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Abstract

Estimations from meteorological stations indicate that the surface sensible heat flux
over the Tibetan Plateau (TP) has been decreasing continuously since 1980s, 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 temporal variations in the surface sensible and latent heat fluxes over the en-
tire TP remain unknown. This study aims to characterize the monthly surface sensible
and latent heat fluxes at 0.5° over the TP from 1984 to 2007 by synthesizing mul-
tiple data sources including ground measurements, reanalysis products, and remote
sensing products. The root mean square errors (RMSEs) from cross-validation are
11.1Wm™2 and 17.8 Wm™2 for the monthly fused sensible and latent heat fluxes, re-
spectively. The fused sensible and latent heat flux anomalies are consistent with those
estimated from meteorological stations, and the uncertainties of the fused data are also
discussed. The annual sensible heat flux over the TP is shown to be decreasing by
—-1.1Wm~2 deacade™" with dominant decreasing in summer (-3.9W m~2 deacade ™" )
while the latent heat flux shows a decrease (increase) in spring (autumn) but at a mag-
nitude less than that of the sensible heat flux. Such decreased tendency of the fused
sensible and latent heat flux over the TP is consistent to the weakened East Asian
Monsoon as well as the solar dimming. The associations among 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 anomalies such as cloud cover and water vapor show seasonal depen-
dence, suggest that the land—biosphere—atmosphere interactions over the TP could
display nonuniform feedbacks to the climate changes. It would be interesting to disen-
tangle the drivers and responses of the surface sensible and latent heat flux anomalies
over the TP in future research from evidences of modeling results.
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1 Introduction

The land surface energy balance (SEB) is a critical physical characteristic of land sur-
face 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, biogeochemical, and ecological processes at the Earth’s sur-
face (Liang et al., 2010):

NR = LE +H+G (1)

In contrast to the global land SEB that has been accessed by using surface observa-
tions, remote sensing, and reanalysis datasets, less attention has been paid to ana-
lyze the spatiotemporal characteristics of the land SEB at the regional scale due to
the limit representative of ground observation 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). Although limited long-term ground
observations measure the SEB, the decadal changes of evapotranspiration have been
quantified empirically by using ground measurements and remote sensing observa-
tions (Wang and Liang, 2008; Jung et al., 2010; Yao et al., 2012). However, it is impor-
tant to conduct comprehensive validation and intercomparison before applying global
datasets at the regional scale, because the confidence of such datasets relies largely
on the characteristics of the inputs such as homogeneity of satellite products and dis-
tribution of stations (Mueller et al., 2013).

The SEB over the Tibetan Plateau (TP) is of great research 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). At the geo-
logical scale, numerical experiments and geologic observations have supported the
theory such that the formation of the Asian monsoon 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 Terpstra, 1974), physical pro-
cesses by which the thermal forcing of the TP is linked to the onset and strength of the
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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 experiments (Ye and Gao, 1979; Yanai and Li, 1994; Ye and Wu, 1998; Wu
et al., 2012a). The concept of “sensible-heat driven air-pump” over the TP has been
proposed in research of the elevated heating effect over the TP by using the global cir-
culation model (GCM) (Wu et al., 2007). This concept suggests that the surface heating
(cooling) in summer (winter) causes air column 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 winter, 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 in-
teractions, analysis of the changes in terrestrial ecosystems and hydrological systems,
and assessment of the impacts of and feedbacks to the climate changes. Previous
research has investigated the diurnal, seasonal and annual variation of the SEB of
stations over various land cover types in the TP, including grassland (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., 2011d;
Chen et al., 2012; Zhang et al., 2013). Advanced methods have been developed to
retrieve SEB from improved parameterization 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 (Ma et al., 2006, 2009, 2011a, 2012; 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 charac-
terizing the SEB over the TP, however, remain large, resulting in misrepresentation and
inconsistency of the inferred decadal changes of the sensible heat flux from reanaly-
sis or the conventional bulk aerodynamic method (Yang et al., 2011b; Zhu et al., 2012).
Specifically, observation-based results are inadequate for determining the regional pat-
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tern of the SEB over the entire TP due to the unbalanced distribution of meteorological
stations and the sparse temporal coverage of the remote sensing products under the
requirement of clear-sky conditions (Ma et al., 2006, 2011b), whereas the reliability of
modeling results is largely limited not only by the propagation of input error through the
model retrieval (Wang and Dickinson, 2012), but also by the uncertainty of parame-
terization under complex terrain and highly heterogeneous areas (Chen et al., 2013a).
Instead, GCMs have been applied extensively to access the effects of warming (Wang
etal., 2008, 2011), snow forcing (Qian et al., 2011; Turner and Slingo, 2011), and weak-
ened sensible heat flux (Liu et al., 2012; Wu et al., 2012a; Duan et al., 2013) over the
TP on the precipitation changes in East Asia. Nevertheless, gaps remain in quantifica-
tion 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 relationship
between the changes of the SEB and the observed surface and atmospheric condi-
tions.

The obijective of this study is to analyze the spatiotemporal characteristics of the sur-
face sensible and latent heat fluxes over the TP by integrating ground observations,
remote sensing, and reanalysis datasets over the recent two decades. The following
sections introduce various data sources and methodologies including preprocessing,
data fusion, and spatiotemporal characterization; describe the validation results; in-
vestigate the spatiotemporal patterns and decadal changes; discuss uncertainties in-
cluding energy closure, sensitivity to scale and model choices, and intercomparison
to other datasets; and conclude with major findings and implications derived from the
results.

2 Datasets

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 observational
and modeling results of the SEB over the TP, the following three sources data were
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included: (1) ground measurement data from AsiaFlux, ChinaFLUX, GAME/Tibet, and
CAMP/Tibet; (2) state-of-the-art reanalysis products from the Climate Forecast System
Reanalysis (CFSR), the Modern-Era Retrospective analysis for Research and Applica-
tions (MERRA), the ERA-Interim reanalysis, and the Japanese 25 yr Reanalysis (JRA-
25); and (3) a remote sensing-based product from a global evapotranspiration model
developed by Zhang et al. (2010), hereafter referred to as Zhang10 (Table 1).

