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Estimation of Evapotranspiration Using a
Nonparametric Approach Under All Sky:
Accuracy Evaluation and Error Analysis

Xin Pan, Yuanbo Liu, Guojing Gan, Xingwang Fan, and Yingbao Yang

Abstract—Accurate estimation of regional evapotranspiration
(ET) or latent heat flux (latent energy, LE) remains a challenge.
On the basis of a nonparametric approach, this study proposed an
all-sky algorithm based on moderate-resolution imaging spectrora-
diometer (MODIS) products and datasets of China Meteorological
Administration Land Data Assimilation System (CLDAS). Eddy
covariance observations from three nonvegetated sites (desert,
Gobi, and village) and three vegetated sites (orchard, vegetable,
and wetland) over an arid/semiarid region were used as references
to validate the new algorithm. Results showed that the spatial and
temporal patterns of LE coincided with desert—oasis ecosystems.
Comparison of the retrieved and reference values yielded the fol-
lowing results: R*> = 0.19-0.63, bias = —129-56 W/m?, relative
error (RE) = 5%-29%, and root-mean-square error (RMSE) =
95-150 W/m?. Remote-sensing-retrieved LE (RSLE) exhibited rel-
atively good accuracy and poor agreement with ground obser-
vations at the nonvegetated sites (RE: 5%—23%, R?: 0.19-0.40),
whereas contradicting scenario occurred at the vegetated sites (RE:
24%-29%, R?: 0.46—0.63). In the arid nonvegetated region, the ET
error might have been caused by net radiation, soil heat flux, land
surface temperature, and air temperature. In the vegetated region,
the errors of MODIS and CLDAS products were not the dominant
error sources of RSLE. The validation supported the applicability
of the proposed algorithm in the arid/semiarid region.

Index Terms—All sky, eddy covariance (EC), evapotranspiration
(ET), nonparametric (NP) approach, remote sensing retrieval.

NOMENCLATURE
The table of all acronyms is listed as follow:

ERLE Energy balance corrected LE
G, Soil heat flux
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H, Sensible heat flux

LE Latent heat flux (Evapotranspiration)
MODLE Retrieved LE in clear-sky approach
NDVI Normalized difference vegetation index
P Near-surface pressure

q Relative humidity

R4 Downwelling longwave radiation

Ry, Upwelling longwave radiation

R, Net radiation

Ry Downwelling shortwave radiation

RSLE Retrieved LE in all-sky approach

T, Near-surface air temperature

T. Cloud temperature

T Land surface temperature

@ Albedo

A Slope of the saturated vapor pressure at 7,
ec Cloud emissivity

€s Land surface emissivity

I. INTRODUCTION

VAPOTRANSPIRATION (ET) is the sum of evaporation
from soil surfaces and transpirations from plant tissues.
ET controls the water/energy transport in the biosphere, atmo-
sphere, and hydrosphere, and it is vital in evaluating regional
water resources, especially in arid regions [1]. Latent energy
(LE), a vital component of the surface energy balance, is con-
sumed during ET. Accurate estimation of the ET flux is critical,
especially at large spatiotemporal scales. Ground-based mea-
suring devices can observe ET with satisfactory accuracy. Such
devices include lysimeters, eddy covariance (EC) systems, and
Bowen ratio systems [2]-[4]. Nevertheless, point-scale mea-
surements cannot always accurately represent trends over large
areas, and densely distributed sites are not feasible [5]. Alter-
natively, remote sensing provides a viable method for moni-
toring ET. Penman [6] first studied ET, and since then, many
methods and algorithms that combine remote-sensing obser-
vations with ancillary surface and atmosphere data have been
proposed for ET estimation; these methods include the triangle
approach, surface energy balance system (SEBS), MOD16 algo-
rithm, three-temperature model, and two-source energy balance
(TSEB) model [7]-[15].
These methods have been successfully applied for regional
and global ET estimations. For example, Knipper et al. [7]
used moderate-resolution imaging spectroradiometer (MODIS)

