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Abstract: The Yanqi basin is the main irrigated and active agroecosystem in semi-arid Xinjiang,
northwestern China, which further seeks responses to the profound local water-related drawbacks
in relation to the unceasing landscape desiccation and scant precipitation. Yet, it comes as an
astonishment that a few reported near-surface items and water vapor fluxes as so far required for
water resources decision support, particularly in a scarce observation data region. As a contributive
effort, here we adjusted the sensible heat flux (H) calibration mechanism of Surface Energy Balance
Algorithm for Land (SEBAL) to high-resolution satellite dataset coupled with in-situ observation,
through a wise guided “anchor” pixel assortment from surface reflectance-α, Leaf area index-LAI,
vegetation index-NDVI, and surface temperature (Pcold, Phot) to model the robustness of energy fluxes
and Evapotranspiration-ETa over the basin. Results reasonably reflected ETa which returned low
RMSE (0.6 mm d−1), MAE (0.48 mm d−1) compared to in-situ recordings, indicating the competence
of SEBAL to predict vapor fluxes in this region. The adjustment unveiled the estimates of the land-
use contribution to evapotranspiration with an average ranging from 3 to 4.69 mm d−1, reaching a
maximum of 5.5 mm d−1. Furthermore, findings showed a high striking energy dissipation (LE/Rn)
across grasslands and wetlands. The vegetated surfaces with a great evaporative fraction were
associated with the highest LE/Rn (70–90%), and water bodies varying between 20% and 60%, while
the desert ecosystem dissipated the least energy with a low evaporative fraction. Still, besides high
portrayed evaporation in water, grasslands and wetlands varied interchangeably in accounting for
the highest ETa followed by cropland. Finally, a substantial nexus between available energy (Rn-G)
and ETa informed the available energy, influenced by NDVI to be the primary driver of these oases’
transpiration. This study provides essentials of near-surface energy fluxes and the likelihood of ETa
with considerable baseline inferences for Yanqi that may be beneficial for long-term investigations
that will attend in agrometeorological services and sustainable management of water resources in
semi-arid regions.

Keywords: anchor pixels; available energy; energy dissipation; evapotranspiration; Landsat-8; SEBAL

1. Introduction

In northwest China, Xinjiang arid ecosystems, the amount of oasis water consumption
stands for 94% of the total consumption in agroecosystems with evapotranspiration (ET)
remaining the major channel through which water disappears into the atmosphere [1].
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Besides, anthropogenic reasons including rapid urbanization and climatic reasons such
as extreme temperature anomaly, and low precipitation are all rendering the acceleration
and intensification of the global hydrological cycle an undisputed fact [2,3]. On top of that,
the atmospheric thermal vapor fluxes-induced processes impact the dominant water-heat
budgets, especially in arid ecosystems [4,5]. The overall scenario is maintained by ET
dynamisms, a significant constituent in hydrological regimes, playing a key substantial
role in water budget and mass-energy nexus transfer [6,7]. In addition to food security
and oasis cropland development, ET is once again a crucial parameter in current scientific
investigations for studying both water-heat balance processes in terrestrial-atmospheric
interactions [8]. Along with the 60% of global land precipitation that vanishes into the
atmosphere due to evapotranspiration [9,10], scholars have further argued that several
hydrological deficits are mostly due to asynchronous modifications in ET [11].

Notwithstanding the constraints posed by landscape inhomogeneity, irregular and
sparse weather recordings in arid areas, the estimation of actual ETa for improving the
agro-ecological environment, water needs, and demands are still yet of high priority. Here
we demark the Yanqi basin within the large Bosten basin in arid Xinjiang, dominated
by agroecosystems, and reputed to receive scant precipitation. Serious ecological havocs
emanating from ecological farmland abandonment, anthropogenically induced oasis expan-
sions, and unceasing warming have in return caused the modifications in surface radiance
fluxes as a result of anomalous fluctuations in the surface reflectance [12,13]. Furthermore,
with extremely low precipitation and high temperatures, the study suits the Yanqi desert
agroecosystem where shifts in the surface temperature (Ts) contrariwise respond to the
advective forces of surface fluxes that are coordinated by the region’s high evaporative
fractions [14,15]. Nevertheless, underlining the air-surface thermal regimes in intensifying
ET effects during summertime, not so much is documented about the irrigated-oasis effects
on the surface energy budget and evaporative demand in our target area. Thus, in the
basis of understanding water consumption, environment trades-off, and water allocation,
it is sought imperative to account for Spatio-temporal land evaporative demand which is
believed to have realistic and long-term implications for establishing sustainable water
management strategies, ecosystem improvement, and agrometeorological purposes at large
in drylands [16,17].

In this concern, ETa measurements have mostly been the scientific interest of various
hydrologists [18,19]. Yet, due to heterogeneity and inadequate observations, representing
straightforwardly global or regional coverage evapotranspiration is considered a challeng-
ing task. Thus further, as an alternative approach, satellite and geospatial modeling-based
techniques hold great promises in accurately deriving the spatio-temporal ET distribution
through a set of robust computational algorithms [20,21]. For instance, several kinds of
Remote Sensing (RS) based Surface Energy Balance (SEB) models for ET estimation and
advancements have been developed and widely used across the globe. This includes the
Surface Energy Balance System (SEBS) [22], The Surface Energy Balance Index (SEBI) [23],
the Mapping Evapotranspiration at High Resolution with Internalized Calibration (MET-
RIC) [20], and the Surface Energy Balance Algorithm for Land (SEBAL) [24]. Hitherto,
combined with a minimum in-situ meteorological data and high-resolution datasets such
as (Landsat 30 m, 16 day revisit, ASTER 15 m, 16 day) datasets, with a sound base of
physics, SEBAL has succeeded in filling gaps in the standard generated biases of the afore-
mentioned models [24,25] through its efficient capabilities to overcome tedious practical
constraints in ‘anchor’ pixel selection for model calibration [26,27], as well as due to its
effective parameterization scheme in partitioning available land surface energies, from
which evaporative fractions required for obtaining ET are derived [28,29]. Last but not
least, SEBAL can further upscale the instantaneous evaporative fraction from daily up
to annual ETa during the satellite overpass time. SEBAL schemes and formulations are
extensively documented in [27,30].

In the study area emphasis, various researches have been conducted on the com-
plex Yanqi oases-deserts ecosystems. Nonetheless, the majority focused on hydroclimatic
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changes and Bosten water quality [31], water carrying capacity [13,32,33], and oasis vege-
tation responses to the groundwater change using the SWAT-MODFLOW model [34,35].
Although Wang, Zhang [36] studied the evapotranspiration measurements from space-
borne missions through Surface Energy Balance (SEB) model over the large Bosten Lake
basin using coarse resolution datasets, and despite being the main active agro-ecosystems
in the basin, there is still a lack of comprehensive ETa information on near-surface energy
items and evaporative depletion over it. Accordingly, documenting this information and
boosting our insight on the rapport among these near-surface energies fluxes via derived
ETa subjects is imperative to better address the consumptive water demands issue and the
betterment of water resources management in a semi-arid area.

