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Abstract. Estimations from meteorological stations over
the Tibetan Plateau (TP) indicate that since the 1980s the
surface-sensible heat flux has been decreasing continuously,
and modeling studies suggest that such changes are likely
linked to the weakening of the East Asian Monsoon through
exciting Rossby wave trains. However, the spatial and tem-
poral variations in the surface-sensible and latent heat fluxes
over the entire TP remain unknown. This study aims to char-
acterize the spatial and seasonal variability of the surface-
sensible and latent heat fluxes at 0.5◦ over the TP from
1984 to 2007 by synthesizing multiple data sources includ-
ing ground measurements, reanalysis products, and remote-
sensing products. The root mean square errors (RMSEs)
from cross validation are 14.3 Wm−2 and 10.3 Wm−2 for the
monthly fused sensible and latent heat fluxes, respectively.
The fused sensible and latent heat-flux anomalies are consis-
tent with those estimated from meteorological stations, and
the uncertainties of the fused data are also discussed. The
associations among the fused sensible and latent heat fluxes
and the related surface anomalies such as mean temperature,
temperature range, snow cover, and normalized difference
vegetation index (NDVI) in addition to atmospheric anoma-
lies such as cloud cover and water vapor show seasonal de-
pendence, suggest that the land–biosphere–atmosphere inter-
actions over the TP could display nonuniform feedbacks to
the climate changes. It would be interesting to disentangle
the drivers and responses of the surface-sensible and latent
heat-flux anomalies over the TP in future research from evi-
dences of modeling results.

1 Introduction

The land surface energy balance (SEB) is a critical physi-
cal characteristic of the land surface processes. It states the
ability of the land surface to partition the net radiation (NR)
into latent heat flux (LE), sensible heat flux (H ), and ground
heat flux (G) (Eq. 1), which governs the hydrological, bio-
geochemical, and ecological processes at the Earth’s surface
(Liang et al., 2010):

NR = LE + H + G. (1)

In contrast to the global land SEB that has been accessed
by using surface observations, remote-sensing, and reanal-
ysis data sets, less attention has been paid to analyzing the
spatiotemporal characteristics of the land SEB at the regional
scale due to the limit number of ground observation sites and
the lack of comprehensive validation (Kiehl and Trenberth,
1997; Trenberth et al., 2009; Jung et al., 2011; Stephens
et al., 2012; Stevens and Schwartz, 2012; Wild, 2012). Al-
though limited long-term ground observations measure the
SEB, the decadal changes of evapotranspiration have been
quantified empirically by using ground measurements and
remote-sensing observations (Wang and Liang, 2008; Jung et
al., 2010; Yao et al., 2012). However, it is important to con-
duct comprehensive validation and comparison before apply-
ing global data sets at the regional scale, because the reliabil-
ity of such data sets is largely dependent on the characteris-
tics of inputs such as the homogeneity of satellite products
and the distribution of stations (Mueller et al., 2013).
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The SEB over the Tibetan Plateau (TP) is of great re-
search interest because of its physical links to the East Asian
monsoon, which sustains approximately 25 % of the world’s
population (Wang and Liang, 2008; Immerzeel et al., 2010).
Numerical experiments and geologic observations have sup-
ported the theory such that the formation of the Asian mon-
soon is related to the uplift of the TP (Kutzbach et al., 1993;
An et al., 2001). In addition to the mechanical forcing of the
TP through partitioning of the jet stream (Manabe and Terp-
stra, 1974), physical processes by which the thermal forcing
of the TP is linked to the onset and strength of the Asian
monsoon have been inferred from the shift of the jet stream,
the formation of the south Asian high, the diurnal variation
of meteorological observations of the TP, and numerical ex-
periments (Ye and Gao, 1979; Yanai and Li, 1994; Ye and
Wu, 1998; G. Wu et al., 2012). The concept of “sensible-
heat driven air pump” over the TP has been proposed in re-
search of the elevated heating effect over the TP by using
the global circulation model (GCM) (G. Wu et al., 2007).
This concept suggests that the surface heating (cooling) in
summer (winter) causes air columns to converge (diverge)
and to ascend (descend), regulating both local and Northern
Hemisphere circulation. Furthermore, such processes create
the south Asian high in the upper atmosphere in summer and
the increasingly high pressure over continental areas in win-
ter, likely contributing to the pattern of droughts in the north
and floods in the south in China in addition to the country’s
cold continental climate, respectively (Duan et al., 2013).

The SEB over the TP is essential for the study of land–
biosphere–atmosphere interactions, analysis of the changes
in terrestrial ecosystems and hydrological systems, and as-
sessment of the impacts of and feedbacks to the climate
changes. Previous research has investigated the diurnal, sea-
sonal and annual variation of the SEB at stations over vari-
ous land cover types in the TP, including grassland (Y. Ma
et al., 2003; Tanaka et al., 2003; Liu et al., 2009; Bian et al.,
2012), meadow (Gu et al., 2005; Yao et al., 2008, 2011), and
glacial and alpine areas (Zou et al., 2009; Yang et al., 2011c;
Chen et al., 2012; Zhang et al., 2013). Advanced methods
have been developed to retrieve SEB from improved param-
eterization of routine meteorological observations (Yang et
al., 2002, 2003, 2008; Chen et al., 2010, 2013b; Guo et al.,
2011b; Lee et al., 2012) satellite observations (Y. Ma et al.,
2006, 2012; W. Ma et al., 2009, 2011; Jiménez et al., 2009;
Zhang et al., 2010), and the integration of both data sources
(Wang and Liang, 2008; Jung et al., 2009; Yao et al., 2012).
The uncertainties of those approaches in characterizing the
SEB over the TP, however, remain large, resulting in misrep-
resentation and inconsistency of the inferred decadal changes
of the sensible heat flux from reanalysis or the conventional
bulk aerodynamic method (Yang et al., 2011b; Zhu et al.,
2012). Specifically, observation-based results are inadequate
for determining the regional pattern of the SEB over the en-
tire TP due to the unbalanced distribution of meteorologi-
cal stations and the sparse temporal coverage of the remote-
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Figure 1.Study area with major lakes, rivers, six regions, validation
sites (red large circle), and CMA stations for comparison (red small
circle).

sensing products under the requirement of clear-sky condi-
tions (Y. Ma et al., 2006, 2011), whereas the reliability of
modeling results is largely limited not only by the propaga-
tion of input error through the model retrieval (Wang and
Dickinson, 2012), but also by the uncertainty of parameteri-
zation under complex terrain and highly heterogeneous areas
(Chen et al., 2013a). Instead, GCMs have been applied ex-
tensively to access the effects of warming (Wang et al., 2008,
2011), snow forcing (Qian et al., 2011; Turner and Slingo,
2011), and weakened sensible heat flux (Liu et al., 2012;
G. Wu et al., 2012; Duan et al., 2013) over the TP on the pre-
cipitation changes in East Asia. Nevertheless, gaps remain
in quantification of the decadal changes of the SEB over the
TP at the regional scale in comparison with changes derived
from ground observations and in assessment of the relation-
ship between the changes of the SEB and the observed sur-
face and atmospheric conditions.

The objective of this study is to analyze the spatiotemporal
characteristics of the surface-sensible and latent heat fluxes
over the TP by integrating ground observations, remote-
sensing, and reanalysis data sets over the recent two decades.
The following sections introduce various data sources and
methodologies including preprocessing, data fusion, and spa-
tiotemporal characterization; describe the validation results;
discuss the uncertainties of the fused data; investigate the
spatial and seasonal variability; and conclude with major
findings and implications derived from the results.