1939-1404 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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products and the triangle approach to retrieve LE in a semiarid
region covered with evergreen forest and shrubs, with a relative
error (RE) of 24%-32%. Su et al. [8] used MODIS data and the
SEBS model to assess LE in wheat, corn, and rainforest areas,
with an RE of 25%. Ma et al. [9] also retrieved LE that was based
on the revised SEBS model and advanced spaceborne thermal
emission and reflection radiometer (ASTER) images and ob-
tained an overall RE of 15% in cropland, residential, orchard,
Gobi, sandy desert, desert steppe, and wetland areas. Mu et al.
[10] used MODIS products, meteorological auxiliary data, and
MOD16 algorithm to produce MOD16 products and reported
an RE of 24% for daily ET. Xiong and Qiu [11] estimated
LE in grasslands and hills through the three-temperature ap-
proach and Landsat Thematic Mapper data. Their study yielded
an RE of 5%—-100% during the satellite overpass time. Song
et al. [12] improved the TSEB and validated its reliability in the
Heihe Basin. Similarly, Dhungel ef al. [13] presented physical
based two source surface energy balance model (TSEB) using
NARR (North American Reanalysis Data) and Landsat data in
3-h temporal resolution to capture role of the irrigation and pre-
cipitation between the satellite overpass, which can be critical
in agricultural dominant areas. Although these methods have
presented relatively high accuracies, their accuracies cannot be
significantly improved easily due to the daunting validations of
resistance parameterization or empirical coefficient. The com-
plexity and nonuniqueness of resistance parameterization also
limits these methods [10], [16].

Nonparametric (NP) ET approach offers a simple and an-
alytical method for LE estimation [17]. Relative to other ap-
proaches to LE estimation, a few inputs of NP approach, in-
cluding the net radiation (R,,), surface air temperature, land
surface temperature, and soil heat flux (G), exist and are mea-
surable. Furthermore, the NP approach does not require resis-
tance parameterization or empirical coefficient, and thus, ex-
hibits considerable potential in LE estimation. The LE estimated
through NP approach and based on ground meteorological data
has been validated at the point scale at 24 sites and yielded a
satisfactory accuracy and a bias of 10.3 & 20.2 W/m? [17]. In-
stantaneous LE has been retrieved under clear sky on the basis
of MODIS products and the NP approach; the obtained RE in a
semiarid region is 9%—48% [18]. However, cloudy or overcast
days also occur during a long period. The phenomenon under
a clear sky differs significantly from that under a cloudy sky.
Thus, this study estimated and evaluated instantaneous LE un-
der all sky through a new algorithm based on the NP approach to
estimate LE at long time scales. The remainder of this paper is
organized as follows: Section II introduces the algorithm. Sec-
tion III presents the selected sites and required data. Section IV
reveals and validates the results and analyzes the error sources,
and Section V concludes this study.

II. METHODOLOGY
A. Methods of R,, and G Retrieval

R,, can be expressed in terms of its components as follows:

Rn = (1 - Ot) de + Rld - Rlu (1)
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where R, is the downwelling shortwave radiation, Ry, is the
downwelling longwave radiation, Ry, is the upwelling longwave
radiation, and « is the surface albedo. R,; can be directly ob-
tained from the China Meteorological Administration Land Data
Assimilation System (CLDAS) datasets. Albedo can be obtained
from the following equation [19]: o = 0.160cv; + 0.291ay +
0.243a3 + 0.1164 + 0.112c5 4+ 0.081cv7, where o, as, ag,
oy, a5, and a7 are the nadir bidirectional Reflectance Distribu-
tion Function (BRDF)-adjusted albedos in bands 1, 2, 3, 4, 5,
and 7 of MODIS, respectively.

Stefan—Boltzmann equation was used to determine the up-
ward longwave radiation as follows [20], [21]:

Ry, = 0e, T} ()

where o is the Stefan—Boltzmann constant (5.67 x 1078
W/m?-K*), T, is the land surface temperature, and ¢, is the
surface emissivity. When the sky is clear, the surface tem-
perature can be obtained from MYD11. However, when the
sky is cloudy, the surface temperature can be obtained from
MYDO06 [22], [23]. In addition, under clear sky, €; can be
expressed as follows: e, = 0.273 + 1.778¢31 — 1.807e31€39 —
1.037e39 + 1.7745%2, where €31 and €35 denote the emissivity
in bands 31 and 32 of MODIS, respectively [19]. The surface
emissivity under cloudy sky was obtained from the surface emis-
sivity under clear sky closest to the retrieval moment.

The downward longwave radiation was calculated using the
following relationship [24]:

Ry = 06(112l + (1 - ga)(jgch (3)

where T}, is the air temperature obtained from CLDAS, ¢,, is the
atmospheric emissivity, 7. is the cloud temperature obtained
from MYDO06, and e, is the cloud emissivity obtained from
MYDO06. The atmospheric emissivity can be estimated using
the following equation [25]:

B 46.5¢, 46.5¢9\'/*
5a—[1—(1+ T, )exp{—<1.2+3- T, )

“)
where ¢ is the near-surface water vapor pressure, which can be
expressed as follows: e = p/[1 + 0.628/(¢ — 1)], where p is
the near-surface pressure, and g is the relative humidity. p, g,
and 7, are all derived from CLDAS.

