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Abstract

:

The land surface albedo (LSA) represents the ability of the land surface to reflect solar radiation. It is one of the driving factors in the energy balance of land surface radiation and in land–air interactions. In this paper, we estimated the land surface albedo based on GF-1 WFV satellite data that have a high spatial and temporal resolution and cross-validated the albedo estimation results. The albedo estimations and validations were performed in the Ganzhou District, Zhangye City, China, and the Sindh Province, Pakistan. We used the direct estimation method which used a radiative transfer simulation to establish the relationship between the narrow band top of the atmosphere bidirectional reflectance and the land broadband albedo to estimate the albedo data. The results were validated with ground data, Landsat data, MODIS products, and GLASS products. The results show that the method can produce highly accurate albedo estimation results on different land cover types (RMSE: 0.026, R2: 0.835) and has a good consistency with the existing albedo products. This study makes a significant contribution to improving the utilization of GF data and contributes to the understanding of land–air interactions.
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1. Introduction


Land surface albedo is an important parameter widely used in surface energy balances, medium- and long-term weather predictions, and global change studies [1,2,3]. LSA is defined as the ratio of all the reflected energy to the incident energy at the surface in the shortwave band [4]. LSA can provide boundary conditions at the land–atmosphere interface in general climate models [5,6,7,8]. It is essential to estimate LSA accurately for global change [9] and polar region studies [10]. Many practical remote sensing albedo products are obtained from various sensors, such as the Moderate Resolution Imaging Spectroradiometer (MODIS) [11,12,13], Polarization and Directionality of the Earth’s Reflectance (POLDER) [14,15,16], Medium Resolution Imaging Spectrometer (MERIS) [17], Clouds and the Earth’s Radiant Energy System (CERES) [18], Meteosat Second Generation (MSG) [19], Visible Infrared Imaging Radiometer Suite (VIIRS) [20,21], and Airborne Visible Infrared Imaging Spectrometer (AVIRIS) [22]. Their spatial resolutions are mainly in the order of kilometers, and their temporal resolutions vary from days to months.



To meet the demand for regional-scale climate change simulations and applications, it is currently imperative to generate higher-resolution LSA products. Researchers have attempted to generate 30-m spatial resolution surface albedo products from Landsat data [23,24,25]. Since Landsat data contain near-zenith observations and single-angle observations, it is difficult to extract bidirectional reflection information from the surface using observations from different angles [24]. The MODIS pure pixels have been used to provide information of the bidirectional reflection distribution at the surface, and the Landsat albedo estimation results were obtained using the ratio of the directional reflection to the albedo. Based on this idea, Shuai et al. [23] proposed that a 30 m albedo estimation algorithm depends on the MODIS BRDF products, and the algorithm was used for long-term 30-m land surface snow-free albedo retrieval [24]. Wang et al. [26] then adopted this method to generate snow-free and snow-cover albedo in boreal forests. Wang also detected early spring post-fire snow albedo dynamics and examined the progress of fire recovery. Gao et al. [27] used this algorithm in albedo estimation by combining HJ-1A/B satellite reflectance data and MODIS BRDF products. A 30 m albedo was generated by establishing the ratio relationship between HJ-1A/B and MODIS. However, the method relies on the extraction of bidirectional reflection distribution information from MODIS pixel elements of different land cover types, thus limiting the widespread use of this method.



To simplify the estimation, He et al. [28] proposed an algorithm to directly estimate the surface albedo using the TOA observation data obtained via HJ satellite. The algorithm integrates the surface BRDF database of MODIS into the radiative transfer simulation. Zhou et al. [21] generated HJ-1 and Landsat 30 m albedo data using the direct estimation method for regional-scale studies and as intermediate-scale data for coarse spatial resolution product validation. However, the effect of a complex terrain environment was not considered, and attempts at high spatial resolution albedo data generation are still ongoing.