So, bearing in mind the Yanqi heterogeneity and SEBAL uncertainties, previous studies
showed that errors in the model parameterization can be reduced through wise manual
or automated endmember pixel assortment based on expert judgment [37,38] while its
mentioned accuracy is operative for mapping ETa distribution for at least one growing
season [39,40]. Therefore, as contribution efforts, ETa was computed as a residue of SEB on
a pixel-by-pixel basis using high-resolution Landsat datasets integrated with available in-
situ meteorological data. As well, the study purpose seeks to explore the robustness of the
SEBAL algorithm to better address the nexus between near-surface energy flux essentials
over the Yanqi land-use types with high potential water supply systems. Then, SEBAL
accuracy was performed referenced back to ETa parameters automated from ground-based
observations. Mainly, from a time-space perspective, daily ETa behavior and feedbacks to
canopy density for the summer period in between satellite overpasses were investigated.
This study area is chosen since the Yanqi basin is one of the most agriculturally productive
ecosystems in the Xinjiang province that is irrigated by water diverted from rivers and
plays a key critical role in the socio-economic sector of Xinjiang, as rural to urban Xinjiang
people depend on it for survival.

2. Materials and Methods
2.1. Study Area

The Yanqi basin is a mountainous endorheic basin within the large Bosten Lake basin
(Figure 1), a fragile ecological temperate-arid environment in northwestern China (Lat
82.9◦ to 90.4◦ and Long 43.3◦ to 40.4◦), situated in Xinjiang province on the Northeastern
rim of the Tarim Basin, about 20 km (12 mi) East of Yanqi and 57 km (35 mi) Northeast of
Korla. It is known to be the main agro-ecosystem active area of the province and lies in
the Taklamakan Desert. The Yanqi basin receives an average of about 80 mm (3 inches)
of precipitation per year, rendering it one of the driest places in the world. The large
Bosten Lake basin is known to be the landscape of both the Kaidu and Kongque river basin
system along the Bosten lake, a huge regulating reservoir playing a key critical role in the
hydrological supply system, with an average annual temperature of 7.9 ◦C.

It serves as both the endpoint of Kaidu and the sources of the Kongque river with
a lengthy snowfall period from Mid-November to March. Yet, with high water amount
utilization due to surface water irrigation, the water resources in the basin exceed their
limit. As surface water demand relief in 2000, high-efficiency water-saving irrigation was
adopted, shifting from conventional irrigation. Further, the lake area shrank from 1.23 ×
105 ha to 0.91 × 105 ha while a decrement in the Bosten lake level was observed from its
high level of 1049.39 m in 2002 to 1045.06 in 2013, which is approximately its lowest control
water level of 1045 m.
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Figure 1. Location of Yanqi ecosystem in the large Bosten Lake Basin, China. The map is from Chinese Standard Map
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2.2. Data Mining
2.2.1. Landsat-8

To capture the landscape heterogeneity of ETa across the basin, the SEBAL algorithm
requires satellite-based products and available in-situ climatic data (Table 1). So, with
a revisit time of 16-days, clear sky Landsat-8 imageries (Sequential Day of Year, DOY
2019 June–August, summer season) were collected from United States Geological Survey
(USGS) with pixel size bands of (30 m for visible, infrared, and two thermal bands).
Formally, the Landsat 8 Data Continuity Mission, LDCM was launched on an Atlas-V
rocket from Vandenberg Air Force Base, California on 11 February 2013. The satellite
imagery datasets are available at (https://earthexplorer.usgs.gov/). The focus study area
falls on the 143rd path, 31st row, and is provided in Greenwich Mean Time (GMT). Further,
these were terrain-rectified, hence the radio-geometric accuracies and their exact local
time (UTM +6) of the area of interest were put into consideration in the model adjustment.
Still, our study area’s growing season evaluation was solely based on Landsat products
(16-day revisit), which was impossible since the chance of acquiring all no cloud-free
scenes was very low. However, in the SEBAL model adjustment, surface energy fluxes
and ET cannot be computed for land surfaces covered by cloud since even a thin layer
of cloud may considerably drop the thermal band readings and result in large errors
in the computation of sensible heat flux [24]. Thus, using the thermal band, our study
thoroughly checked for the presence of clouds and ensured they are masked out where
detected. To detect these clouds, we viewed the thermal band relying on a range of
colors to distinguish thermal values, therefore, clouds appear as uniquely colored areas

http://bzdt.ch.mnr.gov.cn/
https://earthexplorer.usgs.gov/
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across the image and are flagged. Landsat-8 visible (1–9) and thermal (10–11) bands were
once again advantageous in computing SEBAL input essentials, namely Land surface
Emissivity (LSE—ε), Normalized Difference Vegetation Index (NDVI), Leaf Area Index
(LAI), Soil-Adjusted Vegetation Index (SAVI), Land Surface Albedo (LSA—α), Land Surface
Temperature (LST—Ts), spectral radiance (Lλ; Wm−2 sr µm), and reflectivity (ρλ; Wm−2

sr µm) that are arithmetically explained in the methodology sections. Besides, the Digital
Elevation Model (DEM) retrieved from (https://earthexplorer.usgs.gov/) was used to
provide elevation information on a pixel basis. Finally, the consistent land cover datasets
retrieved from the yearly global land cover map (300 m) released by the European Space
Agency (ESA) through the Climate Change Initiative (CCI) (http://www.esa-landcover-
cci.org/) along with the Moderate Resolution Imaging Spectroradiometer (MODIS) Land
Cover Type (MCD12Q1) Version 6 data product (https://lpdaac.usgs.gov/) were employed
as a reference to apply the maximum likelihood classification algorithm on the acquired
Landsat 8 imageries, hence the land cover categories. Further details on input datasets are
presented in Table 1.

Table 1. Satellite products and ground-based observation datasets used in the study.