G is parameterized using the normalized difference vegeta-
tion index (NDVI) and R,, [26].

G, = 0.583 exp (—2.13NDVI) R, . (5)

B. LE Estimation Using the NP Approach

R, is transformed into G, LE, and sensible heat flux (Hj).
Assuming that a homogeneous terrestrial ground surface layer is
amacrostate system, R, is the potential energy, and G, H,, and
LE are the kinetic energy. Therefore, the total energy (potential
energy + kinetic energy) of this system is Hamiltonian, and
the NP approach can be used to calculate the partial differential
equations of the Hamiltonian system based on the land surface
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Fig. 1. Site distribution and site surfaces.

temperature. LE is given as follows [17]:

A
LEp, = ——
T ATy

T
(R, — Gy) —e,0 (T} —T)) + Gy In <T>
a
(6)
where ~ is the psychometric constant, and A is the slope of the
saturated vapor pressure at temperature 7,. A can be estimated
as follows [27], [28]:

4098 - [0.6108 - exp { T2 T 270100 1]

A= .
(T, — 35.85)

@)

C. Correction Approaches for EC Measurements

Although EC techniques can measure LE and H with satis-
factory accuracy, surface energy imbalance often occurs with a
closure of the energy balance of approximately 80% [29]. One
of the correction methods can be obtained from the energy bal-
ance [30]. On a large-scale homogeneous surface, the corrected
LE (ERLE) can be expressed as follows:

ERLE = R,, — G5s — Hgc (8)

where Hy ¢ is the H; measured by EC. The ERLE is a reference
that validates LE retrieval. Regardless of the influences of ice
melt, biomass storage, and advection, this equation is reliable
in nonforested regions [31].

D. Quantification of Error Sources for LE Retrieval

The error associated with LE retrieval includes errors in input
data and the NP approach. To clarify and quantify the error
sources, the error contributions of retrieval errors with respect
to each error source should be calculated using error source
analysis [18].

The remote sensing-retrieved LE (RSLE) errors were de-
rived from the discrepancies between RSLE and ERLE. The
error contribution of each input parameter was calculated based
on the parameter derived from MODIS/CLDAS and all actual
parameters measured by automatic weather stations (AWSs).
Moreover, the error associated with the NP approach was es-

100°25'E
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100°35'E

N\

100°30'E
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timated according to the discrepancies between ERLE and LE
calculations using the NP approach and all actual parameters.

E. Metrics for Accuracy Assessment

In this study, the coefficient of determination (R?) of the
linear fit between RSLE and ERLE was used to evaluate the
agreement and can be described as follows [32]:

RN A CET)

Dy (80— 5)2
where s; is a retrieved value; o; is a reference value; o is the
average of o;, where 7 = 1, ..., n; and n is the number of val-
ues being compared. R? is near 1.0, and the agreement between
estimations and references is good.

Bias, RE, and root mean square error (RMSE) were intro-
duced to evaluate the discrepancies in RSLE and ERLE, and
they can be described as follows [33].

€))

Bias — 22i=t (5% ~0i) (10)
n
|Bias|
RE = ——— % 100% (11
%Zi,:l %
(12)

These three metrics represent different properties of RSLE
errors. In detail, bias quantifies the average absolute difference
between RSLE and ERLE. RE is the absolute value of the bias
divided by the average of ERLE. RMSE reveals a combination
of the standard deviation and bias.

III. STUDY AREA AND DATA DESCRIPTION
A. Study Area and Ground Sites

The study area is located at the Heihe Basin, which is the sec-
ond largest inland river basin in the northwestern arid/semiarid
region of China. This basin possesses a continental climate with
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TABLE I
DESCRIPTIVE INFORMATION FOR EC SITES
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TABLE II
DATASETS USED IN THE ANALYSIS

Type Site Latitude (°) Longitude (°) Elevation (m) EC Height (m)
Vegetated Wetland 38.975 100.446 1460 52
Vegetable 38.893 100.358 1552 3.8
Orchard 38.845 100.370 1559 7.0
Non-vegetated ~ Village 38.878 100.358 1561 4.2
Gobi 38915 100.304 1562 4.6
Desert 38.789 100.493 1594 4.6

