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Abstract—Land surface albedo (LSA) is one of the driving fac-
tors in the energy balance of surface radiation and the interaction
between the earth and atmosphere. LSA is an important parameter
that is widely used in surface energy balance, medium- and long-
term weather forecasting, and global change studies. GF-1 wide
field view (WFV) data provide a spatial resolution of 16 m and tem-
porally intensive land surface observations, but efficient algorithm
was still lacking for quantitatively land surface parameters esti-
mation. It is essential to improve the data use ability by generating
efficient land surface parameter retrieval algorithms. This study
proposed an LSA retrieval algorithm by using GF-1 WFV data.
Land surface bidirectional reflectance distribution function char-
acteristic parameters were used to represent the non-Lambertian
characteristic of land surface. The top of atmosphere (TOA) re-
flectance is simulated by the 6S radiative transfer model by consid-
ering non-Lambertian land surfaces. Linear regression is applied in
the TOA reflectance, and LSA is simulated with the surface bidirec-
tional reflectance characteristic parameters to build a lookup table.
The proposed algorithm can estimate LSA with high accuracy
according to the TOA reflectance without the complex multistep
inversion process. The validation results of ground measurements
in Northwest China for different land cover types show that the
algorithm is effective, and the overall root mean square error was
0.036 when compared with field observation. The algorithm also
shows great consistency with Landsat albedo data. The proposed
algorithm is of great significance for improving GF data utilization.

Index Terms—GF-1 wide field view (WFV) data, high spatial
resolution, land surface albedo (LSA).
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I. INTRODUCTION

LAND surface albedo (LSA), which refers to the ratio
of reflected solar radiation to incident solar radiation,

is an important parameter that characterizes the land surface
energy balance [1]. LSA provides the boundary conditions at the
land−atmosphere interface in the general climate model [2]–[6].
Accurate estimation of LSA is critical in global climate change
[7] and polar area research [8]. Many operational remote sensing
albedo products are routinely derived from various sensors,
such as the Moderate Resolution Imaging Spectroradiometer
(MODIS) [9], Polarization and Directionality of the Earth’s re-
flectance [10]–[13], Medium Resolution Imaging Spectrometer
[14], Clouds and the Earth’s Radiant Energy System [12], [13],
Meteosat Second Generation [15], [16], Meteosat [17], [18],
Visible Infrared Imaging Radiometer Suite [19], [20], and Air-
borne Visible Infrared Imaging Spectrometer [21]. Their spatial
resolutions are mainly of kilometer magnitude, and their tempo-
ral resolutions range from daily to monthly. The prevailing LSA
products have facilitated a good understanding of global weather
change monitoring and detection. However, for regional use,
for example, when assessing environmental changes induced by
urbanization [22] and land cover change, kilometer-scale reso-
lution LSA products [10], [13], [23] have difficulty capturing
patch-size changes that are induced by human activities.

To better understand the characteristics of local and regional
climates, Shuai [24] developed a snow-free albedo estimation
algorithm based on Landsat surface reflectance and MODIS
bidirectional reflectance distribution function (BRDF) informa-
tion. The algorithm relies on clear-sky MODIS data close to the
Landsat acquisition date to produce accurate snow-free albedo
estimation; however, they are sometimes not applicable when
clear-sky MODIS data are not available and are limited for
application after 2000. Gao [25] refined the algorithm by using
the surface BRDF information from coarse-resolution products
and land cover maps. The availability of concurrent high-quality,
clear-sky, and coarse-resolution BRDF data also hindered model
application over rapidly changing surfaces. Wang [26] extended
the algorithm to retrieve albedo over snow-covered surfaces
for snow albedo dynamic analysis from Landsat 8 Operational
Land Imager (OLI) data and to monitor the LSA and vegetation
dynamics [27]. The only obstacle when using this method is
the difficulty in obtaining land surface BRDF information from
simultaneous coarse-resolution products, as the MODIS BRDF
data were calculated from cumulative 16-day observations,
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which assumes that the land surface remained unchanged for 16
days. Although the sixth version heavily improved the weight of
the day of interest, the scale effect of the BRDF [28] also induces
errors in albedo estimation. For rapid land surface variation
detection, He [29] constructed a lookup table (LUT) based on
extensive radiative transfer simulation to estimate LSA from
Chinese HJ top of atmosphere (TOA) reflectance data directly.
The instantaneous TOA reflectance is the only input needed for
LSA estimation. Song [30] implemented a recently developed
atmospheric correction method, the sensor invariant atmospheric
correction, to retrieve surface reflectance from HR-EO (e.g.,
Sentinel-2 and Landsat-8) TOA reflectance measurements. In his
study, both tower-measured albedo and upscaled albedo prod-
ucts were examined at ground based observation for validation
stations and used to compare with satellite observations.

