terms, and correlation coefficients
(r). Subsequently, regression analysis was used to determine
the linearity.

A Taylor diagram is an effective way to show statisti-
cal values such as r, standard deviation, and RMSE (Taylor,
2001). The azimuthal position represents r, and the radial
axis represents normalized standard deviation. The curved
line at the center of the first quadrant signifies RMSE. The in-
situ data, the observations, represent the reference data plot-
ted along the horizontal axis.

6. Results and discussion

6.1. Validation with observations: temporal patterns of
energy fluxes

The CLM results at each site during the summer monsoon
season of 2006 were assessed by plotting time series graphs
of the simulations and observations (Figs. 2–7). The corre-
sponding Taylor diagrams are also presented in these figures.
The statistical results are presented in Table 5. The point
scale indicates the CLM results using the Asiaflux data, while
the regional scale indicates the CLM results using KLDAS.

6.1.1. Net radiation

The temporal variations in simulated net radiation are
presented in Fig. 2. Net radiation is a fundamental quantity
of energy required to change natural phenomena (i.e., sur-
face evapotranspiration, heating of the land surface and soil,
photosynthesis, and energy storage within vegetation). The
CLM reasonably and accurately reproduced the net radia-
tion (Figs. 2a–c). The net radiation values estimated using
the CLM with Asiaflux and KLDAS data showed similar
patterns to the observations, although the estimated net ra-
diation from the KLDAS data was slightly underestimated.
The accuracy of estimated net radiation was attributed to the
reliable simulation of the albedo, reflected solar radiation,
and upwelling longwave radiation in CLM (Choi et al., 2010;
Li et al., 2012). During rainfall periods, there was increased
disagreement between the observed and estimated net radi-
ation for the Asiaflux and KLDAS data, primarily on days
176, 182, 185 and 189 (Fig. 2a) for HFK; days 177, 181, and
188 for GDK (Fig. 2b); and days 177 and 190 for SMF (Fig.
2c). The values during periods of heavy rainfall were much
smaller than those during rainless periods due to the effects
of precipitation on the estimated net radiation in the Asiaflux
and KLDAS datasets. The range of the observed and esti-
mated net radiation was between −80 to 800 W m−2 on clear
days and −80 to 400 W m−2 during periods of rainfall (Fig.
2) because of the influence of clouds on the radiation budget
(Ohring and Clapp, 1980); net radiation can be computed
more accurately under clear-sky conditions (Xiu and Pleim,
2001). In addition, relatively small values of net radiation
are caused by rainfall, which affects evaporation and albedo

Table 5. Statistical error between observations and CLM estima-
tions using Asiaflux, KLDAS, and GLDAS (r: correlation coeffi-
cient).

Statistic

Variable Site Forcing data r RMSE Bias

Net radiation
(W m−2)

HFK Asiaflux 0.99 14.79 10.86
KLDAS 0.82 198.65 15.39

GDK Asiaflux 0.99 21.47 16.02
KLDAS 0.85 111.66 17.88
GLDAS 0.81 135.82 −4.83

SMF Asiaflux 0.99 21.95 6.83
KLDAS 0.91 90.85 9.53
GLDAS 0.42 392.36 −35.65

Sensible heat
flux (W m−2)

HFK Asiaflux 0.80 50.85 16.76
KLDAS 0.62 143.98 48.42

GDK Asiaflux 0.92 112.14 −32.68
KLDAS 0.76 110.74 −14.59
GLDAS 0.70 174.17 −46.49

SMF Asiaflux 0.77 136.69 −30.48
KLDAS 0.57 145.81 27.98
GLDAS 0.60 171.61 −49.38

Latent heat
flux (W m−2)

HFK Asiaflux 0.81 49.21 −13.36
KLDAS 0.40 148.76 −36.01

GDK Asiaflux 0.58 70.30 20.83
KLDAS 0.66 70.01 −15.21
GLDAS 0.52 71.12 1.64

SMF Asiaflux 0.65 89.69 21.53
KLDAS 0.41 133.11 −37.51
GLDAS 0.71 81.07 −1.04

Ground heat
flux (W m−2)