an annual mean air temperature of 7.4 °C, a multiyear mean of
annual precipitation of 115.6 mm, and an average annual evap-
oration of 2107.1 mm. In our study, six sites were selected in
the middle reaches of the Heihe Basin (97°24" E-102°10" E,
37°41'-42°42' N) [34] (see Fig. 1). They belonged to the Heihe
Watershed Allied Telemetry Experimental Research (HiWA-
TER) project, which is a comprehensive experiment involving
biological, meteorological, and hydrological studies in the typi-
cal arid/semiarid region [35], [36]. At all selected sites, LE and
H, were measured by EC systems, and the near-surface me-
teorological parameters were measured using AWSs. R, and
G were measured by pyrgeometers/pyranometers and heat
flux plates, respectively. For representativeness, the selected
sites were mainly located on different surfaces, including moist
vegetated areas (vegetable, orchard, and wetland areas) and
arid, nonvegetated areas (village, desert, and Gobi areas). For
convenience, the site names were replaced with the types of
underlying surfaces. Table I shows the longitude, latitude, ele-
vation, EC height, and land cover of each site.

All instruments were inter-compared in the Gobi between
May 14 and 24, 2012 [37]. The intercompared instruments,
which exhibited good agreement, ensured the reliability of data.

B. Data Description

The data used for ET retrieval were obtained from MODIS
and CLDAS products. MODIS products were provided by
the Level 1 and Atmosphere Archive and Distribution System
(LAADS) of the National Aeronautics and Space Administra-
tion (NASA) in the standard hierarchical data format [38]. In our
study, MYD06, MYD11, MYD13, and MCD43 were selected
to obtain the retrieved LE (RSLE). The instantaneous values of
cloud temperature, cloud emissivity, and 7 (under cloudy sky)
were obtained from MYDO06, and the instantaneous values of T,
and & under clear sky were obtained from MYDI11 [39]-[41].
MYDI13 provided 16-day NDVI, and MCD43 provided 8-day
nadir BRDF-adjusted albedo, including the albedo in bands 1-7
of MODIS [42]-[44]. CLDAS is a land surface data assimilation
product provided by the National Meteorological Information
Center of China [45], [46]. In our study, CLDAS provided the
air temperature, pressure, relative humidity, and surface down-
welling shortwave radiation.

ASTER radiometer possesses five thermal infrared (TIR)
bands that provide TIR spectral emissivity variations at a
90-m spatial resolution [47]. The €5 product is produced by
the temperature and emissivity separation algorithm [48]. In

Dataset Parameters Temporal—Spatial Data Type Data Purpose
Resolution
EC LE/H, 30 min, Hundreds of ~ Meteorology  Validation

meters

AWS P/Rig/Rin/Ta/ 10 min, Several meters Meteorology  Validation
R, /G to hundreds of meters
ASTER €s 10-20 days, 90 m  Remote Sensing Validation
CLDAS PI'T, Iq/Rsq Hourly, 1/16° Remote Sensing Retrieval
MYDO06 T./e./Ts Instantaneous, 1 km Remote Sensing Retrieval
MCD43 @ 8 days, 1 km Remote Sensing Retrieval
MYDI11 T, /e Instantaneous, I km Remote Sensing Retrieval
MYDI13 NDVI 16 days, 1 km Remote Sensing Retrieval

our study, the ASTER product was provided by the Cold and
Arid Regions Science Data Center at Lanzhou [49], [50]. €4 can
be represented by the ASTER narrowband emissivities using
the following linear equation [51]:

s = 0.197 + 0.025e19 4+ 0.057¢11 + 0.237€12 + 0.333¢13

where 1) — €14 are the five ASTER narrowband emissivities,
which were regarded as the real values of ¢, because of their
high accuracies and spatial resolutions. On the basis of a sta-
ble surface emissivity over a period of time, the actual surface
broadband emissivity can be represented by the ASTER nar-
rowband emissivities.

For these products, the pixels located at the sites were used
to retrieve and validate LE. All selected images were acquired
between 13:00 and 15:00 (local time) from June 25, 2012 to
September 15, 2012. The temporal and spatial resolutions of
these products are listed in Table II.

Accordingly, the EC and AWS data spanned from June 25,
2012 to September 15, 2012. All AWS and EC data were also
provided by the Cold and Arid Regions Science Data Center
at Lanzhou [37], [52], [53]. They were used for validation and
error source analysis of RSLE. During this period, the average
energy balance closure ratio of these data was 0.92 [54]. ERLE,
which provides the reference for RSLE, was obtained from the
H, measured by EC and from R,, and G; measured by AWS to
close the energy balance (7).

For the flux data, the raw 10-Hz EC data were corrected for
spike detection, lag correction of H5O relative to the vertical
wind component, sonic virtual temperature correction, coor-
dinating rotation, correction for density fluctuation, frequency
response correction, and so on. High-quality data were selected
to upscale to 30-min flux data. The parameters derived from
AWS with a temporal resolution of 10 min were averaged to ob-
tain mean in 30 min, and thereby, match the temporal resolution
of EC [55].

