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Abstract. The Tibetan Plateau (TP) plays a major role in re-
gional and global climate. The understanding of latent heat
(LE) flux can help to better describe the complex mecha-
nisms and interactions between land and atmosphere. De-
spite its importance, accurate estimation of evapotranspira-
tion (ET) over the TP remains challenging. Satellite obser-
vations allow for ET estimation at high temporal and spa-
tial scales. The purpose of this paper is to provide a detailed
cross-comparison of existing ET products over the TP. Six
available ET products based on different approaches are in-
cluded for comparison. Results show that all products cap-
ture the seasonal variability well with minimum ET in the
winter and maximum ET in the summer. Regarding the spa-
tial pattern, the High resOlution Land Atmosphere surface
Parameters from Space (HOLAPS) ET demonstrator dataset
is very similar to the LandFlux-EVAL dataset (a benchmark
ET product from the Global Energy and Water Cycle Ex-
periment), with decreasing ET from the south-east to north-
west over the TP. Further comparison against the LandFlux-
EVAL over different sub-regions that are decided by dif-
ferent intervals of normalised difference vegetation index
(NDVI), precipitation, and elevation reveals that HOLAPS
agrees best with LandFlux-EVAL having the highest corre-
lation coefficient (R) and the lowest root mean square dif-
ference (RMSD). These results indicate the potential for the
application of the HOLAPS demonstrator dataset in under-
standing the land–atmosphere–biosphere interactions over
the TP. In order to provide more accurate ET over the TP,

model calibration, high accuracy forcing dataset, appropriate
in situ measurements as well as other hydrological data such
as runoff measurements are still needed.

1 Introduction

Evapotranspiration (ET) is an essential nexus of energy and
water cycles through the mass and energy interactions be-
tween land and atmosphere (Jung et al., 2010; Peng et al.,
2013a). The estimation of spatially distributed ET has been
advanced by the progress of satellite remote sensing technol-
ogy. However, remote sensing techniques do not allow to di-
rectly inverting ET from space (Peng et al., 2013b; K. Zhang
et al., 2016). Different methods have been therefore devel-
oped to estimate ET with the use of physical variables that
are sensed by satellite and are related to the evaporation
process (Kalma et al., 2008; Wang and Dickinson, 2012).
In recent years, a number of global ET products have been
generated with the availability of long-term global satellite
products and progress in computer science (Zhang et al.,
2010; Vinukollu et al., 2011b; Miralles et al., 2011; Fisher
et al., 2008). Some of these global products can even pro-
vide ET with a spatial resolution less than 10 km and tem-
poral resolution less than 3 h (Mu et al., 2007; Miralles et
al., 2016; Loew et al., 2016). HOLAPS (High resOlution
Land Atmosphere surface Parameters from Space) demon-
strator dataset is one of them. HOLAPS is actually a frame-
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work that can provide surface energy and water fluxes at
sub-hourly timescales and spatial resolutions at the kilome-
tre scale. It is also worth noting that very high spatial resolu-
tion (on the order of 10 m) ET product at regional scale can
be provided by ALEXI/DisALEXI based on thermal obser-
vations from polar and geostationary orbiting satellites (An-
derson et al., 2011, 2007). Although these global ET prod-
ucts have been applied to many applications such as multi-
decadal trend analysis (Y. Zhang et al., 2016; Zhang et al.,
2015; Miralles et al., 2014; Jiménez et al., 2011), large dis-
crepancies exist in these products. Within the Global Energy
and Water Cycle Experiment (GEWEX) LandFlux initiative,
Mueller et al. (2011) conducted a comparison of existing
global latent heat (LE) products from either land surface
models, re-analysis, or satellite estimates, and found that the
global mean LE over land was 45±5 W m−2, with a spread of
20 W m−2. In addition, a synthesis dataset has also been gen-
erated within the GEWEX LandFlux-EVAL initiative, which
provides LE at monthly timescale and a spatial resolution
of 1◦ (Mueller et al., 2013). Recently, several studies have
evaluated commonly used ET retrieval algorithms, includ-
ing Penman–Monteith (PM) algorithm, the Priestley–Taylor
(PT) model, and the Surface Energy Balance System (SEBS)
(Su, 2002), which are driven by the same forcing dataset at
both FLUXNET tower and global scales (Vinukollu et al.,
2011b; Miralles et al., 2016; Michel et al., 2016; McCabe
et al., 2016; Ershadi et al., 2014). To develop a more accu-
rate global LE product, improvements of the parameterisa-
tion and sensitivity analysis of the model to forcing dataset
are still needed (Michel et al., 2016; McCabe et al., 2016).
Note that the energy equivalent for ET is referred to as LE
flux, which is used interchangeable with ET in this paper.