2.1 Ground-measured datasets

Surface energy fluxes based on ground measurement were extracted from three
sources including 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). Over an 11 yr period in 1997—
2007, ground SEB measurements from 13 stations were selected from the Asi-
aFlux sites (Kim et al., 2009), the ChinaFLUX sites (Yu et al., 2006), the Global En-
ergy and Water Cycle Experiment (GEWEX) Asian Monsoon Experiment on the TP
(GAME/Tibet; http://monsoon.t.u-tokyo.ac.jp/tibet), and the CEOP Asia—Australia Mon-
soon Project on the TP (CAMP/Tibet; http://data.eol.ucar.edu/codiac/dss/id=76.127).
To ensure independency of the ground observations, those stations were checked for
exclusion in the development of remote sensing and reanalysis products. The critical
information used in station selection for extracting high-quality SEB measurements in-
cludes location, measured variables, measured height, instruments, data period, and
number of days (Table 2). The ground heat flux is recorded by a soil heat flux plate at
a height below the surface ranging from 0.01 m to 0.1 m deep with expected accuracy
by +5 % of reading for Campbell HFT-3 and EKO MF-81, and —-15~ +5% of the 12h
total for Hukseflux HFPO1. The eddy-covariance method measures sensible and la-
tent heat fluxes from high-frequency flux covariance (by 10 Hz) of the wind vector from
a three-dimensional sonic anemometer (Campbell CSAT-3, GILL SAT-R3A, and Kaijo
DA-600) and the humidity fluctuation from an open-path infrared gas analyzer (LI-COR
LI-7500 and Kaijo AH-300), a krypton hygrometer (Campbell KH20), or a thermohy-
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grometer (Vaisala 50Y Bandpass TRH). Based on the manufactory specifications, the
estimated accuracy of GILL SAT-R3A is < 1% root—-mean-square (RMS) of the read-
ing; 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 cms™ (£4.0 cms’1)
of horizontal (vertical) offset error. The typical estimated error of the eddy-covariance
measurements is 5-20 % including 20-50 Wm™ and 10-30 Wm™? for latent heat and
sensible heat fluxes, respectively (Foken, 2008).

As regional branches of FLUXNET, AsiaFlux and ChinaFLUX measure carbon cycle,
hydrological cycle, and energy 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 15min averaged SEB measurements, which removes
unreliable data by using absolute threshold quality control (Vickers 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 correction 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 international monsoon experiments.
30min SEB averages were extracted from GAME/Tibet during the intensive obser-
vation period (IOP) in 1998, which included portable automated 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 radia-
tion and flux datasets were collected during the Enhanced Observing Period 3 (EOP-3)
and Enhanced Observing Period 4 (EOP-4) of CEOP, covering the period from Oc-
tober 2002 to December 2004. Six stations including 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
3m latent and sensible heat fluxes averaged over 30 min intervals. Heat fluxes from
CAMP/Tibet were visually examined for low and high extreme or constant values by
using the CAMP Quality Control Web Interface; data with quality flags of good or in-
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terpolated were used in this study. Because most sites share the same locations with
GAME/Tibet but use different instruments, observations from multiple datasets of the
same sites were combined before analysis.

Two datasets 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,
respectively, were chosen for comparison purposes. Yang09 estimates the daily sen-
sible heat flux of 85 stations over the TP by using a micro-meteorological method,
which is a physical scheme similar to the eddy-covariance method but includes statisti-
cal downscaled wind speed and ground-air temperature from the China Meteorological
Administration (CMA) stations. The advantage of the Yang09 scheme over conven-
tional methods is that it produces a realistic estimation of the sensible heat flux by
accounting for the diurnal variation 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 Spectroradiometer (MODIS) vegetation indices product
(MOD13Q1), data of 59 stations with elevations > 3000 m under the NDVI < 0.2 and
snow-free conditions were selected by considering the quality flag of MOD13Q1 be-
cause of the suitability of the Yang09 scheme for bare soil or spares vegetation 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 experiments (Yang et al., 2008).
In recent studies, the climatology and trend of sensible heat flux over the TP extracted
from Yang11 have been compared to that from reanalysis datasets, suggesting a gen-
eral weakened trend of the sensible heat source over the TP in recent decades, with
large uncertainties among different datasets (Liu et al., 2012; Zhu et al., 2012).

2.2 Remote sensing datasets

Remote sensing-based estimations of evapotranspiration have been developed to ac-
cess decadal changes of evapotranspiration over the pan-Arctic basin and Alaska
(Zhang et al., 2009), which were then applied to the global land surface (Zhang

30356

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

il

ACPD
13, 3034930405, 2013

Surface sensible and
latent heat fluxes
over the Tibetan

Plateau

Q. Shi and S. Liang

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/30349/2013/acpd-13-30349-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/30349/2013/acpd-13-30349-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

etal., 2010). Zhang10 estimates evapotranspiration over vegetated areas by a modified
Penman—Monteith approach with a biome-specific canopy conductance model param-
eterized from 34 FLUXNET sites. The major inputs are NDVI from the Advanced Very
High Resolution Radiometer (AVHRR) provided by NASA Global Inventory Modeling
and Mapping Studies (GIMMS) (Tucker et al., 2005), air temperature and water vapor
pressure from the National Center of Environmental Prediction (NCEP)/National Cen-
ter for Atmospheric Research (NCAR) (NCEP/NCAR) reanalysis 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 indepen-
dent validation over 48 FLUXNET sites including HBM satisfied accuracy at R? =0.80-
0.84. A recent evaluation of Zhang10 suggests that it outperforms other reanalysis and
remote sensing datasets over the upper Yellow River and Yangtze River basins in the
TP (Xue et al., 2013).

2.3 Reanalysis datasets

The NCEP CFSR is the first global reanalysis product to apply 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 output from the at-
mospheric assimilation in addition to observed precipitation and snow depth (Ek et al.,
2003). This model outperforms the previous NCEP reanalysis datasets 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 reanalysis
dataset supported by NASA’s Global Modeling and Assimilation Office (GMAO) cover-
ing 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 (Rienecker et al., 2011). ERA-
Interim is the first reanalysis product to apply the four-dimensional variational data
assimilation scheme (4D-Var) provided by the European Centre for Medium-Range
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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 ECMWEF Scheme for Surface Exchanges 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 sim-
ple biosphere scheme is used in JRA-25 with observed snow data (Sellers et al., 1986;
Sato et al., 1989). A recent comparison has revealed consistency in the interannual
variability and a weakened tendency of surface wind speed and sensible heat flux over
the TP among JRA-25, Yang11, and NRA-1, whereas large interannual variation and
inconsistency have been identified for CFSR (Zhu et al., 2012).