The calculation of LE and H; through the NP approach re-
quires actual observations of P, T, T,, R,,, and GG,. Excluding
Ty, other parameters were measured directly by AWS. The ac-
tual T, was estimated from the upwelling and downwelling
longwave radiations measured by AWS through the following



2532

IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 10, NO. 6, JUNE 2017

:: WMM“WWMUMWM% w‘ ::: '%«NMWWWW NN MWMWM%NWNW
= IR MNMWWMWMWwWwwmmewWM
R = i a6 gy £ MM WWWMMMWNMM

3

g

Lt
wuwM@_&NmmmJJHM‘MMN&MMMWNMM

270
330

3

g

270

290

MM!WMMMWMMMWWWM
wmwwawmmewwmwm

250

270

i BRAARA) - | oveon s Ww

Fig. 2.
instantaneous remote sensing values at the satellite overpass time (13:30, UTC).

equation [49]:

Ry, — (1 —€5) - Rig L4

€+ O

T, =

14

where €, was estimated by the ASTER narrowband emissivities
through (10).

The AWS and EC data collected during the satellite overpass
time were selected to validate the retrievals.

IV. RESULTS
A. Instantaneous Retrieval Results of R,,, G, and LE

During the retrieval period, the £; and pressure values were
higher at vegetated sites (0.978-0.981 and 84-89 kPa, respec-
tively) than those at nonvegetated sites (0.932—-0.975 and 83-84
kPa, respectively). Conversely, T ranged from 300 to 305 K
at the vegetated sites, while it ranged from 315 to 320 K at
the nonvegetated sites (see Fig. 2). The averages of T, were
similar at all sites, with values of approximately 299 K. The
T derived from MODIS products significantly (insignificantly)
agreed with the ground observations under clear (cloudy) sky,
especially at the vegetated sites. An agreement was also ob-
served between the 7, derived from CLDAS and the ground
observations. This finding provided the background for re-
mote sensing retrieval. According to these environmental pa-
rameters, the retrieved R,, was higher at the vegetated sites
(508-526 W/m?) than that at the nonvegetated sites (448—
494 W/m?). The high values of retrieved G (approximately
200 W/m?) were observed at the nonvegetated region because
of the low NDVI values. Therefore, the RSLE was higher at the

Temporal variations in T and T}, at six selected sites during 25 June—9 September in 2012, including the ground observations at half-hour scale and the

-~ Wetland
°

Orchard
0

Fig. 3. Distributions of the instantaneous values in the Zhangye Region at
05:55 (UTC) on August 20, 2012, including the retrieved R,,, G5, LE, and
MYDO06 T.

vegetated sites (314-330 W/m?) than at the nonvegetated sites
(150-305 W/m?).

The instantaneous retrievals of R,,, G, and LE with a spa-
tial resolution of 1 km are shown in Fig 3. The distribution
of T provided by MYDO06 is also shown. The distributions
matched those of an oasis—desert ecosystem, except for 7.
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instantaneous retrieved values at the satellite overpass time (13:30, UTC).

In the desert region, low R, values were observed because
of high albedo, and high Gy values were observed because
of bare surfaces. In oasis and wetland areas, considerable LE
was observed because of irrigation and inflow to some degree.
These results revealed the need of physical-based model, which
can capture the precipitation and irrigation through soil water
balance in irrigated agriculture areas, which is not incorpo-
rated in most of the remote sensing-based ET calculation mod-
els [13]. At 05:55 (UTC) on August 20, 2012, RSLE reached
200-250 W/m? in the oasis and decreased to 100—150 W/m? in
the desert.

Temporal variations in LE values at six selected sites during 25 June-9 September in 2012, including the ground observations at half-hour scale and the

B. Temporal Variation in Retrieved LE

Fig. 4 shows that ERLE and RSLE temporally varied during
25 June to 9 September in 2012. The RSLE plotted by the red
points was based on the instantaneous LE at the satellite overpass
time (13:30, UTC). The ERLE plotted by the black line was
based on continuous observations at half-hour scale. RSLE can
reveal the temporal variation in LE at all sites. Moreover, the
RSLE can display the peaks and valleys in temporal variations.
The discrepancies between LE under clear sky and LE under
cloudy sky can be clearly illustrated. At the vegetated sites, the
RSLE was 300-500 W/m? under clear sky, and it decreased to
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Fig. 5. Comparisons between corrected instantaneous LE (ERLE) and re-
mote sensing-retrieved instantaneous LE (RSLE) at six sites during 25 June-9
September in 2012.

less than 200 W/m? under cloudy sky. At the nonvegetated sites,
except for village site, the RSLE was 200-300 W/m? under
clear sky, and it decreased to less than 100 W/m? under cloudy
sky. The high RSLE of approximately 400 W/m? was possibly
related to the mixed landscape with a certain amount of trees in
the area. Therefore, the RSLE at village site revealed a similar
phenomenon relative to the RSLE at vegetated sites at times.
The RSLE was considerably underestimated under clear and
cloudy skies at vegetated sites, whereas a slight overestimation
appeared at nonvegetated sites.