Datasets Acquisition Date Overpass Time
(GMT)

Local Time
(UTM+6:00) Footprint

Satellite
- Landsat 8 imageries (16 days

revisit time)

10 June 2019 04:56:31.2145410Z 10:56:31

Path-143
Row-031

12 July 2019 04:56:39.9086680Z 10:56:39
28 July 2019 04:56:45.1198030Z 10:56:45

13 August 2019 04:56:51.0675480Z 10:56:51
29 August 2019 04:56:55.0502779Z 10:56:55

Meteorological
(Yanqi station-YQ)

- 2 m wind speed data (m s−1)
- Instantaneous reference ET

(EToi, mm)
- Daily reference ET (ETo, mm)

- Temperature

June–August 2019 - -

- Latitude 42.06 ◦N
- Longitude 86.57 ◦E

- Altitude 1059 m

Land cover
- MODIS 0.5 degrees

(MCD12Q1)
- ESA LCC 300m

Start date: 1 January
2019

End date: 31 December
2019

- Annual operation -

Global multi-resolution
terrain elevation data 2010

(GMTED2010) (USGS)
- Digital elevation model 30

arc-seconds

2010 - - -

2.2.2. Reference ET Measurements and Meteorological Observations

Since the Yanqi station was not calibrated to measure different surface energy fluxes
such as Rn, G, and H, this study employed meteorological historical records domiciled
at Yanqi station (Latitude 42.08◦, Longitude 86.57◦) required in SEBAL model operation.
This included 2 m-wind speed data (m s−1), instantaneous reference ET (EToi, mm) from
YQ synchronous with the time of the Landsat overpass, and daily value of reference
evapotranspiration (ETo-mm) from the YQ station that applies the FAO-Penman–Monteith
method (PM) to derive ET reference records. The PM approach and its formulation schemes
were elaborated and extensively documented [41–43]. Furthermore, a single weather
station indeed seems little for such a vast basin. Still, in addition to SEBAL model input
requirements (weather station records within the agro-ecosystem), the study area only
demarks one active and available meteorological station (Yanqi station as depicted in
Figure 1). Nonetheless, the land use ETa and instantaneous NDVI ratio estimates were
extracted from within 450 m2 of the validation station fetch area. Therefore, the basin
area ET spatial distribution map was produced from the SEBAL modeled ETa. Recent

https://earthexplorer.usgs.gov/
http://www.esa-landcover-cci.org/
http://www.esa-landcover-cci.org/
https://lpdaac.usgs.gov/
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studies also considered somewhat larger than this footprint for calibrating, mapping, and
validating near-surface vapor fluxes [44,45]. Figure 2 presents the meteorological condition
during the study time satellite overpass in the study area.

Remote Sens. 2021, 13, x FOR PEER REVIEW 6 of 26 
 

 

Yanqi station (Latitude 42.08°, Longitude 86.57°) required in SEBAL model operation. This 
included 2 m-wind speed data (m s-1), instantaneous reference ET (EToi, mm) from YQ 
synchronous with the time of the Landsat overpass, and daily value of reference 
evapotranspiration (ETo-mm) from the YQ station that applies the FAO-Penman–
Monteith method (PM) to derive ET reference records. The PM approach and its 
formulation schemes were elaborated and extensively documented [39-41]. Furthermore, 
a single weather station indeed seems little for such a vast basin. Still, in addition to 
SEBAL model input requirements (weather station records within the agro-ecosystem), 
the study area only demarks one active and available meteorological station (Yanqi station 
as depicted in Figure 1). Nonetheless, the land use ETa and instantaneous NDVI ratio 
estimates were extracted from within 450 m2 of the validation station fetch area. Therefore, 
the basin area ET spatial distribution map was produced from the SEBAL modeled ETa. 
Recent studies also considered somewhat larger than this footprint for calibrating, 
mapping, and validating near-surface vapor fluxes [42, 43]. Figure 2 presents the 
meteorological condition during the study time satellite overpass in the study area. 

 
Figure 2. Meteorological condition during the study time satellite overpass in the study area (Xinjiang, local time). 

2.3. SEBAL Algorithm Adjustment and Actual ET Measurements 
SEBAL robustness relies on the skillful evaluation and careful “anchor” pixels 

selection (cold, hot) within the defined area, hence the calculation of instantaneous net 
surface radiance fluxes resulting from the arithmetic surface radiance balance. This 
involves the surface emissivity-Ɛ, surface albedo-α, incoming shortwave-Rs↓, outcoming-
RL↑, and incoming-RL↓ longwave radiation. Further to the pixel selection, the instantaneous 
net radiation (Rn-Wm−2), sensible heat fluxes (H-Wm−2), and soil heat fluxes (G-Wm−2) are 
computed to derive latent heat flux (LE=λET-Wm−2) as shown in Equation (1). These 
variables serve as inputs in land surface energy balance models computation, hence the 
accurate estimation of ETa from evaporative fraction [λET/(Rn-G)].  

LE = λET = (푅 -G-H) (1)

The coefficient of vaporization LE is noted as λ (J kg-2), with ET expressed in mm. As 
the first step in the SEBAL model operation, the 푅  calculation is demonstrated in the 
below formulations flow chart (Figure 3). 

Figure 2. Meteorological condition during the study time satellite overpass in the study area (Xinjiang, local time).

2.3. SEBAL Algorithm Adjustment and Actual ET Measurements

SEBAL robustness relies on the skillful evaluation and careful “anchor” pixels selection
(cold, hot) within the defined area, hence the calculation of instantaneous net surface
radiance fluxes resulting from the arithmetic surface radiance balance. This involves
the surface emissivity-ε, surface albedo-α, incoming shortwave-Rs↓, outcoming-RL↑, and
incoming-RL↓ longwave radiation. Further to the pixel selection, the instantaneous net
radiation (Rn-Wm−2), sensible heat fluxes (H-Wm−2), and soil heat fluxes (G-Wm−2) are
computed to derive latent heat flux (LE = λET-Wm−2) as shown in Equation (1). These
variables serve as inputs in land surface energy balance models computation, hence the
accurate estimation of ETa from evaporative fraction [λET/(Rn-G)].

LE = λET = (Rn-G-H) (1)

The coefficient of vaporization LE is noted as λ (J kg−2), with ET expressed in mm.
As the first step in the SEBAL model operation, the Rn calculation is demonstrated in the
below formulations flow chart (Figure 3).
where DN: Digital Number, Esunλ (Wm−2 sr µm): The average solar exoatmospheric ir-
radiance. θ: Solar angle of occurrence (90◦ -β). dr: Inverse relative earth-sun distance
(1 + 0.033 cos (DOY 2π

365 )). K1 and K2: Constant of Landsat bands (K1-band10 = 774.8853,
K2 -band10 = 1321.0789, K1-band11 = 480.8883, K2-band 11 = 1201.1442) and τsw as atmo-
spheric pathway transmissivity. Then NB as narrow bands. Gsc: Solar constant (1367 W/m2),
ρ (4,5) as reflectivities for bands 5 and 4, L the constant for SAVI (0.5) as soil brightness
correction factor. σ: Stefan-Boltzmann constant (5.67 × 10−8 Wm−2 k−4) with meteorological
air temperature Ta. ωλ represents the weighting coefficient for each computed band and
α path variance as the average portion of the incoming solar radiation throughout bands
back-scattered to the airborne machine before it reaches the earth’s surface. Further, thermal
bands were used with high gain from which Ts was derived, thereby the ratio of radiation
fluxes was converted to land surface reflectance. Secondly, in arid-land with sparse vegetation,
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SEBAL significantly considers the soil evaporation in overall ETa computation [46]. As such,
through Equation (2), the algorithm counts for water-heat exchange derived from soil heat
fluxes (G) as the residue of Rn, such that the estimated fragment is proportionally inverse to
the albedo-α, Ts (◦C) and variance between red and near infrared bands for Landsat 8 (NDVI).