Nevertheless, theses global ET products have great poten-
tials for global and regional hydrological applications. In this
study, the performances of the widely used global ET prod-
ucts will be investigated over the Tibetan Plateau (TP), as
the ET over the TP is of great importance and research inter-
est. The TP has strong impacts on weather and climate at the
regional to global scale and controls climatic and environ-
mental changes in Asia and elsewhere in the Northern Hemi-
sphere (Ma et al., 2008). The knowledge of ET is essential
for the study of land–atmosphere interactions, and assess-
ment of the impacts of and feedbacks to the global change
(Shi and Liang, 2014). In order to characterise the distribu-
tion of ET over the TP, different methods using micrometeo-
rological measurements (Yang et al., 2003; Lee et al., 2012;
Chen et al., 2013b; Zhang et al., 2007), remote sensing prod-
ucts (Ma et al., 2014, 2006; Chen et al., 2013a) and the com-
bined use of both data sources (Ma et al., 2003, 2011; You
et al., 2014) have been investigated over the last decades. In
addition, land surface models have also been applied to sim-
ulate ET over the TP (Gerken et al., 2012; Yang et al., 2009).
However, accurate estimation of ET over TP is still a chal-
lenge due to the limitations of the above approaches. Specif-
ically, the observation-based methods are not adequate for

determination of regional ET due to the limited spatial rep-
resentativeness of meteorological stations, while the remote
sensing products are only available under clear-sky condi-
tions. The models results are limited by the accuracy of input
parameters and the uncertainties of model parameterisation
over complicated topography and highly heterogeneous ar-
eas of the TP (Shi and Liang, 2013b). The existing global
ET products, especially those with high spatial and temporal
resolutions such as HOLAPS, provide a potentially applica-
ble ET dataset over the TP. Although the global ET products
have been validated against FLUXNET measurements, the
reliability of spatial and temporal patterns of them over the
TP is still unknown. A comprehensive analysis of the char-
acteristics of the LE over the TP based on the state-of-the-art
global ET products has not yet been conducted. Therefore,
the main objective of this study is to provide a detailed cross-
comparison of the different existing ET products over the TP.
Through this study, the following research questions will be
addressed. (1) Do existing global ET products show consis-
tent spatial and temporal patterns over the TP? (2) Are there
systematic deviations between the different data products,
which can be explained by different climate or surface con-
ditions? The study will focus mainly on a cross-comparison
between the different existing datasets due to a lack of appro-
priate reference data in the region, as will be discussed.

2 Study area

The TP, known as the third pole of the Earth (Qiu, 2008),
covers approximately the latitude from 26 to 40◦ N, and lon-
gitude from 75 to 105◦ E, with an area of 2 500 000 km2.
It is the highest and largest plateau in the world, with very
complex terrain and an average elevation higher than 4000 m
above sea level (a.s.l.) (Fig. 1) (Frauenfeld et al., 2005; Ma
et al., 2008). Due to its unique and special geographical po-
sition and physical environment, the climate of TP is influ-
enced by both the Asian monsoon and westerlies (Yang et al.,
2014), and it has profound thermal and dynamical impacts on
atmospheric circulation over China, the whole of East Asia,
and even the entire globe (Cui and Graf, 2009; You et al.,
2014). Specifically, the TP reaches the middle troposphere
and influences the atmospheric circulation through mechani-
cal forcing (Yanai and Li, 1994). On the other hand, the ther-
mal forcing of the TP enhances the Asian summer monsoon
and influences its variability (Duan and Wu, 2005; Lau et al.,
2006). In addition, the melting water from snow and glaciers
in TP is the source of many rivers in southern and eastern
Asia such as Yangtze and Ganges–Brahmaputra. Therefore,
the TP is also known as “the Asian water tower”, supporting
approximately 25 % of the world’s population (Immerzeel et
al., 2010; Xu et al., 2008). Quantitative estimation of the wa-
ter and energy cycles over the TP is of great significance
for the study of land–atmosphere–biosphere interactions, and
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Figure 1. Map of the location and topography of the Tibetan
Plateau.

understanding its response to climate change (Sellers et al.,
1997; Yang et al., 2014).