2 Data sets

The TP includes areas with elevations higher than
3000 m within approximately 30◦ longitude (75–105◦ E)
and 14◦ latitude (26–40◦ N) (Fig. 1). To integrate ob-
servational and modeling results of the SEB over the
TP, the following three sources data were included: (1)
ground-measurement data from AsiaFlux, ChinaFLUX,
GAME/Tibet, and CAMP/Tibet; (2) state-of-the-art reanal-
ysis products from the Climate Forecast System Reanalysis
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(CFSR), the Modern-Era Retrospective analysis for Research
and Applications (MERRA), the ERA-Interim reanalysis,
and the Japanese 25 year Reanalysis (JRA-25); and (3) two
remote-sensing-based products: a global evapotranspiration
model developed by Zhang et al. (2010), hereafter referred
to as Zhang10, and a global evapotranspiration model based
on the Global Land Evaporation: the Amsterdam Methodol-
ogy (GLEAM) (Miralles et al., 2014), hereafter referred to as
GLEAM-LE (Table 1).

2.1 Ground-measured data sets

Surface energy fluxes based on ground measurement were
extracted from three sources: the Coordinated Energy and
Water Cycle Observation Project (CEOP) (Koike, 2004), the
Asian Automatic Weather Station Network (ANN) (Sugita et
al., 2005), and FLUXNET (Baldocchi et al., 2001). Between
1997 and 2007, ground SEB measurements from 13 stations
were selected from the AsiaFlux sites (Kim et al., 2009),
the ChinaFLUX sites (Yu et al., 2006), the Global Energy
and Water Cycle Experiment (GEWEX) Asian Monsoon Ex-
periment on the TP (GAME/Tibet;http://monsoon.t.u-tokyo.
ac.jp/tibet), and the CEOP Asia–Australia Monsoon Project
on the TP (CAMP/Tibet;http://data.eol.ucar.edu/codiac/dss/
id=76.127). Those stations were not used in the develop-
ment of remote-sensing and reanalysis products. The criti-
cal information used in station selection for extracting high-
quality SEB measurements includes location, measured vari-
ables, measured height, instruments, data period, and num-
ber of days (Table 2). The ground heat flux is recorded by
a soil heat-flux plate at a depth below the surface ranging
from 0.01 m to 0.1 m with expected accuracy by±5 % of
reading for Campbell HFT-3 and EKO MF-81, and−15 to
+5 % of the 12 h total for Hukseflux HFP01. The eddy-
covariance method measures sensible and latent heat fluxes
from high-frequency flux covariance (by 10 Hz) of the wind
vector from a three-dimensional sonic anemometer (Camp-
bell CSAT-3, GILL SAT-R3A, and Kaijo DA-600) and the
humidity fluctuation from an open-path infrared gas ana-
lyzer (LI-COR LI-7500 and Kaijo AH-300), a krypton hy-
grometer (Campbell KH20), or a thermohygrometer (Vaisala
50Y Bandpass TRH). Based on the manufactory specifica-
tions, the estimated accuracy of GILL SAT-R3A is < 1 %
root mean square (RMS) of the reading; LI-COR LI-7500,
±2 % of the reading; Campbell KH20,±5 % of the reading;
and Campbell CSAT-3,±6 % of the horizontal as gain error
and±8.0 cm s−1 (±4.0 cm s−1) of horizontal (vertical) off-
set error. The typical estimated error of the eddy-covariance
measurements is 5–20 % including 20–50 Wm−2 and 10–
30 Wm−2 for latent heat and sensible heat fluxes, respec-
tively (Foken, 2008). Since the enclosure ratio of the eddy-
covariance measurements is approximately 20 % (Foken et
al., 2006), later a correction is applied to the eddy-covariance
measurements in this study (Sect. 3.1).

As regional branches of FLUXNET, AsiaFlux and Chi-
naFLUX measure carbon cycle, hydrological cycle, and en-
ergy exchange to study the interaction between the terres-
trial ecosystem and the atmosphere. The AsiaFlux site, an
alpine meadow grassland in Haibei (HBM), China, offers
15 min averaged SEB measurements, which removes unre-
liable data by using absolute-threshold quality control (Vick-
ers and Mahrt, 1997). The longest measurements of the SEB
over the TP are acquired from two ChinaFLUX sites where
SEB is averaged at 30 min intervals after applying the cor-
rection for the density effect to latent heat flux from 2003 to
2007 at the Damxung site (DX) and from November 2002 to
2007 at the Haibei shrubland site (HBS) (Webb et al., 1980).

GAME/Tibet and CAMP/Tibet are organized by the in-
ternational monsoon experiments. At 30 min, SEB averages
were extracted from GAME/Tibet during the intensive obser-
vation period (IOP) in 1998, which included portable auto-
mated mesonets (PAM) at MS3478, planetary boundary layer
(PBL) tower measurements of radiation fluxes and turbulent
flux measurements at Amdo and BJ stations, respectively.
CAMP/Tibet radiation and flux data sets were collected dur-
ing the Enhanced Observing Period 3 (EOP-3) and Enhanced
Observing Period 4 (EOP-4) of CEOP, covering the period
from October 2002 to December 2004. Six stations includ-
ing Amdo, ANNI, D105, MS3478, BJ, and Gaize measured
soil heat flux from 0.2 Hz samples and averages at 10 min
intervals. Comprehensive measurements have been taken at
the BJ site, including 3 m latent and sensible heat fluxes av-
eraged over 30 min intervals. Heat fluxes from CAMP/Tibet
were visually examined for low and high extreme or con-
stant values by using the CAMP Quality Control Web In-
terface; data with quality flags of good or interpolated were
used in this study. Because most sites share the same loca-
tions with GAME/Tibet but use different instruments, obser-
vations from multiple data sets of the same sites were com-
bined before analysis.

Two data sets based on meteorological station data over
the TP reported by (Yang et al., 2009) and (Yang et al.,
2011a), hereafter referred to as Yang09 and Yang11, respec-
tively, were chosen for comparison purposes. Yang09 esti-
mates the daily sensible heat flux of 85 China Meteorolog-
ical Administration (CMA) stations over the TP by using
a micro-meteorological method, a physical scheme similar
to the eddy-covariance method but which includes statistical
downscaled wind speed and ground–air temperature from the
CMA stations. The advantage the Yang09 scheme has over
conventional methods is that it produces a realistic estimation
of the sensible heat flux by accounting for the diurnal varia-
tion of the heat transfer process (Yang et al., 2011b). Based
on the 250 m normalized difference vegetation index (NDVI)
from the global Moderate Resolution Imaging Spectrora-
diometer (MODIS) vegetation indices product (MOD13Q1),
data of 59 CMA stations with elevations > 3000 m under
the NDVI < 0.2 and snow-free conditions were selected by
considering the quality flag of MOD13Q1 because of the
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Table 1.Summary of data sources (* for comparison).

