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Abstract: Land surface albedo (LSA) is an important parameter that affects surface—air interactions
and controls the surface radiation energy budget. The spatial and temporal variation characteristics
of LSA reflect land surface changes and further influence the local climate. Ganzhou District, which
belongs to the middle of the Hexi Corridor, is a typical irrigated agricultural and desert area in
Northwest China. The study of the interaction of LSA and the land surface is of great significance
for understanding the land surface energy budget and for ground measurements. In this study,
high spatial and temporal resolution GF-1 wide field view (WFV) data were used to explore the
spatial and temporal variation characteristics of LSA in Ganzhou District. First, the surface albedo of
Ganzhou District was estimated by the GF-1 WFV. Then, the estimated results were verified by the
surface measured data, and the temporal and spatial variation characteristics of surface albedo from
2014 to 2018 were analyzed. The interaction between albedo and precipitation or temperature was
analyzed based on precipitation and temperature data. The results show that the estimation of surface
albedo based on GF-1 WFV data was of high accuracy, which can meet the accuracy requirements
of spatial and temporal variation characteristic analysis of albedo. There are obvious geographic
differences in the spatial distribution of surface albedo in Ganzhou, with the overall distribution
characteristics being high in the north and low in the middle. The interannual variation in annual
average surface albedo in Ganzhou shows a trend of slow fluctuations and gradual increases. The
variation in annual albedo is characterized by “double peaks and a single valley”, with the peaks
occurring from December to February at the end and beginning of the year, and the valley occurring
from June to August. Surface albedo was negatively correlated with precipitation and temperature in
most areas of Ganzhou.

Keywords: spatial and temporal variation; surface albedo; GF-1 WFV; precipitation; temperature;
urban land study

1. Introduction

Shortwave land surface albedo, which is defined as the ratio of the reflected solar
radiation at the land surface to the total incoming solar radiation over the entire solar
spectrum and represents the reflection ability of the surface to solar radiation [1], is an
important parameter in land surface processes and climate simulation studies. Accurate
estimation of surface albedo is essential in considering the surface energy budget.

Field albedo is obtained from measured radiation flux data at surface flux sites, and
albedo is calculated from the ratio of downward shortwave radiation flux to upward
shortwave radiation flux [2]. However, due to the complexity and diversity of underlying
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surface types and the strong heterogeneity of the land surface, albedo obtained from the
measured site data can only represent a very small range of areas around the site, and the
global distribution of radiation flux sites is low; therefore, this method cannot be used to
obtain spatially continuous large-scale surface albedo monitoring.

Remote sensing observation data have a wide observation range and high spatial and
temporal resolution and can be repeatedly observed in the same area. Therefore, remote
sensing is considered as the most convenient method for large-scale land surface moni-
toring [3-5]. With the rapid development of satellite remote sensing and the continuous
optimization of albedo remote sensing estimation algorithms, the number of albedo satellite
remote sensing products released and operating commercially has increased dramatically,
such as Moderate-resolution Imaging Spectroradiometer (MODIS) [6], Airborne Visible
Infrared Imaging Spectrometer (AVIRIS) [7], Medium Resolution Imaging Spectrometer
(MERIS) [8], Visible Infrared Imaging Radiometer Suite (VIIRS) [9], Polarization and Di-
rectionality of the Earth’s Reflectance (POLDER) [10,11], Clouds and the Earth’s Radiant
Energy System (CERES) [12], Meteosat [13], and Meteosat Second Generation (MSG) [14].
These products have played a dramatically important role in regional and global analyses.

Based on the availability of so many satellites and sensors, spatial and temporal varia-
tions are monitored at global and regional scales. Wang [15] investigated the spatial distri-
bution and temporal variation of regional surface albedo in China using NOAA /AVHRR
(National Oceanic and Atmospheric Administration/Advanced Very High Resolution Ra-
diometer) data from 1982 to 2000. Zhang [16] studied the variation characteristics of surface
albedo on the North Alaskan slope using surface albedo obtained from the inversion of
AVHRR data from 1985 to 1998. Atlaskina [17] used the MODIS surface albedo product
MCD43C3 from 2000 to 2013 to study the spatial and temporal variation characteristics of
surface albedo and its relationship with snow cover, temperature, vegetation index, and
precipitation in the Northern Hemisphere in spring snow-covered areas. Tsvetsinskaya [18]
used MODIS data to obtain surface albedo in global arid areas and analyzed the spatial and
temporal variations in global desert surface albedo. The results showed that the surface
albedo of different arid regions in the world was very different.

These analyses, which were based on coarse resolution data, were focused on large-
scale analyses, and high spatial resolution studies were still needed for regional-scale
refinement. Wu [19] used a combination of high spatial resolution HJ satellite and long-
time series GLASS albedo data to analyze the spatial and temporal characteristics of surface
albedo in the Heihe River Basin, China. The results showed that the spatial distribution
of surface albedo in the Heihe River Basin varied significantly, with lower surface albedo
in the upstream area and higher surface albedo in the midstream and downstream desert
of the basin; the annual variation in surface albedo in the basin was like a “U”, with the
highest albedo in winter, followed by spring and autumn, and the lowest in summer.
Regarding interannual variation, the albedo in the downstream area of the Heihe River
showed an upward trend, while that in the upstream area showed a downward trend.
Due to the influence of data mosaics and clouds, the time resolution of Wu’s research
data was low. Wang [20] analyzed the spatial and temporal characteristics of the albedo
of Dongkemadi Glacier in the Tanggula Mountains based on Landsat TM images during
summer ablation and MOD10A1 data during 2000-2009.