3 Methodology

Monthly mean SEB components over the TP were extracted from ground measure-
ments, remote sensing, and reanalysis datasets. 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. The sur-
face energy balance was closed by using the observed Bowen ratio on the daily scale
(Twine et al., 2000). Daily averages of the SEB components were also extracted from
the original reanalysis datasets, followed by interpolation to 0.5° resolution by using the
nearest grid data from MERRA, Interim, and JRA-25 or the mean grids value covered
by the newly projected grid from CFSR. The monthly mean value was calculated from
the daily mean covering more than 15 days in a month. Similar interpolation was ap-
plied to Zhang10 monthly data, which was converted to latent heat flux by multiplying
the latent heat of vaporization, 1 (2.451 MJ kg'1). The sensible heat flux of Zhang10
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is estimated from the difference between the net radiation from GEWEX SRB 3.0 and
the latent heat flux from Zhang10, assuming the ground heat flux is relatively small and
negligible (Jiménez et al., 2011).

The multiple linear regression (MLR) method was used to fuse remote sensing and
reanalysis datasets with ground observations. The data fusion approach synthesizes
multiple sources of data to improve accuracy, confidence, and consistency of the re-
sults, and the MLR has the advantage of being simple and easily interpreted. The MLR
model, using p original datasets (X;) and the truth (Y) from the ground-measured data,
is expressed as

y=ﬁ0+zf=1ﬁ,xx,+e,s~N(o,02), p>1 ()

where G; (B,) is the coefficient (intercept) and ¢ is the residual assumed to be normally
distributed (N(O,oz)). The intercept and coefficients are determined to minimize the
sum of the square residuals. This study applied MLR to latent and ground heat fluxes.
A monthly fused surface radiation budget at 0.5° over the TP has been developed,
which addresses the relative low accuracy of surface radiation budget from individual
remote sensing or reanalysis product and the sparse ground radiation measurements
by integrating multiple datasets (Shi and Liang, 2013a). The sensible heat flux was es-
timated 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).
The reason of this approach is to constrain uncertainty (see Sect. 5.2.2 for details).
To ensure energy closure, only the stations with all SEB component measurements
were used in the data fusion of the latent heat flux. Three types of statistics including
RMS error (RMSE), mean bias error (MBE), and coefficient of determination (RQ) were
used to quantify the accuracy of each input product. The RMSE from the leave-one-out
cross-validation, hereafter referred to as RMSE_CV, was used to validate the fused
SEB components.

Comparisons were performed among monthly average values over all available sta-
tions and seasonal and annual anomalies over CMA stations from 1984 to 2006. The
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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, and the decadal
changes of latent and sensible heat fluxes during 1984 to 2007 were detected by using
the linear regression method and Student’s ¢ test for significance for an annual period
and for four seasons including spring (March-April-May, MAM), summer (June-July-
August, JJA), autumn (September-October-November, SON), and winter (December-
January-February, DJF). The interannual variability from the average latent and sen-
sible heat flux anomalies over the TP was compared to the selected indicators of at-
mospheric and surface conditions and the fused surface radiation budget anomalies
(Shi and Liang, 2013b), the relationships of which were quantified by using the Pear-
son correlation coefficient. The selected variables included cloud cover and tempera-
ture (monthly mean of daily mean temperature and temperature range) from the Cli-
mate Research Unit (CRU) TS3.1 (Mitchell and Jones, 2005), Rutgers snow cover data
(Robinson et al., 1993), the GIMMS AVHRR NDVI (Tucker et al., 2005), and MERRA
water vapor.

4 Results
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 five products had significantly higher
R? (>0.8) and smaller RMSEs of the latent heat flux than those of sensible heat
flux. The absolute value of MBE and RMSE of the ground heat flux were smaller
than those of latent and sensible heat fluxes. CFSR underestimated latent and sen-
sible heat fluxes by —13.1 Wm~2 and —4.9Wm_2, respectively, and overestimated G
by 6.6 Wm™2. The RMSE of the latent heat flux from CFSR was the largest among all
reanalysis datasets. MERRA and JRA-25 overestimated the latent heat flux with RMSE
by 15Wm~2. MERRA (JRA-25) exhibited the lowest R? (largest RMSE) in the sensible
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heat flux of all reanalysis datasets. Latent and sensible heat fluxes from the ERA-
Interim at 11.5Wm™2 and 20.5Wm™2, respectively were the most accurate among
other four products with the lowest RMSE. Zhang10 had a high R? by 0.89 but showed
underestimation of —12.0 Wm™? 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 (Ta-
ble 4). Similar to the significant large interannual variation of the sensible heat flux
from CFSR over the TP (Zhu et al., 2012), the latent heat flux from CFSR was ex-
cluded in data fusion because it exhibits significant large interannual variation and
large RMSE over the TP. Zhang10 and JRA-25 had the largest coefficient in the latent
heat and ground heat fluxes, respectively. Under the condition such that Zhang10 was
missing, ERA-Interim and MERRA mainly dominated the fused latent heat flux. The
fused datasets exhibited the lowest RMSE_CV over that by using individual datasets
for the latent heat, ground heat, and sensible heat fluxes by 11.1 Wm‘z, 2.6Wm'2,
and 17.8Wm™, respectively (Table 5). The cross-validation results support that no in-
dividual reanalysis dataset is supreme in all SEB components and that a synthesized
approach that uses MLR could be a feasible way for improving the accuracy. After using
data from all available stations, the plots in Fig. 2 between the ground measurement
and the fused results indicate that the latent heat flux was closer to the 1: 1 line than
the other two components. RMSEs of the fused latent heat flux, sensible heat flux, and
ground heat flux were 7.9Wm'2, 12.5Wm'2, and 2.4Wm'2, respectively, which sig-
nificantly improved the R? of the sensible heat flux by 0.61. The accuracy 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 fused H had the lowest RMSE, by 16.7Wm'2, than that
by using individual reanalysis datasets, which ranged from 22.1 Wm™2 to 26.0Wm™2,