C. Accuracy Assessment of Retrieved LE

Fig. 5 shows the relationship between ERLE and RSLE ac-
cording to ERLE. In general, the RSLE was relatively accurate,
with bias, RMSE, RE, slope, and R? values of —59 W/m?,
133 W/m2, 18%, 0.56, and 0.48, respectively (see Table III).
The accuracy was similar to that of other remote sensing
algorithms for LE retrieval [56].

At the site scale, the RSLE was generally underestimated,
with R? values of 0.19-0.63, bias values of —129-56 W/m?2, RE
values of 5%—29%, and RMSE values of 95-150 W/m?. RSLE
had high accuracies at nonvegetated sites (village, Gobi, and
desert), but a poor agreement was determined between RSLE
and ERLE at these three sites (village, Gobi, and desert). The
RE (R?) values of RSLE ranged from 5% to 23% (0.19-0.40).
Conversely, low accuracy and high agreement were observed at
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TABLE III
ERRORS OF INSTANTANEOUS RSLE AT S1X SITES AND IN THE OVERALL
SITUATION (ALL OBSERVATIONS AT ALL SITES) DURING
25 JUNE-9 SEPTEMBER IN 2012

Statistics Bias RMSE RE R’

Units W/m?>  W/m? % -

Wetland —114 141 26 0.6
Vegetable —129 148 29 0.63
Orchard —103 150 24 0.46
Village 57 123 23 0.4
Gobi -8 109 5 0.19
Desert —43 95 21 0.21
Overall -59 133 18 0.48

vegetated sites (wetland, vegetable, and orchard), with RE and
R? values of 24%—29% and 0.46-0.63, respectively. Therefore,
the RSLE exhibited lower systemic error and higher random
error at the nonvegetated sites than those at the vegetated sites.

D. Error Sources and Their Contributions to Retrieved LE

The input error of each parameter was first determined to re-
veal the contributions of the input errors (see Fig. 6). R,, was
retrieved with low accuracy at the orchard and three nonvege-
tated sites (bias values of more than 55 W/m?). The retrieved
(G, exhibited low accuracies at the Gobi and desert sites, with
bias values of approximately 170 W/m?. A large difference
(approximately —7 kPa) in surface pressure was observed be-
tween wetland and vegetable sites. At most sites, the biases of
T, were less than 1 K. The biases of T were 2—6 K at the veg-
etated sites and ranged from —11 to —5 K at the nonvegetated
sites. The ¢, difference between MODIS and ASTER products
was less than 0.01 at all sites, except those at the desert site
(0.034).

The error contributions can be determined according to the
input errors. Fig. 7 shows the error contributions of each fac-
tor (shown by the lines) and the RSLE errors (shown by the
columns) at six sites. At the vegetated sites, the RSLE was un-
derestimated systematically, and the average bias ranged from
—175 to —94 W/m?. Thus, the RSLE exhibited relatively satis-
factory accuracy and large random error (with average biases of
—69-69 W/m?). Error source analysis indicated that the major
error sources (inducing an RSLE error of more than 40 W/m?)
were R,, Gy, T, and T, at the nonvegetated sites, with error
contributions of 53-75, — 1104, 21-47, and —49-3 W/m?, re-
spectively. At the vegetated sites, the input errors were not the
dominant error sources of RSLE. The main error source was
the error inherent in the NP approach, and the error contribution
of the RSLE ranged from —111 to —42 W/m?. Large G error
contributions (causing approximately —100 W/m? of the RSLE
error) were observed at the Gobi and desert sites. More than
50 W/m? of the RSLE error caused by the R,, error occurred at
the three nonvegetated sites. The influences of T}, and T errors
on the LE error were below 40 W/m? at most sites, except for
Ty at the village site, T, and 7T at the desert site, and 7}, at the
orchard site. The error contribution of £, accounted for a small
proportion of the RSLE error (less than 10 W/m? of the LE er-
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TABLE IV
ERRORS OF THE RETRIEVED INSTANTANEOUS NET RADIATION
(R, _RE) AT SiX SITES DURING 25 JUNE-9 SEPTEMBER IN 2012

Statistics Bias RE RMSE R?