Limited by the long revisit cycle of Landsat, it is difficult to capture the quick change
in the land surface. With a spatial resolution of 16 m and a revisit period of 2 days, the
GF-1 WFV has the advantage of high spatial and temporal resolution monitoring ability.
We applied the direct estimation method to GF-1 WFV sensors to establish the relationship
between TOA reflectivity and surface albedo. Albedo estimated from GF-1 WFV data
was applied to identify the spatial and temporal characteristics of land surface albedo in
Ganzhou District, Gansu, China. In this study, a comprehensive comparative analysis of
the albedo of different land cover types was conducted. The variation characteristics of
different underlying surface albedos were analyzed from interannual and intra-annual
variations. This study provides a reference for improving the simulation of climate and land
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surface processes and contributes to an accurate understanding of surface—air interaction
processes and their climate effects in the Heihe River Basin.

2. Study Area and Data
2.1. Study Area

Ganzhou District of Zhangye is in the midstream part of the Heihe River Basin and
belongs to the middle section of the Hexi Corridor, ranging from 100°6’E to 100°52'E and
38°39'N to 39°24'N. It is also the political, economic, and cultural center of Zhangye and
one of the most important towns on the ancient Silk Road. The main natural vegetation
in Ganzhou is deciduous xerophytes, halophyte communities, and sporadic desert plant
communities. The terrain in the study area is flat, with an average elevation of 1474 m.
The Heihe River, Suyoukou River, Daciyao River, Shandan River, and other rivers run
through the entire area, which is a typical oasis agricultural area. This area has a temperate
continental climate, which is characterized by a dry climate, long sunshine time, large
temperature difference between day and night, frequent sandstorms throughout the year,
and southeast winds in summer and northwest winds in the other seasons. The average
annual temperature of Ganzhou is 6-8 °C, the accumulated temperature of >0 °C is
2734 °C, and the number of sustained days is 213 days; the accumulated temperature
of >10 °C is 2140 °C and lasts for 133 days. The average daily temperature difference
from April to October is between 13.4 °C and 18.2 °C. Average annual precipitation is
113-312 mm, precipitation from June to October accounts for more than 70% of the year,
and annual evaporation is 2000-2350 mm. Precipitation is 250-300 mm in shallow mountain
areas and 400-450 mm in mountain areas. The annual sunshine hours are 3000-3600 h,
and the frost-free period is 112-165 days [21]. An overview of the study area is shown in
Figure 1. The land cover type is derived by Hu [22], and the Zhangye site is in the Chinese
National Wetland Park, and the underlying surface is wetland.
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Figure 1. Land cover types of the study area and GF-1 WFVtrue color data image.
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2.2. Field Observation Data

The ground data used in this paper were from the Heihe Watershed Allied Telemetry
Experimental Research (HiWATER). The HIWATER is a simultaneous airborne, satellite-
borne, and ground-based remote sensing experiment aiming to improve the observability,
understanding, and predictability of hydrological and related ecological processes at a
catchment scale. Ground measurements were carried out at four scales, including key
experimental areas, foci experimental areas, experimental sites, and elementary sampling
plots, using ground-based remote sensing instruments, densified networks of automatic
meteorological stations, flux towers, and hydrological stations [23]. Field albedo was
observed with a CNR4 radiometer mounted on flux observation and meteorological towers.
Referring to the description document of the CNR4 radiometer, its uncertainty is less than
2%, so the uncertainty of CNR4 is not considered in this study. There were six towers with
radiation observations, and the land cover types included grassland, desert, farmland, and
wetland. Ground observation data were downloaded from the National Tibetan Plateau
Data Centre (https://data.tpdc.ac.cn/zh-hans/). The information of all sites is shown
in Table 1. The CNR4 radiometers equipped on the towers had a sampling interval of
10 min, and the radiometers at different stations were set at different heights. The surface
albedo was calculated by using the ratio of upward and downward radiation. To ensure
time consistency between field observations and satellite data, field observations half an
hour before and after satellite overpass times were averaged. The special coverage of field
observations was calculated according to the height of CNR4, using Equation (1).

R= H~tan<g> )

where R is the radius of the observation area, H is the sensor height, and 6 is the effective
field of view (FOV) of the sensor.

Table 1. Information of sites.