3 Data and methods

3.1 Data

Different groups of algorithms have been developed to es-
timate ET from satellite data. These comprise (1) sur-
face energy balance models forced either by satellite re-
mote sensing or re-analysis data (Bastiaanssen et al., 1998;
Su, 2002), (2) the methods based on PM or PT equa-
tions (Fisher et al., 2008; Miralles et al., 2011; Mu et al.,
2007; Zhang et al., 2015), (3) spatial variability methods
(Peng et al., 2013b; Peng and Loew, 2014; Roerink et al.,
2000). Among them, the PM algorithm, the PT model, and
the SEBS are widely used, and have been explored by
both the GEWEX LandFlux-EVAL initiative and the Water
Cycle Multi-mission Observation Strategy EvapoTranspira-
tion (WACMOS-ET) project. Therefore, three LE datasets
based these models and driven by the same forcing data
are compared over the TP in this study. These datasets are
SEBSSRB-PU, PTSRB-PU, and PMSRB-PU, which are respec-
tively based on the SEBS, PT, and PM algorithms but driven
by the same input radiation from the surface radiation bud-
get (SRB) (Stackhouse et al., 2011) and meteorological forc-
ing datasets from Princeton University (PU) (Vinukollu et al.,
2011a). The three datasets used in this study were obtained
from the Princeton University Terrestrial Hydrology Re-
search Group. In addition, to investigate the impact of forcing
data on the estimation of LE, another recently released SEBS
dataset (SEBSChen) is also included in this study (Chen et al.,
2014). Different from SEBSSRB-PU, SEBSChen is driven by
the meteorological forcing data obtained from the Institute
of Tibetan Plateau Research, Chinese Academy of Sciences
(ITP, CAS), which were generated based on 740 weather sta-
tions operated by the China Meteorological Administration.
In addition, the recently developed HOLAPS LE demonstra-
tor dataset is also included for comparison. A brief descrip-
tion of these products is presented below. For detailed algo-

rithms and parameterisations of these datasets, the reader is
referred to the original articles: SEBSSRB-PU, PTSRB-PU and
PMSRB-PU (Vinukollu et al., 2011a), SEBSChen (Chen et al.,
2014), and HOLAPS (Loew et al., 2016).

3.1.1 SEBS

SEBS is a one-source energy balance algorithm, which firstly
calculates the sensible heat flux (H ) based on the Monin–
Obukhov theory (Monin and Obukhov, 1954) with the re-
quirement of surface temperature, air temperature gradient,
and the parameterisation of aerodynamic resistance. To con-
strain H within a lower and upper boundary, two limiting
conditions are considered. Under dry limit, the ET is equal
to 0 and H is at its maximum, whereas the ET reaches its
potential rate and H is at its minimum under wet limit. Af-
ter the H is calculated, ET can be obtained through clos-
ing the energy balance with the availability of net radiation
and ground heat flux. SEBS has already been widely val-
idated with ground-based measurements over different ar-
eas. Two SEBS datasets are included in the comparison. The
SEBSSRB-PU was generated by Vinukollu et al. (2011a) and
based on radiation from SRB and meteorological forcing
datasets from PU (Vinukollu et al., 2011a), while SEBSChen
estimated ET with meteorological forcing data from the ITP,
CAS. The monthly SEBSChen ET has been found to agree
well with ground-based measurements over China (Chen et
al., 2014). The comparison of these two SEBS datasets can
show the impact of the forcing dataset on the estimation of
LE for the same type of model.

3.1.2 PMSRB-PU

The PMSRB-PU is estimated based on a revised PM model
(Mu et al., 2007, 2011), which has been widely used to esti-
mate global ET. Due to its Penman–Monteith equation basis,
the PM model has a high demand for inputs, with a high-
level parameterisation of the aerodynamic and surface resis-
tances using meteorological data and vegetation phenology.
In contrast to most PM-based ET models, two improvements
have been implemented in PMSRB-PU: (1) instead of a fixed
value, a biome-specific value for the mean potential stom-
atal conductance is applied; (2) the aerodynamic resistance
parameterisation used by SEBS is applied here to account
for wind speed and boundary layer stability (Vinukollu et al.,
2011a). The PMSRB-PU is based on the same forcing data as
SEBSSRB-PU.

3.1.3 PTSRB-PU

The PT-JPL model by Fisher et al. (2008) is used to esti-
mate PTSRB-PU. Different from the PM model, the PT model
does not require the parameterisation of the aerodynamic and
surface resistances. Traditionally, the PT equation (Priestley
and Taylor, 1972) is used to estimate potential ET, while the
PT-JPL model is adjusted to estimate actual ET through con-
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Table 1. Summary of the datasets used in our study.

Dataset ET scheme Spatial Temporal Reference
resolution resolution

PMSRB-PU Penman–Monteith 1◦ daily Vinukollu et al. (2011a)
PTSRB-PU Priestley–Taylor 1◦ daily Vinukollu et al. (2011a)
SEBSSRB-PU SEBS 1◦ daily Vinukollu et al. (2011a)
SEBSChen SEBS 0.1◦ daily Chen et al. (2014)
HOLAPS Priestley–Taylor 5 km half hourly Loew et al. (2016)
LandFlux-EVAL Synthesis product 1◦ monthly Mueller et al. (2013)

sidering the ecophysiological stress factors based on atmo-
spheric moisture and vegetation indices. This implies that
the forcing data required for PTSRB-PU are quite comparable
to that of PMSRB-PU. The PTSRB-PU relies on the same forc-
ing datasets as SEBSSRB-PU and PMSRB-PU, which provides
the possibility to investigate the performance of different ET
models driven by the same forcing data over the TP.