The validation accuracy against ground measurements is very
high, with an overall root mean square error (RMSE) of 0.03
and r-square (R2) of 0.947. Later, He [31] extended the LUT
estimation algorithm to Landsat multispectral scanner (MSS),
thematic mapper (TM), enhanced thematic mapper (ETM), and
OLI data to generate long time period high-resolution LSA data.
Validation against field observations shows that the approach is
effective for both snow-free and snow areas with high accuracy.
Zhang [32] improved the estimation by proposing a two-step
correction strategy to further reduce the inconsistency between
the MODIS BRDF parameters and observed albedo as well
as possible spatial resolution differences between MODIS and
Landsat data.

With the implementation of the national high spatial
resolution Earth observation program, China has launched a
series of high spatial resolution Earth observation satellites,
such as GF-1, which provides high-precision and wide-range
space observation services for global land surface monitoring
[33]–[35]. To better use GF series satellite data for quantitative
land surface monitoring, more high-quality, high-level land
surface product data are needed. In this study, an attempt was
carried out to derive a high-quality LSA estimation algorithm
from GF-1 wide field view (WFV) data. Although the GF-1
multispectral sensor has a wide field of view (FOV) of 40°,
only single angle observation data were available, which makes
it difficult to obtain the land surface BRDF characteristics and
further hinders LSA estimation based on the BRDF. The LUT
algorithm was adopted and improved, and this work will focus
on the research area of China, where atmospheric conditions
and land surfaces are very complicated.

II. DATA

A. Research Area and Field Observations

The research area of this study is located in Northwest China
at 34°−50°N, 72°−107°E with a total area of approximately
235 × 104 km2. The topography consists mainly of plateaus,
basins, and mountains. The high plateaus and mountainous
terrain block moist air flow, which lead to a lack of precipitation
and arid climate, form the landscape of a vast desert and the Gobi
sand beach. The annual precipitation in most areas of Northwest
China is less than 500 mm, and this region has continental arid,
semiarid, and alpine climates. The land cover from east to the

west is grassland, desert grassland, desert, rocky Gobi, sand dune
river, inland lake, and oasis. Affected by human activities, the
natural vegetation exhibits a gradually decreasing trend. There
are few rivers and lakes in Northwest China, and most are inland
rivers and lakes. The area has vast land and abundant natural
resources, with a full range of minerals, large reserves, and broad
development prospects [36].

The study area has many flux observation towers and
meteorological observation towers that were installed for
regional-scale hydrological and related ecological process
monitoring [37], and instruments for meteorology, radiation,
evapotranspiration, soil parameters, and vegetation structure
parameters are present on each tower. LSA is measured with
CNR4 net radiometers from Kipp & Zonen, The Netherlands,
which are placed on the flux observation towers. CNR4
radiometers are located at different heights on different towers
with heights of 1.5, 6, and 24 m. The area field observation
radius was calculated with the following formula:

R = H · tan
(
θ

2

)
(1)

where R is the radius of the observation area, H is the sensor
height, and θ is the effective FOV of the sensor. For CNR4, the
FOV was 150° according to the specification. Therefore, the
corresponding ground observation areas were approximately
12 m × 12 m, 45 m × 45 m, and 180 m × 180 m, respectively.
Radiation was recorded every 10 min, and the ratios of upward
and downward shortwave radiation were calculated as the LSA.
To ensure time consistency between field observations and
satellite data, field observations one-half hour before and after
satellite overpass times were averaged. Albedo values less than
0 and larger than 1 were deleted to keep the data reliability.
Field observations were downloaded from the National Tibetan
Plateau Data Center.1

Seventeen sites with different land cover types, including
grassland, cropland, desert, and wetland, with time series of
field observations were selected as our research sites. Among
them, seven sites are located in Qinghai Province, five in Gansu
Province, and five in Inner Mongolia. Detailed information for
all sites is shown in Table I. Fig. 1 shows the time series of
field observations for the Dashalong site. It includes two key
variables: upward shortwave radiation and downward shortwave
radiation.

B. GF-1 Data

In April 2013, the Chinese government launched a high
spatiotemporal satellite, GF-1 satellite, and a large number
of datasets have been obtained since then. The GF-1 satellite
occupies a sun-synchronous orbit at 645-km altitude with a
descending node. The overpass time is approximately 10:30 A.M.
local time, which is similar to Landsat. The satellite carries two
panchromatic/multispectral (P/MS) and four WFV cameras. The
four WFV cameras combine a swath of 800 km with a spatial res-
olution of 16 m, which is significantly better than that of the HJ
satellite (another satellite operated by the Chinese government)
with a swath of 360 km and spatial resolution of 30 m. In Table II,

1[Online]. Available: https://data.tpdc.ac.cn/zh-hans/

https://data.tpdc.ac.cn/zh-hans/
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TABLE I
SITE INFORMATION FOR FIELD ALBEDO OBSERVATIONS

Fig. 1. Time series of field observation at the Dashalong site between January 1, 2015 and December 31, 2018.