Site

Land Cover

Longitude Latitude CNR4 Height (m) Time Period

Type

Heihe

Bajitan

Shenshawo

Huazhaizi

Zhangye

Daman

Grassland

Desert

Desert

Desert

Wetland

Cropland

2015001-2015365
2016001-2016365
2017001-2017365
2018001-2018365
2014001-2014365
2015001-2015103
2014001-2014365
2015001-2015102
2014001-2014365
2015001-2015365
2016001-2016365
2017001-2017365
2018001-2018365
2014001-2014365
2015001-2015365
2016001-2016365
2017001-2017365
2018001-2018365
2014001-2014365
2015001-2015365
2016001-2016365
2017001-2017365
2018001-2018365

100.4756E 38.827N 1.5

100.3042E 38.915N 6

100.4933E 38.7892N 6

100.3201E 38.7659N 6

100.4464E

38.9751N 6

100.3722E 38.8555N 12

GF-1 data were aggregated to match the field observation area and then compared
with field observations.
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2.3. GF-1 Data

The GF-1 satellite was the first satellite of China’s high-resolution Earth observation
system. It was launched in April 2013 and carries two panchromatic/multispectral cameras
(PMS) and four wide field view cameras (WFV). The WFV data have a spatial resolution
of 16 m and revisit interval of approximately 2 days. The field view of each camera is 8°,
and the observed field view after the combination of the four cameras is approximately
65°; the sensor has a width of 800 km when observed vertically downward and has
both £25° side-sway and emergency maximum side-sway capability of +35° [24]. In
practice, an image is scanned by a single sensor, and the observed zenith angle deviation
in one image is less than 8°. The GF-1 satellite is suitable for large area and regional land
surface detection because of its high revisit frequency, wide coverage, and high spatial
resolution. In recent years, GF-1 remote sensing images have been used in many fields,
including mine monitoring, crop identification and extraction, urban construction, and
forest environmental monitoring [25-28]. Key information of the GF-1 WFV is shown in
Table 2. All GF-1 WEV data used in this paper were downloaded from the China Centre for
Resources Satellite Data and Application (http://www.cresda.com/CN /). High-quality
data with clouds < 10% were selected, and a total of 57 L1A level (preprocessing level
radiometric correction image products) images during 2014-2018 were downloaded.

Table 2. Parameters of GF-1 WFV.

Camera  Band Band Range (um) Spatial Resolution (m) Revisit Period (Days)

B1 0.45-0.52
B2 0.52-0.59

WEV B3 0.63-0.69 16 2
B4 0.77-0.89

Radiometric calibration was performed on GF-1 WFV data to obtain the TOA re-
flectance. The accuracy of the radiometric calibration of sensor observation data is cru-
cial [29]. The TOA reflectance of the GF-1 WFV was calculated by Equations (2) and (3).

L = Gain x DN + Of fset (2)
T x L x D?
P = ESUN x cos 6 ®)

where L is the radiance value, and Gain and Offset are the gain and offset, respectively. p
is the TOA reflectance, D is the distance between the sun and earth, ESUN is the average
solar spectral irradiance of TOA, and 8 is the solar zenith angle.

Because of the geometric distortion of remote sensing images in the process of imaging
for various reasons, the existence of geometric distortion of remote sensing images will
seriously affect the actual use of the image. Therefore, the geometric correction of remote
sensing images is the most basic and important step in all kinds of remote sensing image
processing. Since Landsat 8 has been geometrically corrected, the Landsat OLI data that
were close to the GF-1 remote sensing images in time and consistent with the area were
used as the reference images for geometric correction. Geometric correction was based on
the method of automatically finding ground control points from Landsat 8. The geometric
correction accuracy was within 1 pixel in most areas.

2.4. Meteorological Dataset

Meteorological data, including air pressure, temperature, sunshine, humidity, precip-
itation, and wind speed, were downloaded from the China Meteorological Data Service
Centre (http://data.cma.cn). We downloaded the precipitation and temperature data of
three meteorological observation sites near the study area in 2014-2018. The units of precip-
itation and temperature are °C and mm, respectively. The distribution of precipitation and
temperature in the study area was obtained by interpolating the location of observation
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sites and climate data. Then, the relationship between temperature, precipitation, and
albedo was analyzed.

3. Method
3.1. Albedo Estimation Method

Albedo was calculated by the direct estimation method. In the estimation process, the
surface directional reflection characteristics at GF-1 scale were considered. Referring to the
method of Shuai et al. [30], BRDF parameters of pure pixels at MODIS scale were selected to
represent the surface direction reflection characteristics at GF-1 scale. The TOA reflectance
was obtained by the 65 radiative transfer model, and the surface albedo was obtained by
a linear kernel-driven model. A linear regression model between TOA reflectance and
surface albedo was constructed, and the model coefficients were stored in the look-up table
(LUT). We used ground data to verify the albedo estimation results.

3.2. Analysis Method
3.2.1. Change Trend Analysis
The interannual variation rate of surface albedo in Ganzhou is fitted by using the

method of one variable linear regression, which is the trend value b [31]. The calculation
formula is as follows:

=1 )

Il
MR

where 7 is the total number of years during the study period; «; is the average surface
albedo value in year i; and b is the trend value, which reflects the change rate of surface
albedo. If b > 0, it indicates that the surface albedo tends to increase, but for b < 0, it tends
to decrease; the absolute value of B reflects the change rate of surface albedo.

3.2.2. Fluctuation Analysis

To analyze the fluctuation of surface albedo in Ganzhou, the difference between the
annual average albedo of each year and the average albedo of all years was calculated with
the formula:

Aa(y) =a(y) — & 5)

where Ax(y) represents the anomaly of the y-year average albedo; a(y) is the average
albedo in year y; and  is the average albedo for all years. The fluctuation of albedo over
time is an important embodiment of human and natural activities. A large fluctuation of
albedo indicates that the solar radiation reflected by the surface is unstable, and the land
surface varies dramatically. The albedo standard deviation (SD) s calculated by Equation (6)
depicts the fluctuation of albedo in the study area. A large value of the standard deviation
s indicates a large fluctuation in the surface albedo, and vice versa.