Recently, China has identified the Chinese high-resolution earth observation system as a major special project, and under the support of this project, a number of high spatial resolution remote sensing satellites have been launched, playing an important role in agriculture [29,30,31], the environment [32,33,34], and human activities such as traffic under COVID-19 [35]. GF-1 is the first satellite of the Chinese high-resolution Earth observation system; it was developed by the Institute of Space Technology of the China Aerospace Science and Technology Corporation. The satellite has broken through the key technology of optical remote sensing with high spatial resolution, multispectrum, and wide coverage, with a design life of 5–8 years. The successful launch of the GF-1 satellite provides high-precision and wide-range space observation services for land and resources, agriculture, meteorology, environmental protection, and other research areas. The development of advanced remote sensing product estimation methods based on Chinese satellite data will effectively improve the application capabilities of Chinese satellites and support applications such as agricultural ecology, resource environment, and public information. Zhou et al. [36] proposed a method to estimate the land surface albedo based on GF-1 data, which used land surface bidirectional reflectance distribution function characteristic parameters to represent the non-Lambertian characteristic of land surface. Wang et al. [37] estimated the surface albedo of the Ganzhou District based on GF-1 satellite data and analyzed the temporal and spatial variation of albedo. However, the estimation was only constrained in China, so further validation is still needed.



In this paper, the GF-1 albedo was estimated in and out of China (Ganzhou District, Zhangye City, Gansu Province and Sindh Province, Pakistan) via the direct estimation method. The albedo estimation results were then validated with field observations and cross-validated with a variety of different albedo data to demonstrate the feasibility of the direct estimation method with different GF-1 land coverage types.




2. Study Area and Data


2.1. Study Area


The study areas are located in two different countries, the Ganzhou District, Gansu Province, China, and the Sindh Province, Pakistan.



The Ganzhou District of Zhangye City is located in the middle reaches of the Heihe River Basin and belongs to the middle section of the Hexi Corridor, bordering the Alashan Right Banner of the Inner Mongolia Autonomous Region. The latitude and longitude of the study area ranges from 100°6′ E to 100°52′ E and 38°39′ N to 39°24′ N [38]. The study area is flat, with an average elevation of 1474 m. The Black River and other rivers run through the entire study area, which is a typical oasis agricultural area. The study area has a temperate continental climate, dry and with little rain, with an average annual precipitation of 113–312 mm, evaporation of 2047 mm, and an average annual temperature of 7.1 °C. The image and surface classification of the study area are shown in Figure 1. The surface classification data used in this paper were downloaded from the GlobeLand30 (http://www.globallandcover.com/, accessed on 2 June 2021).



The Sindh Province is located in southeastern Pakistan. It is adjacent to India in the east and the Arabian Sea in the south, with an area of 140,900 square kilometers [39]. The study area is located in the plains of the lower Indus River, with an arid climate and an average annual rainfall of 180 mm. Thirty-eight percent of the land in the study area is farmland, mainly used for planting cotton, wheat, and rice. The image and surface classification of the study area are shown in Figure 2.




2.2. GF-1 Data


The GF-1 satellite is the first satellite of the Chinese high-resolution Earth observation system and was launched on 26 April 2013. The GF-1 is equipped with two panchromatic/multispectral cameras (PMSs) and four wide field view cameras (WFVs). In this study, a WFV camera with a resolution of 16 m was selected for estimating LSA. The WFV camera includes four bands with the spectral resolution shown in Table 1. The field of view of each camera is 8°, the angle between adjacent cameras is 16°, and the observed field of view is approximately 65° after a combination of four cameras. The sensor has a width of 830 km for vertical downward observations and has both a ±25° sway capability and a maximum emergency sway capability of ±35°. In practice, an image is obtained from a single sensor so that the deviation of the observed zenith angle at each point of each image is less than 8° of the field of view. Since the study area selected for this study is a small part of the entire image, the observed zenith angle variation between image elements is not considered. The revisit time of the GF-1 at the equator is approximately 4 days, which is much more frequent than that of Landsat. The high frequency revisit time, extensive coverage capability, and high spatial resolution of GF-1 make it suitable for regional land surface monitoring and variability detection. GF-1 achieves the combination of high resolution and large width, 2 m high resolution achieves an imaging width greater than 60 km, and 16 m resolution achieves an imaging width greater than 800 km, which can meet the comprehensive needs of multisource remote sensing data and the requirements of different applications. GF-1 achieves 50 m image positioning accuracy without ground control points to meet users’ needs for refined applications. GF-1 also has high stability, an attitude stability that is better than 5 × 10−4 °/s, and 35° side-swing imaging capability, which can meet the flexible application of on-orbit remote sensing.



All GF-1 WFV data used in this paper were downloaded from the China Center for Resources Satellite Data and Application (http://www.cresda.com/CN/, accessed on 22 May 2021), and we selected clear sky data (clouds < 10%) to ensure data quality. The GF-1 WFV data released by the China Center for Resources Satellite Data and Application are divided into two levels, a preprocessing level radiometric correction image product (L1A) and a preprocessing level geometric correction image product (L2). L1A is a data analysis and radiation correction processed image data product that provides rational polynomial function model correction parameter files. The GF-1 images used in this paper are all L1A. For L1A data, geometric correction of GF-1 WFV data can be achieved based on the RPC model according to the RPC parameter file (*.rpb) provided with it.