TABLE II
BAND SETTING OF GF-1 WFV AND LANDSAT 8 OLI
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we compared the band settings of GF-1 WFV with bands 2−5 of
Landsat 8 OLI. The revisit interval is approximately four days at
the equator, which is much more frequent than Landsat. The high
frequency revisit time, wide coverage ability, and high spatial
resolution of the GF-1 satellite make it suitable for large-area
and regional land surface monitoring and variation detection.

GF-1 WFV data were collected from the China Centre for
Resources Satellite Data and Application (CCRSDA).2 In the
process of searching remote sensing images, we first determined
the spatial location according to the study area and then deter-
mined the time range of the required remote sensing images.
Finally, to maintain the accuracy of the estimation, we selected
remote sensing images with cloud cover less than 10%. We
think that remote sensing images with less than 10% cloud
cover can be regarded as clear-sky data. For the 17 stations,
we collected a total of 176 images of GF-1 WFV L1A level
data obtained from 2015 to 2018. There were 119 images of
grassland, 28 images of cropland, 26 images of desert, and three
images of wetland. Since aerosol effects were considered in
the atmospheric radiative transfer simulation in the proposed
method, atmospheric corrections were not required. Geometric
corrections were applied according to the Landsat OLI data.

C. Landsat Data

The Landsat series is jointly managed by the National Aero-
nautics and Space Administration (NASA) and United States
Geological Survey (USGS). Eight satellites have been launched
since 1972. Landsat sensors of Landsat 1-5 were MSS sensors,
Landsat 4 and 5 were also equipped with a TM sensor, Landsat
7 was equipped with an ETM + sensor, and Landsat 8 was
equipped with OLI and TIRS sensors. Landsat 7 was launched
on April 15, 1999, and ETM+ is an eight-band sensor that
covers a range of wavelengths from infrared to visible light.
Compared with the Landsat 5 TM sensor, ETM + has a 15-m
resolution band, which has higher resolution in the infrared
band. Since May 31, 2003, the Landsat 7 scanner corrector
has acted abnormally, and the data can only be calibrated using
the SLC-off model. The Landsat 8 satellite was launched on
February 11, 2013 and was equipped with OLI and TIRS. The
OLI passively senses both reflected solar radiation and emitted
thermal radiation from the Earth’s surface and has nine sensor
bands that cover a range of wavelengths from infrared to visible
light. Compared with the ETM + sensor of the Landsat 7
satellite, OLI adds a blue band (0.433–0.453 μm) and shortwave
infrared band (1.360–1.390 μm). The blue band is mainly used
for coastal zone observations, and the shortwave infrared band
includes strong water vapor absorption characteristics, which
can be used for cloud detection. TIRS is the most advanced
and best-performing thermal infrared sensor developed thus
far. TIRS can collect heat loss data from the Earth with the
goal of understanding water consumption in the observed area,
especially in arid regions.

The Landsat data is used for intercomparison with GF-1 to
verify the estimation algorithm. Landsat 7/8 L1T data were
downloaded from the USGS archives3 and were corrected to

2[Online]. Available: http://www.cresda.com/CN/
3[Online]. Available: https://earthexplorer.usgs.gov/

atmospheric top reflectance by using the radiometric correction
coefficient. Geometric corrections were not required due to the
high accuracy of geometric alignment of Landsat data. Clear-sky
data with less than 10% clouds were selected to calculate the
broadband albedo. In this study, we downloaded a total of 31
Landsat image scenes that corresponded to the stations and times
of the GF satellite data. Landsat albedo data were estimated
according to He [31] and were used to verify relative accuracy.

III. ESTIMATION ALGORITHM

The method proposed in this study is an empirical method for
estimating broadband LSA with TOA reflectance. Two aspects
were referred: first, forward simulate the TOA reflectance with
radiative transfer model based on the land surface BRDF and
LUT construction; second, estimate LSA based on LUT accord-
ing to the observation geometry of GF-1 WFV data. Fig. 2 shows
the flowchart of the estimation algorithm.

The forward simulation and LUT construction consists of the
following main steps:

1) Extraction of BRDF model parameters for different sur-
face types from the MODIS MCD43A1 products;

2) Establishment of GF-1 WFV and MODIS band conversion
relationships from hyperspectral feature library data and
sensor spectral response functions;

3) Calculation of surface albedo based on the characteristic
parameters of ground bidirectional reflectance;

4) Simulation of TOA directional reflectance under geomet-
ric and atmospheric conditions using the second simu-
lation of the satellite signal in the solar spectrum (6S)
radiative transfer model;

5) Establishment of a lookup table between TOA reflectance
and surface albedo.