Name Organization/ Spatial Temporal Temporal
institution resolution/ resolution coverage

stations

Reanalysis data sets

CFSR NCEP T382(38 km) hourly Jan 1979–Dec 2009
MERRA NASA 0.50◦ × 0.67◦ hourly Jan 1979–Apr 2013
ERA-Interim ECMWF T255 (80 km) 3 hourly Jan 1979–Mar 2013
JRA-25 JMA/CRIEPI T106 (110 km) 3 hourly Jan 1979–Dec 2011
MERRALAND* NASA 0.50◦

× 0.67◦ hourly Jan 1979–Apr 2013
NRA-1* NCEP/NCAR T62 (200 km) 6 hourly Jan 1948–Jul 2012
NRA-2* NCEP/NCAR T62 (200 km) 6 hourly Jan 1979–Dec 2011
GLADS-1_NOAH* NCAR 1.00◦ 3 hourly Jan 1979–May 2012
GLADS-2_NOAH* NCAR 1.00◦ 3 hourly Jan 1948–Dec 2008
GLADS-1_CLM* NCAR 1.00◦ 3 hourly Jan 1979–May 2012
GLADS-1_MOS* NASA/GSFC 1.00◦ 3 hourly Jan 1979–May 2012

Remote-sensing data sets

Zhang10 NASA 8km monthly Jan 1983–Dec 2006
GLEAM-LE UB 0.25◦ daily Jan 1984–Dec 2007
PU-ET* PU 0.50◦ 3 hourly Jan 1984–Dec 2007

Ground-measured data sets

AsiaFLUX FLUXNET 1 stations 15 min Jul 2002–Dec 2004
ChinaFLUX FLUXNET 3 station 30 min Nov 2002–Dec 2007
GAME/Tibet AAN 10 stations 30 min Dec 1994–Apr 2005
CAMP/Tibet CEOP 9 stations 10 min, hourly Oct 2002–Dec 2004
Yang09, Yang11* ITPR CAS 85 stations daily Jan 1984–Dec 2006

suitability of the Yang09 scheme for bare soil or spares veg-
etation land cover. Yang11 provides the simulation results of
the SEB of the CMA stations over the TP by using the SiB2
adjusted land surface model (Sellers et al., 1996) according
to the TP surface characteristics reported from previous ex-
periments (Yang et al., 2008). In recent studies, the clima-
tology and trend of sensible heat flux over the TP extracted
from Yang11 have been compared to that from reanalysis
data sets, suggesting a general weakened trend of the sen-
sible heat source over the TP in recent decades, with large
uncertainties among different data sets (Liu et al., 2012; Zhu
et al., 2012).

2.2 Remote-sensing data sets

Remote-sensing-based estimations of evapotranspiration
have been developed to access decadal changes of evapotran-
spiration over the pan-Arctic basin and Alaska (Zhang et al.,
2009), which were then applied to the global land surface
(Zhang et al., 2010). Zhang10 estimates evapotranspiration
over vegetated areas by a modified Penman–Monteith ap-
proach with a biome-specific canopy conductance model pa-
rameterized from 34 FLUXNET sites. The major inputs are
NDVI from the Advanced Very High Resolution Radiome-
ter (AVHRR) provided by NASA Global Inventory Model-

ing and Mapping Studies (GIMMS) (Tucker et al., 2005),
air temperature and water vapor pressure from the National
Center of Environmental Prediction (NCEP)/National Center
for Atmospheric Research (NCAR) (NCEP/NCAR) reanaly-
sis version 1 (NRA-1) (Kalnay et al., 1996), and shortwave
radiation from GEWEX Surface Radiation Budget (GEWEX
SRB 3.0) (Pinker and Ewing, 1985; Pinker and Laszlo,
1992). The independent validation over 48 FLUXNET sites
including HBM satisfied accuracy atR2

= 0.80–0.84. A re-
cent evaluation of Zhang10 suggests that it outperforms other
reanalysis and remote-sensing data sets over the upper Yel-
low River and Yangtze River basins in the TP (Xue et al.,
2013).

Recently, a global land evaportranspiration data set has
been developed by using GLEAM (Miralles et al., 2011a, b,
2014). GLEAM applied a Priestley–Taylor approach to es-
timate the potential evaporation from observed surface net
radiation and air temperature. The actual evaportranspira-
tion is estimated from potential evaporation multiplied by
the evaporative stress factor, which is derived from the ob-
served vegetation optical depths (to approximate vegetation
water content) and the estimated root zone soil moisture.
The difference between the GLEAM evaportranspiration and
the FLUXNET observations is within±20 % at most sites.
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Table 2. Information of the ground observation sites over the TP with measurement of latent heat flux (LE), sensible heat flux (H ), and
ground heat flux (G).

Name Lat Long EL Measured Height Instruments Data Date
Name (◦ N) (◦ S) (m) variable period length

AsiaFlux

HBM 37.61 101.31 3250 LE,H 2.2 m Campbell CSAT-3, LI-COR LI-7500 Jul 2002–Dec 2004 519
G −0.01 m Campbell HFT-3 942

CAMP/Tibet

Amdo 32.24 91.62 4695 G −0.10 m EKO MF-81 Oct 2002–Dec 2004 520
ANNI 31.25 92.17 4480 G −0.10 m EKO MF-81 Oct 2002–Dec 2004 328
D105 33.06 91.94 5038 G −0.10 m EKO MF-81 Oct 2002–Dec 2004 765
MS3478 31.92 91.71 4619 G −0.10 m EKO MF-81 Oct 2002–Dec 2004 820
BJ 31.37 91.90 4509 LE,H 3.00 m Kaijo DA-600, LI-COR LI-7500 Oct 2002–Dec 2004 51

G −0.10 m EKO MF-81 654
Gaize 32.30 84.05 4416 G −0.03 m EKO MF-81 Oct 2002–Dec 2004 698

ChinaFLUX

DX 30.50 91.07 4751 LE,H 2.2 m Campbell CSAT-3, LI-COR LI-7500 Jun 2003–Dec 2007 1097
G −0.05 m Hukseflux HFP01 1597

HBS 37.67 101.33 3400 LE,H 2.2 m Campbell CSAT-3, LI-COR LI-7500 Dec 2002–Dec 2007 1107
G −0.05 m Hukseflux HFP01 1726

GAME/Tibet

Amdo 32.24 91.63 4700 LE,H 2.85 m Kaijo DA-300, Kaijo AH-300 Jan 1998–May 2003 47
G −0.10 m EKO MF-81 1612

MS3478 31.93 91.72 5063 LE,H 2.85 m GILL SAT-R3A, Vaisala 50Y Bandpass TRH May 1998–Sep 1998 40
G −0.01 m Campbell HFT-3 118

Gaize 32.30 84.05 4420 G −0.25 m EKO MF-81 May 1998–Sep 1998 117
BJ 31.37 91.90 4580 LE,H 2.85 m Campbell CSAT-3, Campbell KH20 May 1998–Sep 1998 30

LG −0.05 m Campbell HFT-3 89

Considering the temporal coverage and the improved accu-
racy of the daily evaportranspiration, the data set from the
third experiment (e3) from the Miralles et al. (2014) is used
in this study, which uses net radiation from GEWEX SRB
3.0, air temperature from the International Satellite Cloud
Climatology Project (ISCCP) (Rossow et al., 2004) merged
with ERA-Interim and the Atmospheric Infrared Sounder
(AIRS) (Ferguson et al., 2010), and precipitation from Cli-
mate Prediction Center unified gauge-based analysis (Chen
et al., 2008) as major inputs.

