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Abstract

To study the change mechanism and influencing factors of surface albedo over different underlying
surfaces in the Badain Jaran Desert, surface albedo derived from the Operational Land Imager (OLI)
was assimilated into black-sky short-wave albedo (BSA) with four-dimensional variational (4DVAR),
to retrieve high accuracy surface albedo data. The results indicated that the average relative error
decreased by 12.271% when surface albedo based on OLI were assimilated into BSA with 4DVAR,
and assimilated value could accurately describe the spatial and temporal distribution of surface albedo.
The lag effect in the response of vegetation to precipitation was evident over the semi-fixed and fixed
dunes. The surface albedo over the semi-fixed and fixed dunes was lower than that over the shifting
and semi-shifting dunes owing to the high surface roughness that increases the reflection of solar
radiation. The separation of surface albedo over semi-shifting, semi-fixed, and fixed dunes with patchy
distribution were higher than that over shifting dunes owing to the large and continuous distribution,
while landscape dominance demonstrated the opposite trend. The difference in monthly perimeter area
fractal dimension of surface albedo over shifting dunes was significant owing to the organic matter and
sand content while the monthly landscape pattern of surface albedo over fixed dunes was stable.
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Introduction surface albedo can influence the regional energy

balance and water-heat exchange, and can also affect

Surface albedo is an important parameter to simulate climate change, especially in arid and semi-arid areas.
land and climate processes [1, 2]. Small changes in When the surface albedo increases, the net radiation

and convergence movement decreases. An increase in
surface albedo leads to less cloud and rain and can lead
to persistent drought and expansion of desertification
*e-mail: yangfan309@yeah.net in arid and semi-arid areas, which poses a risk to
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the ecology in arid and semi-arid areas [3]. Desert
ecosystem has gradually attracted wide attention, due
to the characteristics of arid climate, special sandy
underlying surface, extremely low vegetation cover,
frequent dust weather, potential carbon sequestration
capacity and fragile ecological environment [4, 5].
Compared with other ecosystems, desert has a relatively
high surface albedo, which is of great significance to
the formation of desert ecosystem [6]. The Badain Jaran
Desert is located in the center of the Alxa Plateau, at
the southeastern end of the East Asian monsoon system
[7, 8]. The Badain Jaran Desert is a tropical, subtropical
desert or coastal desert controlled by subtropical
high or cold ocean currents [9]. The land-atmosphere
exchange in the Badain Jaran Desert has a significant
impact on extreme weather events in China and Asia,
and can affect global climate and regional ecology
[10]. In the simulation of climate and land processes,
parameterized schemes are still widely used to obtain
surface albedo, which results in poor inversion accuracy
of regional scale surface albedo [11]. Moreover, ignoring
spatial and temporal differences in surface albedo over
different underlying surfaces also affects the simulation
of climate and land process [12, 13]. Thus, obtaining
high accuracy surface albedo data and analyzing the
spatial and temporal differences in surface albedo over
different underlying surfaces are essential for studying
the land-atmosphere exchange and improving the
simulation accuracy of climate and land processes in
the Badain Jaran Desert under global warming.

In recent years, different methods have been used to
study the spatial and temporal characteristics of surface
albedo in deserts. The spatial and temporal relationships
of Normalized Difference Vegetation Index (NDVI),
Roughness Index (RI), and Arid Soil Surface Index
(ASSI) were used to determine the seasonal dynamics
of dust emissions and regional features of desert regions
of East Asia [14]. In the Mu Us Desert, the long term
change in direction and magnitude of surface albedo and
NDVI over various spatial scales was used to monitor
the spatial extent of the desert [15]. In the Badain
Jaran Desert, the spatial and temporal characteristics
of surface albedo were used as indicators of the change
process to inform environmental management [16].
Meanwhile, there were many kinds of surface albedo
products for simulating land surface processes, including
Advanced Very High Resolution Radiometer (AVHRR)
[17], Moderate-resolution Imaging Spectroradiometer
(MODIS) based on accumulation of angular samples
of Physically-based or semi-empirical algorithms [18§],
and Multi-angle Imaging Spectroradiometer (MISR)
[19]. However, there is the potential for albedo data to
be used in applications that require data at finer spatial
resolutions. But it is difficult to apply such physically-
based or semi-empirical algorithms due to insufficient
angular samples from one sensor within a short period
for capturing surface anisotropy caused by the reduced
revisit frequency [20]. To solve the problem, Shuai et
al. [21] took the advantage of surface bidirectional