A. Land Surface BRDF Characteristic Description at the GF
Scale

Land surface BRDF is critical for accurate albedo estimations.
To better understand the land surface bidirectional reflectance
characteristics, BRDF at the GF scale is needed. However, due
to the single angle observations of GF-1 WFV data, no BRDF
product is available so far. Based on the assumption that the
homogeneous land surface has the same BRDF characteris-
tics at different scales [24], BRDF data from MODIS pure
pixels (determined at Landsat scale), which were considered
homogeneous at different scales, were adopted to represent the
GF-scale BRDF characteristics. MODIS MCD43A data, which
are BRDF/albedo model parameters, were transferred with a
band-transfer function to the GF-1 WFV bands.

A total of 245 surface hyperspectral reflectance data points
were selected from the USGS, advanced spaceborne thermal
emission and reflection radiometer spectral libraries, and mod-
erate resolution atmospheric transmittance and radiance code
simulation data.

The band transfer coefficients of MODIS and GF-1 WFV were
calculated with the least square method. The band reflectance
of MODIS and GF-1 were calculated according to their band
response functions with formula 1; therefore, for each spectral

http://www.cresda.com/CN/
https://earthexplorer.usgs.gov/
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Fig. 2. Flowchart of the GF-1 WFV LSA estimation algorithm.

reflectance data, MODIS and GF-1 band reflectance were cal-
culated. Then, the least square method was applied to calculate
the band transfer coefficient. Table III shows the band transfer
coefficient from MODIS to GF-1

ρλ =

∫ λ2

λ1

fiρidλi (2)

where λ is the band setting of the sensor, fi is the band response
function of the sensor, and ρi is the hyperspectral reflectance in
the band response range.

The band transfer coefficient was then used to transfer the
MODIS BRDF parameters to the GF-1 band. One thousand
BRDF data samples, which represent different vegetation types,
soil, snow, and water, were transferred to the GF-1 WFV bands.

B. Surface Albedo Calculations

LSA is also the integration of bidirectional reflectance. The
LSA required in the lookup table establishment process was
estimated from the surface directional reflectance characteristic
parameters. Black/white sky albedo (BSA/WSA) was calculated
from the BRDF/albedo model parameters according to Schaaf
et al. [38]

αbs(θ, λ) = fiso(λ)
(
g0iso + g1isoθ

2 + g2isoθ
3
)

+ fvol(λ)
(
g0vol + g1volθ

2 + g2volθ
3
)

+ fgeo(λ)
(
g0geo + g1geoθ

2 + g2geoθ
3
)
. (3)

Coefficients in the formula are shown in Table IV.

C. TOA Reflectance Simulation

The 6S radiative transfer model is an improved version of
the simulation of the satellite signal in the solar spectrum (5S)
model that was developed by Tanre et al. [39] and is widely
used for atmospheric corrections of remote sensing images.
The 6S radiative transfer model describes atmospheric im-
ages of sunlight that are subjected to the entire transmission
path of the sun-ground target-remote sensor under different
scenarios.

In the 6S radiative transfer model, the atmosphere is con-
sidered to vary only in the vertical direction while remaining
consistent in the horizontal direction, and the model divides the
surface into uniform and nonuniform Lambertian and three types
with directional reflection characteristics. When the surface is
non-Lambertian, the contribution of the ground target to the
signal received by the remote sensor at the top of the atmosphere
can be divided into the following four parts.

1) Light is incident directly to the ground and is reflected
directly from the ground to the remote sensor.

2) Light is scattered by the atmosphere to the ground and is
reflected directly from the ground to remote sensors.

3) Light is incident directly to the ground and is reflected by
the ground and then scattered by the atmosphere to remote
sensors.

4) Light is scattered to the ground by the atmosphere and then
to remote sensors by ground reflection and atmospheric
scattering, and the ground and atmosphere scatter each
other many times to reach the remote sensor.
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TABLE III
BAND CONVERSION FACTORS FROM DOMESTIC SATELLITES TO MODIS

TABLE IV
ESTIMATED SURFACE ALBEDO FACTORS

The TOA reflectance can be expressed as

ρtoa = ρ0 + Tg[e
−τ/μve−τ/μsρs

+ e−τ/μv td(μs)ρ+ e−τ/μv td(μv)ρ′ + td(μs)td(μv)ρ

+
(e−τ/μs + td(μs))(e

−τ/μv + td(μv))S(ρ)
2

1− Sρ
] (4)

where ρtoa is the reflectance observed by the remote sensor at
the top of the atmosphere; ρ0 is the atmospheric path radiation
reflectance; ρs is the surface reflectance; S is the hemispheric
reflectance downward from the bottom of the atmosphere; μs

is the cosine of the solar zenith angle; μv is the cosine of the
satellite zenith angle; e−τ /μs and td(μs) are the direct solar
light reaching the ground and atmospheric transmittance via
atmospheric diffuse light reaching the ground, respectively;
e−τ /μv and td(μv) are the atmospheric transmittance for direct
ground reflections from the observation direction to the remote
sensor and for diffuse atmospheric light reaching the remote

sensor, respectively; τ is the atmospheric attenuation coefficient;
and ρ, ρ, and ¯̄ρ depend on atmospheric optical parameters and
surface reflectance. They are the hemispherical reflectance of
the atmosphere scattered to the ground, surface hemispherical
reflectance scattered to the atmosphere by the ground, and
surface hemispherical reflectance after two scatterings from the
atmosphere and ground, respectively. Tg is the absorptivity rate
of O3, H2O, and other gases in the atmosphere to the visible and
near-infrared bands.