A comparison was also performed with other global datasets that were available
during the validation period (Table 5). The selected datasets include MERRALAND as
the supplementary product, which uses the revised MERRA land system forced with

30361

Jaded uoissnosiq

Jaded uoissnosiq

L

Jaded uoissnosiq | Jaded uoissnosiq

il

ACPD
13, 3034930405, 2013

Surface sensible and
latent heat fluxes
over the Tibetan

Plateau

Q. Shi and S. Liang

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

OO


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/30349/2013/acpd-13-30349-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/30349/2013/acpd-13-30349-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

observed precipitation (Reichle et al., 2011); empirically estimated latent and sensible
heat fluxes from FLUXNET stations and remote sensing observations that use model
tree ensembles (MTE-LE-H) (Jung et al., 2009, 2010, 2011); a global land evapotran-
spiration dataset 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 et al., 2011); and four SEB components from the Global
Land Data Assimilation Systems (Rodell et al., 2004), which uses three off-line mod-
els including the Common Land Model version 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 Re-
search 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 the
datasets in terms of lower RMSE_CVs. Although MPI-ET and PU-ET showed consis-
tent positive (negative) trends before (after) 1998 over global land, large uncertainties
from input-forcing limit the use to indicate the actual trend and long-term variability of
evapotranspiration (Wang and Dickinson, 2012). Therefore, the validation and inter-
comparison of the SEB over the area in which sparse ground observations are used to
constrain the data-driven models (i.e., MTE-LE-H) or the parameterization of the land
surface model less turned to adjust to the local conditions must be implemented before
using global datasets for regional studies.

4.2 Seasonal and interannual variability

The comparison of the monthly cycle averaged over all available stations showed more
consistent seasonal cycles of latent heat and the ground heat fluxes than that of the
sensible heat flux from reanalysis and remote sensing datasets (Fig. 3). The ground
heat flux from the reanalysis datasets had a positive (negative) bias in MAM and JJA
(DJF). MERRA, JRA-25, and Zhang10 overestimated the latent heat flux in DJF, which
was significantly underestimated by CFSR and Zhang10 by > 20Wm™2 from May to
September. Although the number of stations is small, the consistent seasonal cycles
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from remote sensing and reanalysis datasets enhance the confidence for the climatol-
ogy and monthly accuracy of latent heat flux over the central and eastern TP. MERRA
exhibited large fluctuation for sensible heat flux in JJA and SON; CFSR and JRA-25
showed a similar pattern but with less value and variability; and Zhang10 (ERA-Interim)
had a smooth variation with a peak in May (March). A comparison with the monthly
cycles of CMA stations from Yang09 over bare land and sparsely vegetated areas in-
dicates 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 SON and in early DJF (when fused sensible heat flux is closer to the value from
Zhang10, MERRA, and CFSR) may be related to the changes in samples of stations in
SON 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 datasets (Figs. 4 and 5). Because no direct measurement 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 com-
pared with other datasets. Although the interannual variability of the latent heat flux in
MAM and DJF and the sensible heat flux in all seasons except JJA from CFSR were
larger than those of other datasets, all datasets showed consistent variation of latent
heat flux in SON and sensible heat flux in JUA when the decadal changes were most
significant. The season with the weakest Pearson correlation of the sensible/latent heat
flux between the fused data and Yang11 was MAM, 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 radia-
tion (-0.02) between the fused net radiation and Yang11 (result not shown); the large
uncertainty in modeling the SEB in MAM, as indicated from the wide variety of mul-
tiple datasets; and the heterogeneity and physical effects such as soil moisture and
albedo from snow cover changes. All datasets except MERRA showed a weak ten-
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dency of sensible heat flux annually and in JJA and SON; however, the magnitudes
differed (Table 6). Such consistent tendency of SEB changes has the potential for in-
ferring the feedback of SEB under the framework of climate change (Andrews et al.,
2009; Richardson et al., 2013). In contrast to the continuous intensified tendency of
the latent heat flux from Yang11 in MAM, Zhang10 and the fused dataset resembled
a pattern similar to that from a global study that indicated a transition from increas-
ing to decreasing in the late 1990s (Jung et al., 2010). The most significant decadal
changes of the latent heat flux occurred in SON, when fused datasets, all reanalysis
datasets except MERRA and Yang11 showed an increasing tendency that ranged from
1.1Wm™2decade™" to 2.9Wm2decade™". This is probably related to the modeling
errors in SON when the model used in Yang11 produces too high latent heat flux (K.
Yang, personal communication, 2013). Overall, the fused datasets displayed the high-
est accuracy according to cross-validation in addition to a consistent seasonal cycle
with that from Yang09, which is described in the following sections.

4.3 Spatiotemporal characterization of sensible heat flux

In contrast to the seasonal evolution of the latent heat flux, the sensible heat flux was
lower in JJA than that in MAM in the eastern TP, corresponding to the onset of the
summer monsoon, as illustrated in Fig. 6. The sensible heat flux reached the lowest
value in DJF and decreased with latitude. In MAM, JJA, and SON, the high values were
located in the northern mountains and basins, the center 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 center of the western plateau.
The high STD area formed in the center of the western plateau in JJA and moved to
the northern ranges in SON. The southeastern TP had a low STD in all seasons. The
annual pattern of the decadal changes of sensible heat flux reflects the increases of
sensible heat flux in the western TP in MAM and JJA and the decrease of sensible heat
flux in JJA and SON. Therefore, the weakening of JJA and annual sensible heat flux
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is consistent with the observed decrease of sensible heat flux, wind stilling, and solar
dimming from CMA stations over the TP (Tang et al., 2011; Yang et al., 2011c).