(6)

3.2.3. Correlation Analysis

Pearson correlation analysis [31] was used to analyze the correlation between the
variables. In this paper, these variables are precipitation, air temperature, and albedo. For
the study variables x and y, the correlation coefficient r can be expressed as:

r= @)
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where 7 is the sample size of the variable; x; and y; are the i-th pair of samples; and x
and ¥y are the sample averages of the two variables. The value range of r is (—1, 1), and
when 0 <r <1, it indicates that x and y are positively correlated; when —1 < r <0, it
indicates that x and y are negatively correlated, and the larger the absolute value of r, the
closer the relationship between x and y. In this study, the correlation between albedo and
climatological factors was analyzed.

Bias reflects the error between the output and the real value of samples. Bias can
verify the accuracy of the estimation results and the reliability of the estimation method by
analyzing the deviation between the estimation results and the actual surface albedo. The
formula of bias is as follows:

(Eiig %) (i i) — (X 1) (i i)
. N2
(i ) = (T 1)
where n is the total number of years during the study period; «; is the average surface

albedo value in year i; and b is the trend value, which reflects the change rate of surface
albedo.

®)

Bias =

4. Results
4.1. GF Albedo Estimation Accuracy

All available clear sky GF-1 WFV data and ground measurement data were paired for
albedo estimation accuracy validation. Figure 2 shows the scatter plot of field albedo and
GF-1 estimated albedo. Figure 2 shows that the results of all stations show a high R? of 0.849
and a small RMSE of 0.026. Since there is a clear difference in surface albedo for different
land cover types, it is necessary to separately verify the albedo accuracy for different land
surface types. The verification results for grassland, desert, wetland, and farmland sites are
shown in Figures 2 and 3. Since the field albedo was obtained by averaging data half an
hour before and after the satellite observation time, the uncertainty, which is SD, is shown
in Figure 3. The two outliers in Figure 3 are due to snow cover and melting. The validation
results of all land cover types have high accuracy, with the highest precision for deserts and
lowest precision for wetland. The RMSE and R? values of all land cover types are shown in
Table 3.

0.5
RMSE:0.026
R2:0.849
044 Bias:-0.043 '
ot
0.3 4
(=]
5 ]
2 ¢ He—i
= ' ™
i +h
&) ¥
0.2 4 . folwe
o |: '
i o
0.1+ i
0.0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5
Field Albedo

Figure 2. Validation against ground measurements.



Remote Sens. 2021, 13, 4070

8 of21
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RMSE:0.027 RMSE:0.023
R%:0.631 R?:0.900
04 Bias:-0.020 0.4 Bias:-0.024 :
0.3 4 0.3
o (=]
3 z [}
2 £ ¢
s » '
& S
0.2 0.2 ) P, 4 i}
o
W ™~ L] “' "
o i W
" ]
0.1 M 0.1
(a)Wetland (b)Desert
0.0 T T T T 0.0 T T T T
0.0 0.1 0.2 0.3 04 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Field Albedo Field Albedo
0.5 0.5
RMSE:0.027 RMSE:0.031
R%:0.827 R2:0.804
044 Bias:-0.057 044  Bias:-0.039
cee
0.3 4 0.3
g 3
= o £
= ¥ ni = '
G ot ] '
0.2 4 0.2 *
[}
0.1 0.1
(¢)Cropland (d)Grassland
0.0 T T T T 0.0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Field Albedo Field Albedo

Figure 3. Comparisons of GF-1 WFV albedo and surface results in the experimental area of (a) wetland sites, (b) desert sites,

(c) cropland sites, and (d) grassland sites.

Table 3. Accuracy verification results for various land cover types.

Land Cover Type RMSE R? Bias
Wetland 0.027 0.631 —0.020
Desert 0.023 0.900 —0.024
Cropland 0.027 0.827 —0.057
Grassland 0.031 0.804 —0.039

4.2. Albedo Temporal Variation Characteristics from Site Observations

The flux towers were mounted in relatively homogeneous fields; therefore, the site
observations can represent a certain range of land surface. The temporal variation charac-
teristics of different land cover types were analyzed based on site observations.

4.2.1. Interannual Variation Characteristics

Figure 4 shows the daily land surface albedo of four land cover types from 2014 to
2018 (data was missing since 2014 in the grassland site). From Figure 4, we can see that
the desert sites had the highest values of annual average surface albedo of 0.2374. The low
vegetation coverage of the desert leads to its high albedo. The wetland sites had the lowest
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Albedo

values of 0.1795, which was mainly caused by the large vegetation and water background.
The yearly average albedo of farmland and grassland was 0.2103 and 0.1895, respectively.
The albedo value of vegetation land was between that of desert and wetland. In the annual
cycle, albedo was high at the beginning/end of each year and low in the middle of the
year. Albedo in winter was higher than 0.4, which was caused by the snow cover in this
period. The maximum value of land surface albedo was 0.8327 in 2018 in the desert, and the
minimum value was 0.0374 in 2016 in the wetland. The maximum and minimum values of
albedo for each land cover type are shown in Table 4. According to the seasonal variation
in albedo, the albedo changed sharply in winter, which was mainly related to snowfall and
snowmelt [19].