HFK Asiaflux 0.82 19.24 0.53
KLDAS 0.59 16.88 4.71

GDK Asiaflux 0.09 29.14 −22.56
KLDAS 0.00 20.35 11.20
GLDAS 0.10 22.88 5.86

SMF Asiaflux 0.54 10.15 2.61
KLDAS 0.62 14.05 12.13
GLDAS 0.79 16.42 5.59

Soil moisture
(m3 m−3)

HFK Asiaflux 0.55 0.06 0.06
KLDAS 0.74 0.16 0.15

GDK Asiaflux 0.52 0.07 0.07
KLDAS 0.30 0.06 −0.02
GLDAS 0.94 0.03 −0.02

SMF Asiaflux 0.91 0.03 −0.03
KLDAS 0.61 0.11 −0.11
GLDAS 0.33 0.12 −0.12

Soil tempera-
ture (K)

HFK Asiaflux 0.85 0.81 −0.58
KLDAS 0.69 2.62 2.53

GDK Asiaflux 0.70 1.62 −1.10
KLDAS 0.47 1.53 −1.21
GLDAS 0.57 2.59 −2.35

SMF Asiaflux 0.82 0.79 −0.46
KLDAS 0.38 1.38 −0.99
GLDAS 0.66 0.87 −0.37

considerably (Charney, 1975). The r values for the point scale
(using Asiaflux data) were all 0.99. The r values of the esti-
mated net radiation with the KLDAS data ranged from 0.82
to 0.91 for all of the sites. The normalized standard devia-
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tions for the net radiation were approximately 1.0, indicating
good agreement with observations (Fig. 2d). The net radia-
tion at the point scale generally showed higher r and lower
RMSE and bias than the statistical results using the KLDAS
data (Table 5); however, our statistical analysis of the KL-
DAS data indicated high reliability, with r values exceeding
0.82.

6.1.2. Sensible heat flux

The estimated sensible heat flux (Fig. 3) for both the
CLM results with Asiaflux and KLDAS forcings was overes-
timated, compared with the observed sensible heat flux. The
estimated sensible heat flux of CLM using the Asiaflux data
showed an overestimation of approximately 400 W m−2, ex-
cept during periods of rainfall (days 176, 182, 185 and 189
at HFK; days 177, 181 and 188 at GDK; and days 177 and
190 at SMF), as shown in Figs. 3a–c, respectively. Whit-
field et al. (2006) and Li et al. (2012) indicated an overes-
timated trend for the estimated sensible heat flux of 0–200
W m−2 using CLM, and Seuffert et al. (2002) noted that an
overestimation of the sensible heat flux under dry soil con-
ditions. At GDK and SMF (Figs. 3b and c), the estimated
sensible heat flux from CLM with Asiaflux was larger than
that from CLM with KLDAS. This was probably caused by
the estimation of surface temperature in the LSM. Winter
and Eltahir (2010) demonstrated that the overestimated sen-
sible heat flux stemmed from the overestimation of surface
temperature as a consequence of excess shortwave radiation

in the Regional Climate Model. During the rainfall periods,
the estimated sensible heat flux from CLM with Asiaflux and
KLDAS forcings was negative (Figs. 3a–3c), and the RMSE
was much higher (19–297 W m−2) than those obtained during
rainless periods (45–145 W m−2). These discrepancies were
influenced by rainfall, as well as observation errors, which
may have arisen from the precipitation measurements (Li et
al., 2012). In particular, the results from the KLDAS data
were contradictory to the observations made during periods
of precipitation, which adversely affected the statistical anal-
ysis, producing RMSE values ranging from 51 to 146 W m−2

and bias values ranging from −36 to 48 W m−2 (results not
shown). This was due to the fact that a considerable por-
tion of the latent land heat transfers to the atmosphere during
rainfall, via evaporation, at forest sites (Mizutani et al., 1997).
The negative values, which mainly occurred at night, indicate
that the soil temperature was lower than the air temperature
(Andersen et al., 2013); however, the r value from both the
Asiaflux and KLDAS data exceeded 0.57. The standard de-
viations ranged from 1.0 to 3.5 (Fig. 3d). The r values of the
sensible heat flux were 0.77–0.92, for the point scale (Table
5). The statistical errors at the regional scale showed moder-
ate r values ranging from 0.57 to 0.76 (Table 5).