3.1.4 HOLAPS

The HOLAPS LE product was generated from HOLAPS
framework, which makes use of meteorological drivers com-
ing exclusively from a globally available satellite and re-
analysis datasets and is based on a state-of-the-art land sur-
face scheme (Loew et al., 2016). It is based on a radiation
module, a planetary boundary layer model, a soil module,
and a general module for the exchange of energy and mois-
ture at the surface layer. HOLAPS can ensure internal con-
sistency of the different energy and water fluxes and provide
estimates at high temporal (< 1 h) and spatial (∼ 5 km) reso-
lutions. Good agreement with in situ measurements have also
been found by Loew et al. (2016) when compared against 48
FLUXNET stations worldwide. The details of the HOLAPS
framework and relevant evaluation results can be found in the
reference of Loew et al. (2016).

The validation of different LE datasets against in situ
measurements over the TP is not possible for the current
study period due to (a) the access to suitable in situ mea-
surements is not possible and (b) spatial representativeness
of the existing FLUXNET towers for areas of only sev-
eral square kilometres. Therefore, the above LE datasets are
cross-compared with LandFlux-EVAL benchmark product in
the current analysis. LandFlux-EVAL is a merged synthesis
LE product based on a total of 14 datasets including land sur-
face model output, observations-based estimates, and atmo-
spheric reanalyses (Mueller et al., 2013). It provides the best
guess estimate of LE for the first time based on the existing
global LE datasets, and also provides the uncertainty range
of the absolute LE values (interquartile range of the merged
synthesis LE products). Note that the merged LE dataset
agreed well with precipitation minus runoff over large river
basins around the world (Mueller et al., 2011), and it has been
used to evaluate the LE simulations of the fifth phase of the

Coupled model Inter-comparison project (CMIP5) (Mueller
and Seneviratne, 2014). To further demonstrate the validity
of LandFlux-EVAL benchmark product over the TP, we also
compared it to precipitation, which is one of the most im-
portant driving factors for LE. It should be noted here that
LandFlux-EVAL also includes satellite-based LE datasets
that are estimated from PM and PT algorithms. However, the
PMSRB-PU and PTSRB-PU datasets used in the current analysis
are different from those datasets. They are based on revised
PM and PT approaches, which also account for the evapora-
tion from canopy intercepted precipitation (Vinukollu et al.,
2011a). In addition, the forcing datasets used for PMSRB-PU
and PTSRB-PU are also different from that used for PM and
PT datasets in LandFlux-EVAL. For example, the radiation
used for the PMSRB-PU is from SRB, while PM dataset from
LandFlux-EVAL uses radiation from International Satellite
Cloud Climatology Project (ISCCP). A summary of these
datasets is given in Table 1. For detailed information about
each product, the reader is referred to the relevant publica-
tions.

3.2 Methods

3.2.1 Data preprocessing

All of the datasets were firstly aggregated to monthly mean
values over the common time period 2001–2005, which
corresponds to the temporal resolution of LandFlux-EVAL
benchmark product and the time period currently cov-
ered by the HOLAPS demonstrator dataset (Loew et al.,
2016; Mueller et al., 2013). To make an unbiased compar-
ison with LandFlux-EVAL dataset, HOLAPS and SEBSChen
were further aggregated to the same spatial resolution as
LandFlux-EVAL. In addition, the current HOLAPS demon-
strator dataset does not include the estimate of LE over snow-
covered areas. Therefore, the snow-covered areas of all the
products were also masked out based on the MODIS snow-
cover product.

3.2.2 Spatial and temporal analysis

The characteristics of all the datasets were investigated
through spatial and temporal analysis. The spatial distri-
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Figure 2. Spatial distribution of annual mean LandFlux-EVAL LE and GPCP precipitation over the TP (left panel). The scatter plots of the
comparison between LE and precipitation for all the pixels (right panel).

Figure 3. Spatial distribution of annual mean LE for each dataset over the TP.

butions of the seasonal and annual average LE over the
TP were analysed, including the identification of patterns
such as low and high values, and the investigation of
seasonal changes. The four seasons are defined as au-
tumn (September–October–November), winter (December–
January–February), spring (March–April–May), and sum-
mer (June–July–August). The temporal analysis explored the
seasonal and annual variation of all the datasets from 2001 to
2005 over the whole TP. In addition, the correlation analysis
was conducted to evaluate the impacts of climate (precipi-

tation) and surface conditions (normalised difference vege-
tation index and elevation) on the performance of ET esti-
mation. The relationship between different LE products and
the LandFlux-EVAL benchmark product were quantified by
using correlation coefficient and root mean square deviation
over the whole TP and different sub-regions, which were de-
cided by different intervals of normalised difference vege-
tation index (NDVI; generated from MODIS), precipitation
(Global Precipitation Climatology Project; GPCP), and ele-
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Figure 4. The annual mean spatial patterns of 25th percentile and 75th percentile of the LandFlux-EVAL multi-datasets ensemble.

vation (Global Multi-resolution Terrain Elevation Data 2010,
GMTED2010).