reflectance distribution function (BRDF) information
derived from MODIS albedo product to convert Landsat
surface reflectance to albedo. He et al. [22] proposed
a unified algorithm of incorporating Landsat spectral
response functions and a database of BRDF into
radiative transfer simulations to estimate surface albedo
directly from the Landsat top-of-atmospheric reflectance
data obtained by MSS, TM, ETM+, and OLI with few
ancillary inputs. It is still difficult to find data with
both high spatial and temporal resolution to analyze
the spatial-temporal variation of surface albedo. One
way to solve the problem is data assimilation, which
has been developed and applied in meteorology and
oceanography [23]. It has the capability of combining
the advantages of the high temporal resolution data and
high spatial resolution data. It has been used to research
of NDVI [24], Leaf Area Index (LAI) [25] and soil
moisture [26] with achieving preferable results.

In this study, surface albedo derived from the
Operational Land Imager (OLI) was assimilated
into black-sky short-wave albedo (BSA) with four-
dimensional variation (4DVAR). Furthermore, skewness
and landscape metrics can be used to analyse the
spatial and temporal differences in surface albedo over
different underlying surfaces. Thus, the main purposes
of this study are (1) to obtain high accuracy surface
albedo data and (2) to clarify the drivers of spatial and
temporal differences in surface albedo over different
underlying surfaces.

Material and Methods
Study Area

The Badain Jaran Desert is located east of Gurinai
Lake, to the west of the Zongnai Mountains, north of
the Beida Mountains, Heli Mountains and Yabulai
Mountains, and south of Guaizi Lake (Fig. 1). The total
area of the desert is 5.2x10* km? and is the second-
largest shifting desert in China. The 88.51% of the
underlying surface of the desert is shifting dunes, then
semi-shifting dunes account for 10.28%, semi-fixed and
fixed dunes account for 0.84% and 0.35%, respectively.
The desert terrain is the highest in the southeast, lower
in the northwest, and reaches the lowest point in the
north. The dunes in the southeast are tall and dense.
The western desert is flat and lies adjacent to the
Heihe River. The Badain Jaran Desert has a temperate
continental climate that is windy and dry in spring and
autumn, cold in winter, and hot and rainy in summer.
The direction of the wind is predominantly northwest
with an average annual wind speed of 4 m/s [27]. The
Badain Jaran Desert has a high incidence of sandstorms.

BSA Reconstruction Based on Time Series

MCD43A3 (spatial resolution 500 m) is formatted
in HDF-EOS with a Sinusoidal projection (SIN)
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Fig. 1. Terrain of Badain Jaran Desert.

(https://ladsweb.modaps.eosdis.nasa.gov). The Badain
Jaran Desert can be covered with H25V04, H25VO05,
and H26V05, which represent the projection numbers
of MCD43A3. In this paper, we synthesized the surface
albedo data by day of MCD43A3 from 2014 to 2018 and
made a projection conversion. The time series of BSA
chosen from MCD43A3 was reconstructed by harmonic
analysis [28, 29].

Surface Albedo Derived from the OLI

A total of 64 OLI images with cloud cover less than
10% were downloaded from geospatial data clouds
for the period 2014 to 2017 (http:/www.gscloud.cn).
The satellite orbit number and scan time were shown
in Table 1. The OLI data calculated by atmospheric
correction was converted to surface shortwave

Table 1. OLI images obtained from orbits 132/031 and 133/031.

broadband albedo using an empirical model (Equation
1) [30, 31]. Due to poor observation conditions, wind
speed, and measured surface albedo obtained at the
Guaizi Lake, the land-atmosphere observation data was
only relatively complete in 2016, but lost in 2014, 2015,
and 2017.