0.9
0.8
0.7
0.6
0.5 Cropland
0.4 —Wetland
’ Desert
0.3 —Grassland
0.2
0.1
0 1 1 1 1 1 1 1 1
2014/1/1 2014/7/20 2015/2/5 2015/8/242016/3/112016/9/272017/4/152017/11/12018/5/202018/12/6
Date(year/month/day)
Figure 4. Daily average albedo of four land cover types in Ganzhou.
Table 4. Maximum and minimum values of albedo for each land cover type.
Maximum Albedo Minimum Albedo
Land Cover Type
Value Year Month  Value Year Month
Farmland 0.7008 2018 12 0.0944 2017 4
Desert 0.8327 2018 12 0.0874 2016 8
Wetland 0.7679 2015 1 0.0374 2016 5
Grassland 0.7958 2018 12 0.0862 2015 9

4.2.2. Annual Variation Characteristics

Figure 5 shows the monthly average albedo of different land cover types in the research
area. It can be seen from Figure 5 that the annual variation in monthly average albedo of
farmland, wetland, desert, and grassland had a “U”-shaped trend, which was consistent
with the results of Liu [32]. The surface albedo of bare land, desert, and grassland showed
a clear decreasing trend from January to August, with the lowest albedo in summer from
June to September, which was due to vigorous vegetation growth, precipitation, and high
soil moisture in summer. After September, when crops were harvested, the vegetation
coverage gradually decreased, and albedo began to rise. From the figure, we can also find
that the average monthly albedo of the wetland was lower than that of the other three land
types, which may have been because the background field of the wetland was water, and
the albedo of water is low. The highest albedo in January and December was in the desert,
and the annual albedo of the desert was almost higher than that of the other three land
types because the desert has a high albedo due to the bare soil and very low vegetation
coverage. The complex and variable underlying surface caused the surface albedo of the
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Ganzhou area to have obvious seasonal differences. In summer, vegetation grew and
precipitation increased, and the surface albedo decreased; in winter, the surface was bare,
and the albedo increased.

0.4

0.35

0.3
< Cropland
20.25 Wetland
= —Wetlan

Desert

02 —Grassland

0.15

0‘1 1 1 L 1 1 1 L 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12

Month

Figure 5. Annual variation in monthly mean albedo under different land cover types.

4.3. Albedo Spatial Variation Characteristics

Albedo estimated from GF-1 WFV data was used for spatial variation pattern analysis.
Due to cloud contamination and other reasons, monthly average albedo was used to depict
the spatial variation characteristics.

4.3.1. Interannual Variation Characteristics

Figure 6 shows the average albedo in January and July from 2014 to 2018. Figure 6
shows that the overall albedo in the study area in January was higher than that in July,
with an average value of 0.242 in January and 0.219 in July. For each period, albedo in the
desert area in the north was higher than that in other areas, which was caused by the dry
sand in the desert areas. The main oasis in the center area and the distributed forest in
the southern and eastern areas had low albedo values due to dense vegetation cover. An
obvious difference was found on the boundary of the oasis and southern desert.

For most areas, albedo in January was larger than that in July, which was consistent
with the general seasonal trend of albedo. However, there was a certain part of the area
where albedo in January was always less than that in July in research area A in Figure 1. In
this area, the land surface type was desert, vegetation growth was rare here, and the main
area contained dry sand. Rugged terrain in this area induced large shadows in both winter
and summer. In winter, the sun elevation angle was smaller than that in summer, and a
larger shadow was induced, which caused a smaller albedo value in winter. The albedo
estimation accuracy was also influenced by the rugged terrain [33]. Rugged terrain albedo
calibration was needed in this area.

Figure 7 is the SD of surface albedo in January and July. The average of the SD in
January is 0.044 and in July is 0.021. The SD in January is higher than that in July, and the
maximum standard deviation is close to 0.1. The high SD is due to the snow cover in some
of the year. SD in July is very small, indicating that the change in albedo in July in these
years is very stable.
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Figure 6. Spatial distribution of average surface albedo in (a) January and (b) July.
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Figure 7. Spatial distribution of SD of surface albedo in (a) January and (b) July.
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Table 5 shows the average and SD of surface albedo of different land cover types in
January and July. For each land cover type, albedo in January is larger than that in July,
and desert has the largest albedo value in both periods. In January, the average albedo
of grassland and bush is the smallest. The SD of albedo of forest is the largest, and that
of cropland is the smallest. In July, the average albedo of forest is the smallest. The SD of
albedo of bush is the largest, and that of cropland is the smallest. The statistics indicate
that the albedo of desert is higher than that of other land cover types, and the change in

albedo of farmland is the most stable.

Table 5. Average and SD of surface albedo of different land cover types in January and July.