G
Rn

=
TS
∝

(
0.0038 ∝ +0.007 ∝2

)(
1− 0.98NDVI4

)
. (2)

Thirdly, with temperature variation, SEBAL derived-ET considers the rate of heat loss
proportional to the air by convection and conduction through Equation (3).

H =
(
ρ× Cρ×∆T)/rah, (3)

where ρ is the air density (Kg/m3), Cρ specific air heat (1004 j/kg/K), ∆T (K) is the
temperature difference between two heights (Z) and, rah as the aerodynamic resistance to
heat transport (s/m). The crucial part in sensible heat flux (H) computation is the fixation
of boundary conditions for the energy balance. In this, difficulties lie with two initial
unknown variables ∆T and rah. So, to ease the calculation, this study carefully selected
hot-cold pixels through a wise guided manual in depth-analysis of radiometric surface
temperature following the characteristics of phot, pcold, LAI, and albedo where reliable
H values can be predicted (Figure 4) [27]. Particularly, represented by Ts, cold-pixel as
“wet”, was selected in a well-irrigated area near the YQ with (not extreme pcold 296.8 ◦K
value and 0.22 ≤ as ≤ 0.24 with a high NDVI) while hot-pixel is selected as “dry”, in a
bare-agricultural field where evapotranspiration is assumed to be null (0 ≤ LAI ≤ 0.4, no
extreme phot value 308.1 ◦K with a low NDVI). Thereby, (∆T = αTs + β) where α and β
are linear coefficient regression calculated as

α =
rah_hot

ρhot × Cp
× Rn_hot − Ghot

TShot/NDVI − TShot/NDVI
(4)

β =
rahhot

ρhot × Cp
×

(
Rnhot−Ghot

)
× Ts

TShot/NDVI − TScold/NDVI
, (5)

where rah_hot, ρhot Rnhot , and Ghot are heat transfer ascending from aerodynamic resistance
and air density at a pixel with the driest surface, net-radiation, and G fluxes for the driest
pixel, respectively.

Further TShot/NDVI and TScold/NDVI indicate pixels with wettest and driest Ts, within the
extracted Landsat-8 imageries. To derive (H), the buoyancy effects emanating from surface
heating in dry conditions are considered. So, after estimating ∆T for each pixel, the Monnin-
Obukhov similarity formulation scheme [47] was applied in an iterative process driven
by (α-β), since atmospheric conditions stability has great influences on the aerodynamic
resistance. Thus, H is computed as

H =
ρ× Cρ × ∆T

rah
=
ρ× Cρ × (αTs + β)

rah
, (6)

where:

rah =
1

ku∗

[
ln
(

Z2

Z1

)
− ψh(Z2)

+ ψh(Z1)

]
(7)

u∗ =
ku200

ln
(

200
zom

) − ψm − Z200, (8)

where K (0.41) and u∗( m s−1) is Von Karman’s constant and the frictional velocity; ψm, ψh
representing the stability correction and improvements factors of momentum and sensible
heat transport, respectively [48]. The momentum roughness length of each pixel was
represented by (zom) calculated as a function of LAI (zom = 0.018× LAI). Lately, the final
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corrected value of (H) at each pixel from which instantaneous ETinst (mm/hr) and ET
fraction (ETrF) is derived, assuming that the constant throughout the daytime was derived
and then transformed (W m−2 to mm d−1) following Equations (9) and (10).

Daily ET = ET24 =
1

λv
(86400× EFins × Rn24), (9)

where λ is the latent heat absorbed once a kilogram of water evaporates (J/kg) and 86, 400
is the conversion of seconds in a day and EFins as a daily instantaneous evaporative fraction
of i period. Nevertheless, negative values in the SEBAL can occur due to systematic errors
evoked by several assumptions made in the energy balance process. Since the Rn24 is the
first main component in estimating the magnitude of ET, then season ET was computed
from the cumulative summation of ET24 for each period (ETa grids of the Summer growing
season, June–August 2019).

ET24_period =
q

∑
i=p

[(
ETr_period

)
× (EFins)

]
, (10)

where ETr−period and EFins are reference ET for overall ETr and the daily instantaneous
evaporative fraction-period i (p to q) from the observation of study time-scope, respec-
tively [28]. Landsat-8 data processing, Land cover classification along the improved SEBAL
algorithm operation including anchor pixel identification in simulating instantaneous near-
surface energy fluxes essentials over YQ basin were implemented in GRASS-GIS 7.6-based
python 2.7. Other statistical analyses and data visualization were performed in RStudio
software. Figure S2 in the supporting material presents the graphical flow chart of the
study (SEBAL model execution).
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3. Results and Discussion
3.1. Near-Surface Energies Fluxes Partition across Yanqi Canopy Density

The experimental area presented extreme energy variability characterized by the
diversity of land surface areas, namely water bodies, oasis cropland, temperate grassland,
permanent wetlands, residential areas, and concrete desert surface. Figure 5 displays
the partition of the surface energy balance apparatuses derived from Landsat 8 imageries
during the period of the experiment and Table 2 presents statistics of their mean distribution
across every single land-use type. Thus, with the incoming shortwave radiation reaching
the Yanqi land surface, the derived energies showed a wide range as a result of the
strong divergence of surface albedo-α characteristics displayed in the supporting material
(Figure S1). In particular, due to the semi-aridity nature of the site, the energy flux Rn was
observed to range from 200 Wm−2 (desert) up to 800 Wm−2 (water–wetlands–grasslands)
from which the residue energy available for ET was derived. Such a phenomenon is known
to be common in most temperate arid land, as some scholars have also reported Rn of over
500 Wm−2 in semi-arid land [49,50].