4 Results and discussion

4.1 Spatial and temporal variability of different LE
products

The spatial distributions of annual mean LandFlux-EVAL
and precipitation are shown in Fig. 2. It can be seen that the
LE has similar patterns as observation-based precipitation,
both decreasing from south-east to north-west over the TP.
The comparison of all the pixels shows a very high correla-
tion coefficient of 0.9 between LE and precipitation. Besides
precipitation, the radiation is another important driver for LE.
Compared to the published studies, the LandFlux-EVAL LE
also corresponds well with the merged net radiation and LE
datasets, which were developed and validated over the TP
by Shi and Liang (2013a, b) and Shi and Liang (2014). The
spatial distribution of annual mean net radiation and LE can
be found in study of Shi and Liang (2013a) and Shi and
Liang (2014). Although the LandFlux-EVAL has not been
validated against in situ measurements over the TP, the sim-
ilar spatial patterns between LE and both observation-based
precipitation and validated radiation to some extent demon-
strate the validity of LandFlux-EVAL over the TP.

Figure 3 displays the spatial pattern of annual mean values
for different LE datasets. Although these LE products have
been reported performing well against FLUXNET measure-
ments at point scale, they exhibit differently in terms of spa-
tial pattern over the TP. In general, the LandFlux-EVAL, HO-
LAPS and SEBSChen have high LE in the south-eastern TP
and low LE in the north-western TP, which might be related
to the decrease of elevation from north-west to south-east as
well as the monsoon climate in the south-eastern TP. The spa-
tial variations of PTSRB-PU and PMSRB-PU are related to the
increase of latitude from south to north, while SEBSSRB-PU
has high and low LE in outer and central TP.

Figure 4 further shows the annual mean spatial patterns of
25th percentile and 75th percentile of the LandFlux-EVAL

multi-dataset ensemble, which quantifies the uncertainty
range of the absolute LE values (interquartile range of the
merged synthesis LE products). It can be seen that HOLAPS
and most parts of PTSRB-PU and PMSRB-PU are within the
interquartile range, while the outer part of SEBSSRB-PU and
southern part of SEBSChen are out of the interquartile range.
To make an unbiased comparison between LandFlux-EVAL
and other LE datasets, all the datasets were resampled to
the same spatial resolution as LandFlux-EVAL and masked
out the snow-covered areas. Figure 5 shows the differences
in spatial patterns between LandFlux-EVAL and other LE
datasets. Overall, the HOLAPS dataset is found to have good
agreement with the benchmark product (LandFlux-EVAL)
for most parts of TP. The PTSRB-PU and PMSRB-PU are found
to have positive biases over western TP, and SEBSSRB-PU has
bias over outer TP, and SEBSChen has bias over southern TP.

Besides the analysis of spatial distribution of annual mean,
the seasonal means of each LE dataset are also shown in
Fig. 6. It can be seen that all the LE datasets show clear
seasonal cycles with the highest values in summer and the
lowest values in winter, which might be related to both west-
erlies and Asian monsoon. Due to the influence of Asian
summer monsoon, the highest LE in LandFlux-EVAL is in
south-eastern TP and the LE decreases to north-west. The
lowest LE appears in northern TP where dry westerlies dom-
inate. Similar patterns are also found in HOLAPS, PTSRB-PU,
PMSRB-PU and SEBSChen. The LE is lower in spring than that
in summer in the eastern TP, which relates to the onset of the
Asian summer monsoon. All the datasets present very low
values during winter due to the cold and dry climate. The
seasonal patterns of LandFlux-EVAL are also consistent with
the study by You et al. (2014), where the LE was also found
to increase from north-west to south-east in all seasons over
the TP. Overall, the HOLAPS is most similar to LandFlux-
EVAL compared to other datasets in terms of spatial distri-
bution and spatial mean values over all seasons.