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 7). The sensible heat flux anomalies correlated to the variations in the net short-
wave or all-wave net radiation in all seasons, with the correlation coefficient reaching
the maximum in MAM. Thus, the following analysis focuses on cloud cover and water
vapor, which are the two dominant factors that regulate the surface radiation budget
and have the potential to be regulated by the feedback from local sensible heat fluxes
(Shi and Liang, 2013a). The axis of cloud cover and water vapor in Fig. 7 is reversed to
facilitate visual interpretation. The negative correlation between annual cloud cover and
sensible heat flux was stronger than that from each season, which corresponding to the
dominant role of cloud cover in regulating downward shortwave irradiance and net radi-
ation. Positive correlation between the sensible heat flux and water vapor/temperature
existed only in MAM, when major peaks of sensible heat flux were consistent with that
from water vapor in 1990, 1993, and 2004. In JJA, the weakening of the sensible heat
flux by ~3.9Wm2decade™" is coincident with the increase of water vapor and cloud
cover, and the interannual variability is negatively correlated to that from water vapor
and cloud cover by —-0.52 and -0.39, respectively. The correlation between the sen-
sible heat flux and temperature over the TP suggests two possible physical links: the
sensible heat flux mainly warms the surface air in MAM as indicated from the positive
correlation with mean temperature, and it is suppressed from the weakened tempera-
ture gradient in JUA and SON, as suggested from the negative (positive) correlation to
mean temperature (temperature range).

4.4 Spatiotemporal characterization of latent heat flux

The seasonal and annual mean, STD, and decadal changes of the fused latent heat flux
over the TP from 1984 to 2007 are shown in Fig. 8. The latent heat flux increased from
northwest to southeast over the TP in all seasons. In JJA, the high mean value area
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was located in the east TP and in the southwest boundaries. STD was high (low) in the
center of the western plateau in JJA (MAM). The annual STD is similar to that in SON
with high and low values in the center eastern and northern ranges of TP, respectively.
The northeastern (northwestern) TP experience increased (decreased) latent heat flux
in all seasons with a maximum value in JJA. A significantly decreased latent heat flux
was located in areas over the southern ranges and valleys in MAM and JJA. In general,
the climatology of mean and STD of latent heat flux corresponded to the elevation from
the northwestern to southeastern TP and to the dry and wet climate in the western
and eastern TP. The decadal changes of latent heat flux indicate a contrasting effect
with suppressed (intensified) hydrological cycles in high (low) latent heat flux areas
except for the northwestern TP region, where large uncertainties may be existed since
no ground observation is available to calibrate the fused data sets over the western TP.

The interannual variation of the latent heat flux over the TP has been compared with
atmospheric and surface conditions and surface net radiative fluxes that may regulate
the latent heat flux (Wang and Liang, 2008; Wang and Dickinson, 2012). Considering
the data dependency (such that GIMMS NDVI is used as an input for Zhang10), sev-
eral significantly correlated surface variables (mean temperature; temperature range;
maximum temperature, and snow cover) are reported in Table 6 and the latent heat
flux anomalies are only plotted with cloud cover and water vapor anomalies. The la-
tent heat flux decreased (increased) significantly in MAM (SON) in recent decades by
-0.7Wm™2decade™" (1 OWm™2 decade'1) (Table 6). The annual latent heat flux dis-
played a transition from increasing to decreasing in the late 1990s, coincident with the
transition to the positive water vapor anomalies observed from 1997 to 1998 (Yang
et al., 2011c). This phenomenon is possibly attributed to the inclusion of the Geosta-
tionary Meteorological Satellite (GMS) as inputs in reanalysis and remote sensing SEB
retrieval, whereas no GMS observation is available over the TP before the late 1990s
(Oku et al., 2007). In SON and DJF, interannual variation correlated strongly to that
from water vapor (Fig. 9), with correlation coefficients of 0.85 and 0.65, respectively
(Table 7). In MAM, a similar pattern of anomalies existed among latent heat flux, cloud
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cover, and water vapor from 1995 to 2003, whereas opposite variations dominated be-
tween latent heat flux and water vapor before 1995 and after 2003. The seasonal vari-
ation of latent heat flux was inherited from the NDVI anomalies as input to the Zhang10
with highest R? in JJA of 0.73, suggesting 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 JJA 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 conditions. In general, the latent heat flux anomalies
are likely most associated with interannual variation of cloud cover (except in MAM)
and water vapor, which is related to the surface water vapor pressure and moisture
feedbacks to the atmosphere, whereas the maximum temperature and soil moisture
(relative to the temperature range) act only as significant factors for latent heat flux
anomalies in SON and at the annual scale, respectively.

Attentions should be paid when interpreting the decadal changes of the fused latent
heat flux because of the discrepancy (in magnitude or direction of the trend) among
the fused results, ground station retrievals, reanalysis, and remote sensing retrievals
(Table 6). Such discrepancy is possibly attributed to the scale mismatch between the
pixel area-averages and the point measurements as well as the uncertainties inherited
from the data fusion and the ground measurements (Wang and Dickinson, 2012). The
fused approach indeed has inferred a spatially heterogeneity in the decadal changes
of the latent heat flux over the TP, which could not be derived using in situ retrievals
along and is most consistent to the input reanalysis or remote sensing datasets with
large assigned coefficients (i.e., ERA-Interim and Zhang10) as shown in Table 4 (re-
sult not shown). The decreased latent heat flux over the southeastern TP (the cen-
ter TP) in spring (summer) is likely related to the decreased precipitation because of
the weakened monsoon (suppressed potential evaportranspiration) in recent decades
(Zhou and Huang, 2012; Lei et al., 2013). Due to the extreme-sparse in situ observa-
tions and the lack of varied long-term remote sensing products, further investigations
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are encouraged to verify the confidence of the fused data in representing the actual
decadal changes by comparing to other independent observational datasets (i.e., re-
mote sensing observations and ground observations) in future studies, especially over
the western TP where large uncertainties could impact the fidelity of the trend.