Remote sensing-based surface energy balance-LET estimation strongly relied on avail-
able energy (Rn-G) and an evaporative fraction (LET/Rn-G). Therefore, as argued by Allen,
Burnett [51], the precise LET relied profoundly on the measurements of Rn, which may
be influenced by cloud cover, air thermal regimes, daytime isolation, and perhaps land
emissivity (NDVI). Although, no further significant difference was detected among LET
fluxes over Yanqi land-use types since this ranged between 294 and 299 Wm−2 on DOY-161,
compared to other DOY that exhibited quite a difference in LET. The highest LET was
observed on DOY193 across wetlands (Table 2), while both Rn and G fluxes were higher
in water bodies than other land surfaces due to low albedo, then H with a high ratio of
radiosity to the irradiance was higher in the concrete desert surface than others (Figure 5).
In addition to H, the smallest item of the surface energy flux abbreviated as G is the portion
stored as heat storage into the soil and vegetation due to conduction [39,52]. Here, G and
H ranged from 36.5 Wm−2 to 400 Wm−2 and −9 Wm−2 to 798 Wm−2 respectively, with
H negative values concentrated from open water bodies to both wetlands and grasslands
(Figure 5). Serval studies unveiled that site heat advection is answerable for the increased
soil evaporation and plant transpiration [53–55]. The advection in question takes place
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once the sensible heat flux is negatively assigned at or near the ground level [56]. Due to
canopy air temperature differences, the horizontal advection transfers heat from higher to
low temperatures [57]. Likewise, our findings unveiled such air thermal regimes gradient
between oasis cropland, grasslands, and wetlands. The negative assigned values of sensible
heat observed at the wetlands, grasslands, and water bodies pointed out the temperature
inversion as a result of the advection of warm air from surrounding areas, which tends to
occur on clear days. Most remarkably, Rn values were captured temporally falling at all
land cover surfaces, explaining the amplification of high ratio of radiosity to the irradiance
at the land surface, inferring to vegetation greenness reduction, followed by the fall of
autumn (Table 2 and Figure S1). Such a scenario is also associated with the high average
loss of LET noticed on DOY-241 (Table 3). Marking the weather settings of Yanqi and
harvesting practices in late August to October, the temperature falls and the loss in the
evergreen vegetation of the basin are strongly responsible for the reduction of latent heat
flux. Bear in mind that with the gradual depletion of moisture content below the critical
threshold, vegetated surfaces undergo drought suppression, substantially reducing the
LET. To put into perspective, Almeida, Soares [58], and Vincke and Thiry [59] observed
that the depletion in plant transpiration takes place with a decrement in soil water con-
tent, partly when the relative extractable water drops below the critical threshold of 0.4
(a threshold that induces stomatal closure in most trees and suffers from stress). Last but
not the least, Aguilos, Sun [60] also assessed the effects of land-use change and drought on
decadal evapotranspiration and water balance of natural and managed forested wetlands
in southeastern united states lower coastal plain and detected a prolonged soil moisture
deficit once the relative extractable water falls below the critical threshold (0.4), implying
that plants or trees might be under constant water stress. Globally, the same situation is
detailed by [61,62], who argued that deforestation perturbs the surface energy balance, and
loss in an evergreen broadleaf forest resulting in a strong reduction in latent heat flux. In
our study, the mean latent heat of ET derived in the withdrawal of the ground conductive
and sensible heat fluxes from the net radiation reached the value of 405.5 Wm2 on DOY 161,
but portrayed to continuously deplete till DOY-241 with an average energy of 301.98 Wm2

(Table 3), a depletion rate of 25.52%.
Since Rn determines the availability of energy for other energy flux items and is the

primary driver of ET [63], Figure 6 indicates the quantity of the available energy (Rn-G)
partitioned across different Yanqi land surfaces. As established earlier, the computed
available energy from the applied SEBAL algorithm and its distribution differ appreciably
over Yanqi land-use types. It is unveiled that the highest average amount of available
energy on DOY’s to be mostly partitioned in temperate grasslands reaches an average
amount of 561.6 Wm−2 on DOY 161 to 447.4 Wm−2 on DOY241 (Table 4), which are
spatially situated on the south edge of the study area. These patches were closely followed
by wetlands ranging between 538 Wm−2 and 460.5 Wm−2, while the lowest amount of
energy is distributed across concrete desert surfaces and were observed to vary between
416 Wm−2 on DOY-161 and 299.2 Wm−2 on DOY-209.
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Table 2. Mean distribution of surface energy fluxes across Yanqi land-use types.

LCLU
Energy
Fluxes

(Wm−2)

DOY
161

DOY
193

DOY
209

DOY
225

DOY
241

Area
(ha)

Water Bodies

Rn 586.3 554.4 523.9 519.7 481.7

102,897.54
G 198.1 196.0 192.1 198.3 177.8
H 304.6 237.4 200.3 199.4 256.7

LET 299.5 277.9 262.2 254.0 172.8

Oasis
Cropland

Rn 589.9 553.5 524.0 516.7 483.7

197,992.71
G 194.2 192.6 175.9 179.1 93.9
H 243.3 237.5 196.1 196.9 259.3

LET 297.5 280.2 261.6 253.1 173.8

T. Grasslands

Rn 590.8 554.5 524.7 519.8 484.3

54,305.55
G 199.7 198.6 194.5 201.4 179.4
H 245.2 237.9 199.0 199.8 257.5

LET 298.9 283.2 261.4 253.4 172.3

Wetlands

Rn 593.3 595.9 526.4 522.1 487.1

19,590.66
G 209.2 238.9 214.2 219.5 196.3
H 256.8 205.5 205.4 203.9 265.5

LET 293.6 355.1 255.2 248.0 168.2

R. Areas

Rn 590.2 553.3 522.5 515.9 481.9

46,973.07
G 193.2 193.1 186.1 189.3 171.5
H 241.1 236.4 198.4 196.7 254.8

LET 299.2 277.7 259.4 254.6 172.8

C. Surface

Rn 585.5 553.5 524.2 518.9 482.8

67,162.32
G 188.1 193.0 118.6 180.2 118.6
H 242.3 237.6 196.0 196.8 254.9

LET 294.1 277.5 263.0 249.7 173.9

Table 3. Overall mean latent heat flux across Yanqi basin during the understudied period.

Latent Heat Flux [Wm2]

DOY 161 193 209 225 241
LET 405.46 394.91 356.20 348.74 301.98
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Table 4. Statistics on average of available energy derived from the variance between net radiation
(Rn) and ground heat flux parameters(G) over Yanqi land use categories.

SEBAL Average Available Energy (Rn-G, Wm−2)

DOY Water
Bodies

Oasis
Cropland

T.
Grassland Wetlands Residential C. Surface

161 430.9 485.6 561.6 538.0 456.0 416.2
193 486.3 476.3 512.9 502.0 431.0 387.4
209 484.5 439.2 528.1 511.7 379.4 299.0
225 437.4 420.4 493.3 486.4 371.2 299.2
241 443.8 394.5 447.4 460.7 362.4 304.2

Besides, the oasis cropland varied between 485 Wm−2 on DOY161 to 394.5 Wm−2 on
DOY-245, with water bodies ranging from 430 Wm−2 on DOY-161 to 443.8 Wm−2.