In addition to the spatial comparisons of annual and sea-
sonal mean values, the time evolution of all datasets is also
explored. Figure 7 presents the time series of the area mean
LE for different LE datasets, and the inter-quartile range be-
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Figure 5. Differences of spatial distribution of annual mean LE between LandFlux-EVAL and other datasets over the TP.

tween 25th percentile and 75th percentile of the LandFlux-
EVAL ensemble. According to Fig. 7, all products capture
well the seasonal variability with minimum LE in the winter
and maximum LE in the summer. However, the mean val-
ues of different LE products differ substantially. There is a
spread of about 35 W m−2 at the annual cycle peak. Com-
pared with the other products, the HOLAPS seems to be
closer to the LandFlux-EVAL benchmarking product. The
SEBSSRB-PU and SEBSChen seem to be more distinctive with
LE from most months outside the inter-quartile of LandFlux-
EVAL ensemble. However, when compared to the climatol-
ogy calculated from flux tower measurements around the TP
the SEBS estimates seem to be close to the flux tower mea-
surements (Chen, 2011). The differences between LandFlux-
EVAL and SEBS might be caused by the scale mismatch be-
tween ground measurement at point scale and the satellite
estimate at pixel scale. The mismatch includes the surface
heterogeneity (such as topography, land cover types) and at-
mospheric conditions (such as cloud coverage, altitude vari-
ations) (You et al., 2014; Hakuba et al., 2013). Compared
to SEBS (Chen, 2011), the LandFlux-EVAL has relative low
spatial resolution of 1◦, which might be strongly influenced
by scale mismatch effects over complex surface and atmo-
spheric conditions in TP. Taking advantage of high tempo-
ral resolution of HOLAPS, the temporal variability of the
area-averaged LE for 5-day HOLAPS over the 2001–2005
is shown in Fig. 8, where more temporal variations are found
compared to monthly temporal variability. Besides, the tem-
poral variation of the averaged LE over the TP has also been

compared with precipitation and NDVI, which might regu-
late the LE. Table 2 shows the statistics of the comparisons.
A strong correlation of higher than 0.7 has been found be-
tween all LE datasets and NDVI, implying the importance
of vegetation on regulating LE over the TP. The highest R

value was found between HOLAPS and NDVI. As expected,
the LE has strong correlation to precipitation with R value
higher than 0.87 for all LE datasets, which is because pre-
cipitation is one of the most important drivers for LE. In the
next section, the performance of each product will be fur-
ther discussed based on the comparison results against the
LandFlux-EVAL benchmark product.

4.2 Comparison of LE datasets against
LandFlux-EVAL benchmark product

Figure 9 presents the monthly mean scatter plots of LE be-
tween the LandFlux-EVAL benchmark product and other
products over the whole TP. The detailed statistics are listed
in Table 3. It can be seen that the model performance varies
among different LE products with statistical indices values
ranging from 0.91 to 0.99 for correlation coefficient (R), and
from 2.69 to 17.02 W m−2 for root mean square difference
(RMSD). Overall, the HOLAPS appears to yield the clos-
est agreement with the LandFlux-EVAL benchmark prod-
uct, with R higher than 0.99 and RMSD of 2.69 W m−2.
In addition, the impacts of NDVI, precipitation, and ele-
vation on the estimate of LE are also investigated. Fig-
ure 10 shows the comparison results over different NDVI
thresholds. Table 4 lists the corresponding statistics includ-
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Table 2. Correlation coefficient (R) between averaged LE and NDVI, precipitation over the TP for the time 2001–2005.

LandFlux-EVAL HOLAPS PMSRB-PU PTSRB-PU SEBSSRB-PU SEBSChen

R (NDVI) 0.89 0.93 0.81 0.81 0.7 0.76
R (precipitation) 0.98 0.96 0.96 0.96 0.87 0.94

Figure 6.
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Figure 6. Spatial distribution of seasonal mean LE for each dataset over the TP. (a) Winter, (b) spring, (c) summer, (d) autumn.
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Table 3. Statistics of the LE comparisons between the LandFlux-EVAL benchmark product and other products over the whole TP.

HOLAPS PMSRB-PU PTSRB-PU SEBSSRB-PU SEBSChen

R RMSD R RMSD R RMSD R RMSD R RMSD
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

Tibetan Plateau 0.99 2.69 0.98 5.68 0.98 7.12 0.91 17.02 0.96 16.36

Table 4. Statistics of the LE comparisons between the LandFlux-EVAL benchmark product and other products over different NDVI thresh-
olds.

HOLAPS PMSRB-PU PTSRB-PU SEBSSRB-PU SEBSChen

R RMSD R RMSD R RMSD R RMSD R RMSD
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

NDVI ∈ [0, 0.15] 0.99 3.27 0.96 11.42 0.96 11.89 0.84 20.93 0.95 15.38
NDVI ∈ (0.15, 0.3] 0.98 3.59 0.95 7.46 0.96 7.09 0.88 16.42 0.94 20.09
NDVI ∈ (0.3, 0.45] 0.98 4.08 0.99 10.88 0.99 7.4 0.94 11.43 0.92 17.6
NDVI ∈ (0.45,1] 0.97 5.1 0.98 7.1 0.98 6.21 0.95 11.87 0.95 19.11

Figure 7. Temporal variability of the area-averaged LE for each
dataset over the TP. The grey shadow displays the inter-quartile
range between 25th percentile and 75th percentile of the LandFlux-
EVAL multi-datasets ensemble.