2.3. Validation Data


We used field observation data, Landsat data, MODIS data, and GLASS data to cross-validate the albedo estimation results.



2.3.1. Field Observation Data


We selected six sites in the Ganzhou District, including four land cover types, which are grassland, desert, farmland (corn), and wetland. There are three sites for desert and one for each of the other land types. The field observation data in the Ganzhou study area include temperature, humidity, precipitation, air pressure, wind speed, soil, and radiation. The instrument used for radiation measurements was the CNR4 net radiometer produced by Kipp and Zonen in the Netherlands. The uncertainty of the CNR4 radiometer is less than 1%, so the uncertainty of CNR4 was not considered in this study. The radiometer was set up on the flux observation tower with a sampling interval of 10 min, and the radiometer was set up at different heights at different stations. The coverage of field observations can be calculated based on the height of the radiometer by Equation (1), and pixels located in the observation area are aggregated and used for validation. The LSA was calculated from the ratio of upward shortwave radiation and downward shortwave radiation data. The field observation data were downloaded from the National Tibetan Plateau Data Center (https://data.tpdc.ac.cn/zh-hans/, accessed on 10 March 2021), and the data information is shown in Table 2.


  R = H · tan  (   θ 2   )   



(1)




where R is the observation radius, H is the height of the radiometer, and θ is the field of view of the radiometer.




2.3.2. Remote Sensing Data


The Landsat data used in this study are all Landsat 8 OLI sensor data. Landsat-8 was launched in February 2013 with two sensors, the Operational Land Imager (OLI) and the Thermal Infrared Sensor (TIRS). OLI includes nine bands with a spatial resolution of 30 m, including a 15 m panchromatic band with an imaging width of 185 km × 185 km. We used He’s method [25] to estimate the surface albedo using Landsat-8. The Landsat 8 OLI data used in this paper were downloaded from the Geospatial Data Cloud (http://www.gscloud.cn/, accessed on 3 June 2021).



The MODIS surface albedo data used for the study are the black-sky albedo and white-sky albedo products of the MCD43A3 version 6 product. The data are provided by the United States Geological Survey (USGS) Earth Resource Observation and Science (EROS) Data Center and are of sufficient quality to meet the requirements of scientific research and analysis. The MODIS surface albedo product is based on the RossThick-LiSparse-R kernel-driven BRDF model for inversion of LSA and is the most widely used LSA product available. The MCD43 data used in this paper were downloaded from the LAADS DAAC of NASA (https://ladsweb.modaps.eosdis.nasa.gov/search/, accessed on 23 June 2021).



The GLASS surface albedo product used in this study is GLASS02A01. GLASS02A01 is a synthetic product obtained by averaging the 17-day albedo product of GLASS02A21 with an update period of 8 days. The two products mainly include shortwave black-sky albedo (BSA), shortwave white-sky albedo (WSA), and quality control datasets. The data information used for the validation is shown in Table 2. The GLASS data used in this paper were downloaded from the National Earth System Science Data Center (http://www.geodata.cn/, accessed on 26 May 2021). The information of the data used for validation is shown in Table 3.



The projections of MODIS, GLASS, GF-1, and Landsat were different. To ensure the comparability of each dataset, the MODIS, GLASS, and GF-1 WFV data were converted to UTM projects and resampled to 30 m. We visually interpreted the remote sensing images after resampling and determined that the error was within two pixels.






3. Method


3.1. GF-1 WFV Albedo Estimation Method


In this study, the GF-1 WFV albedo was estimated by the direct estimation method [36]. The direct estimation method estimates the surface albedo directly from the TOA reflectance without an atmospheric correction. The idea of the direct estimation method is to discard the complex multistep inversion process and directly establish the statistical relationship between the top of the atmosphere bidirectional reflectance and the surface broadband albedo at narrow wavelengths. This method combines the three steps of atmospheric correction, narrow band albedo calculation, and the conversion of narrow band albedo to broadband albedo, which are based on physical processes, into one statistical analysis step to solve the problem. The algorithm is simpler and more efficient and is well suited, as a generation algorithm, for global albedo products.