6.1.3. Latent heat flux

Latent and sensible heat fluxes produce changes that tend
towards balancing the energy budget (Stöckli et al., 2008). In
the present research, the simulated latent heat flux (Fig. 4)

Fig. 2. Net radiation at (a) Haenam (HFK), (b) Gwangneung (GDK) and (c) Seto (SMF). (d) Taylor diagram for net radiation.
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Fig. 3. Sensible heat flux at (a) Haenam, (b) Gwangneung and (c) Seto. (d) Taylor diagram for sensible heat flux.

showed comparable trends to the observed latent heat flux.
The estimated latent heat flux showed some abrupt increases
and was generally higher during periods of rainfall (Figs. 4a–
c), which was in direct opposition to the estimated sensible
heat flux. LSMs mainly show trends in which the sensible
heat flux is overestimated and the latent heat flux is under-
estimated, except during periods of heavy rainfall (Xiu and
Pleim, 2001; Yang et al., 2007; Chen et al., 2010). The dif-
ferences between observations and estimations during these
periods may be due to inappropriate or missing observation
values, caused by the physical deterioration of the measure-
ment instruments during the East Asian summer monsoon
(Shi et al., 2008). The bias of observed precipitation could
also account for an underestimation of the evapotranspiration
and the data discrepancies during periods of heavy rainfall,
therefore (Ye et al., 2012). In addition, precipitation with wa-
ter table changes has been closely linked to an overestimation
of the latent heat flux in wet surface conditions (Comer et al.,
2000; Admiral et al., 2006). The estimated latent heat flux
from the CLM results with Asiaflux forcing was slightly high
for the HFK (Fig. 4a) and SMF (Fig. 4c) sites. The estimated
latent heat flux at the GDK and SMF sites was higher than at
the HFK site because of the greater latent heat flux under the
green vegetated conditions (LeMone et al., 2007).

As shown in Table 5, both the estimated sensible and la-
tent heat fluxes at HFK showed relatively low errors com-
pared with the two other sites. This was due to the fact that
the measurement of heat flux under forest land cover is dif-

ficult, as the canopy volume and horizontal inhomogeneity
scale are in constant fluctuation (Brutsaert, 1982; Katul et
al., 1996; Choi et al., 2012). This leads to the potential for
increased error under forest conditions. The normalized stan-
dard deviations of the latent heat flux were 0.50–1.5 (Fig. 4d).
The r values were in acceptable ranges of 0.58–0.81, for the
point scale, and 0.40–0.66 for the regional scale (Table 5).

6.1.4. Ground heat flux

The ground heat flux is a major component of the en-
ergy budget. Although it has values that are relatively lower
(approximately 100 W m−2) than for other energy fluxes
(Liebethal et al., 2005), ground heat flux is a major compo-
nent in the energy balance between the land surface and the
atmosphere. This variable is a residual value from the en-
ergy balance equation (Dai et al., 2003). In the present study,
the estimated ground heat flux from the CLM with Asiaflux
forcing was overestimated in comparison with general obser-
vations. During the rainfall periods, both the observed and
estimated ground heat fluxes had low (close to zero) values.
The diurnal variation in heat flux is influenced by soil mois-
ture and incoming solar radiation, and the net flow of heat is
directed towards the soil on dry days and away from the soil
during rainfall periods (Tessy Chacko and Renuka, 2002). In
our study, the estimated ground heat flux ranged from −60
to 100 W m−2 (CLM using Asiaflux forcing) and from −50
to 50 W m−2 (CLM using KLDAS forcing) (Fig. 5). These
ranges were wider than those from the observation data. In
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Fig. 4. Latent heat flux at (a) Haenam, (b) Gwangneung and (c) Seto. (d) Taylor diagram for latent heat flux.

particular, the observed ground heat flux at GDK and SMF
indicated minute fluctuations that differed from the patterns
observed at other sites in previous studies (Choi et al., 2010;
Hong and Kim, 2010). The ground heat flux in forests gen-
erally shows low values because solar radiation is intercepted
by vegetation (Oliver et al., 1987; Carlson and Groot, 1997);
however, the values of ground heat flux vary from those cal-
culated with the energy balance closure equation (latent heat
flux + sensible heat flux = net radiation − ground heat flux).
In this research, the large differences between the observa-
tions and simulations showed the highest normalized stan-
dard deviation and lowest r at the GDK site (Fig. 5d).