Albedo™ =0.356x ¢, 40.13x 0, 10.373x a5 +0.085x ¢ +0.072x ¢t - 0.0018
M

..where, Albedo” is the shortwave broadband surface
albedo, and a,, a,, a;, a,, and a, are the blue, red, near-
red, and two medium-red bands of OLI, respectively.
Albedo ™ were filtered using Savitzky-Golay to match
the time scale of BSA [26].

Path number Scan time
2014-07-01 | 2014-07-17 | 2014-08-18
o ggg:?f:ég ;ggj’g? ;g}g:?i:gg 2013-08:21 1 5015.09-06 | 2015-09-22 | 2015-10-08 | 2015-10-24
2016-01-12 | 2016-01-28 | 2016-02-13 | 2016-02-29 | 2016-04-01 | 2016-04-17 | 2016-05-03 | 2016-06-20
2016-07-22 | 2016-08-07 | 2016-08-23 | 2016-09-08 | 2016-09-24 | 2016-10-10 | 2016-11-27 | 2016-12-13
2017-04-20 | 2017-05-06 | 2017-05-22 | 2017-06-07 | 2017-07-09 | 2017-08-10
2014-06-22 | 2014-07-08 | 2014-07-24 | 2014-08-09 | 2014-08-25
2015-06-25 | 2015-08-28 | 2015-09-13 | 2015-09-29 | 2015-10-15 | 2015-10-31 | 2015-11-16 | 2015-12-02
133-031
oo | ieteor | dretest | Mnatras | oot |08 | aiganas | aomoona
2017-04-11 | 2017-04-27 | 2017-06-30
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4DVAR Algorithm

The main objective of the 4DVAR algorithm is to
fully utilize the dynamic data and external observation
data of the model to adjust the initial field and
parameters, to simulate the observation information,
and to obtain the optimal initial state of the pattern.
Its essence is to transform the assimilation into an
optimal solution which is dynamically coordinated
and computationally effective. The optimal solution
is related to the cost function based on the difference
between the model solution and the observation
information [32, 33]. The surface albedo derived from
the OLI was assimilated into BSA using the 4DVAR.
The objective function of 4DVAR can be defined as:

J(Albedoy) = 1/2[Albedo, — Albedo,” | B [Albedo, —Albedo,” 1+

n
12'Y [Albedo,” - Albedo,™ " O7'[ Albedo,” - Albedo,”™ ]
i=0

@

.where, Albedo is initial state variable of the
assimilation; Albedo ) is the background value of Albedo
at an initial time, that is BSA at initial time; Albedo’
and Albedo” are BSA and surface albedo derived
from the OLI at time i; B and O are the covariance
matrix of background errors and the covariance
matrix of observation errors; n is assimilation days.
The calculation process is as follows: the assimilation
days is set to 10. Albedo, is the assimilated value when
J(Albedoy) is the minimum. The process is repeated
until all assimilated values are calculated.

Landscape Metrics

Landscape metrics are important indicators of
the landscape pattern. Landscape metrics highlight
landscape pattern information, reflect the structural
and spatial characteristics, and provide a scientific
measurement of landscape structure [34, 35]. Table 2
showed the landscape metrics that were selected to
describe the spatial change in surface albedo, based
on the purpose of this study and the landscape pattern
characteristics of the study area. The monthly surface
albedo landscape metrics of different underlying

Table 2. Landscape metrics.

Landscape metrics Units | Range
Perimeter area fractal dimension (PAFRAC)| / [1,2]
COHESION % | (0,100]
DIVISION / [0,1)
SPLIT / >=]
Shannon diversity index (SHDI) / [0,1]
Simpson diversity index (SIDI) / [0,1]

surfaces were calculated wusing Fragstats4.2 to
determine spatial and temporal differences in surface
albedo over different underlying surfaces in the Badain
Jaran Desert.