In this study, we used the 6S model to forward and simulate the
TOA directional reflectance that is needed for LUT construction.
Input parameters include geometric parameters, atmospheric
model, aerosol type, aerosol optical thickness, altitude, sensor
height, spectral parameters, surface reflectivity type, and at-
mospheric correction method. To simulate the TOA directional
reflectance under different conditions, the input parameters were
organized into input files that were cyclically recalled for simu-
lating the atmospheric top directional reflectance under different
conditions. The input parameters and parameter settings for
simulating TOA reflectivity under different conditions when
using the 6S radiative transfer model are shown in Table V.

D. LUT Construction

Based on the estimated LSA and TOA reflectance, a lookup
table was constructed. The lookup table was built based primar-
ily on the input parameters that were available from GF-1 WFV
observations. In this term, the lookup table was built mainly
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TABLE V
CONFIGURATIONS FOR SIMULATING SURFACE ALBEDO AND TOA

REFLECTANCE DATA

Fig. 3. Distribution of fitted decision factors. (a) BSA. (b) WSA.

on the basis of the observed geometric information, such as
solar zenith angle, view zenith angle, and relative azimuth angle.
According to the simulation intervals, solar zenith angles and
view zenith angles of 5° intervals relative azimuth angles of 30°
interval bins were constructed and to establish a search grid, a
15 × 9 × 7 three-layer LUT was built.

A linear regression method was used to calculate the lookup
coefficients for each grid. Fig. 3 shows the determination co-
efficient variations of BSA and WSA with solar zenith angle
and relative azimuth angle. Fig. 3 shows that the regression
accuracy was higher at small solar zenith angles than at large
solar zenith angles, while the variation pattern was not obvious
according to the relative azimuth angle. Although the determi-
nation coefficient varies according to solar and view angles, the
values were always larger than 0.98, which indicates that the
regression accuracy was high and that the lookup table accuracy
can be considered acceptable.

Figs. 4 and 5 show scatter plots of the albedos that were
calculated with the method in Section III-B and LUT for the
minimum and maximum solar/view angles. For small angles,
the regression accuracy was very high, with R2 values greater
than 0.995 and RMSE values less than 0.02. The accuracy of the
fit decreased with increasing solar and observation angles. When
the solar zenith angle was a maximum of 75°, the observation
zenith angle was 40° of the maximum observation angle of

Fig. 4. 0°−0°−0° angle condition fit results. The X-axes are calculated BSA
and WSA with formula 1 and the Y-axis are fitted BSA and WSA with the LUT.

Fig. 5. 75°−40°−180° angle condition fit results. The X-axes are calculated
BSA and WSA with formula 1 and the Y-axes are fitted BSA and WSA with the
LUT.

the GF, and the relative azimuth was 180°. The BSA/WSA fit
coefficients of determination were all approximately 0.964, and
the RMSEs were all approximately 0.05.

E. LSA Estimation With LUT

The model used in this article includes two parts: establishing
the relationship between TOA reflectance and surface albedo
through radiative transfer model, and then establishing an LUT;
Albedo is calculated by LUT. Each image has different solar
zenith angle and view zenith angle. Then we find the corre-
sponding grid from the LUT according to these angles. Finally,
the surface albedo is calculated according to the coefficients in
the grid. The formula is as follows:

αalbedo = a1 × t1 + a2 × t2 + a3 × t3 + a4 × t4 + b (5)

where αalbedo is the surface albedo, an and b are the coefficients
in the LUT, and tn is the TOA reflectance of different bands.

IV. RESULTS

A. Validation Against Ground Measurements

The estimated albedo was compared with field observations.
The blue sky albedo is the weighted average of BSA and WSA
with the direct-diffuse radiation ratio according to Chen and
Lucht [40], [41]. Because of the strong correlation between
albedo and land cover type [42], the sites were categorized
according to land cover types for validation, i.e., grassland,
cropland, desert, and wetland. The results are shown in Fig. 6.
As the scatter plot shows, the estimates are distributed along the
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Fig. 6. Validation against ground measurements.

Fig. 7. Comparisons of GF-1 WFV albedo and surface results in the ex-
perimental area of (a) grassland sites, (b) cropland sites, (c) desert sites, and
(d) wetland sites.