Figure 8. Temporal variability of the area-averaged LE for 5-day
HOLAPS over the TP.

ing R and RMSD. The performance of HOLAPS is sta-
ble over different NDVI intervals, with RMSD less than
5.1 W m−2. PTSRB-PU and PMSRB-PU perform similarly with
highest RMSD appearing at the lowest NDVI interval [0,
0.15], and the RMSD of PTSRB-PU decreases with the in-
crease of NDVI. Both SEBSSRB-PU and SEBSChen seem to
overestimate LE over all NDVI intervals, with RMSD rang-

Figure 9. The monthly mean scatter plots of LE between the
LandFlux-EVAL benchmark product and other products over the
whole TP.

ing from 11.09 to 24.94 W m−2. The comparison results over
different precipitation thresholds are shown in Fig. 11 and
Table 5. Similar to the response to NDVI, the HOLAPS also
has stable performances over different precipitation intervals,
with RMSD less than 4.91 W m−2. PTSRB-PU and PMSRB-PU
slightly overestimate LE over the areas with low precipitation
values [0, 2 mm], while SEBSSRB-PU and SEBSChen overes-
timate LE among all precipitation intervals. Figure 12 and
Table 6 present the comparison results over the areas with
different elevations. In general, the elevation has no strong
impacts on the HOLAPS, which has a R value higher than
0.97 and RMSD lower than 5.56 W m−2 over all the eleva-
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Table 5. Statistics of the LE comparisons between the LandFlux-EVAL benchmark product and other products over different precipitation
thresholds.

HOLAPS PMSRB-PU PTSRB-PU SEBSSRB-PU SEBSChen

R RMSD R RMSD R RMSD R RMSD R RMSD
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

Precipitation ∈ [0, 1] 0.99 3.97 0.95 8.08 0.95 8.56 0.86 19.5 0.94 15.96
Precipitation ∈ (1, 2] 0.98 3.48 0.97 11.05 0.98 13.52 0.83 20 0.95 17.9
Precipitation ∈ (2, 3] 0.99 3.36 0.98 9.21 0.98 7.45 0.96 14.89 0.96 16.26
Precipitation ∈ (3, 4] 0.97 4.91 0.95 7.82 0.95 6.68 0.89 11.09 0.94 24.94

Figure 10. The monthly mean scatter plots of LE between the LandFlux-EVAL benchmark product and other products over different NDVI
thresholds.

tion intervals. PTSRB-PU and PMSRB-PU have similar perfor-
mance, with overestimation of LE in areas with high eleva-
tion [5000, 6000 m]. Relatively low R values for PTSRB-PU
and PMSRB-PU are also found over areas with low elevations
[1000, 3000 m]. SEBSSRB-PU and SEBSChen both overesti-
mate LE over all elevation intervals. Overall, the HOLAPS
LE has stable performance over different NDVI, precipita-
tion, and elevation values. PTSRB-PU and PMSRB-PU have
very similar performance. The SEBSSRB-PU has the highest
uncertainty over areas with low NDVI and precipitation and
high elevation, while the highest uncertainty for SEBSChen
occurs in areas with high NDVI and precipitation and low
elevation.

4.3 Discussion on the different performance of the LE
datasets over TP

The spatial and temporal inter-comparisons of different
global LE datasets over the TP suggest that there are
large differences among different datasets. The LandFlux-
EVAL benchmark product was found to agree well
with observation-based precipitation, in situ measurements-
validated radiation (Shi and Liang, 2013a), and in situ
measurements-validated LE product (Shi and Liang, 2014).
From this point of view, it can be served as the ref-
erence dataset. The HOLAPS is found to agree tempo-
rally and spatially well with LandFlux-EVAL benchmark
product. The PTSRB-PU and PMSRB-PU have similar perfor-
mance and are within the uncertainty range provided by
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Figure 11. The monthly mean scatter plots of LE between the LandFlux-EVAL benchmark product and other products over different precip-
itation thresholds.

Figure 12. The monthly mean scatter plots of LE between the LandFlux-EVAL benchmark product and other products over different elevation
thresholds.
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Table 6. Statistics of the LE comparisons between the LandFlux-EVAL benchmark product and other products over different elevation
thresholds.