6.2. Validation with observations: temporal patterns of
water fluxes

6.2.1. Soil moisture

Soil moisture increases as a result of precipitation, and
subsequently decreases steadily until the next rainfall event.
Soil moisture is related to the Bowen ratio and net radia-
tion which are energy fluxes. In particular, higher latent heat
flux is associated with increased soil moisture; therefore, soil
moisture plays an important role in energy balance partition-
ing (Jones and Brunsell, 2009). The estimated soil moisture
from CLM with Asiaflux forcing was underestimated at HFK
(Fig. 6a) and GDK (Fig. 6b). In cases of underestimated soil

moisture, the soil moisture in LSMs is occasionally overes-
timated under the occurrence of instantaneous precipitation
(Liang et al., 1996). The normalized standard deviations were
predominantly less than 1.0 at GDK (Fig. 6d). At HFK, the
observed soil moisture values were larger than those obtained
from the other sites because of the rice paddy irrigation sys-
tems (Reshmidevi et al., 2008). The estimated soil moisture
from CLM with KLDAS forcing reflected the effects of pre-
cipitation well; however, there were differences of 0.1–0.2
m3 m−3 between the estimations and observations at all of
the study sites (Figs. 6a–c). The differences in estimated soil
moisture were caused by heterogeneous land cover types in
the grid (Jackson et al., 2010; Choi and Hur, 2012), which
were rescaled for 10 km. Dai et al. (2003) attributed CLM’s
under-or overestimation of soil moisture to clay content, con-
ductivity, soil suction, and soil volumetric content at the wilt-
ing point. These aforementioned studies confirmed that soil
moisture estimations tend to be lower than the in-situ data.
Soil moisture results can be improved by the acquisition of
more realistic initial conditions for a wide range of areas, val-
idated for various sites that have different land and climate
conditions.

6.2.2. Soil temperature

The diurnal fluctuation patterns for the estimated soil
temperature for the CLM results with Asiaflux and KLDAS
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Fig. 5. Ground heat flux at (a) Haenam, (b) Gwangneung and (c) Seto. (d) Taylor diagram for ground heat flux.

forcings alike, showed good agreement with the observed soil
temperatures (Fig. 7). The estimated soil temperature from
CLM with Asiaflux forcing was slightly higher (0.5–1.0 K)
than the observed soil temperature. However, the estimated
soil temperature from CLM with KLDAS forcing showed
under- or overestimations of approximately 2.5 K, probably
caused by scale mismatches and the effects of other variables,
such as estimated soil moisture. Li et al. (2012) referred that
soil thermal conductivity and soil porosity influenced errors
in estimated soil temperatures. The normalized standard de-
viations in the present study ranged from 0.9 to 2.7 (Fig. 7d).
Meanwhile, the RMSE ranged from 0.79–1.62 K for CLM
with Asiaflux forcing, and 1.38–2.62 K for CLM with KL-
DAS forcing (Table 5).

6.3. Spatial patterns of estimated energy and water fluxes
To compare the spatial distributions for each of the en-

ergy and water fluxes, the estimated fluxes from the CLM
results with KLDAS and GLDAS forcings, as well as from
the standalone GLDAS data (0300 UTC 1 July 2006), are
shown in Figs. 8–10. The time period was selected in order
to show more accurate comparisons between the spatial dis-
tributions of the data from KLDAS and GLDAS for various
climate conditions.

As seen in Fig. 8, precipitation maps enable the analysis
of precipitation effects on energy and water fluxes. Figure 8
shows similar rainfall distributions in South Korea and a part
of China where heavy rainfall occurred.

The spatial distributions of net radiation showed similar
tendencies for all the regions (Figs. 9a–d). The Clouds and
the Earth’s Radiant Energy System (CERES) data were an-
alyzed with other spatial distribution maps in terms of the
net radiation (Fig. 9d). The CERES data are reanalysis data
using MODIS and Visible and Infrared Sounder measure-
ments. The information shown in Figs. 9b and c are similar
because they were produced from GLDAS. The net radiation
from CERES also showed a similar distribution, with rela-
tively high values in northern Japan and low values around
Korea (Fig. 9d). However, the estimated net radiation from
CLM with GLDAS forcing (Figs. 9b) showed higher val-
ues over East China compared with the net radiation from
the standalone GLDAS data. This resulted from overesti-
mated sensible heat flux, which appeared in East China in
the absence of rainfall. The precipitation effects were strong
in CLM, with relatively low values of net radiation for the
regions of Korea, Japan, and southeastern China (Figs. 9a
and b). In addition, Figs. 9b and c show that regions af-
fected by precipitation were highly analogous. Overall, the
estimated net radiation using the high resolution dataset was
able to provide more detailed information according to area
and weather conditions, as compared with that of the low
resolution dataset. The estimated sensible heat fluxes with
the KLDAS and GLDAS forcings, and the sensible heat flux
from the standalone GLDAS data are shown in Figs. 9e–g.
Whereas the estimated sensible heat flux from CLM with
GLDAS forcing and the sensible heat flux from GLDAS had
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Fig. 6. Surface soil moisture at (a) Haenam, (b) Gwangneung and (c) Seto. (d) Taylor diagram for soil moisture.