1:1 line, and high accuracy was reached with R2 values of 0.875
and RMSEs of 0.048 for all sites.

For different land cover types, the proposed method per-
formed similarly, with an R2 range of 0.481−0.901 and RMSE
range of 0.029−0.060 (Fig. 7). The grassland sites had the most
GF-1 WFV data; so the reliability of the results was high. Points
in the figure with albedos larger than 0.7 were due to the presence
of snow on the ground surface, which indicates that the proposed
algorithm was capable of snow-cover albedo estimations.

Among the four land cover types, the best albedo estimation
results were obtained for farmland, which had RMSE and R2

values of 0.029 and 0.698, respectively. The albedo of farmland
varied between 0.1 and 0.3 (except at the snow-covered points).
Farmland was mostly affected by anthropogenic activities. The
proposed algorithm estimated LSAs based on instantaneous
satellite observations and is capable of capturing abrupt land
surface changes in terms of albedo.

From the scatter plot, the albedo of desert and wetland
changed little: the albedo of desert was between 0.2 and 0.5 and
that of wetland was between 0.1 and 0.2. Although clustering
of albedo values reduced the determination coefficient to some
degree, estimation accuracy was still very high, with R2 values
of 0.743 and 0.481, and RMSE values of 0.046 and 0.060,
respectively.

Fig. 8. Comparison of Landsat albedo and surface result.

Fig. 9. Comparisons of GF-1 WFV and Landsat 8 BSA and WSA estimates
at Luodi Station. (a) BSA. (b) WSA.

B. Validation Against Landsat Estimation

According to network observations, Landsat albedo was veri-
fied to have high accuracy. In this study, the Landsat albedo data
were highly consistent with field observations, with an RMSE
of 0.060 and R2 of 0.875 (Fig. 8). The regional estimation was
compared with Landsat albedo on adjacent dates. The points
with albedo greater than 0.4 in the figure are snow-covered
points because the surface observation radiometer was affected
by snow cover, which may lead to poor consistency between the
estimated and ground measurement results.

The GF-1 WFV albedo on February 23, 2015 (DOY = 54),
around the Luodi site was compared with the Landsat albedo
on February 24, 2015 (DOY = 55), as shown in Fig. 9. Albedo
values of a 6 km × 6 km area around the observation tower were
compared, and the land cover types included bare soil, grassland,
and cropland. In the regional albedo map, high albedo values
were due to the existence of snow cover in February. The results
show that there was good spatial consistency between the GF-1
WFV and Landsat estimates. We compared the BSA and WSA
of GF-1 WFV and Landsat, respectively, and the scatter plot is
shown in Fig. 10. According to the scatter plot, the correlation
coefficients of BSA and WSA were very high, both were greater
than 0.896, and both RMSEs were limited to 0.01−0.02. For
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Fig. 10. Scatter plots of BSA and WSA of GF-1 WFV and Landsat 8 at Luodi
station. (a) BSA. (b) WSA.

BSA, GF estimation results were slightly lower than those of
Landsat 8, and the bias was −0.015; for WSA, GF estimation
results were also slightly lower than those of Landsat 8, and the
bias was−0.009. The comparative results of the GF-1 WFV and
Landsat WSA and BSA were very close, but the overall results of
the WSA were slightly better than those of BSA. This may have
been because the two satellites had different acquisition times,
while the daytime albedo was theoretically independent of the
solar zenith angle and therefore independent of acquisition time,
and the WSA was better estimated [29].

C. Validation With Wang’s Estimation Method

To validate the estimation algorithm proposed in this study,
Shuai’s [24] and Wang’s [27] method was adopted to estimate GF
albedo and compared with field observations and the proposed
method. Radiation and atmospheric correction were first applied
to GF-1 WFV L1 data to obtain directional surface reflectance
data. Radiation correction was performed according to the radi-
ation coefficient broadcasted by the CCRSDA, and atmospheric
correction was applied with the ENVI. High-quality MODIS
BRDF data (MCD43A2 products, sixth version) synchronized
with GF-1 observation time were downloaded from the Appli-
cation for Extracting and Exploring Analysis Ready Samples.
Considering that the land surface of the tower site was homoge-
neous, MODIS BRDF parameters were directly used to represent
the BRDF characteristics of GF-1 pixels. GF-1 was directional
observations, while Landsat was considered nadir observations;
so an albedo-to-directional (AD) reflectance ratio was calculated
similar to Wang’s albedo-to-nadir (AN) reflectance ratio. The
band settings of GF-1 and MODIS were significantly different;
so the GF-1 band was transferred to MODIS based on the
previous 245 surface spectral reflectance data. Broadband albedo
was calculated with the band transfer model proposed by [43].