Land Cover

January

Type Average Surface  SD of Surface  Average Surface = SD of Surface
Albedo Albedo Albedo Albedo

Grassland 0.223 0.051 0.202 0.023
Forest 0.231 0.063 0.186 0.026
Desert 0.259 0.051 0.241 0.022
Cropland 0.224 0.030 0.195 0.019
Bush 0.223 0.038 0.195 0.027
Bare land 0.230 0.040 0.199 0.020

The interannual variation rate was fitted with a one-variable linear regression method
at the pixel scale. The albedo variation rate from 2014 to 2018 is shown in Figure 8. The
results indicated that there was a significant spatial variation in the albedo interannual

variation pattern in this area.

*M‘-.:‘

w High : 0.1

- Low :-0.1

g Uigh : 0.1

u Low : -0.1

(a) January

(b) July

Figure 8. Spatial distribution of annual variation rate of surface albedo in Ganzhou in (a) January and (b) July from 2014 to 2018.
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The surface albedo increased in January with an average increasing rate of 1.1 x 102a~},
accounting for approximately 50.3% of the total area. The area with a large increas-
ing rate was distributed in the southern and southeastern parts of the study area, and
the land cover types were mainly grassland and farmland. The increasing rate was
more than 2.0 x 1072 a—!. In the northeastern forest area, a decreasing trend was found,
and the decreasing rate was more than —2 x 1072 a~!. The average reduction rate was
—1.2 x 1072 a~! in this area. Albedo decreased in 49.7% of the area with a decreasing rate
of approximately 6.0 x 1072 a~! in January. The area with decreasing rates was located in
the northern forest and grassland, southern forest, and central oasis farmland areas.

The albedo in most areas in July showed an increasing trend with an average increasing
rate of approximately 6.8 x 1073 a~!, accounting for approximately 66.4% of the total area.
The areas where the albedo increased faster were mainly in the eastern forest area, the
northern desert area, and the southern grassland area, where the increasing rate exceeded
1.0 x 1072 a~!. The annual average surface albedo in the riverside tended to decrease
slowly, with a rate of decrease exceeding —1.5 x 1072 a~ 1.

The variation results of the growing and nongrowing seasons show that the interan-
nual variation in albedo in the study area had an increasing trend, with the increasing part
consisting mainly of agricultural land and urban construction land and the decreasing part
consisting mainly of riverine and forest areas. This is consistent with the results of Li [34],
who suggested an increasing trend of annual average albedo at mid-latitudes.

Table 6 shows the annual variation rate of surface albedo of different land cover types
in January and July. In January, the annual variation rate of albedo of forest and desert
is negative, and the annual variation rate of albedo of bush is the largest. It shows that
the albedo of grassland, cropland, bush, and bare land has increased. In July, the annual
variation rate of albedo of all land cover types is positive, and that of bush is the largest.

Table 6. Annual variation rate of surface albedo of different land cover types in January and July.

Land Cover Type Annual Variation Rate (January) Annual Variation Rate (July)
Grassland 0.002 0.002
Forest —0.016 0.008
Desert —0.003 0.003
Cropland 0.011 0.006
Bush 0.023 0.013
Bare land 0.009 0.006

4.3.2. Annual Variation Characteristics

Figure 9 shows the spatial distribution of surface albedo in Ganzhou in 2015. Due to
data limitations, every two months of data are displayed. From Figure 9, it is obvious that
the annual variation in albedo in Ganzhou had high albedo in winter and low albedo in
summer.

The eastern grassland, central farmland, and southern grassland were affected by
snowfall in January, with high average albedo values (>0.4). The albedo of the northern
desert and the central oasis areas without snow cover was low, with average albedo values
less than 0.3 and 0.2, respectively. Snow largely melted in March, reducing albedo in the
eastern and southern—central areas, but the overall albedo was higher than that in January.
The albedo decreased again in May compared with March, when vegetation and crops
started to grow and the vegetation cover gradually increased, thus albedo decreased. The
albedo reached its lowest in August in a year, where the land cover type in the central part
of Ganzhou was farmland, as the crops reached their peak growth period and vegetation
cover was highest in August. In October, the crops were harvested, and the ground surface
became bare soil after harvesting, thus albedo increased. In December, there was snow in
the northern and southern parts of Ganzhou, resulting in an albedo higher than 0.4. The
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central part of Ganzhou has a large area of urban land in addition to cropland. Therefore,
under the influence of anthropic factors, the albedo in the central part of Ganzhou was
lower than that in other areas in December.

January 2015
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March 2015
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Legend
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Figure 9. Spatial distribution of surface albedo in Ganzhou in 2015.

4.4. Correlation Analysis with Climatic Factors

The spatial distribution differences of climatic factors affect the distribution and
growth of vegetation, and then affect the surface albedo. Temperature and precipitation are
two very important factors for climatic conditions, so it is necessary to analyze the effects
of temperature and precipitation on albedo.

4.4.1. Correlation Analysis of Albedo and Precipitation

Precipitation is an important meteorological factor affecting the variation in surface
albedo [35]. The surface albedo of most areas in Ganzhou District was negatively correlated
with precipitation, with 97.5% of the area showing a negative correlation (Figure 10). The
positive and uncorrelated areas were small and sporadically distributed in the central
and southern parts of the study area. Since the cropland in the southern part of the
study area was close to the mountains and the terrain fluctuated greatly, the albedo
variation was uncorrelated with precipitation. The northern—central part of the study
area was uncorrelated because it was a riverine area and was not significantly influenced
by precipitation.