2.3 Reanalysis data sets

The NCEP CFSR is the first global reanalysis product to ap-
ply a coupled land–atmosphere–ocean–sea ice system (Saha
et al., 2010). The land surface analysis is produced from
the Noah land surface model, which is forced by the out-
put from the atmospheric assimilation in addition to ob-
served precipitation and snow depth (Ek et al., 2003). This
model outperforms the previous NCEP reanalysis data sets
with higher spatial resolution (T382, approximately 0.31◦)
and improved land surface energy and water closures at the
monthly scale (Meng et al., 2012). MERRA, a recent reanal-
ysis data set supported by NASA’s Global Modeling and As-

similation Office (GMAO) covering temporal period since
1979, incorporates a catchment hydrological model (Koster
and Suarez, 1996; Koster et al., 2000) and a multi-layer
snow model (Stieglitz et al., 2001) that are coupled to the
GOES-5 atmospheric GCM. Global assessments suggest an
improvement in the hydrological cycles with MERRA (Rie-
necker et al., 2011). ERA-Interim is the first reanalysis prod-
uct to apply the four-dimensional variational data assimila-
tion scheme (4D-Var) provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF) (Dee et al.,
2011), which assimilates 2 m air temperature and humidity
to correct soil moisture and temperature analyses (Douville
et al., 2000). The Tiled ECMWF Scheme for Surface Ex-
changes over Land (TESSEL) (Viterbo and Beljaars, 1995;
Viterbo and Betts, 1999) and the snow scheme (Douville et
al., 1995) are used in the ERA-Interim for modeling land
surface processes. JRA-25 aims to provide high-quality data
for the Asian region by applying the Japan Meteorological
Agency (JMA) numerical assimilation and forecast system
(Onogi et al., 2007). A simple biosphere scheme is used
in JRA-25 with observed snow data (Sellers et al., 1986;
Sato et al., 1989). A recent comparison has revealed consis-
tency in the interannual variability and a weakened tendency
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of surface wind speed and sensible heat flux over the TP
among JRA-25, Yang11, and NRA-1, whereas large inter-
annual variation and inconsistency have been identified for
CFSR (Zhu et al., 2012).

3 Methodology

3.1 Preprocessing

The residue of the SEB at stations over the TP is likely caused
by measuring error, sampling mismatch, soil energy storage,
advection, and large-scale eddies from heterogeneity (Li et
al., 2005; Foken et al., 2006; Foken, 2008). Measurements
are mounted at different heights with substantially different
footprints at each station, which requires stability and sur-
face homogeneity to close the SEB. In addition, systematic
and random errors from in situ measurement have been ar-
gued as causes for the SEB imbalance through overestima-
tion (underestimation) of latent and sensible heat fluxes (net
radiation). Specifically, analysis from previous studies and
high-residue error in summer from the current study suggest
that the systematic error from the infrared hygrometer is crit-
ical to the closure problem, particularly during rainfall days,
which is associated with lower latent heat flux from weak-
ened measured fluctuation of specific humidity (Tanaka et
al., 2003; Yang et al., 2004). In addition, the freezing and
thawing season is related to variation in closure ratio (CR
in Eq. 2), which reaches a negative value in the completely
frozen stage (Guo et al., 2011a). Although no agreements
or protocols has been reached for the causes and correc-
tions of energy balance and imbalance from eddy-covariance
measurement over the TP, closure of the SEB on the daily-
scale limits the effect of imbalance from diurnal variation,
such as that through the freezing and melting processes and
the energy storage from photosynthesis of plants, by calcu-
lating the daily average (Tanaka et al., 2003; Yang et al.,
2004; Yang and Koike, 2008; Guo et al., 2011a). Extensive
eddy-covariance measurements in various climatic regions
and land cover types over the TP are required in future re-
search to quantify conditions under which the energy budget
is unbalanced.

CR=
[(NR− G) − (LE + H)]

(NR− G)
(2)

Monthly mean SEB components over the TP were extracted
from ground measurements, remote-sensing, and reanalysis
data sets. Original ground-measured values of surface latent
heat flux, sensible heat flux, and ground heat flux were first
converted to coordinated universal time (UTC) and were then
integrated to daily hourly mean by using quality control flags
to exclude poor-quality and missing data and by correspond-
ing thresholds of−200–400 Wm−2, −200–500 Wm−2, and
−200–300 Wm−2. Then, daily mean value was calculated
from daily hourly mean values with less than half missing.

The surface energy balance was closed by using the ob-
served Bowen ratio on the daily scale (Twine et al., 2000).
The monthly mean value of in situ data was calculated from
the daily mean covering more than 15 days in a month.
Daily averages of the SEB components were also extracted
from the original reanalysis data sets, followed by interpo-
lation to 0.5◦ resolution by using the nearest grid data from
MERRA, Interim, and JRA-25 or the mean grids value cov-
ered by the newly projected grid from CFSR. The monthly
mean value was calculated from the daily mean. Similar in-
terpolation was applied to Zhang10 monthly data and the
monthly average of the GLEAM-LE, which was converted
to latent heat flux by multiplying the latent heat of vaporiza-
tion, λ (2.451 MJ kg−1). The sensible heat flux of Zhang10
and GLEAM-LE is estimated from the difference between
the net radiation from GEWEX SRB 3.0 and the latent heat
flux, assuming the ground heat flux is relatively small and
negligible (Jiménez et al., 2011).

3.2 The data fusion method

The multiple linear regression (MLR) method was used to
fuse remote-sensing and reanalysis data sets with ground ob-
servations. The data fusion approach synthesizes multiple
sources of data to improve accuracy, confidence, and con-
sistency of the results, and the MLR has the advantage of
being simple and easily interpreted. The MLR model, using
p original data sets (Xi) and the truth (Y ) from the ground-
measured data, is expressed as

Y = β0 +

∑p

i=1
βi × Xi + ε,ε ∼ N(0,σ 2), (3)

whereβi (β0) is the coefficient (intercept) andε is the resid-
ual assumed to be normally distributed (N(0,σ 2)). The in-
tercept and coefficients are determined to minimize the sum
of the square residuals. This study applied MLR to latent and
ground heat fluxes. Similar to the significant large interan-
nual variation of the sensible heat flux from CFSR over the
TP (Zhu et al., 2012), the latent heat flux from CFSR was
excluded in the data fusion of the latent heat flux because
it exhibits significant large interannual variation. In addition
to the ground observations, MERRA, ERA-Interim, JRA-25,
Zhang10, and GLEAM-LE were the input data sets to de-
rive Eq. (3) for the data fusion of the latent heat flux. This
method was also applied to fuse the latent heat flux with
those inputs except Zhang10 in the case of missing data from
Zhang10. For the ground heat flux, four reanalysis data sets
(i.e., CFSR, MERRA, ERA-Interim, JRA-25) and the ground
observations were the inputs for the calibration of the Eq. (3).
A monthly fused surface radiation budget at 0.5◦ over the
TP has been developed, which addresses the relative low ac-
curacy of surface radiation budget from individual remote-
sensing or reanalysis product and the sparse ground radia-
tion measurements by integrating multiple data sets (Shi and
Liang, 2013a). It is assumed that the latent heat flux and the
net radiation from the previous study (Shi and Liang, 2013a)
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are more reliable than that of the sensible heat flux from
multiple reanalysis and remote sensing. Therefore, the sen-
sible heat flux was estimated from the energy balance (Eq. 1)
by subtracting the latent heat and ground heat fluxes (this
study) from the previously developed net radiation (Shi and
Liang, 2013a). To ensure energy closure, only the stations
with all SEB component measurements were used in the data
fusion of the latent heat flux. Additional experiments were
performed by applying the MLR to fuse the sensible heat
flux directly from multiple data sets (ground observations,
reanalysis and remote-sensing data sets) for comparison with
the proposed surface energy balance approach. Three types
of statistics – RMS error (RMSE), mean bias error (MBE),
and coefficient of determination (R2) – were used to quan-
tify the accuracy of each input product. The leave-one-site-
out cross validation was conducted by applying the fusion
model after removing a site and validating with the unused
site. The root mean square error (RMSE) from cross valida-
tion (RMSE_CV) was computed as the average RMSE after
applying this process multiple times (omitting one site for
validation each time). RMSE_CV was used to validate the
fused SEB components.