Fig. 11 shows the result of GF-1 albedo estimated with the
method of Shuai and Wang. Compared with field observations,
the albedo calculated by the method of Shuai and Wang con-
sisted of field data with RMSE of 0.058 and bias of 0.102.
The main reason for the deviation may be as follows. In the
method of Shuai and Wang, Landsat data, which were considered
nadir observations, and the spectral AN were used. In fact,
the vertical observation was relatively stable, and the nadir
reflectance data were more representative. In contrast, due to

Fig. 11. Comparison of GF albedo and surface result.

Fig. 12. Scatter plots of BSA and WSA of two methods at Luodi station.
(a) BSA. (b) WSA.

the different observation angles of GF-1 data, the observation
direction differed from pixel to pixel, which may have decreased
the representativeness of the ratio in different pixels. The other
way to obtain the AN is to convert GF-1 directional reflectance
to nadir reflectance according to the MODIS BRDF data. In this
way, the error of BRDF data will be further introduced into the
nadir reflectance. Thus, in this study, AD was used.

Fig. 12 shows the scatter density map of GF-1 albedo derived
from the proposed algorithm and the method of Shuai and Wang.
It can be seen from the figure that albedo generated with the
two estimation methods was weakly correlated. Both BSA and
WSA were better when the albedo value was low; when albedo
increased, the consistency decreased. Overall, albedo from the
method of Shuai and Wang was underestimated when compared
with the LUT estimation algorithm with a bias of −0.0334 for
BSA and −0.0157 for WSA.

D. LSA Time Series Estimation

By benefitting from the high-revisit cycle of the GF-1 satellite,
time series albedo mapping is possible. Fig. 13 shows the time
series surface albedo monitoring results at the Heihe research
area (38.827°N, 100.4756°E) in a 3 km × 3 km area in 2015.
The area around the Heihe Experimental Station is dominated by
farmland and grassland. Fig. 13 shows that the albedo time series
can be monitored with GF-1 WFV data. LSA was characterized
by an overall trend of decreasing and then increasing during
the year, which was mainly related to the season. Among them,
the albedos of 20150109, 20150125, 20151219, 20151223, and
20151231 were higher because of snow cover. Since the area
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Fig. 13. Temporal variation chart of albedo for the Heihe research area of
2015.

around the Heihe site is dominated by agricultural land, changes
in surface albedo values were related to crop growth patterns,
e.g., albedo gradually decreased when crops were planted start-
ing in May; crops reached their most vigorous growth stage in
August, which corresponded to the lowest albedo; and albedo
increased when crops were harvested in October. The albedo
changes all corresponded to the actual phenological situation.
The albedo results that were obtained from ground observation
data in one year were compared with the GF-1 WFV surface
albedo estimation results, and a time series of albedo variations
was plotted (Fig. 13). Fig. 14 shows that the surface albedo of
nearly all sites varied significantly with season. From November
to February, the surface albedo was relatively high and varied
greatly, while the albedo from May to October was relatively
stable (i.e., remaining between 0.1 and 0.3). Since our study
area is located in northwestern China at a high altitude and
has an arid/semiarid climate, snow accumulation often occurs
in winter; so winter albedo often varies significantly. Over the
year, the surface albedo usually reaches its highest value in
winter and lowest value in summer because the presence of
snow in winter increases the albedo, while the vegetation in
summer is relatively luxuriant and the albedo is low. Liang [44]
indicated that the region with the greatest seasonal variations
in albedo lies between 30°N and 90°N and that the variations
are due to changes in snowfall and vegetation phenology, which
was in strong agreement with our results. We also found that
most surface albedo estimates were slightly lower than those of
the ground observations. These underestimations and deviations
may have been due to various errors in the estimation process,
which will be described in detail in Section V. Among these sites,

the Huyanglin site did not experience large changes in albedo
throughout 2015 and maintained normal levels between 0.2 and
0.3 even in winter, which were probably due to the absence of
snowfall near the site during the winter of that year.

V. DISCUSSION

A. Errors Induced by Land Surface Heterogeneity

Surface albedo is strongly correlated with land cover type
[42]. Due to different combinations of vegetation and back-
ground soil composition, uncertainties in validations of sur-
face albedo can be affected by increased surface heterogeneity.
Additionally, the spatial representation of some stations may
be poor, which would result in deviations in albedo estima-
tion results. Some sites have poor spatial homogeneity, which
leads to increased errors in surface albedo estimation results.
The study by Cescatti et al. [45] concluded that geostatistical
properties obtained from high-resolution scenes confirm that
the observed mismatches in grasslands and agricultural fields
may be due to the extreme fragmentation of these landscapes. In
further studies, the bias of albedo estimations in croplands and
grasslands was low, while that in desert was high (bias: 0.067;
RMSE: 0.020). We believe that this bias was related to vegetation
cover. The results of this study are in good agreement with the
findings of a previous study that used HJ satellite data to estimate
albedo [29]. The results showed that the bias and RMSE values
of forest sites were the lowest. With a decreased vegetation
canopy fraction, the surface albedo gradually increased, and the
deviation and RMSE were larger.