Remote Sens. 2021, 13, 4070

15 of 21

[0 Negative Correlation
B Positive Correlation
[0 Irrelevant

Figure 10. Spatial distribution of Pearson correlation coefficient between annual surface albedo and
precipitation.

The relationship between albedo and precipitation for different land types is shown
in Figure 11. The albedos of desert, forest, grassland, cropland, bush, and bare land
were all negatively correlated with precipitation. Although grassland and cropland were
negatively correlated with precipitation, their albedo changed little when precipitation
changed greatly. Because of the low soil moisture and low vegetation coverage of deserts,
vegetation grows well, and albedo decreases when precipitation is high; when precipitation
is less, desertification will be more serious, and albedo increases. When precipitation is
high, there will be more water in the wetland, and albedo will decrease; when there is less
precipitation, some vegetation will be exposed, and as the albedo of vegetation is slightly
higher than that of water, the albedo will increase. The magnitude of albedo variation in
the bush and forests was very consistent with the magnitude of precipitation variation
because the vegetation cover in these two areas was high and the albedo varied significantly
with precipitation.

0.27 35mm
0.25 31mm
0.23

27mm
0.21

23mm
0.19
0.17 19mm
0.15 15mm

2014 2015 2016 2017 2018

—Desert =——Forest ——Grassland ——Cropland =——Bush ——Bareland ——Precipitation

Figure 11. Relationship between average albedo of different land cover types and precipitation.
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4.4.2. Correlation Analysis of Albedo and Air Temperature

The relationship between land surface albedo and temperature is shown in Figure 12.
Figure 12 shows that the surface albedo was negatively correlated with temperature in 95%
of the study area. Surface albedo was positively correlated with temperature in a small
area in the central, northern—central, and southwestern areas (Figure 12). There were few
areas in the figure where albedo was uncorrelated to temperature.

[ Negative Correlation
B Positive Correlation
I irrelevant

Figure 12. Spatial distribution of Pearson correlation coefficient between annual surface albedo and
temperature.

The relationship between albedo and temperature of different land types is shown
in Figure 13. The temperature and albedo variations of all land types were negatively
correlated in 2014-2015 and positively correlated in 2015-2018. Although albedo and
temperature showed similar trends in most years for different land cover types, we cannot
presume that albedo change was positively correlated with temperature. This is because
albedo is affected by both temperature and precipitation. With the increase in temperature
and precipitation, vegetation growth accelerates and albedo decreases. However, when
temperature increases and precipitation decreases, the albedo of each land cover type
changes differently; therefore, it is necessary to conduct partial correlation analysis between
temperature and albedo.

A partial correlation analysis of temperature and surface albedo was conducted under
the condition of precipitation as a control factor (Table 7). The results show that the negative
correlation between surface albedo and temperature became stronger and the positive
correlation became weaker after removing the effect of precipitation. The albedo of desert,
forest, grassland, cropland, and bare land was negatively correlated with temperature, and
the albedo of bush was positively correlated with temperature. When the temperature
increased, the surface evaporation increased and the moisture of the bush decreased, so
the albedo increased; conversely, the albedo decreased.
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Figure 13. Relationship between different land cover types and temperature.
Table 7. Partial correlation analysis of air temperature and albedo.
Land Cover Type Partial Correlation Coefficient
Desert —0.492
Forest -0.119
Grassland —0.423
Cropland —0.672
Bush 0.065
Bare land —0.493

5. Discussion
5.1. Influence of Albedo Estimation Accuracy on Spatial and Temporal Characteristics Analysis

Errors of radiometric correction and band conversion may lead to errors of albedo
estimation [36,37], which then affect the results of spatial and temporal analysis of the study
area. The GF-1 satellite is the first satellite of the China high-resolution Earth observation
system, which breaks through key technologies, such as high spatial resolution and multi-
spectral and wide coverage combined with optical remote sensing. Accurate radiometric
correction is needed before satellite observation. For consistency and calibration accuracy
between cameras, Feng [38] and Li [39] found that the radiometric calibration accuracy of
high-resolution satellites needs to be further improved. The accuracy of surface albedo
estimation can be further improved by refining radiometric calibration.

Aerosol scattering is the main atmospheric factor affecting visible radiation. The
“continental” aerosol type used in the radiation model of this study may lead to an over-
estimation of the albedo results. In He’s [40] study, they tried different aerosol types at
the site and found a change in albedo estimation accuracy, suggesting that the accuracy of
albedo estimation in non-desert areas can be improved using accurate aerosol type maps.
In ground measurements, the water vapor content will also affect shortwave radiation;
therefore, correction of the water vapor content may help to further improve the estimation
of shortwave albedo.

5.2. Influence of Other Factors on Spatial and Temporal Characteristics Analysis

Surface albedo, as a quantitative indicator of the surface’s ability to reflect solar
radiation, is influenced by various factors, such as natural and human activities, and the
complex and variable Earth surface causes surface albedo to be highly variable in space
and time. Climatic factors can affect surface albedo by influencing plant growth and
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soil moisture. The seasonal variation of land cover types also directly leads to seasonal
differences in surface albedo.