In the case of high-level data fusion for the SEB, such as
feature-level image fusion according to Pohl and Van Gen-
deren (1998), the MLR fused method constrains the error of
the fused SEB through minimization of the residue error. To
quantify the potential error from the selection of the data
fusion method, experiments were conducted in which the
same inputs were used for different linear regression mod-
els, including stepwise regression, which selects data sets
by excluding those from the starting model to minimize the
Bayesian information criterion (BIC); principle analysis re-
gression (PCA), which inherits from the MLR but uses the
first two or three principle components of input data sets
(PCA_2 and PCA_3); and adapted lasso regression, which
improves the lasso regularization technique in the selec-
tion of data sets to simultaneously estimate and select vari-
ables with adaptive weights (Zou, 2006). Advanced statis-
tical methods with the potential for revealing unseen (i.e.,
nonlinear) processes by linear approximations were selected
for comparison with the MLR results, including supported
vector regression (SVM) (Vapnik, 1999) and random forest
(RF) regression (Breiman, 2001). SVM computes optimized
hyperplanes that maximize the deviations from the targets,
which has been applied in the fusing of multiple remote-
sensing data sets in cases such fuel mapping and precipita-
tion retrievals (García et al., 2011; Wei and Roan, 2012). RF
realizes the concept of ensemble learning from the group of
regression trees through processes of boosting and bagging.
An additional commonly used method, particularly in multi-
model fusion, is Bayesian model averaging (BMA), which
was implemented to optimize weights to integrate predictive
distributions from multi-models such as the mapping of long-
wave radiative fluxes from multiple models (Raftery et al.,
2005; H. Wu et al., 2012).

3.3 Spatiotemporal characterizations

The spatial pattern of the seasonal and annual average and
the standard deviation (STD) of the latent and sensible heat
fluxes over the TP were analyzed. The four seasons were
defined as spring (March-April-May), summer (June-July-
August), autumn (September-October-November), and win-
ter (December-January-February). The seasonal and annual
variability from the average latent and sensible heat-flux
anomalies over the TP was compared to the selected indica-
tors of atmospheric and surface conditions and the fused sur-
face radiation budget anomalies (Shi and Liang, 2013b), the
relationships of which were quantified by using the Pearson
correlation coefficient. The selected variables included cloud
cover and temperature (monthly mean of daily mean temper-
ature and temperature range) from the Climate Research Unit
(CRU) TS3.1 (Harris et al., 2014), Rutgers snow cover data
(Robinson et al., 1993), the GIMMS AVHRR NDVI (Tucker
et al., 2005), and MERRA water vapor.

4 Results and discussions

4.1 Validation results

The validation results of CFSR, MERRA, ERA-Interim,
JRA-25, and Zhang10 are shown in Table 3. The latent
heat flux from all four reanalysis products had signifi-
cantly higherR2 (> 0.8) than those of sensible heat flux.
CFSR underestimated latent and sensible heat fluxes by
−13.1 Wm−2 and −4.9 Wm−2, respectively, and overesti-
mated G by 6.6 Wm−2. The RMSE of the latent heat flux
from CFSR was the largest among all data sets. MERRA
and JRA-25 overestimated the latent heat flux with RMSE
by 15 Wm−2. MERRA (JRA-25) exhibited the lowestR2

(largest RMSE) in the sensible heat flux of all reanalysis
data sets. Latent and sensible heat fluxes from the ERA-
Interim at 11.5 Wm−2 and 20.5 Wm−2, respectively were the
most accurate among other products with the lowest RMSE.
Zhang10 (GLEAM-LE) had a highR2 by 0.89 (0.90) but
showed underestimation of−12.0 Wm−2 (−4.1 Wm−2) of
the latent heat flux.

The coefficients and intercepts used to calculate the
ground heat flux and the fused latent heat flux with and
without Zhang10 were derived by using the MLR method
(Table 4). GLEAM-LE and JRA-25 had the largest coeffi-
cient in the latent heat and ground heat fluxes, respectively.
Under the condition such that Zhang10 was missing, ERA-
Interim and GLEAM-LE mainly dominated the fused latent
heat flux. The fused sensible heat, latent heat, and ground
heat fluxes exhibited the lowest RMSE_CVs over those by
using individual data sets by 14.3 Wm−2, 10.3 Wm−2, and
2.6 Wm−2, respectively (Table 5). The cross-validation re-
sults support that no individual reanalysis data set is supreme
in all SEB components and that a synthesized approach that
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Table 3. Validation results of the surface energy budget components of reanalysis and remote-sensing data sets by comparing with in situ
observation.

CFSR MERRA ERA- JRA-25 Zhang10 GLEAM-LE
Interim

Sensible heat flux RMSE (Wm−2) 22.0 28.7 20.5 29.9 – –
MBE (Wm−2) −4.9 4.4 −11.8 −14.5 – –
R2 0.32 0.12 0.28 0.23 – –

Latent heat flux RMSE (Wm−2) 23.8 15.4 11.5 15.0 22.1 12.6
MBE (Wm−2) −13.1 8.5 −1.7 3.9 −12.0 −4.1
R2 0.82 0.87 0.90 0.86 0.89 0.90

Ground heat flux RMSE (Wm−2) 11.9 6.3 10.4 8.5 – –
MBE (Wm−2) 6.6 −1.8 0.1 −0.5 – –
R2 0.73 0.78 0.73 0.82 – –

uses MLR could be a feasible way for improving accuracy.
After using data from all available stations, the plots in Fig. 2
compared the fused results with the ground measurements,
which indicated that the latent heat flux was closer to the 1:1
line than the other two components. RMSEs of the fused la-
tent heat flux, sensible heat flux, and ground heat flux were
6.9 Wm−2, 11.6 Wm−2, and 2.4 Wm−2, respectively. TheR2

of the fused sensible heat flux was significantly improved
(0.67), which was higher than that of the applying MLR
to multiple sensible heat-flux products directly. The accu-
racy of the data fusion method is sensitive to the training
data, which explains the decreased value of RMSE from
RMSE_CV. An independent validation of the sensible heat
flux by using Yang09 also indicated that the fusedH had the
lowest RMSE, by 15.6 Wm−2, than that by using individ-
ual reanalysis or remote-sensing data set, which ranged from
22.1 Wm−2 to 26.0 Wm−2.

The largest absolute differences in RMSE_CV of latent
and sensible heat fluxes between the MLR and other linear
regression models are low, by 1.6 Wm−2 and 2.1 Wm−2, re-
spectively (Table 5). The sensible heat flux from the MLR
outperformed those from SVM, RF, and BMA, indicating
that the MLR model can effectively achieve the goal of data
integration in this study. Moreover, the limited accuracy im-
proved by the three advanced models could be attributed to
the extreme limited capability of the training stations to ap-
proximate true-state statistics. An alternative approach to es-
timate the sensible heat flux by fusing in situ, reanalysis, and
remote-sensing data sets directly has a higher RMSE_CV (by
21.2 W m−2) than that by computing it from the surface en-
ergy balance. Compared with the fused result by only us-
ing only in situ and reanalysis data (MLR_RA in Table 5),
the MLR model lowered the RMSE_CV by including the
two remote-sensing products. Because the presented compar-
isons of various data fusion methods are empirical and do not
include modeling, comparisons of the results with those from
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Figure 2. Comparisons of the measured and the predicted (fused)
sensible heat flux (H ), latent heat flux (LE), and ground heat flux
(G) by Eq. (3) (SEB: estimating the sensible heat flux form the
surface energy balance; MLR: applying multiple linear regression
method to fuse multiple sensible heat data sets).

data assimilation techniques have not been conducted in this
study and remain a key topics for future research.