Results and Discussion
Assimilation of Surface Albedo

In contrast to the measured values from the Guaizi
Lake land-atmosphere observation station, the BSA
responded well to significant changes in surface albedo
over a short time (Fig. 2) but did not reflect smaller
changes. For instance, BSA responded better on Jun
30 and Jul 12, 2015, than on the previous days, and
the measured value increased by 26.012% and 13.311%
respectively. However, the BSA decreased from Jan 22
to Jan 23, 2016, when the measured value increased
slowly. This means that BSA did not respond well to
changes in the measured value at time nodes with a
small change range from 2014 to 2017. The assimilated
value could adjust BSA to the changing trend of the
measured value. Moreover, the assimilated value could
address the shortcomings where BSA was lower and
surface albedo derived from the OLI was higher than
the measured value. Table 3 showed the monthly relative
errors between the assimilated value and the measured
value, and between BSA and the measured value, from
2014 to 2017. The average relative error between the
assimilated value and the measured value was 12.271%
lower than that between BSA and the measured
value. In addition, the average relative errors between
BSA and the measured value were more than 20% in
January, November, and December, and less than 15%
in the other months. The average relative errors between
the assimilated value and the measured value were
4.119%, 1.736%, and 1.009% in January, November,
and December, respectively, and less than 5% in the
other months. Thus, the accuracy of the assimilated
value was higher than BSA. Linear regression analysis
(Fig. 3) between BSA and the assimilated value showed
that BSA was positively correlated with the assimilated
value, and the correlation reached a very significant
level (p<0.01), which indicated that the assimilated
value could express well the information of BSA.

Given that the acquisition time is not at noon, the
solar altitude angle is small, and there is cloud cover, the
surface albedo derived from the OLI is higher than the
measured value [22, 36]. According to the distance to
the observated day, BSA was calculated by the waighted
summation of the observated data during the 8 days
before and after the observated date. As a result, the
BSA cannot respond to small changes in the measured
value over a relatively short period of time. The ratio
of upper and lower shortwave radiation flux is used to
calculate the measured value, which is applicable at a
spatial scale of several meters to tens of meters. Thus,
errors may occur between BSA with a spatial resolution
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Fig. 2. Surface albedo derived from the OLI, Measured, Assimilated, and BSA at the Guaizi Lake land-atmosphere observation station,

a-d represent the years from 2014-2017, respectively.

of 500 m and the measured value. In the Badain Jaran
Desert from 2014 to 2017, the highest proportion of
the full inversion is 75.491% in summer, followed by
spring and autumn, and the lowest is 22.885% in winter
(Fig. 7). There is snow cover in the high-elevation areas
in winter, which leads to a significant spatial difference
in surface albedo. The snow albedo with mixed pixels

causes large relative errors between BSA and the
measured value in January, November, and December
[37]. This indicates that, in these areas, BSA in winter
does not meet the accuracy requirements for climate
and land surface processes. By combining the spatial
resolution of surface albedo derived from the OLI and
the temporal resolution of BSA, the assimilated value

Table 3. RE between measured value and assimilated value, BSA (%).

Years 2014 2015 2016 2017
AV-MV BSA-MV AV-MV BSA-MV AV-MV BSA-MV AV-MV BSA-MV
Jan -- -- -- -- -4.119 -23.058 -- --
Feb - -- -- - 4312 -16.635 -- --
Mar - -- -- -- 2.353 -15.626 -7.475 -14.475
Apr - -- -- - 0.839 -13.263 0.849 -15.541
May - - -- - 3.708 -12.231 -0.309 -16.595
Jun -0.886 -9.354 -2.998 -10.223 1.532 -11.038 2.391 -15.250
Jul 1.529 -9.840 3.365 -11.724 1.774 -12.017 5.750 -14.738
Aug 1.695 -10.649 -1.100 -12.275 1.717 -9.094 -6.441 -14.726
Sep -- -- 1.737 -10.689 0.064 -15.710 -9.179 -15.190
Oct - -- -1.586 -13.750 -0.517 -15.983 -- --
Nov - -- 2.533 -18.843 -0.939 -22.810 -- --
Dec - -- -1.717 -24.266 0.302 -23.994 -- --