Remarkably, due to high incoming solar radiation, the peak of the captured available
energy was detected on the 161st DOY compared to other days of the understudied period
and the nadir detected on the 241st DOY (Table 4), coinciding with the high average
energy amount of latent heat recorded on DOY-161 but lessened on the 241st DOY (Table 3).
Noting that, temporal Rn-G unceasingly decreased in parallel with both vegetated (oasis
cropland, temperate grassland, and wetlands) and non-vegetated canopy cover (water,
residentials, and concrete surface). Consistent with our findings, the LET was observed to
negatively fluctuate, and the depletion of available energy fell together with the autumn-
winter solstice [64]. On top of that, the magnitude variation of the biomass as elucidated by
the vegetation index was related to available energy. Therefore, a substantial positive linear
correlation was found between NDVI and Rn-G (DOY 161, R2 = 0.6; DOY 193, R2 = 0.7,
DOY 209, R2 = 0.5, DOY 225, R2 = 0.6, DOY 241, R2 = 0.5) (Figure 7). The nature
of findings divulged the available energy (Rn-G), moisture content [65], and vegetation
cover to be responsible for how Yanqi land-use types convert solar energy in diverse ways.
Although sometimes high NDVI values can be detected in fall Autumn (April–May), our
study hypothesized that the NDVI is high in the summer season due to intensification of
irrigation activities across the basin, thus the uppermost NDVI values from June to July,
combined with the computed available energy were allied with the chronological shifts
from latent heat to sensible heat flux as the main consumer of the available energy and
how the energy is dissipated. Likewise, Ochege, Luo [4] detected high NDVI values in
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summer (June to July) due to irrigation activities that are intensified in such a semi-arid
basin. While the arid land appeared completely dry with low moisture content, vegetated
surfaces and well-watered canopies contribute the most to high ETa estimates [66].
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Generally, the water cycle is unceasingly supervised by the sun’s irradiation, which in
return plays a substantial role in the dissipation of available solar energy and the cycling of
matter [67] and several physical aspects such as LAI, Rn-G, moisture ability, and vegetation
greenness bearing a robust influence on energy dissipation [68]. Also, the allocation of
energy flux into latent and sensible heat is vital in vegetated ecosystems. Thus, a large
amount of water is transpired by vegetated surfaces into the atmosphere, hence the higher
latent heat is customized from such surfaces [69]. In our experiment, the magnitude of net
radiation as the most powerful surface energy item occupied the highest average, reaching
a proportion of about 70% followed by 20% of sensible heat patches, and lastly about 10%
of soil heat flux (Figure 8a). Here, to better comprehend the energy dissipation amongst
energy fluxes based on vegetation cover and soil moisture, Figure 8b visualizes the spatial
relative magnitude exiting between the latent heat flux and the net radiation in quantifying
the rate at which the loss of energy by conversion into latent heat of evapotranspiration
across the Yanqi land-use types occurred. The magnitude of radiation energy split up
to latent heat was higher in vegetated sites than those with less canopy cover density.
Highlighting the critical role played by wetlands and temperate grasslands in the energy
budgets of their respective landscapes due to their aptitude to switch energy fluxes in favor
of latent heat, Pokorný, Květ [70] and Huryna, Brom [71] reported high dissipation of latent
heat flux to be associated with wet meadow in the agricultural landscape as a result of
high available moisture content and low resistance to evaporation. Our findings similarly
document a striking variation in the temporal dissipation of energy where all vegetated
sites, partly grasslands and wetlands, were depicted to dissipate more latent heat of ET
than remaining classes (Figure 8b). The vegetated sites with a high evaporative fraction (EF)
(Figure 8c) were recorded with the highest LE/Rn ranging between 0.7 to 0.9, and water
bodies LE/Rn varying from 0.2 up to 0.6, while desert concrete surface and residential areas
dissipate the least LE/Rn (−0.9 to −1.02) with low EF, due to the absence of vegetation
cover and small water holding capacity [72]. Particularly, vegetation cover contributed to
the modification of energy fluxes by greatly intensifying the ET (LE) from vegetation to
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soil patches. Largely, this phenomenon is reported by Kayumba, Chen [73], and Yamazaki,
Yabuki [74] who discussed that the high ratio of LE/Rn depicted in temperate grasslands
and wetlands can further be elucidated by the high moisture availability and low surface
confrontation to evaporation. The vegetation dynamics produced a divergence in the net
radiation, most likely due to the high reflectance of leaves present in temperate grassland
and wetlands. Generally, as displayed by Figure S1 in the supporting material, surfaces
with high albedo (concrete desert surface) dissipated low energy while those with low
albedo (T. grasslands-wetlands) dissipated a large amount of energy. Consistent with recent
studies [75,76], vegetated wetland surfaces with an ample water supply were detected to
have a high evaporative fraction compared to other vegetation covers, and Sun, Wei [77]
also estimated the evapotranspiration in the Nansi Lake wetland of China and realized
the evaporation to be greatly pronounced across swamps than other vegetated surfaces.
Likewise, Liljedahl, Hinzman [78] assessed the nonlinear curbs on ET in artic coastal
wetlands by closing that there is a resistance in the hydrological system that controls soil
drying in coastal Arctic wetlands. They finally proposed that the wetness of the wetlands
may persist, notwithstanding the warming climate. Therefore, in our study area, the
divergence among EF and dissipated energy could be described by a higher groundwater
level at the Yanqi site, acknowledging the dominant flood irrigation approach across
the Yanqi basin with water mainly diverted from rivers. Due to flood irrigation and an
inefficient drainage system, the groundwater table has been raised in recent years [79].
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energies for LE of evapotranspiration during summertime (Rn, G, and H); (b) Dissipation of net radiation amongst latent
heat flux of evapotranspiration (LE/Rn) during the understudied period (DOY), (c) Evaporative fraction displaying the
ratio between the latent heat flux and the available energy.

3.2. Dynamics of Daily Mean Evapotranspiration in Response to Yanqi Canopy Density

Diverse land use types vary significantly with the surface physiological characteristics.
This includes radiant energy absorption, radiosity to the irradiance, moisture content, and
vegetation condition, among others. Thus, daily ETa estimates across land cover surfaces
in the basin vary significantly. The daily actual ETa in the basin on pixel basis ranged
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from 0.00 mm d−1 to 10.4 mm d−1 for the understudied season with the highest mean
ETa of 5.5 mm d−1 observed on DOY-225 in the open water surfaces marking the peak of
evaporation, closely followed by both wetlands and grasslands patches on DOY-209 at the
edge of this open water body (Figure 9), coinciding with the meteorological conditions
during the time satellite overpass shown in Figure 2.
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Since Yanqi is the main active agroecosystem in the large Bosten basin, oasis cropland
ETa mean remained in the range of 0.00 mm d−1 to 4.6 mm d−1 with the highest ETa
values recorded on DOY-209 (July). The transpiration variability across cropland can be
attributed to the concentration of irrigation activities [80,81]. In our study, the dynamics of
ETa in the Yanqi irrigated oasis differ significantly from the desert patches as a result of the
well-watered oasis cropland that is well-drained in the Kongque river.