A comparison was also performed with other global data
sets that were available during the validation period (Ta-
ble 5). The selected data sets include MERRALAND as
the supplementary product, which uses the revised MERRA
land system forced with observed precipitation (Reichle et
al., 2011); a global land evapotranspiration data set reported
by a Princeton University study on the basis of a revised
Penman–Monteith model that used radiation-forcing data
from GEWEX SRB 3.0 (PU-ET) (Mu et al., 2007; Vinukollu
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Table 4.Coefficients and intercept to calculate fused data by Eq. (3) (coefficients and intercepts withp value < 0.05 are in bold).

Intercept Coefficients

(Wm−2) CFSR MERRA ERA JRA-25 Zhang10 GLEAM
Interim LE

Latent heat flux −8.7994 – 0.4191 0.5345 0.1961 – –
−5.6313 – 0.2349 0.4810 0.0153 – 0.4418
−6.8247 – 0.2002 0.3627 0.0599 0.2762 0.3923

Ground heat flux 1.4429 −0.0732 0.1422 – 0.3531 – –

Table 5.Comparison of the cross-validation results of the surface energy budget from the fused data, other data fusion approaches (MLR_RA:
MLR using reanalysis data sets; stepwise: stepwise regression; lasso: adapted lasso regression; PCA_2: principle analysis regression using
first two principle components; PCA_3: principle analysis regression using first three principle components; BMA: Bayesian model aver-
aging; RF: random forest; SVM: supported vector regression), reanalysis, and remote-sensing data sets (* denotes results from fusing or
calibrating the sensible heat flux from multiple data sets or single data set directly).

Products Sensible heat flux Sensible heat flux* Latent heat flux Ground heat flux
(Wm−2) (Wm−2) (Wm−2) (Wm−2)

Fusion, MLR 14.3 21.2 10.3 2.6
Fusion, MLR_RA 16.7 23.9 10.8 2.6
Fusion, stepwise 15.1 20.5 11.1 2.6
Fusion, lasso 14.3 20.6 11.2 2.6
Fusion, PCA_2 14.8 24.5 8.7 2.6
Fusion, PCA_3 14.4 24.6 9.5 2.6
Fusion, BMA 14.3 21.7 10.0 2.6
Fusion, RF 16.4 22.8 9.0 2.8
Fusion, SVM 15.9 22.5 9.1 2.7
CFSR 22.9 22.7 17.0 11.9
MERRA 25.6 26.6 14.1 6.3
ERA-Interim 30.4 22.9 11.5 10.4
JRA-25 24.8 24.3 14.7 8.5
Zhang10 18.7 20.8 14.7 –
GLEAM-LE 21.3 18.7 13.2 –
GLADS-1-CLM 27.5 25.8 16.9 8.6
GLADS-1-MOS 22.4 20.8 13.8 9.4
GLADS-1-NOAH 34.7 17.3 30.4 5.3
GLADS-2-NOAH 21.8 16.1 17.0 13.5
NRA-1 74.1 21.0 59.0 21.0
NRA-2 74.0 21.0 48.2 18.9
PU-ET 15.2 16.1 20.1 –

et al., 2011); and four data sets from the Global Land Data
Assimilation Systems (Rodell et al., 2004), which uses three
off-line models including the Common Land Model ver-
sion 2.0 (GLDAS-1-CLM) (Oleson et al., 2004), the Mosaic
Model (Koster and Suarez, 1996) (GLDAS-1-MOS), and
the National Centers for Environmental Prediction/Oregon
State University/Air Force/Hydrologic Research Lab Model
version 2.7 (Chen et al., 1997; Ek et al., 2003) (GLDAS-
1-NOAH, GLDAS-2-NOAH). Overall, the fused latent and
sensible heat fluxes outperformed those by using global data
sets in terms of lower RMSE_CVs. Therefore, the validation
and intercomparison of the SEB components should be im-

plemented before applying global data sets for regional stud-
ies, especially over areas in which sparse ground observa-
tions are used to constrain the models or the parameterization
of the land surface model is less tuned to adjust to the local
conditions.

4.2 Comparisons of seasonal and interannual
variability

The comparison with the ground observations of the monthly
cycle averaged over all available stations showed more con-
sistent seasonal cycles of latent heat and the ground heat
fluxes than that of the sensible heat flux from reanalysis and
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Figure 3. Monthly cycles of sensible heat flux (H ), latent heat flux
(LE), and ground heat flux (G) from multiple data sets and fused
data with ground measurement averaged for all available sites (units
are Wm−2).

remote-sensing data sets (Fig. 3). The ground heat flux from
the reanalysis data sets had a positive (negative) bias in spring
and summer (winter). MERRA, JRA-25, and Zhang10 over-
estimated the latent heat flux in winter, which was signifi-
cantly underestimated by CFSR, Zhang10, and GLEAM-LE
by > 20 Wm−2 from May to September. Although the num-
ber of stations is small, the consistent seasonal cycles from
remote-sensing and reanalysis data sets enhance the confi-
dence for the climatology and monthly accuracy of latent
heat flux over the central and eastern TP. MERRA exhib-
ited large fluctuation for sensible heat flux in summer and
autumn; CFSR and JRA-25 showed a similar pattern but
with less value and variability; and Zhang10 and GLEAM-
LE (ERA-Interim) had a smooth variation with a peak in May
(March). A comparison with the monthly cycles of CMA sta-
tions from Yang09 over bare land and sparsely vegetated ar-
eas indicates that the fused sensible heat flux was closer to
that from Yang09, particularly from January to August. The
differences in seasonal variability of the sensible heat flux in
autumn and in early winter (when fused sensible heat flux is
closer to the value from Zhang10, MERRA, and CFSR) may
be related to the changes in samples of CMA stations in au-
tumn to satisfy the bare land or sparsely vegetated conditions
in addition to the scale discrepancy between the points and
grids which varies as the sample changes.

The seasonal and annual anomalies of latent and sensible
heat fluxes averaged over CMA stations from the fused data
were compared with those from reanalysis, remote-sensing,
and Yang11 data sets (Figs. 4 and 5). Because no direct mea-
surement of the latent and sensible heat fluxes was possible
over the CMA stations, the accuracy of the variation and
trend from Yang11 could not be validated directly as was
only compared with other data sets. Although the interan-
nual variability of the latent heat flux in spring and winter
and the sensible heat flux in all seasons except summer from
CFSR were larger than those of other data sets, all data sets
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Figure 4. Anomalies of sensible heat flux from multiple data sets
and fused data with ground measurement averaged for all available
CMA stations (units are Wm−2).