HOLAPS PMSRB-PU PTSRB-PU SEBSSRB-PU SEBSChen

R RMSD R RMSD R RMSD R RMSD R RMSD
(W m−2) (W m−2) (W m−2) (W m−2) (W m−2)

Elevation ∈ [1000, 3000] 0.97 5.56 0.64 10.24 0.69 9.94 0.79 12.92 0.76 22.53
Elevation ∈ (3000, 4000] 0.99 4.06 0.94 5.71 0.95 5.05 0.93 20.02 0.91 17.77
Elevation ∈ (4000, 5000] 0.99 2.72 0.96 6.4 0.97 7.56 0.9 15.93 0.95 17.76
Elevation ∈ (5000, 6000] 0.98 2.45 0.97 16.82 0.97 17.6 0.83 21.39 0.96 15.24

LandFlux-EVAL product. Despite relying on the same forc-
ing dataset, SEBSSRB-PU performs differently from PTSRB-PU
and PMSRB-PU, which is driven by the differences in the mod-
els. Since all these datasets rely on the same radiation forc-
ing, the overestimation is due to the high sensitivity to the pa-
rameterisation of resistances. Therefore, examination of the
differences between the models especially the calculated re-
sistances still needs to be conducted in future work. In addi-
tion, for the same model, different forcing data lead to differ-
ent results (SEBSSRB-PU and SEBSChen). The overestimation
in both SEBS datasets suggests the high sensitivity of LE to
the calculated resistances, and the different spatial patterns
and magnitude between the two SEBS datasets are likely due
to the different forcing datasets. These results suggest that
model and forcing are equally critical for the estimation of
ET. Future studies should be focused on the development of a
high quality forcing dataset, and the exploration of the sensi-
tivity of each model to its forcing. This type of research could
be facilitated by the HOLAPS framework. Because the com-
ponents in HOLAPS are coupled through well-defined inter-
faces, which allows for the integration of different models
for estimation of ET while building on the general HOLAPS
infrastructure for providing the consistent forcing data. Over-
all, the results presented here suggest that the validation and
inter-comparison are essential before applying the global LE
datasets for regional applications, especially for the areas
with sparse in situ measurements such as TP. The high spa-
tial and temporal resolution HOLAPS demonstrator dataset
provides a potential LE product for hydrological applica-
tions over TP. However, the current HOLAPS demonstrator
dataset does not consider the ET over snow-covered areas.
The parameterisation scheme of ET over snow-covered ar-
eas will be added in the HOLAPS framework to generate the
next version of the HOLAPS dataset.

5 Conclusions

This study provides a first comprehensive inter-comparison
of existing LE products over the TP for the period 2001–
2005. The results of the study can be summarised as follows:

1. The existing global LE products show substantial dif-
ferences in spatial and temporal patterns over the TP,
although all these products have been found to agree
well with FLUXNET measurements in different climate
conditions.

2. The LandFlux-EVAL benchmark product as well as the
HOLAPS LE show very similar spatial patterns, both
with LE increasing from north-west to south-east. The
other LE products (SEBSSRB-PU, SEBSChen, PTSRB-PU
and PMSRB-PU) display different spatial patterns com-
pared to LandFlux-EVAL LE. The differences between
SEBSSRB-PU, SEBSChen and PTSRB-PU, and the discrep-
ancies between SEBSSRB-PU and SEBSChen indicate the
equal importance of model structure and forcing data.
Nevertheless, all products capture well the seasonal
variability with maximum LE in the summer and mini-
mum LE in the winter. The HOLAPS LE was found to
agree best with LandFlux-EVAL LE.

3. Further comparison against LandFlux-EVAL bench-
mark dataset over the whole TP and sub-regions that are
decided by different intervals of NDVI, precipitation,
and elevation reveals that climate and surface condi-
tions have impacts on the performances of SEBSSRB-PU,
SEBSChen, PTSRB-PU, and PMSRB-PU, which implying
that the systematic deviations between these datasets are
partly due to the impacts of different climate and surface
conditions. Note that the HOLAPS LE product is insen-
sitive to different climate and surface conditions over
the TP, compared to other LE datasets.

Overall, there are still large uncertainties in the current
global LE dataset over the TP. In order to accurately estimate
LE over the TP, model calibration ad development of high
accuracy forcing dataset are still needed. There is therefore a
strong need for appropriate in situ flux measurements as well
as other hydrological data such as, e.g. runoff measurements.
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6 Data availability

This study uses the LandFlux-EVAL merged bench-
mark synthesis products of ETH Zurich produced un-
der the aegis of the GEWEX and ILEAPS projects
(http://www.iac.ethz.ch/group/land-climate-dynamics/
research/landflux-eval.html). The SEBSSRB-PU, PTSRB-PU,
and PMSRB-PU LE products were obtained from the Prince-
ton University Terrestrial Hydrology Research Group
(http://hydrology.princeton.edu/data.php). The HOLAPS,
MODIS NDVI and snow cover, GPCP precipitation, and
GMTED2010 elevation data are obtained from the Inte-
grated Climate Data Center (ICDC, http://icdc.zmaw.de).
The SEBSChen data are available on request via email
(x.chen@utwente.nl).
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