Besides, the nadir ETa values matched with concrete desert ecosystem due to lower
fractional vegetation, but also as a result of limited soil moisture content and energy
available to evaporate water, otherwise ETa of this latter waved between 0.00 mm d−1 to
3.6 mm d−1 with the lowest ETa (2.63 mm d−1) chronicled in August, DOY-241 (Figure 10).
Notwithstanding the DOY’s in the understudied period, the average estimates of ETa across
grassland were 4.09 mm d−1, while in wetlands, the mean estimates were 4.08 mm d−1.
With a difference of 0.74 mm d−1, average estimates ETa of 3.90 mm d−1 and 3.16 mm d−1

were retrieved from the irrigated oasis and concrete desert surface, respectively (Figure 11).
As mentioned earlier, water surface evaporation consumes the largest, with an average of
about 4.69 mm d−1 in water bodies (Figure 11). In Northwestern China, summer gradually
sets in from mid-May, sometimes in June especially in the Xinjiang province, extending to
August. These periods are assumed to be marked by high ETa rates noting the temperate
aridity nature of the site receiving a low amount of precipitation (80 mm per year). Daily
trends of ETa spanning through the summer season at different patches of the study area
may appear similar with some DOY. However, we need to bear in mind that the highest
evaporation rates were associated with the water surface, fluctuating between 5.5 mm d−1

and 4.17 mm d−1, with peaks in mid-August. Although, during the whole summer period,
high ETa estimates were appearing concentrated in both grasslands and wetlands at the
edge of the Bosten lake as already observed in Figure 9. ETa fluctuation can be attributed to
irrigation concentration practices, while extreme climate conditions including high summer
temperature, low precipitation, and alkaline soils are answerable for the reduced ETa in
the concrete desert surfaces.
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Given the vegetated patches on DOY-209 Yanqi were marked by high transpiration,
partly in temperate grasslands along wetlands as indicated by the concentration of green
vegetative cover in the south edge of the basin. On this day, the mean daily transpiration of
grasslands reached up to 5.25 mm d−1 compared to 2.88 mm d−1 of evaporation retrieved
in the concrete desert ecosystem, while 4.89 mm d−1 and 4.58 mm d−1 were recorded
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in wetlands and oasis cropland, respectively. During the whole summer period, spatial
findings depicted the ETa rates to appear concentrated across the vegetated cover including
oasis croplands than the surrounding desert ecosystem. Despite recording the lowest ETa
values during the DOY’s, the desert surface recorded high evaporation on DOY-161 and
193 equivalents to 3.6 mm d−1. Nevertheless, the peak value, 5.5 mm d−1, is retrieved
over water bodies. Similar findings were obtained by Wang, Zhang [36] who assessed
the actual evapotranspiration across the large Bosten Lake basin using MODIS datasets
and portrayed high ETa rates during the growing season of about 5.61 mm/d over water
bodies, followed by grasslands (4.6 mm/d), with the peak in July, which then declined
significantly. Additionally, Cha, Li [82] proposed a trapezoid method and a sinusoidal
method to estimate ETa across the kai-Kon river basin in Xinjiang and detected a high
ETa concentration across temperate grassland and wetlands. In addition, a homologous
geographical area similar to ours measured an average ETa across wetlands and prairie
ranging between 3.5 and 6.5 mm/d in Nebraska, during the growing season [83]. Last
but not all, Micklin, Aladin [84], and Li, Luo [85] also unveiled high ETa estimates over
grassland canopies in the summer of the growing season around the Aral sea basin in
Central Asia. This implies that daily ETa in the basin rises with the growth of vegetation,
despite the low moisture content induced by encroaching desert sands, and will recede as
vegetation coverage decreases during summer and harvesting periods.

Figure 12 presents the monthly and summer period cumulatively computed from
DOY161-241. Results revealed that the seasonal ETa for Yanqi land surface areas range
between 0 mm d−1 and 44 mm d−1. These values represent the pixel-based water amount
transpired by the basin during the understudied period. The magnitude of ETa across
the basin was observed to be comparatively temporal homologous in terms of land use
types since ETa estimates of all months showed to be intense from vegetated canopy
following the open water bodies to non-vegetated sites (residentials and desert surface).
The phenomena matched the one presented in Figure 8b under the prevailing energy
dissipation of grasslands and wetlands through transpiration. In June, considering the area
of the land cover types, higher mean ETa estimates are associated with water bodies, while
in mid-July vegetated cover partly temperate grasslands maintained a high ETa, contrary
with the late days of August where ETa started to lessen (Figure 12). During this period of
the growing season, vegetated canopy including irrigated oasis received more irrigated
water amount, which in return increases the crop water holding capacity and soil texture.
The action enhances the processes by which Yanqi plant roots uptake water, resulting in
more plant transpiration and soil evaporation, with an unsubstantial effect in the desert
vegetation and other concrete surfaces [86].

Furthermore, throughout the course of the study period, a nexus between the available
energy and ETa was established and exhibited in Figure 13. The intercepts were close to
the null value; therefore, ETa was directly relative to the available energy. The regression
analysis evidenced that the established available energy was the major expulsive factor of
ETa. The strong correlations between the two are detected in mid-July to August (DOY
209, R2 = 0.83; DOY 225, R2 = 0.8; DOY 241, R2 = 0.73) while substantial correlations
are observed in June to Mid-July (DOY 161, R2 = 0.64; DOY 193, R2 = 0.62) (Figure 13).
Likewise, Hemakumara, Chandrapala [87] assessed the evaporative fraction over a mixed
vegetation area including cropland from a large aperture scintillometer and realized ETa to
be strongly related to the available energy derived from the net radiation. They also found
the mean ETa estimates to range between 1.1 mm/d and 6 mm/d, which are considered to
be reasonable estimates under Yanqi climatic conditions. Such land surface energy behavior
highlights thermal influences on the oasis ecosystem.
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Following the land surface categories, besides water bodies, the summer mm/d
variation unveiled that oasis ecosystems consume and transpire more water than other
land surface areas in the basin compared to desert surfaces and other areas. In summer,
with high NDVI, irrigation activities are intensified, while concrete desert surfaces appeared
to be arid with low soil moisture content. Finally, oasis cropland and well-watered lands
contributed the most to ETa increment. July has the highest vegetation ETa estimates in
this basin, as indicated in Figure 14. In August, following the available energy decrement
and vegetation greenness depletion, harvest activities are responsible for the decline in
ETa estimates. In fact, in our study area, late August–September is considered as autumn–
winter fall months with truncated Rn, which counteracts the heat transfer that produces
low energy and low air thermal regimes. From Figure 14, the study revealed that the
ETa estimates across vegetated canopy cover lessened on the same wavelength with the
converted latent heat fluxes, with the peak of summer warmth marked in mid-July DOY
209. Such a decrement refers to the interception of transpiration by a peculiar local Autumn-
winter advection effect [4,40]. Overall, maximum ETa rates measured during the summer
period have been caught to occur along the south part of the study area with the greatest
average retrieved in water bodies and the largest daily ETa recorded across grasslands and
wetlands. Overall, the sequence of ETa magnitude was (water > grasslands > wetlands >
oasis cropland > residential areas > concrete desert), equally reported by Wang, Zhang [36]
in their study over the large Bosten Lake basin where located the Yanqi basin.
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3.3. SEBAL Model Validation

Comparisons of SEBAL model results with ETa estimated at Yanqi station are shown
in Table 5. Daily ETa was chosen over instantaneous ET since this former was considered to
be more crucial, especially in semi-arid agroecosystems applications. The Mean Absolute
Deviation (MAE) and the Root Mean Square Error (RMSE) were statistically applied to
evaluate the agreement between the SEBAL modeled ET day and nearby ground-based



Remote Sens. 2021, 13, 3764 20 of 25

measurements at the Yanqi site within the clipped satellite scene. RMSE indicates the degree
of error in the units of the observed and simulated elements where the null RMSE value
indicates strong agreement, and MAE determines the deviation of the simulation accuracy.
Findings revealed that the applied SEBAL derived ETa has a strong agreement with the
observed ETa at Yanqi site (RMSE = 0.60 mm/day, MAE = 0.48 mm/day). Therefore, Yanqi
results within the clipped satellite images indicate reasonable RMSE and agreed with the
temporal pattern of ETa which is well captured when applying the SEBAL algorithm.