* RE, AV, and MV represent Relative Error, Assimilated Value, and Measured Value, respectively
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Fig. 3 Linear regression analysis between BSA and the assimilated value (p<0.01).

calculated using 4DVAR shows a response to continuous
change in measured value over a short time, reduces the
relative errors, and improves the applicability of BSA
in winter.

Spatial and Temporal Differences in Surface Albedo
over Different Underlying Surfaces

The daily inversion of surface albedo in 2018 was
calculated using linear regression analysis between
BSA and the assimilated value. The monthly surface
albedo was calculated and classified (Fig. 4). The mean
of surface albedo in the desert decreased gradually
from January to July, reached its minimum in July
(0.27), increased in August, and peaked in December
(0.34). The spatial difference in monthly surface albedo
was obvious, which was high in the southeast and
low in the northwest. The surface albedo reached a
maximum (1.00) between the Heli Mountains and Beida
Mountains in January. The surface albedo showed a
decreasing trend from February to July, with the main
distribution range dropping from 0.25-0.40 to 0.20-0.30.
The surface albedo from the lower reaches of the Heihe
River and the east bank of the Ruoshui River to the dry
basin of the Gurinai Lake in the west and the dry basin
of the Guaizi Lake in the north decreased faster than
that of areas near the southern Beida Mountains and
southeastern Yabulai Mountains. The surface albedo
and the spatial difference in surface albedo increased
gradually from August to December. The surface
albedo increased significantly in the lake area, areas
west of the Yabulai Mountains, and south of the Guaizi
Lake.

As shown in Fig. 5, the mean and median of surface
albedo over different underlying surfaces reached
peaked in December. The mean and median surface
albedo over shifting dunes and semi-shifting dunes

were lowest in July, while that of the semi-fixed and
fixed dunes were lowest in August. The temporal
variation in surface albedo over shifting and semi-
shifting dunes was less than that of semi-fixed and
fixed dunes, which indicated that the distribution of
surface albedo over shifting and semi-shifting dunes
was highly concentrated. The shifting and semi-
shifting dunes accounted for a greater proportion of the
high surface albedo values than that of the semi-fixed
and fixed dunes. Compared with the skewness of the
surface albedo of the semi-fixed and fixed dunes, the
skewness of the surface albedo of the shifting and semi-
shifting dunes had a positively skewed distribution
which decreased over time, indicating that there was an
increasing degree of bias of surface albedo over shifting
and semi-shifting dunes in the low value range (Fig. 6).
The skewness of different underlying surfaces reached
a maximum in January, which indicated that the spatial
difference of surface albedo was obvious and surface
albedo tended to high value range in January. The
skewness of surface albedo over fixed dunes was low
obviously in March and August.