5 Discussions
5.1 The energy balance closure issue

The residue of the SEB at stations over the TP is likely originated from 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 footprint at each station, which
requires stability and surface homogeneity to close the SEB. In addition, systematic
and random errors from in situ measurement have been argued as causes for the SEB
imbalance through overestimation (underestimation) of latent and sensible heat fluxes
(net radiation). Specifically, analysis from previous studies and high residue error in JJA
from the current study suggest that the systematic error from the infrared hygrometer
is critical to the closure problem, particularly during rainfall days, which is associated
with lower latent heat flux from weakened 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. 3), 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 corrections 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 calculating
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
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and land cover types over the TP are required in future research to quantify conditions
under which the energy budget is unbalanced.
[(NR = G) - (LE +H)]

CR = NR=G) (3)

5.2 Uncertainties of the fused surface energy fluxes
5.2.1 Input error

The varied accuracies constraints 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 datasets. Specifically, the input error of the
fused SEB is referred to as errors from the monthly value for ground-measured, re-
analysis, or remote sensing datasets. Previous studies suggest that no single reanaly-
sis dataset is superior to others in terms of routinely measured surface variables such
as temperature, precipitation, humidity, pressure, and wind speed and the surface ra-
diation budget, which suggests divergent representation and parameterization of the
diurnal cycles of surface variables such as ground-air temperature, 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 measurements as training samples (Zhang et al., 2010). Additional
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., 2013). 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 largely attributed to the coherent constraints of the latent heat flux from hydrological
cycles and the surface energy balance, which improve estimations of precipitation and
net radiation, respectively, over the TP (Mueller et al., 2013).
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5.2.2 Error propagation

The uncertainty of the fused SEB is affected by error propagation through calculations,
including eddy-covariance retrieval, threshold filtering, averaging, interpolation, and
data fusion. The present study takes advantage of both well-characterized variables
in term of RMSEs of remote sensing and reanalysis datasets and addition/subtraction
rather than multiplication/division according to the physically based surface energy bal-
ance (Eq. 1) to constrain the uncertainty of the fused sensible heat flux. For instance,
the error propagation largely limited an alternative way to apply MLR to both sensible
and latent heat flux and adjusted to close Bowen ratio (Fusion, MLR close Bowen ra-
tio in Table 5). It is worth noting that eddy-covariance retrieval and MLR data fusion
employ both multiplication and addition/subtraction, suggesting that uncertainty of the
fused SEB could be amplified from those calculations. Nevertheless, the data fused
approach is an applicable method for this regional application because it has fewer un-
certainties associated with error propagation than that by using land surface modeling,
which requires significant amounts of input, parameterization, and nonlinear modeling
(Wang and Dickinson, 2012).

5.2.3 Resample scale

The error of the fused data introduced by the resample scale is an emergent issue in the
case of integrating synthesis that uses multiple datasets at various spatial resolutions.
The impact of the resample scale has been assessed by applying the proposed data
fusion method to seven grid sizes including 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, reanalysis, and
remote sensing datasets (Fig. 10). 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, which supports the expectation of higher heterogeneity of latent heat flux and
the potential for different footprint to exist for latent and sensible heat fluxes (Kustas
et al., 2006; Ma et al., 2006). In addition, the robustness of fused latent and sensible
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heat fluxes is supported more by lower variation in RMSE_CV with the decreased
resample scale than by reanalysis and remote sensing datasets. The magnitude of the
changes in RMSE_CV (i2.5Wm‘2) resulting from the various resample scales below
1.5° was less than that from the instrumental errors introduced in Sect. 2.1.

5.2.4 Data fusion method

In the case of high-level data fusion for the SEB, such as feature-level image fusion ac-
cording to Pohl and Van Genderen (1998), the MLR fused method constrains the error
of the fused SEB through minimization of the residue error. To quantify the potential er-
ror from the selection of the data fusion method, experiments have been conducted in
which the same inputs were used for different linear regression models, including step-
wise regression, which selects datasets by excluding those from the starting model to
minimize the Bayesian information criterion (BIC); principle analysis regression (PCA),
which inherits from the MLR but uses the first two or three principle components of input
datasets (PCA_2 and PCA_3); and adapted lasso regression, which improves the lasso
regularization technique in the selection of datasets to simultaneously estimate and se-
lect variables with adaptive weights (Zou, 2006). Advanced statistical 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 com-
putes optimized hyperplanes that maximize the deviations from the targets, which has
been applied in the fusing of multiple remote sensing datasets in cases such fuel map-
ping and precipitation retrievals (Garcia 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
longwave radiative fluxes from multiple models (Raftery et al., 2005; Wu et al., 2012b).
Overall, the largest absolute differences in RMSE_CV of latent and sensible heat fluxes
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between the MLR and other linear regression models are relatively low, by 1.4Wm™

and 0.9Wm™2, respectively, with respect to that from the various resample scales and
documented instrument uncertainties. 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 improved by the three advanced models
could be attributed to the extreme limited capability of the training stations to approxi-
mate true-state statistics. Because the presented comparisons of various data fusion
methods are empirical and do not include modeling, comparisons of the results with
those from data assimilation techniques have not been conducted in this study and
remain a key topics for future research.

5.3 Implications for land—biosphere—atmosphere interactions and climate
change

The fused sensible and latent heat fluxes prompt interest in understanding the changes
in land—biosphere—atmosphere interactions over the TP. Applying remote sensing ob-
servations 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 footprint scale alone (Pinker,
1990). In JJA, the observed solar dimming limits the available net radiation, possi-
bly resulting in the weakening of the sensible heat flux, which further constrains the
atmospheric circulation pattern. However, the latent heat flux from dry (wet) regions
responds to the reduction of net radiation in JJA with increased (decreased) values
indicate that vegetation may modulate the strength of the JJA transpiration and soil
evaporation through nonuniform changes in physiological activities such as stomata
openings and microclimate conditions such as temperature gradient, wind, and soil
moisture (Wild, 2012; You et al., 2013; Richardson et al., 2013). The seasonal de-
pendence, as indicated from the correlation among surface sensible/latent heat flux
and cloud cover, water vapor, temperature, and temperature range suggests that re-
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gional land—biosphere—atmosphere interactions may be associated with the advance
and retreat of the summer and winter monsoon climates. The mechanisms by which
land—biosphere—atmosphere interactions mitigate or amplify the changes of the surface
latent and sensible heat flux over the TP have received little attention; therefore, future
investigation should address this challenge by using models capable of reproducing
past climate changes and variation of the surface heat fluxes over the TP.