The process of estimating the albedo using the direct estimation method in this study consists of the following steps:



(1) In this study, the MODIS BRDF mode parameters are used to depict the land surface BRDF characteristics. MODIS BRFD data need to be converted to the GF-1 WFV band, and the band conversion coefficient is calculated based on the spectral library data and the spectral response functions of MODIS and GF-1 WFV. According to the band conversion coefficients, the surface directional reflection characteristic parameters of the MODIS band are converted to the GF-1 WFV band, and the directional reflection characteristic parameters of each GF-1 WFV band are obtained, which is then used in the 6S simulation.



(2) The 6S model is used to simulate the directional reflectance at the top of the atmosphere, and the BRDF model simulation is used by considering the surface BRDF characteristics. The input parameters include observation condition parameters, atmospheric condition parameters, surface information, etc. The input parameters are organized into input files, and the files are called cyclically to simulate the top of the atmospheric reflectance under different conditions. The input parameters of the 6S model are shown in Table 4.



(3) The LSA is obtained based on the data of the typical feature spectral library and the BRDF parameters of GF-1 WFV. The MODIS BRDF model parameter (MCD43A2) products provide seven bands of linear kernel-driven model coefficients, which characterize the directional reflection characteristics of the surface. Using the linear kernel-driven model, model coefficients and equations and coefficients provided by Schaaf, the black-sky albedo and white-sky albedo can be calculated for each band. The calculation formula is shown in Equation (2).


     α  b s   ( θ , λ )   =  f  i s o   ( λ ) (  g  0 i s o   +  g  1 i s o    θ 2  +  g  2 i s o    θ 3  )      +  f  v o l   ( λ ) (  g  0 v o l   +  g  1 v o l    θ 2  +  g  2 v o l    θ 3  )      +  f  g e o   ( λ )   ( g   0 g e o     + g   1 g e o    θ 2    + g   2 g e o    θ 3   )       



(2)







The coefficients in the formula are listed in Table 5.



(4) Establish a lookup table between the top of atmospheric reflectance and surface albedo. In the study, the search grid was established at intervals of 5° for the solar zenith angle and view zenith angle and at intervals of 30° for the relative azimuth angle. According to the angle settings in Table 4, there were 16 solar zenith angle samples, 9 view zenith angle samples, and 7 relative azimuth angle samples, so a 16 × 9 × 7 three-level lookup table was established. The coefficients of each grid were calculated by the linear regression method. Each grid established a linear regression between the top of the atmospheric reflectance and the broadband LSA for each of the four GF-1 WFV bands, and the regression coefficients of the linear regression were stored in the lookup table.




3.2. Validation Method


3.2.1. Validation Based on Field Observation Data


The spatial extent of field observation data of each site was calculated by the radiometer height and observation field of view; the estimated GF-1 WFV surface albedo data were aggregated according to the representative range of the site observations; finally, the aggregated results were directly validated against the field measurements. When the calculated results are compared with the ground measured albedo data, the BSA and WSA need to be calculated as blue-sky albedo based on the proportion of direct sky light.


  α (  θ i  , λ ) = ( 1 − s (  θ i  τ ( λ ) ) )  α  b s   (  θ i  , λ ) + s (  θ i  τ ( λ ) )  α  w s   (  θ i  , λ )  



(3)




where   α (  θ i  , λ )   is the blue-sky albedo of the band λ at a solar zenith angle of θ,    α  b s   (  θ i  , λ )   is the black-sky albedo,    α  w s   (  θ i  , λ )   is the white-sky albedo, and   s (  θ i  τ ( λ ) )   is the fraction of diffuse skylight when the solar zenith angle is θ, which is a function of aerosol optical depth and can be calculated using a predetermined lookup table (LUT) based on the 6S atmospheric radiative transfer code [40].



Since the transit time of remote sensing observations varies, to ensure time consistency between the field observation data and the remote sensing estimation results, we refer to the method proposed by Liang et al. [41] to calculate the monthly average albedo. In this method, the observation data of half an hour before and after the satellite transit time were averaged as the surface albedo at the satellite transit time.




3.2.2. Validation Based on Other Remote Sensing Data


The extent of the study area was clipped from the images of each remote sensing product separately, and remote sensing images with similar times to the GF-1 WFV were selected for validation. Since the spatial resolution of Landsat-8, MCD43A3, and GLASS02A01 is different from that of the GF-1 WFV, these remote sensing products need to be resampled to the same spatial resolution as the GF-1 WFV before validation. Finally, the GF-1 WFV albedo estimation results were validated with other remote sensing products pixel by pixel, and scatter density maps were plotted.