Precipitation is an important meteorological factor
affecting surface albedo [38]. The surface albedo of
snow-covered areas is significantly higher than that
of uncovered areas in winter. In summer and autumn,
precipitation is relatively high in most areas of China,
and the surface vegetation coverage and soil moisture
are relatively high, which results in the lowest surface
albedo. However, the mechanism of the effects of
vegetation coverage and soil moisture on surface
albedo is controversial [39]. Compared with Fig. 4 and
Fig. 8a), the surface albedo in the Badain Jaran
Desert is significantly affected by precipitation. The
precipitation in the Badain Jaran Desert is concentrated
in July, which leads to the minimum of surface albedo
over shifting dunes and semi-shifting dunes in July.
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The vegetation coverage of semi-fixed and fixed dunes
is dominated by sand grass. The vegetation coverage of
semi-fixed and fixed dunes is 10%-30% and 30%-50%,
respectively. Due to the lag effect of the vegetation
in response to precipitation [40, 41], the surface
albedo reaches a minimum in August, with maximum
vegetation coverage and soil moisture. Moreover, the
proportion of solar short-wave radiation absorbed by the
soil is high due to the high vegetation coverage and soil
moisture of fixed dunes. The bias degree of fixed dune
surface albedo tending to the low value range increases.
In March, the vegetation coverage of fixed dunes
increases, which leads to the lower values for surface
albedo over the fixed dunes. The surface roughness is a
parameter that can reflect the geometric structure of the
underlying surface. High surface roughness increases
the reflections of solar radiation, resulting in a decrease
in surface albedo [42, 43]. The roughness of semi-fixed
and fixed dunes is higher than that of shifting and semi-
shifting dunes. Thus, the low surface albedo of semi-

fixed and fixed dunes accounts for a larger proportion.
Shifting and semi-shifting dunes readily reflect light
sources and have relatively high surface albedo values.
Due to the low land surface temperature and snow
cover in some high-altitude areas, surface albedo
reaches a maximum in winter. The spatial difference
in surface albedo between snow-covered areas and
uncovered areas is significant and the bias degree of
surface albedo over shifting dunes tending to the high
value range increases. Dust storms frequently occur
in spring and autumn, which leads to dust cover. The
increase in regional aerosol concentration and thickness
reduces the difference in surface albedo [44]. In
summer, with an increase in precipitation, the surface
albedo decreases. Precipitation also reduces the spatial
difference in surface albedo over different underlying
surfaces. Due to dust and precipitation, the bias degree
of shifting dunes and semi-shifting dunes surface
albedo tending to the high value range decreases. The
distribution range of vegetation coverage of semi-fixed
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Fig. 5. Monthly median, percentiles 25 % and 75 % (box), and mean (square) surface albedo over different underlying surfaces in 2018.

and fixed dunes is so small that it is easy to produce
mixed pixels of vegetation and bare land, which leads to
a poor concentration of surface albedo range. This also
explains the irregular changes in surface albedo over
the semi-fixed and fixed dunes.

Landscape Pattern Differences in Surface Albedo
over Different Underlying Surfaces

Table 4 showed monthly landscape metrics of
surface albedo over shifting dunes, semi-shifting dunes,

SKEW

semi-fixed dunes, and fixed dunes. The landscape
complexity of surface albedo over shifting dunes was
the highest, followed by semi-shifting dunes, and fixed
dunes, and landscape complexity of surface albedo
over semi-fixed dunes was the lowest. The result of
COHESION indicated that the spatial aggregation of
patches decreased from shifting dunes to fixed dunes.
Compared with shifting dunes, patches of semi-shifting
dunes, semi-fixed dunes, and fixed dunes were small,
and the separations were high. The results of SHDI and
SIDI indicated that separation of surface albedo over

—o— shifting dunes
—— semi-shifting dunes
—o— semi-fixed dunes
—— fixed dunes

Jan. Feb Mar Apr May

Jun

Jul. Aug Sept Oct Nov Dec

Month

Fig. 6. Monthly skewness for shifting dunes, semi-shifting dunes, semi-fixed dunes and fixed dunes.
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Fig. 7. Mean of proportion of the full inversion over different seasons from 2014 to 2017.