Unit W/m? % W/m? -

Wetland -9 2 127 0.74
Vegetable -39 7 99 0.74
Orchard —88 15 158 0.62
Village 58 13 108 0.68
Gobi 64 16 105 0.68
Desert 57 14 111 0.64

ror). Similarly, the pressure input errors minimally affected the
RSLE error (generally less than 1 W/m?).

The scatter diagram is shown in Fig. 8 to further understand
the discrepancy of error source about R,. R, was underes-
timated (overestimated) at the vegetated (nonvegetated) sites.
Table IV indicates that a large accurate R, estimation at the
vegetated sites, which was accompanied with less RE (2%-—
15%) and high R? (0.62-0.74). By contrast, R, was estimated
unsatisfactorily at the non-vegetated sites with RE (R?) val-
ues of 13%—16% (0.64-0.68). The different error contributions
of R, to RSLE were related to the difference in R,, retrieval
accuracy between vegetated and nonvegetated sites. Less
(larger) R,, error resulted in less (larger) error contribution of
R,, at the vegetated (nonvegetated) sites.

At all sites, R, was retrieved with relatively poor accuracy
when its value was low. This result was probably related to the
influence of clouds, which should affect RSLE under cloudy
sky.

E. Comparison of All-Sky Algorithm and Previous Clear-Sky
Algorithm

The RSLE under all-sky algorithm constituted the RSLE un-
der clear and cloudy skies. In previous research, a satellite re-
trieval algorithm of clear-sky LE based on NP approach and
MODIS products was developed and had significant differences
in accuracies at various sites [18]. In this part, under clear sky,
RSLE was compared with the LE retrieved by the previous
clear-sky MODIS algorithm (MODLE) inFig. 9.

RSLE was evidently more accurate than MODLE at the non-
vegetated and orchard sites. In particular, at the Gobi and desert
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Fig. 9. Comparison among instantaneous LEs observed on the ground

(ERLE), LEs retrieved by all-sky algorithm (RSLE), and LEs retrieved by
clear-sky algorithm (MODLE) under clear sky during 25 June-9 September in
2012.

sites, the RE of LE decreased from 35%—-44% to 10%—13%
(see Table V). This decrease indicated that the accuracy of the
all-sky algorithm significantly improved relative to the clear-
sky algorithm. At the orchard and village sites, compared with
MODLE, RSLE also presented a more satisfactory accuracy
with a slight RE decrease from 40%-49% to 33%-39% and a
remarkable R? increase from 0.09-0.29 to 0.56-0.64. Similar
accuracy of the retrieved LE was obtained through the clear-sky
and all-sky algorithms. The RE and R? values were 10%—14%
and 0.43-0.73, respectively, for MODLE and 20%-23% and
0.53-0.56, respectively, for RSLE.

The all-sky algorithm in this study generally represented
more reliable LE estimation at the three nonvegetated sites
and orchard site than the previous clear-sky algorithm, but both
algorithms behaved similarly at two other vegetated sites. There-
fore, the all-sky algorithm was better than the clear-sky algo-
rithm, especially at the nonvegetated sites, where poor MODLE
was obtained.

V. DISCUSSION

LE at a daily or longer temporal scale is urgently required
in hydrology, ecology, and agriculture [57], [58]. All-sky LE
should be retrieved to obtain continuous daily LE. Only clear-
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TABLE V
ERRORS AND BIAS OF INSTANTANEOUS LE RETRIEVED BY ALL-SKY
ALGORITHM (RSLE) AND CLEAR-SKY ALGORITHM (MODLE) UNDER CLEAR
SKY AT Six SITES DURING 25 JUNE TO 9 SEPTEMBER IN 2012

Types Statistics Bias RE RMSE R?
Unit wm?> % W/m? -

Wetland —96 20 108 0.53

Vegetable —111 23 123 0.56

RSLE Orchard —190 33 199 0.64

Village 112 39 122 0.56

Gobi 18 10 106 0.12

Desert —28 13 86 0.10

Wetland —69 14 79 0.73

Vegetable —50 10 81 0.43

MODLE Orchard —226 40 245 0.09

Village 141 49 158 0.29

Gobi 61 35 116 0.21

Desert -93 44 120 0.26

sky LE exhibits difficulty in acquiring the continuous time series
of ideal daily LE even after the temporal reconstruction [59].
LE can be estimated every day by using the all-sky algorithm.
Accordingly, daily LE can be obtained by instantaneous LE
estimation and temporal upscaling approach [22]. The all-sky
algorithm of LE estimation in this study, thus, exhibits a wider
scope of application than the previous clear-sky algorithm [18].