6 Conclusions

The spatiotemporal characterization of the surface sensible and latent heat fluxes
over the TP covering the period from 1984 to 2007 is presented by using the fused
monthly latent and sensible heat fluxes at 0.5° from ground-measured datasets includ-
ing AsiaFlux, ChinaFLUX, GAME/Tibet, and CAMP/Tibet; the Zhang10 remote sensing
dataset; and reanalysis datasets including CFSR, MERRA, ERA-Interim, and JRA-
25. The surface sensible and latent heat fluxes from reanalysis and remote sensing
datasets were first validated against those from ground measurement at the monthly
scale and were next 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 sensi-
ble and latent heat fluxes were discussed from various aspects in which uncertainties
propagating from input errors and instrumental errors were likely the dominant factors
when comparing with that from the interpolation 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 11.1 Wm™2 and
16.4Wm'2, respectively, against those using each calibrated dataset. In addition, the
fused sensible heat flux consistently captured the monthly cycle to the datasets by
using only meteorological observations at CMA sites (Yang09).

At the regional scale, the latent and sensible heat fluxes displayed different seasonal
evolution and distribution patterns, which are likely associated with latitudinal gradient,
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elevation difference, and monsoon climate over the TP. The highest value area of la-
tent 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 sensible heat flux
was high the middle-northern ranges, which are dry in MAM and JJA. Over the re-
cent two decades, the spatial pattern of the decadal changes in the sensible heat flux
has been dominated by a continuous decrease in most areas in JJA and SON and
an increasing tendency in the western TP, which is consistent with the observed solar
dimming and weakened sensible heat flux at the station scale over the TP (Yang et al.,
2011b; You et al., 2013). On the contrary, the latent heat flux exhibited a significant but
weaker trend and a more fragmented pattern than that from the sensible heat flux with
an increase in the northeastern TP in all seasons and decreases in the outer areas of
the western and eastern TP in MAM and JJA. The derived spatial pattern of decadal
changes 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 temperature, and tem-
perature range. A strong correlation between latent heat flux and water vapor existed in
SON and DJF, whereas a strong high correlation to sensible heat flux existed in MAM
and JJA but in opposite directions. During MAM and SON, in which the most significant
trends existed for the sensible and latent heat fluxes, respectively, the number of signif-
icant correlated variables was the largest, and the magnitude of most correlations was
the largest of 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 temper-
ature gradient. Such results confirm that land—biosphere—atmosphere interactions may
regulate 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 monsoon, which is
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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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Table 1. Summary of data sources (" for comparison).

Name Organization/ Spatial resolution/  Temporal Temporal
institution stations resolution  coverage
Reanalysis datasets
CFSR NCEP T382 (38km) hourly Jan 1979-Dec 2009
MERRA NASA 0.50° x 0.67° hourly Jan 1979-Apr 2013
ERA-Interim ECMWF T255 (80 km) 3 hourly Jan 1979-Mar 2013
JRA-25 JMA/CRIEPI T106 (110km) 3 hourly Jan 1979-Dec 2011
MERRALAND" NASA 0.50° x 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 datasets
Zhang10 NASA 8km monthly Jan 1983-Dec 2006
PU-ET" PU 0.50° 3 hourly Jan 1984-Dec 2007
MTE-LE-H" MPI 0.50° monthly Jan 1982—-Dec 2011
Ground-measured datasets
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, Oct 2002—-Dec 2004
hourly
Yang09, Yang11®  ITPR CAS 85 stations daily Jan 1984-Dec 2006
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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 Lon Ele Measured Height Instruments Data period Date
(°N) s) (m) variable length
AsiaFlux
HBM 37.61 101.31 3250 LE, H 22m Campbell CSAT-3, LI-COR LI-7500 Jul 2002-Dec 2004 519
G -0.01m Campbell HFT-3 942
CAMP/Tibet
Amdo 3224 9162 4695 G -0.10m EKO MF-81 Oct 2002-Dec 2004 520
ANNI 31.25 9217 4480 G -0.10m EKO MF-81 Oct 2002-Dec 2004 328
D105 33.06 91.94 5038 G -0.10m EKO MF-81 Oct 2002-Dec 2004 765
MS3478 31.92 91.71 4619 G -0.10m EKO MF-81 Oct 2002-Dec 2004 820
BJ 31.37 91.90 4509 LE, H 3.00m Kaijo DA-600, LI-COR LI-7500 Oct 2002-Dec 2004 51
G -0.10m EKO MF-81 654
Gaize 32.30 84.05 4416 G -0.03m EKO MS-802, EKO MS-202 Oct 2002-Dec 2004 582
EKO MF-81 698
ChinaFLUX
DX 30.50 91.07 4751 LE, H 22m Campbell CSAT-3, LI-COR LI-7500 Jun 2003-Dec 2007 1097
G -0.05m  Hukseflux HFPO1 597
HBS 37.67 101.33 3400 LE, H 22m Campbell CSAT-3, LI-COR LI-7500 Dec 2002-Dec 2007 1107
G -0.05m  Hukseflux HFPO1 1726
GAME/Tibet
Amdo 3224 91.63 4700 LE, H 2.85m Kaijo DA-300, Kaijo AH-300 Jan 1998-May 2003 47
G -0.10m EKO MF-81 1612
MS3478 31.93 91.72 5063 LE, H 2.85m GILL SAT-R3A, Vaisala 50Y Bandpass TRH May 1998-Sep 1998 40
G -0.01m Campbell HFT-3 118
Gaize 32.30 84.05 4420 G -0.25m EKO MF-81 May 1998-Sep 1998 117
BJ 31.37 91.90 4580 LE, H 2.85m Campbell CSAT-3, Campbell KH20 May 1998-Sep 1998 30
G -0.05m Campbell HFT-3 89
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Table 3. Validation results of the surface energy budget components of reanalysis and remote

sensing datasets.

CFSR MERRA ERA-Interim JRA-25 Zhang10

Sensible heat flux RMSE (Wm™2) 22.0 28.7 20.5 29.9 -
MBE (Wm™2) -4.9 4.4 -11.8 -145 -
R? 0.32 0.12 0.28 0.23 -
Latent heat flux RMSE (W m'2) 23.8 15.4 115 15.0 221
MBE (Wm™)  -13.1 8.5 -1.7 3.9 -12.0
R? 0.82 0.87 0.90 0.86 0.89
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 -
R? 0.73 0.78 0.73 0.82 -
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Table 4. Coefficients and intercept to calculate fused data (coefficients and intercepts with
p value < 0.05 are in bold).