An increase in snow albedo will lead to a severe loss of surface radiant energy, weaken
convective exchange, and eventually lead to a reduction in precipitation. At the same time,
snow albedo also affects the melting of snow, which is an important factor of seasonal
snow cover change. According to the above section, the surface albedo in snow-covered
areas is significantly higher than that in uncovered areas, and the average albedo in winter
is higher than that in other seasons. Previous studies have also shown that snow has a
very strong effect on surface albedo [34]. Cao [41] showed a good correspondence between
the spatial distribution of interannual trends in mean annual snow cover and the spatial
distribution of interannual trends in surface albedo, and the surface albedo also increased
in the areas with increased snow cover rates; the surface albedo also decreased in the areas
with decreased snow cover rates. In this study, the land surface albedo was also affected
by snow cover. When the surface was covered with snow, the surface albedo increased
significantly, often more than 0.5.

Land use change will significantly change the surface biophysical properties, thus
changing surface albedo. Artificial land use changes, such as agricultural expansion and
grassland restoration, will affect surface albedo [42—44]. Due to frequent human activities
and the complexity of the underlying surface, it is difficult to understand and predict the
variation in albedo. For example, grazing may have a significant effect on grassland albedo
by reducing vegetation coverage and height [45]. In the central oasis area, a large area of
cropland was included. Farming activities significantly influenced albedo.

Precipitation is an important restraining factor for plant growth in arid and semiarid
areas [46]. The study in this paper shows that precipitation and albedo were mostly
negatively correlated in the study area. In the study of Cao [41], precipitation affected
surface albedo variability, but the extent of the effect varied by geographic location. There
was a significant negative correlation between precipitation and surface albedo in spring,
summet, and autumn, while there was a weak positive correlation between precipitation
and albedo in winter. However, Zhai’s study suggested that although precipitation may
affect albedo values in dry years, there was no significant correlation between precipitation
and albedo changes [47]. In the study of He [48], with the increase in summer precipitation,
the proportion of solar shortwave radiation absorbed by the surface increased, and the
surface albedo decreased; precipitation decreased in spring and autumn, and surface
albedo increased. Surface albedo reached a maximum in high altitude areas in winter due
to heavy snow. The results of this paper are largely in agreement with those of He [48].

6. Conclusions

In this paper, we used GF-1 WFV data to calculate the surface albedo based on
the direct estimation method and compared the estimation results with the observation
data for verification. Then, the spatial and temporal distribution and dynamic variation
characteristics of surface albedo in Ganzhou from 2014 to 2018 were analyzed in relation to
land cover types and their correlation with temperature precipitation. The results show
the following.

The results of estimating surface albedo based on GF-1 WFV data in Ganzhou had
high accuracy, and the R? and RMSE values were 0.849 and 0.026, respectively, when
compared with field observations.

There were obvious geographic differences in the spatial distribution of surface albedo
in Ganzhou, with albedo value high in the north and low in the middle area, which was
influenced by surface cover and human activities. The ranked order of the surface albedo
values of different land cover types was desert > farmland > grassland > wetland.

The interannual variation in the surface albedo in Ganzhou had a slowly fluctu-
ating and gradually increasing trend, with an average variation rate of approximately
2.4 x 1073 a~! and an increasing area accounting for approximately 64.4% of the total area.
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The eastern forest area and southern grassland area were the areas with the fastest increase
in surface albedo, with the rate of increase exceeding 1.0 x 1072 a~!.

The annual variation in surface albedo in Ganzhou ranged from 0.15 to 0.36 and had a
“two peaks and one valley” shape. The peaks occurred in December—February at the end
and beginning of the year, and the valleys occurred in June-August, indicating that the
annual variation in surface albedo was closely related to the seasonal variation in surface
cover type.

There was a negative correlation between surface albedo and precipitation in most
areas of Ganzhou. Wetlands and deserts were positively correlated, and farmlands and
grasslands were negatively correlated. Surface albedo was negatively correlated with
temperature in most areas of the study area, which were mostly desert, farmland, and
construction land; albedo was positively correlated with temperature in the southwestern
part of the study area. Climate change is mainly manifested by changes in temperature and
precipitation, and deep analysis of the relationship between surface albedo and climatic
factors is of great significance for the study of regional climate change and medium- and
long-term climate prediction.

The Chinese government has introduced a series of high spatial resolution satellites.
GF-1 WFV has the advantages of large coverage and high spatial resolution, and has
great potential in regional scale monitoring and regional change analysis. In this paper,
we used GF-1 WFV data to identify the spatial and temporal variation characteristics of
surface albedo in the Ganzhou area in Gansu. It is of great significance in improving the
quantitative use of Chinese remote sensing data.

There are still some drawbacks in this paper. The GF-1 satellite revisit period is 2 days,
and very high temporal resolution data are theoretically available, but due to the large
spatial area of Ganzhou and remote sensing images, mosaics are needed to obtain the
complete data of the study area. Additionally, under cloud contamination, GF-1 WFV data
are less available. For accurate regional land surface monitoring, more data from different
sensors should be utilized. In addition, the surface heterogeneity of the study area is strong,
and the spatial and temporal variation characteristics of surface albedo under different
surface types and complex terrain still need to be further studied.
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