This study mainly aims to develop an accurate approach based
on the NP approach for LE estimation without ancillary ground
observations/experiments. In this regard, under clear sky, the LE
estimation of the all-sky algorithm is more effective than that
of the previous clear-sky algorithm. In contrast to the clear-sky
algorithm, the all-sky algorithm can easily improve LE estima-
tion at the nonvegetated sites, and maintain the similar accuracy
at the vegetated sites. Nonvegetated areas dominate the semi-
arid or arid regions and oasis only accounts for certain areas.
Therefore, the all-sky algorithm is beneficial to the regional
LE estimation in the semiarid/arid region. Considering that the
all-sky algorithm can also provide cloudy-sky LE and presents
more satisfactory accuracy, this algorithm is a significant im-
provement relative to previous LE estimation.

Although the all-sky algorithm is efficient, it also has a few
shortcomings. In the algorithm, 7 is provided by MYDI11
(MYDO06) under clear (cloudy) sky. T’ data provided by MYDO06
products are derived from the interpolation of the National Cen-
ters for Environmental Prediction (NCEP) reanalysis data with
coarse spatial resolution. Accordingly, the quality of MYDO06
T is possibly unsatisfactory in rainy/cloudy days. The accu-
racy of Ty dominates the accuracy of upwelling longwave ra-
diation, which is the important factor in the estimation of R,
and LE. The qualities of other meteorological factors (7}, near-
surface pressure and the relative humidity) are guaranteed by
the ground observations of China Meteorological Administra-
tion sites, which are also the input data of CLDAS. Therefore, T
validation is important to the estimation of 12, and LE. The LE
is always retrieved in relatively low accuracy in the rainy/cloudy
days. In addition, considering that A is computed based on the
simplified equation (7) without a linear relationship between the
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saturation curve between 7 and 7;, [16], one of the sources of Beijing Normal University for their kind assistance in providing

RSLE error can be ascribed to approximate expression of A.

The all-sky algorithm can facilitate further research about
temporal upscaling and reconstruction approaches, and daily
LE can be obtained by serial instantaneous estimation. The im-
ages of geostationary satellites (e.g., Geostationary Operational
Environmental Satellite and Fengyun Meteorological Satellite)
can offer high-frequency information on the surface and atmo-
sphere per dozens of minutes [60], [61]. Further available and
reliable LE estimations can be retrieved by using the all-sky
algorithm and these datasets.

VI. CONCLUSION

On the basis of the NP approach, a clear-sky algorithm of
LE using MODIS products was first developed in previous
research. To obtain all-sky information, we developed a sim-
ple and direct algorithm to estimate LE under all skies using
MODIS and CLDAS products, without the need for ground-
based meteorological data in this study. The retrieval results
were analyzed and validated at six selected sites (vegetated sites:
wetland, vegetable, orchard; nonvegetated sites: village, Gobi,
desert) within a typical arid/semiarid region (Heihe Basin). The
temporal—spatial distribution of RSLE was reliable. At the re-
trieval moment, RSLE was relatively satisfactory, with bias, R?,
RE, and RMSE values of —59 W/m?2, 0.48, 18%, and 133 W/m?2,
respectively. At the site scale, the RSLE was also relatively
accurate at all sites, with an R% of 0.19-0.63, a bias of
—129-57 W/m?, a RE of 5%-29%, and a RMSE of 95-150
W/m?2. At the nonvegetated sites, the RSLE exhibited rela-
tively good accuracy and poor agreement between the RSLE
and ERLE (RE = 5%-23%, R* = 0.19-0.40). However, the
opposite trend was observed at the vegetated sites (RE = 24%-—
29%, R* = 0.46-0.63). During sunny days, compared with the
retrieved LE of the clear-sky algorithm, our all-sky algorithm
revealed a more reliable performance at the nonvegetated sites
and orchard site, and it also exhibited similar accuracy at the
wetland and vegetable sites. For the error source of the retrieved
LE, in arid nonvegetated regions, the dominant error contrib-
utors (causing 40 W/m? of the RSLE error) were R,,, G5, T,
and T, . In the vegetated regions, the input errors were not the
dominant error sources of RSLE. Future research should aim
to improve the accuracy of LE estimation. In vegetated regions,
the systemic underestimation of the NP approach should be ad-
dressed. In nonvegetated regions, the quality of MODIS prod-
ucts is expected to improve. Therefore, in the development of the
all-sky algorithm, input data and temporal upscaling approach
of instantaneous retrieval should be optimized.
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