showed consistent variation of latent heat flux in autumn and
sensible heat flux in summer. The season with the weakest
Pearson correlation of the sensible/latent heat flux between
the fused data and Yang11 was spring, when divergences
of anomalies among reanalysis, remote-sensing, and Yang11
were present. The potential causes of this phenomenon may
include the weak correlation of albedo (−0.15) and net ra-
diation (−0.02) between the fused net radiation and Yang11
(result not shown); the large uncertainty in modeling the SEB
in spring, as indicated from the wide variety of multiple data
sets; and the heterogeneity and physical effects such as soil
moisture and albedo from snow cover changes. In addition,
the annual latent heat-flux anomalies from the fused data
were also compared with the inferred value by using the wa-
ter balance method over two river basins over the TP. The
water balance method estimated the annual latent heat flux
over the upper Yellow River and the upper Yangtze River
basins by subtracting the observed runoff at the Tangnanhai
and Zhimenda hydrological stations from the total precipita-
tion sourced from the gauge-based precipitation data set over
East Asia (Xie et al., 2007), assuming that the change in the
terrestrial water storage at the annual scale was negligible
(Xue et al., 2013). The fused latent heat anomalies agreed
with the water balance referred value over the upper Yangtze
River basin with the Pearson correlation coefficient by 0.49
(p value < 0.1), while neither the fused data nor the reanalysis
or remote-sensing data sets was significantly correlated with
the latent heat anomalies estimated from the water balance
method over the upper Yellow River basin (Fig. 6). Overall,
the fused sensible and latent heat-flux anomalies (averaged
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Figure 5. Anomalies of latent heat flux from multiple data sets
and fused data with ground measurement averaged for all available
CMA stations (units are Wm−2).
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Figure 6. Anomalies of the annual basin average latent heat flux
from multiple data sets and fused data with the water balance re-
ferred value over the upper Yellow River and upper Yangtze River
basins (units are Wm−2).

over CMA stations) were consistent with that from Yang11
and the annual latent heat-flux anomalies displayed similar
variation with that from the inferred value at the Yangtze
River basin in addition to the highest accuracy according to
the RMSE_CV (Sect. 4.1), which were used in the spatiotem-
poral analysis of the sensible and latent heat fluxes (Sects. 4.4
and 4.5).

4.3 Uncertainties of the fused surface energy fluxes

The varied uncertainties from inputs and methods by which
the latent and sensible heat fluxes are estimated complicate
the quality assessment of the SEB from stations, reanalysis,
and remote-sensing data sets. Specifically, the input error of
the fused SEB is referred to as errors from the monthly value
for ground-measured, reanalysis, or remote-sensing data sets.
Previous studies suggest that no single reanalysis data set

is superior to others in terms of routinely measured surface
variables such as temperature, precipitation, humidity, pres-
sure, and wind speed and the surface radiation budget, which
suggests divergent representation and parameterization of the
diurnal cycles of surface variables such as ground–air tem-
perature, wind speed, and aerodynamic roughness in the land
surface models used to estimate the SEB (Wang and Zeng,
2012; Zhu et al., 2012). The uncertainty from Zhang10 could
be inherited through errors from the AVHRR GIMMS NDVI
as inputs and the energy imbalance of eddy-covariance mea-
surements as training samples (Zhang et al., 2010). Addi-
tional dominant input error is sourced from net radiation and
downward shortwave irradiance, which largely determine the
available energy to be partitioned into heat fluxes (Liang et
al., 2014). The validation result also proves that accuracy of
the latent heat flux is significantly higher than the sensible
heat flux from reanalysis or remote sensing, which is possi-
bly attributed to the estimation of the latent heat flux is con-
strained from not only the energy but also water balance over
the TP (Mueller et al., 2013).

The uncertainty of the fused SEB is also affected by error
propagation through calculations, including eddy-covariance
retrieval, threshold filtering, averaging, interpolation, and
data fusion. It is worth noting that eddy-covariance retrieval
and MLR data fusion employ both multiplication and ad-
dition/subtraction, suggesting that uncertainty of the fused
SEB could be amplified from those calculations. Neverthe-
less, the data fused approach is an applicable method for this
regional application because of constraining the uncertainty
by integrating ground measurement, reanalysis, and remote-
sensing products, which lowered the RMSE_CV than that
by using each calibrated input data set (Table 5). In addi-
tion, the error of the fused data introduced by the resample
scale is an emergent issue in the case of integrating synthesis
that uses multiple data sets at various spatial resolutions. The
impact of the resample scale has been assessed by applying
the proposed data fusion method to seven grid sizes includ-
ing 0.1◦, 0.3◦, 0.5◦, 1.0◦, 1.5◦, 2.0◦, and 2.5◦ to compare the
sensitivity to the resample scale among the fused, reanaly-
sis, and remote-sensing data sets (Fig. 7). The RMSE_CV
of the ground heat flux and the sensible heat flux is less
variable than that of the latent heat flux among the various
scales. In addition, the robustness of fused latent and sensi-
ble heat fluxes is supported by lower variation in RMSE_CV
with the decreased resample scale than by reanalysis and
remote-sensing data sets. The magnitude of the changes in
RMSE_CV (±2.5 Wm−2) resulting from the various resam-
ple scales below 1.5◦ was less than that from the instrumental
errors introduced in Sect. 2.1.

4.4 Spatial and seasonal variability of the sensible heat
flux

The sensible heat flux was lower in summer than that in
spring in the eastern TP, corresponding to the onset of the
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summer monsoon, as illustrated in Fig. 8. The sensible heat
flux reached the lowest value in winter and decreased with
latitude. In spring, summer, and autumn, the high values
were located in the western plateau, the mountain ranges and
basins of the western plateau, and the Himalaya ranges in the
south TP, respectively. The annual STD was high in most dry
area, including the northern ranges and basin and in the cen-
ter of the western plateau. The high-STD area formed in the
center of the western plateau in summer and moved to the
northern ranges in autumn. The southeastern TP had a low
STD in all seasons.

The temporal variations of sensible heat flux averaged over
the TP correlated to cloud cover, water vapor, temperature
anomalies, snow cover, and net radiative fluxes (Table 6).
The sensible heat-flux anomalies correlated to the variations
in the net shortwave or all-wave net radiation in all seasons,
with the correlation coefficient reaching the maximum in
spring. Thus, the following analysis focuses on cloud cover
and water vapor, which are the two dominant factors that reg-
ulate the surface radiation budget and have the potential to
be regulated by the feedback from local sensible heat fluxes
(Shi and Liang, 2013b). The negative correlation between
annual cloud cover and sensible heat flux was stronger in
summer and winter than that from other seasons, which cor-
responding to the dominant role of cloud cover in regulat-
ing downward shortwave irradiance and net radiation. Posi-
tive correlation between the sensible heat flux and water va-
por/temperature existed only in spring. In summer, the vari-
ability of the sensible heat-flux anomalies is negatively cor-
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Figure 8. Spatial distribution of seasonal/annual mean and STD of
the fused sensible heat flux over the TP (1984–2007).

related to that from water vapor and cloud cover by−0.60
and−0.41, respectively. The correlation between the sensi-
ble heat flux and temperature over the TP suggests two pos-
sible physical links: the sensible heat flux mainly warms the
surface air in spring as indicated from the positive correla-
tion with mean temperature, and it is suppressed from the
weakened temperature gradient in summer and autumn, as
suggested from the negative (positive) correlation to mean
temperature (temperature range).

4.5 Spatial and seasonal variability of the latent heat
flux

The seasonal and annual mean and STD of the fused la-
tent heat flux over the TP from 1984 to 2007 are shown in
Fig. 9. The latent heat flux increased from northwest to south-
east over the TP in all seasons. In summer, the high-mean
value area was located in the eastern TP and in the south-
west boundaries. STD was high (low) in the center of the
western plateau in summer (spring). The annual STD is sim-
ilar to that in autumn with high and low values in the center
eastern and northern ranges of TP, respectively. In general,
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Table 6. Correlation coefficients between the annual and seasonal sensible and latent heat-flux anomalies from the fused data and surface
and atmospheric anomalies over the TP (net shortwave (SW) and long wave (LW); all-wave radiation are from Shi and Liang, 2013a);p

value < 0.1 are in bold).