Table 5. Comparison of high-resolution SEBAL derived daily ETa (mm d−1) and observed ETa
estimates at Yanqi station.

DOY SEBAL-ETa Observed ∆ETa RMSE-Yanqi MSA-Yanqi

161 5.7 5.6 0.1

0.6 mm/d 0.48 mm/d

193 5.2 5.2 0.0

209 5.4 6.2 −0.8

225 5.1 5.9 −0.8

241 4.1 4.8 −0.7

In addition to temperature, the spatial pattern of plant transpiration and soil evap-
oration in the large Bosten Lake basin where we based our study area is mainly driven
by precipitation and land cover. The study area is known to receive a low amount of
precipitation and to experience scant ETa. Yet, the concentration of the flood irrigation
approach across the oasis mainly diverted from rivers intensifies the ETa magnitude over
the Yanqi basin [79]. Meanwhile, the land surface evapotranspiration magnitude across
Yanqi heterogeneous landscape reveals significant differences showing that water > grass-
lands > wetlands > oasis cropland > residential areas > concrete desert. Despite the lack
of integrated near-surface energy fluxes analysis in their study, our finding agrees with
the investigations of Li, Chen [88] who also applied SEBAL to measure ET in the main-
stream of the Tarim River, Xinjiang Northwestern China, and realized the sequence ET
magnitude across land-use types in the order of water bodies > oasis cropland > forest
> grassland > unused land. Besides, Li, Yang [89] employed MODIS products coupled
with in-situ-observation to invert surface ET in northwest China based on SEBAL, and
outcomes showed the MAE between the applied model and Penman-Monteith approach to
be 0.79 mm/d, and the RMSE of 0.94 mm/d, which are close to the current study situation
at Yanqi station (Table 5), indicating the SEBAL model had good applicability in the study
area of interest. In addition to observed ETa values at Yanqi station, the overall agreements,
and the constancy of the adjusted cold-hot pixel assortment unveiled the current applied
SEBAL to be more skillful at partitioning the water vapor flux over the basin.

3.4. Uncertainties and Prospects

The computerized adjustment of Landsat-8 anchor pixels in SEBAL comparatively
produced high accuracies (RMSE and MAE) for ETa in the current study and yielded a
reasonable representation for evapotranspiration at the Yanqi site level, indicating the
overall agreements and stability of the adjusted cold-hot pixel assortment. Nevertheless,
it is unlikely that the complexity of the landscape will guarantee reliable operation in
other parts of the larger Bosten Lake basin up to the Tarim basin within mountainous
elevation. In addition, we cannot ignore that some small portions covered by clouds were
masked out to avoid any errors in the calculation of sensible heat fluxes. This may cause
some uncertainty in the final ET average computation. Besides, the study lacks adequate
observation data of different surface energy fluxes (Rn, G, H), and that the study only relied
on a comprehensive ETa mapping of the summer season. Otherwise, with accurate energy
fluxes based on the eddy covariance approach, further invested efforts in inter-seasonal
comparison beyond one season or growing season may illustrate a better evaluation of the
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model to guide future scholars. Besides, the climate forcing data set is the foremost factor
supervising evapotranspiration estimates, therefore the evaluation of different forcing
climate dataset’s influence on evapotranspiration measurements is widely open for future
investigations.

4. Conclusions

The Yanqi basin, being the main active agroecosystem in Xinjiang, northwest China
is known to receive a low amount of precipitation and seeks responses to the profound
local water-related matters following the unceasing temperature. Nevertheless, routine
modeling of spatial averaged near-surface energy balance apparatuses and ETa behavior
across landscape canopy is now feasible in sparse ground-based weather observation
regions. Here, the utility of a high-spatial-resolution satellite dataset coupled with avail-
able in-situ observation was employed to model the behavior of the summer dynamic
among near-surface energy and vapor fluxes supervised by the advective effects of oasis
and desert ecosystems across Yanqi basin. Besides, the study illustrated the exceeding
reliability of high-resolution satellite-driven surface energy balance of energy fluxes across
different land-use types, notwithstanding the sparse meteorological observation data. The
Surface Energy Balance Algorithm for land (SEBAL) was applied to monitor different
near-surface energy fluxes that are essentials in the estimation of the actual ETa over the
basin. Results disclosed that the estimation of applied SEBAL to Landsat datasets followed
a guided pixel selection from surface albedo, LAI, and NDVI, and the surface temperature
(TShot/NDVI and TScold/NDVI ) can reasonably reflect ETa in the study area. Compared to field
measurements at the Yanqi site, the validation and accuracy of ETa which returned low
RMSE (0.5 mm/d) and MAE (0.48 mm/d) indicated the capability and stability of SEBAL
model performance to predict surface energy and vapor fluxes across the basin. For that,
our findings documented a striking variation in the temporal dissipation of energy where
all vegetated sites, mostly grasslands and wetlands were depicted to dissipate more latent
heat of ET than the remaining classes. The vegetated sites with a high evaporative fraction
were recorded with the highest LE/Rn ranging between 70% to 90%, and water bodies
LE/Rn varying from 20% up to 60%, while desert concrete surface and residential areas
dissipate the least LE/Rn with low EF, due to the absence of vegetation cover and small
water holding capacity. Besides high portrayed evaporation in water bodies, grasslands
and wetlands varied interchangeably in accounting for the highest ETa followed by oasis
cropland, with a peak of summer warmth observed in mid-July, while low ET estimates
were retrieved in both residentials and concrete desert areas. Based on ETa estimates, the
sequence of ETa magnitude across Yanqi is: water bodies > grasslands > wetlands > oasis
cropland > residentials > concrete desert surface, with average ETa rates of (4.69, 4.09, 4.08,
3.9, 3.7, and 3.16 mm/day) respectively. Vegetation transpiration was dominant for the
surface ETa. So, the overall observation and substantial correlation between Rn-G and
ET disclosed the available energy influenced by vegetation emissivity (NDVI) to be the
primary driver of plant transpiration and soil evaporation in summer over Yanqi. Finally,
this study provides essential rapport of near-surface energy fluxes and the likelihood of ETa
based information in the summer period over the Yanqi basin. This may be important as a
baseline and for such long-term investigations, hence the guidance of agrometeorological
services and sustainable management of water resources in temperate-arid regions.
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