Fig. 7. Surface soil temperature at (a) Haenam, (b) Gwangneung and (c) Seto. (d) Taylor diagram for soil temperature.
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Fig. 8. Spatial distributions of precipitation of (a) KLDAS and (b) GLDAS, at 0300 UTC 1 July 2006.

relatively high values (0–50 W m−2) in rainfall areas (Figs. 9f
and g), the spatial distribution from CLM with KLDAS forc-
ing presented low values (approximately −200 W m−2) (Fig.
9e). This was because CLM significantly underestimated the
sensible heat flux during rainfall periods (refer to the tempo-
ral analysis section and Fig. 3). Although the sensible heat
flux values in each grid for CLM with KLDAS (Fig. 9e) and
GLDAS forcings (Fig. 9f), and the standalone GLDAS data
(Fig. 9g) slightly differed, the spatial tendencies were similar.
The sensible heat flux values ranged between approximately
−200 to 550 W m−2. The results in Fig. 9e show lower values
than the GLDAS data (Fig. 9f) in central East China due to
the effect of precipitation, as mentioned above. The overesti-
mation of latent heat flux was linked to an underestimation of
the sensible heat flux in accordance with the energy balance
method (Stöckli et al., 2008). This aspect also explains the
low values (approximately −200 W m−2) over central East
China at 0300 UTC (Fig. 9e). In addition, the sensible heat
fluxes from GLDAS showed data smoothing due to the char-
acteristics of the system that produced the data, i.e., through
assimilation of the in-situ, satellite and modeling data. Thus,
the GLDAS data showed smoother values of heat fluxes. The
spatial distributions of the latent heat flux indicated a slightly
different tendency in areas of heavy rainfall (Figs. 9h–j). Fig-
ure 9g shows particularly high values, greater than 500 W
m−2, for South Korea and parts of Japan and China, which
were likely due to the effects of precipitation. CLM over-
estimated the latent heat flux during periods of rainfall, as
compared with ground-based observations, which was con-
trary to the estimated sensible heat flux. The estimated la-
tent heat flux ranged from −30 to 550 W m−2 (Figs. 9h and
i). Jang et al. (2013) calculated evapotranspiration values us-
ing a retrieval algorithm designed using MODIS and KLDAS
data. They identified the spatial distribution of annual evap-
otranspiration from 2006 to 2008, and their results appear
comparable to our findings (Figs. 9h–j), which show higher
evapotranspiration over southern areas compared with north-

ern areas. The spatial distributions of ground heat flux are
shown in Figs. 9k–m. Although the values of the ground heat
flux from CLM with KLDAS forcing (Fig. 9k) were gener-
ally lower than the ground heat flux from CLM with GLDAS
forcing, and the standalone GLDAS data (Figs. 9l and m), the
spatial distributions were roughly similar.

The soil moisture patterns (Figs. 10a–c) were fairly sim-
ilar; however, the map shown in Fig. 10b presents dryer pat-
terns compared with the other results. We assume that the
overestimated soil temperature (Fig. 10e) led to the underes-
timated soil moisture in Fig. 10b. Nevertheless, the estimated
soil moisture from CLM with GLDAS forcing was compara-
ble to the rainfall area in Fig. 10c. In addition, the dry and wet
patterns were highly similar. The upper left side shows drier
patterns on account of the local arid characteristics, and the
southern side was wetter than the northern side due to rainfall
effects (Figs. 10a–c). In Fig. 10a, the result from CLM with
KLDAS forcing indicates a detailed spatial distribution com-
pared with the other maps, due to the higher spatial resolution
than the GLDAS data. Not found in the reference list. Please
check. presented an estimated surface soil moisture map for
China, Korea, and part of Japan for July and August 2006 us-
ing CLM. Their soil moisture values resemble the estimated
soil moisture reported in the present study, with higher soil
moisture values found in Korea, southern Japan and southern
China, and lower soil moisture values calculated for the more
arid central region of China. The rainfall areas showed rel-
atively high values of soil moisture, at approximately 0.45–
0.50 m3 m−3. The soil moisture in Figs. 10a–c ranged from
0.01 to 0.44 m3 m−3 (Fig. 10a), from 0.1 to 0.5 m3 m−3