3.2.3. Accuracy Evaluation


The estimation results of GF-1 WFV were calculated by a linear regression with the ground measurement results and other remote sensing products. The accuracy of the estimation results was evaluated using the coefficient of determination (R2) and the root mean square error (RMSE) of linear regression.






4. Result


4.1. Validation against Field Observation Data


According to the formula of blue-sky albedo in Section 3.2, we compared the blue-sky albedo of GF-1 with ground measurement data. The results of the validation are shown in Figure 3. As seen from the scatter plot, the results for all sites show high accuracy for R2 (0.835) and RMSE (0.026).



Since different land cover types have significant differences in LSA, it is necessary to discuss sites with different land cover types separately. The surface albedo around each site was estimated according to the direct estimation method, and the results were directly compared with the ground measurements, as shown in Figure 4. The land cover type of the Zhangye site is a wetland, and it is located in Zhangye National Wetland Park. The estimation results for wetlands are relatively poor compared to those of other land cover types, with R2 and RMSE values of 0.631 and 0.027, respectively. The figure shows that the albedo estimation results are overestimated in most cases. The overall albedo of wetlands was maintained between 0.1 and 0.25, indicating that the albedo of wetlands did not vary significantly with the seasons and was relatively stable.



The desert sites have the most data of the four land cover types, which leads to a higher reliability for the albedo estimation. The desert sites have the best albedo estimation results, boasting the highest R2, 0.900, and the lowest RMSE, 0.023. The large albedo (>0.4) in the figure is because the data were collected in winter and there was snowfall, which greatly increased the albedo due to the snow on the ground. We also find that the overall albedo of the desert station is slightly higher than that of the other three land cover types. This is because the desert is mostly bare land with very little vegetation cover and therefore has a high albedo.



The land cover type of the Daman site is farmland, and the main crop is corn, so the variation in LSA at this site has a very strong correlation with the crop growth pattern. For example, when crops start to grow, the albedo decreases; when crops are harvested and the surface becomes bare soil, the albedo increases. The albedo estimation results of the site are good, with R2 and RMSE values of 0.827 and 0.027, respectively. As seen from the figure, the LSA is highly variable, varying between 0.15 and 0.35, which may be related to crop growth and harvesting and is discussed specifically in Section 5.



The albedo of the grassland site fluctuates slightly, with the overall albedo fluctuating approximately 0.2. The RMSE and R2 of the grassland site had poorer results compared to the desert and farmland (RMSE: 0.804, R2: 0.031) due to the smaller amount of data of the grassland site, which resulted in a greater instability in the albedo results. In general, the albedo decreases gradually as the vegetation cover increases. Although there are few grassland site data, the fitting degree with the field observation data is still very good, indicating the accuracy of the estimation results.




4.2. Validation against Landsat Data


In this study, the method of He et al. [25] was used to estimate the surface albedo of Landsat-8, and the estimated results were used for validation. Since Landsat-7 has an obvious strip, the albedo results of GF-1 were compared with those of the Landsat-8 estimation albedo from the same period.



4.2.1. Study Area of Ganzhou District


We first examined the accuracy of the Landsat albedo estimation results. The albedo of Landsat-8 in this study area was summarized and compared with the ground measurements. According to the formula of blue-sky albedo in Section 3.2, we compared the blue-sky albedo of Landsat with ground measurement data. The results are shown in Figure 5. The ground measurements are in excellent agreement with the Landsat albedo, with an R2 of 0.79 and RMSE of 0.02.



The clear and cloudless GF-1 WFV and Landsat-8 data with adjacent imaging times were selected, and black-sky and white-sky albedos were estimated and compared. The GF-1 WFV was imaged on 23 February 2015 (DOY = 54), and Landsat-8 was imaged on 24 February 2015 (DOY = 55). The comparison of albedo estimation results is shown in Figure 6. Figure 7 shows that the albedo estimation results of the two sensors have a strong spatial consistency, and the scatter plot shows a higher agreement with the white-sky albedo than the black-sky albedo. This may be due to the different imaging times between the two images, resulting in different solar angles, and the solar incidence angle has a greater impact on the black-sky albedo than on the white-sky albedo.