the main underlying surfaces in the Badain Jaran Desert
was low and landscape dominance was strong. The
landscape metrics of surface albedo over fixed dunes
were unchanged in different months, which indicated
that the surface albedo over fixed dunes was less
affected by environmental conditions. The landscape
metrics of surface albedo over the semi-fixed dunes in
January and December differed to that of other months.
The landscape metrics of surface albedo over the semi-
shifting dunes in January, February, and December were
significantly different. The SPLIT of surface albedo
over semi-shifting dunes was significantly different in
different months. The monthly difference in surface
albedo PAFRAC over shifting dunes was large and
the monthly difference in surface albedo SPLIT over
shifting dunes was less than that of the semi-shifting
dunes and semi-fixed dunes. Moreover, the difference

in surface albedo SHDI and SIDI of over the shifting
dunes was evident only in January and February.
Shifting  dunes, semi-shifting dunes, semi-
fixed dunes, and fixed dunes, account for 88.51%,
10.28%, 0.84%, and 0.35% of the total area of desert,
respectively. The patches of shifting dunes are large
and are distributed contiguously with a low degree of
separation. Moreover, the form of shifting dunes is
significantly affected by dust weather. Embryonic dunes
(e.g. small barchan dunes, low longitudinal dunes) in
the lake basin in the northwest gradually change into
complex dunes (e.g. large dune chain) in the hinterland
based on the predominant wind direction. The complex
dunes of the hinterland gradually change into compound
dunes (e.g. compound barchan dunes) in the southeast,
based on the predominant wind direction [45]. Thus,
the surface albedo over shifting dunes varies greatly.
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Fig. 8. Monthly precipitation variation a) and frequency of wind speed greater than 8 m s b) in 2018.
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Semi-shifting dunes are crisscrossed with shifting
dunes in the hinterland of the Badain Jaran Desert and
are distributed contiguously at the edge of the desert.
The complexity of surface albedo over semi-shifting
dunes is lower than that of shifting dunes. Semi-fixed
dunes intersperse semi-shifting dunes at the edge of the
desert and the complexity is the lowest. Mega-dunes are
found widely across the hinterland of the Badain Jaran
Desert and the difference between dunes and inter-
dunes is significant. The number of dunes gradually
decreases and the distance between dunes increases
from the hinterland of the desert to the edge, which
leads to a decrease in landscape dominance of surface
albedo at the edge of the desert. Semi-fixed dunes and
fixed dunes are mainly found at the edge of desert, and
landscape dominance is poor. In winter, the northwest
wind prevails, and strong winds occur in the southeast
desert, where semi-shifting dunes and semi-fixed dunes
are distributed contiguously. Thus, landscape metrics
of semi-shifting and semi-fixed dunes are significantly
different from other seasons. In spring and autumn, the
monthly surface albedo PAFRAC varies significantly
over the shifting dunes due to dust with low organic
matter content [46]. The content of the sand particles is
low and there are strong soil cohesiveness and stability
in the structure of the fixed dunes [47]. Thus, there is
no difference in the monthly surface albedo landscape
metrics over the fixed dunes.

This paper provides a new idea for the spatial
and temporal fusion of remote sensing image data.
However, it only focuses on one meteorological station.
It is necessary to add more measured surface albedo
from different meteorological stations inside the Badain
Jaran Desert to verify accuracy of assimilation on
regional scale. In order to obtain more accurate results
of assimilation, improving the algorithm and using
high-resolution data are necessary.

Conclusions

The average relative error decreased by 12.271%
when surface albedo based on OLI is assimilated into
BSA with 4DVAR. It can improve poor applicability of
BSA in winter and adjust BSA to better respond to the
changes in the measured value over a short time range.

Surface albedo is affected by precipitation in Badain
Jaran Desert, which is highest in winter, followed by
spring and autumn, and the lowest in summer. The
response of vegetation to precipitation exhibits a lag
effect, which delays the occurrence of minimum surface
albedo over the semi-fixed and fixed dunes.

Due to variations in the roughness of the underlying
surfaces, the high value of surface albedo over shifting
and semi-shifting dunes is greater than that of semi-
fixed dunes and fixed dunes.

The difference in organic matter and sand content
over different underlying surfaces is significant,
which leads to a significant difference in the monthly

surface albedo PAFRAC over the shifting dunes and
no difference in the monthly surface albedo landscape
metrics over the fixed dunes.
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