(Fig. 10b), and from 0.01 to 0.46 m3 m−3 (Fig. 10c). In Figs.
10d–f, the estimated soil temperature from CLM with KL-
DAS and GLDAS forcings as well as that from the standalone
GLDAS data, are presented. The estimated soil temperature
from CLM with KLDAS forcing generally showed a distri-
bution of no significant difference. However, the informa-
tion in Fig.10e shows higher values in the upper part of the
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Fig. 9. Spatial distributions for energy fluxes from (a, e, h and k) CLM with KLDAS forcing, (b, f, i and l)
CLM with GLDAS forcing, (c, g, j, and m) standalone GLDAS data, and (d) CERES, at 0300 UTC 1 July
2006.
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Fig. 9. (Continued.)

map compared with Fig. 10d. As seen on the left side of Fig.
10f, the soil temperature from GLDAS was higher than from
CLM with KLDAS forcing (Fig. 10d). However, the general
patterns of estimated soil temperature were similar between
CLM with KLDAS forcing and the standalone GLDAS data.
The soil temperature values varied between 278 and 305 K
(Fig. 10d), 280 and 310 K (Fig. 10e), and 280 and 309 K
(Fig. 10f).

Overall, the spatial distribution patterns of the energy
and water fluxes from CLM with KLDAS and GLDAS forc-
ings were similar. The estimated fluxes from CLM with
GLDAS forcing displayed a closer tendency with the stan-
dalone GLDAS data because the forcing data were identi-

cal. However, the estimated energy fluxes from CLM with
KLDAS forcing also showed a similar spatial distribution to
those based on the standalone GLDAS data. Therefore, KL-
DAS provides a good alternative meteorological forcing, as
compared with GLDAS data.

7. Conclusion

Energy and water fluxes were estimated using CLM, op-
erated in offline mode, with different forcing data from Asi-
aflux (for the point scale) and KLDAS (for the regional scale).
The CLM estimations were validated with observations from
Asiaflux sites in East Asia. The temporal variations in energy
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Fig. 10. Spatial distributions for water fluxes from (a, d) CLM with KLDAS forcing, (b, e) CLM with
GLDAS forcing, and (c, f) standalone GLDAS data, at 0300 UTC 1 July 2006.

and water fluxes from CLM with Asiaflux and KLDAS forc-
ings agreed well with the ground-based observations. The
CLM results with KLDAS forcing also reflected the effects
of precipitation accurately. There were more discrepancies
between the observations and the CLM estimations using KL-
DAS forcing than those with Asiaflux forcing, due to the
coarse resolution of KLDAS being unable to accurately re-
flect the heterogeneity of land cover types or soil textures

on the regional scale. However, statistical analysis indicated
that results using KLDAS showed high reliability at the point
scale. In addition, the spatial distributions for each variable
from CLM with KLDAS forcing were similar to those from
CLM with GLDAS forcing, as well as the standalone GLDAS
data, used as reference data. In particular, KLDAS showed
several advantages over GLDAS. For instance, it is able to
provide data at relatively high spatial resolution (10 km) for



406 LAND-ATMOSPHERE INTERACTIONS OVER EAST ASIA VOLUME 33

East Asia, as well as spatially continuous data at intervals of
1 h.

The present study is helpful because it demonstrates that,
through use of CLM with KLDAS data, which have a rel-
atively high resolution and short interval compared with
GLDAS data, the analysis of energy and water fluxes in East
Asia can be increased from one to two dimensions. In fu-
ture work, the accuracy of estimated energy and water fluxes
using CLM with high spatial resolution data should be fur-
ther improved via parameter optimization and the acquisition
of more precise initial data across a broader range of areas
throughout East Asia.
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