Intercept CFSR MERRA ERA- JRA-25 Zhang10

(Wm'2) Interim
Latent heat flux —-8.7994 - 0.4191 0.5345 0.1961 -
-10.3056 - 03197 0.3112 0.2398 0.4962
Ground heat flux 1.4429 -0.0732 0.1422 — 0.3531 -
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ACPD

Table 5. Comparison of the cross validation results of the surface energy budget from the fused 13, 30349-30405, 2013

data, reanalysis, and remote sensing datasets.

Jaded uoissnosiq

Products Sensible heat flux Latent heat flux  Ground heat flux Surface sensible and
-2 -2 -2

(Wm™) (Wm™) (Wm™) - latent heat fluxes
Fusion, MLR 17.8 11.1 2.6 over the Tibetan
Fusion, MLR close Bowen ratio 23.0 20.6 2.6 % Plateau
Fusion, stepwise 18.1 11.3 2.6 g
Fusion, Lasso 17.2 10.9 2.6 @, Q. Shi and S. Liang
Fusion, PCA_2 20.5 8.8 2.6 S
Fusion, PCA_3 17.6 9.7 2.6 S
Fusion, BMA 17.0 10.5 2.6 8 Title Page
Fusion, RF 17.6 9.1 2.8 B
Fusion, SVM 16.9 9.3 2.7 —
CFSR 22.9 17.0 11.9 o .
MERRA 25.6 14.1 6.3 7
ERA-Interim 30.4 11.5 10.4 = .
JRA25 24.8 147 8.5
Zhang10 18.7 14.7 5.6 >
MERRALAND 32.3 14.1 6.3 s T Il
GLADS-1_CLM 27.5 16.9 8.6 ?
GLADS-1_MOS 22.4 13.8 9.4 B
GLADS-1_NOAH 34.7 30.4 5.3 o
GLADS-2_NOAH 218 17.0 135 .
NRA-1 74 1 59.0 21.0 o
NRA-2 74.0 48.2 18.9 @
PU-LE 15.2 20.1 - = —— _
MTE-LE-H 35.8 31.7 _ ?U Printer-friendly Version
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Table 6. Decadal changes of latent and sensible heat fluxes over the TP (p value < 0.05 are in

bold).

Annual Spring Summer Autumn Winter
Sensible heat flux (Wm™decade™)
Yang11 -1.5 -24 -2.6 -0.6 -0.7
CFSR -2.5 -4.3 -4.0 -1.8 0.6
MERRA 0.6 -0.4 0.0 2.0 0.3
ERA-Interim -14 -1.6 -1.9 -1.2 -1.2
JRA-25 -2.1 -3.1 -2.1 -1.1 -3.4
Zhang10 -9.3 -4.8 -12.5 -9.9 -7.0
This study (CMA stations) -1.9 0.1 -4.5 -3.3 0.8
This study (regional) -141 1.0 -3.9 -1.8 0.2
Latent heat flux (Wm™2decade™")
Yang11 1.0 1.7 0.3 1.3 1.3
CFSR 1.8 2.7 2.0 2.0 0.6
MERRA -0.1 -0.3 1.0 -0.3 -0.5
ERA-Interim 0.2 -0.8 -0.6 2.0 0.1
JRA-25 2.5 2.8 3.7 2.9 1.6
Zhang 10 -1.5 -2.3 -3.9 -0.2 0.2
This study (CMA stations) -01 -0.8 -0.9 1.1 0.4
This study (regional) 0.1 -0.7 0.0 1.0 0.0
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Table 7. Correlation coefficients between sensible and latent heat fluxes and surface and at-
mospheric anomalies (net shortwave (SW) and longwave (LW), all-wave radiation are from Shi

and Liang, 2013a) over the TP (p value < 0.05 are in bold).

Annual Spring Summer Autumn Winter
Sensible heat flux, cloud cover -045 -0.30 -0.39 -0.38 -0.42
Sensible heat flux, water vapor -0.39 0.50 -0.52 -040 -0.46
Sensible heat flux, GIMMS NDVI -0.18 -0.29 -0.39 0.28 0.41
Sensible heat flux, temperature range 0.31 0.20 0.58 0.61 0.15
Sensible heat flux, mean temperature -0.32 0.45 -0.42 -0.52 -0.31
Sensible heat flux, snow cover -0.28 0.27 -0.08 -0.20 -0.33
Sensible heat flux, net SW radiation 0.65 0.79 0.70 0.53 0.50
Sensible heat flux, net LW radiation -0.13 -0.07 -0.46 -0.19 -0.14
Sensible heat flux, net radiation 0.72 0.91 0.73 0.64 0.88
Latent heat flux, cloud cover 0.52 0.41 0.17 0.37 0.39
Latent heat flux, water vapor 0.48 -0.09 0.19 0.85 0.65
Latent heat flux, GIMMS NDVI 0.59 0.53 0.73 0.42 0.32
Latent heat flux, temperature range -0.42 -0.17 -0.02 -0.28 -0.22
Latent heat flux, mean temperature 0.18 -0.35 0.16 0.70 0.48
Latent heat flux, maximum temperature  0.06 -0.34 0.15 0.76 0.36
Latent heat flux, snow cover 0.34 0.13 0.18 0.00 0.16
Latent heat flux, net SW radiation -0.04 -0.01 0.11 -0.05 0.05
Latent heat flux, net LW radiation 0.45 0.33 0.11 0.31 -0.06
Latent heat flux, net radiation 0.41 0.22 0.33 0.34 -0.01
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Fig. 9. Temporal variation of seasonal and annual latent heat flux (LE), cloud cover (CC), and Printer-friendly Version

water vapor (WV) anomalies over the TP. Interactive Discussion
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Fig. 10. Comparison of the RMSE_CV (Wm'2) of latent heat flux (LE), ground heat flux (G),
and sensible heat flux (H) at multiple grid sizes (°) from original datasets and fused data.
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