B. Errors Induced by Snow Cover

In alpine mountainous areas, an increase in snow albedo will
lead to a serious loss of surface radiation energy, weaken convec-
tive exchange, and eventually lead to decreased precipitation. At
the same time, snow albedo also affects snow melting, which is
an important factor for seasonal snow cover changes. Due to the
high albedo of snow, snow albedo inversion has become a major
challenge and major source of error in surface remote sensing
albedo inversions. Because data from snow-covered areas are
included in the data used, the albedo estimation exhibited over-
estimations for snow-covered surfaces. The study by He et al.
[31] indicated an overestimation of snow albedo as high as 0.05.
Tekeli et al. [46] found that the MODIS snow albedo daily (SAD)
product overestimates snow albedo by approximately 10% based
on albedo data observed from automatic weather stations and
compared it with the MODIS SAD snow product.

C. Errors Induced by Aerosol Types

Aerosol scattering is the main atmospheric factor that affects
visible radiation. The default “continental” aerosol type used
in this study may lead to overestimation of albedo results. He
et al. [31] changed the default “continental” aerosol to “biomass
burning” and “urban” aerosols for some SURFRAD stations and
found that the accuracy of albedo estimations varied among dif-
ferent sites and that the RMSE differences were less than 0.004.
By modifying different aerosol types, the accuracy of albedo
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Fig. 14. Albedo estimation results of the time series in each study area within one year.

estimations varies among different stations, which indicates that
albedo estimations in nondesert areas may be improved with
an accurate aerosol type map [42]. Water vapor content also
affects shortwave radiation in ground-based measurements; so
including a correction for water vapor content may help to further
improve shortwave albedo estimates [31].

High spatial−temporal resolution and wide coverage make it
possible to capture and understand small-scale and large-scale
biological, chemical, and physical processes. However, precise
radiometric corrections are required before satellite signals can
be connected to any biophysical and biochemical parameters
[47]. Due to the lack of satellite calibrators on GF-1 satellites,
the CCRSDA conducted a field survey at the Dunhuang cal-
ibration site in August 2014 and updated the field-measured
radiation coefficient in October 2014. The calibration accuracy
of the GF-1 WFV sensor may also be a major factor in the
increased uncertainty in albedo estimations. For consistency and
calibration accuracy among cameras, the research by Feng and
Li [48] indicated that the radiometric calibration accuracy of
high spatial resolution satellites needs further improvement. To
further improve surface albedo estimates, refinement of radio-
metric calibrations is a feasible approach.

VI. CONCLUSION

LSA data are important for climate change, agricultural
monitoring, urban change, and land resource studies. The launch
of the GF series of high-resolution Earth observation satellites

provides frequent observations of land surfaces at a spatial
resolution of 16 m. To improve the efficiency and ability of data
use, this article presents a method to estimate LSA by using high
spatial and temporal resolution GF-1 WFV data. This method
uses the characteristic parameters of MODIS surface bidirec-
tional reflection to represent the real situation of non-Lambertian
surfaces. A 6S radiative transfer simulation model was applied to
simulate the TOA directional reflectance, and a linear regression
model was built with simulated TOA reflectance and LSA that
were estimated from surface bidirectional reflection characteris-
tics to construct an LSA estimation model. The method proposed
in this article discards the complex multistep inversion process
and directly establishes the statistical relationship between TOA
reflectance and LSA. However, the method still has limitations.
We used clear-sky data; so we can only calculate clear-sky
albedo.

Comparing the estimation results with field observations
shows that the estimations had high accuracy with an R2 of
0.875 and RMSEs of 0.048 for all land cover types. When
compared with Landsat data, this method can generate more
accurate albedo results, with an R2 of 0.875 and RMSE of 0.060.
When compared with Wang’s method, this method can generate
more accurate albedo results, with an R2 of 0.218 and RMSE
of 0.058. This indicates that the proposed method is effective
for use with different land cover types. Moreover, depending
on the high-revisit frequency of the GF satellite, the LSA time
series in the Heihe study area were estimated in 2015. The
results reflect the annual variation characteristics of LSA well,
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which are completely consistent with the phenological variation
characteristics in this area. In addition, slight biases of estimation
results in different land cover types were also found.

There are some drawbacks in this study. MODIS-scale land
surface BRDF data were used directly in this study to represent
the GF-1 scale land surface bidirectional reflectance character-
istics due to the lack of the multiangle reflectance product of
GF-1 WFV data. The scale mismatch of GF-1 and MODIS data
was ignored. For more accurate LSA estimations of GF-1 WFV
data, proper scale transformation should be considered in the
land surface BRDF characteristics.
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