Annual Spring Summer Autumn Winter

Sensible heat flux, cloud cover −0.33 −0.21 −0.41 −0.31 −0.39
Sensible heat flux, water vapor −0.42 0.40 −0.60 −0.28 −0.23
Sensible heat flux, GIMMS NDVI −0.05 −0.19 −0.25 0.33 0.45
Sensible heat flux, temperature range 0.29 0.18 0.68 0.59 0.05
Sensible heat flux, mean temperature −0.48 0.33 −0.53 −0.55 −0.25
Sensible heat flux, snow cover −0.16 0.30 0.08 −0.11 0.03
Sensible heat flux, net SW radiation 0.66 0.80 0.81 0.49 0.54
Sensible heat flux, net LW radiation −0.04 −0.03 −0.57 −0.07 −0.18
Sensible heat flux, net radiation 0.83 0.96 0.81 0.72 0.90
Latent heat flux, cloud cover 0.50 0.33 0.33 0.34 0.39
Latent heat flux, water vapor 0.73 0.16 0.51 0.77 0.57
Latent heat flux, GIMMS NDVI 0.48 0.46 0.60 0.29 0.29
Latent heat flux, temperature range −0.52 −0.21 −0.38 −0.38 −0.25
Latent heat flux, mean temperature 0.59 −0.15 0.49 0.85 0.40
Latent heat flux, maximum temperature 0.44 −0.18 0.25 0.75 0.27
Latent heat flux, snow cover 0.36 0.12 −0.07 −0.06 −0.08
Latent heat flux, net SW radiation −0.28 −0.18 −0.33 −0.07 −0.06
Latent heat flux, net LW radiation 0.38 0.32 0.45 0.15 0.06
Latent heat flux, net radiation 0.02 0.00 −0.05 0.09 −0.03

the climatology of mean and STD of latent heat flux corre-
sponded to the elevation from the northwestern to southeast-
ern TP and to the dry and wet climate in the western and
eastern TP.

The interannual variation of the latent heat flux over the
TP has been compared with atmospheric and surface condi-
tions and surface net radiative fluxes that may regulate the
latent heat flux (Wang and Liang, 2008; Wang and Dickin-
son, 2012). In summer, autumn and winter, interannual vari-
ation of the latent heat flux correlated strongly to that from
water vapor, with correlation coefficients of 0.51, 0.77, and
0.57, respectively (Table 6). The seasonal variation of latent
heat flux was inherited from the NDVI anomalies as input
to the Zhang10 with highestR2 in summer of 0.60, suggest-
ing the importance of vegetation for regulating regional latent
heat flux during the growing seasons. The weak correlation
between the cloud cover/water vapor and latent heat flux in
spring indicates a potential change in the dominant physical
mechanism that determines the variation of latent heat flux
from other seasons according to such factors as cloud depth
or duration, wind speed, solar irradiance, and vegetation con-
ditions. In general, the latent heat-flux anomalies are likely
most associated with interannual variation of water vapor
(except in spring), which is related to the surface water vapor
pressure and moisture feedbacks to the atmosphere, whereas
the maximum temperature act only as significant factors for
latent heat-flux anomalies in autumn and at the annual scale,
respectively.

4.6 Implications for land–biosphere–atmosphere
interactions and climate change

The fused sensible and latent heat fluxes prompt interest
in further understanding of the changes in land–biosphere–
atmosphere interactions over the TP. Applying remote-
sensing observations in land surface modeling enables the
quantification of the SEB at the spatial continuous scale to be
extended to the satellite era over two decades, which is other-
wise impossible when using ground observations at the foot-
print scale alone. The seasonal dependence, as indicated from
the correlation among surface-sensible and/or latent heat flux
and cloud cover, water vapor, temperature, and temperature
range, suggests that regional land–biosphere–atmosphere in-
teractions may be associated with the advance and retreat of
the summer and winter monsoon. The mechanisms by which
land–biosphere–atmosphere interactions mitigate or amplify
the anomalies of the surface latent and sensible heat flux over
the TP have received little attention; therefore, future investi-
gation should address this challenge by using models capable
of reproducing past climate changes and variation of the sur-
face heat fluxes over the TP.

5 Conclusions

The spatial and seasonal variability of the surface-sensible
and latent heat fluxes over the TP from 1984 to 2007 was
presented by using the fused monthly latent and sensible
heat fluxes at 0.5◦ from ground-measured data sets including
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Figure 9. Spatial distribution of the seasonal/annual mean and STD
of the fused latent heat flux over the TP (1984–2007).

AsiaFlux, ChinaFLUX, GAME/Tibet, and CAMP/Tibet;
remote-sensing data sets from Zhang10 and GLEAM-LE;
and reanalysis data sets including CFSR, MERRA, ERA-
Interim, and JRA-25. The surface-sensible and latent heat
fluxes from reanalysis and remote-sensing data sets were
first validated against those from ground measurement at
the monthly scale and were then synthesized by using the
multiple linear regression approach. The energy balance was
closed at the daily scale to reduce uncertainties evolving in
the diurnal cycles over the TP stations. The uncertainties of
the fused surface-sensible and latent heat fluxes were dis-
cussed from various aspects in which uncertainties propagat-
ing from input errors and instrumental errors were likely the
dominant factors when comparing with that from the inter-
polation scale and the selection of the fusion method. Results
from the leave-one-site-out cross validation suggest that the
fused monthly latent and sensible heat fluxes had the lowest
RMSE_CVs, at 10.3 Wm−2 and 14.3 Wm−2, respectively,
against those using each calibrated data set. In addition, the
fused sensible heat flux consistently captured the monthly cy-

cle to the data sets by using only meteorological observations
at CMA stations (Yang09).

At the regional scale, the latent and sensible heat fluxes
displayed different seasonal evolution and distribution pat-
terns, which are likely associated with latitudinal gradient,
elevation difference, and monsoon climate over the TP. The
highest value area of latent heat flux was located in the east
TP and the south face of the southwest ranges, which are
largely affected by the summer monsoon, whereas the sensi-
ble heat flux was high the middle-northern ranges, which are
dry in spring and summer. The derived spatial pattern of the
sensible and latent heat flux requires further validation over
the western TP since uncertainties could be very large over
area without any calibration sites.

The interannual anomalies of the latent and sensible heat
fluxes averaged over the TP were explained through Pearson
correlation analysis including such factors as cloud cover,
water vapor, NDVI, snow cover, temperature, maximum tem-
perature, and temperature range. A strong correlation be-
tween latent heat flux and water vapor existed in all sea-
sons except spring, whereas a strong high correlation to sen-
sible heat flux existed in spring and summer but in oppo-
site directions. During summer, the number of significant
correlated variables with the sensible and latent heat fluxes
was the largest, and the magnitude of most correlations was
also the largest for all seasons. These results imply that the
coherent changes in the surface and atmospheric variables
could relate to decadal changes over the TP by influencing
the surface radiation budget, transpiration (evaporation) of
vegetation (soil), or temperature gradient. Such results con-
firm that land–biosphere–atmosphere interactions may regu-
late the temporal variation of the surface-sensible and latent
heat fluxes, although the magnitude of such couplings has
seasonal dependence. Because approximately one-fourth of
the world’s population is affected by the East Asian mon-
soon, which is fueled by sensible and latent heat fluxes over
the TP, it would be interesting to quantify the drivers and
responses of the changes in surface-sensible and latent heat
fluxes in future research by using numerical modeling.
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