4.2.2. Study Area of Sindh Province


Since the study area of Sindh is large, remote sensing images taken on the same day cannot cover the entire study area, so cloudless images taken on similar dates were selected for mosaicking to obtain the study area. The Landsat-8 data were mosaicked from a total of 12 images of 20160202, 20160209, 20160211, and 20160216, and the GF-1 data were mosaicked from a total of 10 images of 20160207, 20160211, and 20160215. The comparison of the black-sky albedo and the white-sky albedo of the GF-1 and Landsat-8 is shown in Figure 8. The results show that the albedos of GF-1 and Landsat-8 are in good spatial agreement, and there are significant differences in albedo between different land cover types. It can be seen from the figure that the black-sky albedo and white-sky albedo of GF-1 are slightly higher than the albedo of Landsat-8, which may be related to the different imaging dates of the two.



The scatter plot of the black-sky albedo and white-sky albedo comparison of the GF-1 WFV and Landsat-8 is shown in Figure 9. From the figure, it is clear that the black-sky albedo and white-sky albedo agree well: the RMSE of the black-sky albedo is 0.028, and the R2 is 0.891; the RMSE of the white-sky albedo is 0.028, and the R2 is 0.889.





4.3. Validation against MODIS Product


The albedo comparison results obtained based on the 2016042 (11 February 2016) product of MCD43A3 and the GF-1 image (mosaicked from 20160207, 20160211, and 20160215) are shown in Figure 10. The albedo of the GF-1 is higher than that of the MODIS albedo product, probably because the MODIS albedo product is generated based on the time synthesis method. The values of the MODIS albedo products represent the main surface conditions within a 16-day synthetic window under clear sky conditions.



Figure 11 is a scatter plot of a pixel-by-pixel albedo comparison. The GF-1 albedo estimation results are in excellent agreement with those of the MCD43A3 albedo product. The RMSE and R2 of the black-sky albedo are 0.046 and 0.843, respectively; the RMSE and R2 of the white-sky albedo are 0.050 and 0.807, respectively. The agreement between the GF-1 albedo and MCD43A3 albedo products is less than the agreement between the GF-1 and Landsat-8 albedo. This may be because the spatial and temporal resolution of the MCD43A3 is different from that of the GF-1 WFV, which has a temporal resolution of 16 days and a spatial resolution of 500 m, while the GF-1 WFV has a temporal resolution of 2 days and a spatial resolution of 16 m. Since their albedos cannot be compared directly due to different resolutions, the albedo of GF-1 was spatially aggregated to obtain the resolution of the MODIS and then validated. The process of spatial aggregation leads to errors.




4.4. Validation against GLASS Product


GLASS02A01 of the GLASS product was selected for comparison with the GF-1 albedo. The albedo results obtained based on the 2016045 (14 February 2016) product of GLASS02A01 and the GF-1 image are shown in Figure 12. We find that the albedo of GF-1 is higher than that of the GLASS product, which is probably because GLASS02A01 is a synthetic product obtained by averaging the GLASS02A21 product over 17 days.



Figure 13 is a scatter plot of a pixel-by-pixel albedo comparison. The albedos of GF-1 and GLASS are consistent, with the RMSE and R2 values of the black-sky albedo being 0.041 and 0.779 and the RMSE and R2 values of the white-sky albedo being 0.039 and 0.752, respectively. However, there are still errors between their albedos, which may be related to their different spatial and temporal resolutions.





5. Discussion


In this paper, we used the direct estimation method to estimate the LSA of GF-1, and the estimation results still had errors in the validation process. We identified possible sources of the errors through further research.



5.1. Errors Induced by Land Cover Types


Due to the difference in vegetation and soil composition, the uncertainty of surface albedo verifications will be affected by surface heterogeneity. From the validation results, the albedo accuracy of grasslands and farmlands is better than that of deserts, which may be related to spatial heterogeneity. Though in this study, only pixels located in the observation area are aggregated and used to validate remote sensing estimation, the heterogeneity of the site will affect the representativeness of the field site and induce more uncertainties in the albedo estimation and validation, and the poor spatial homogeneity of some sites leads to increased errors in the surface albedo estimation results [42,43,44,45]. The study by Cescatti et al. [46] found that albedo estimation errors were small for farmland and grassland areas, while errors were large for desert areas. We believe that this error is related to the vegetation cover. The results of this study are very consistent with previous studies that used the HJ satellite to estimate the albedo [28]. The results showed that the forest had the smallest bias and RMSE. As the vegetation cover decreases, the surface albedo gradually increases, and its bias and RMSE increase.




5.2. The Effect of Aerosol Types


Aerosol scattering is the main atmospheric factor affecting visible light radiation. The default “continental” aerosol type used in this study may lead to overestimation of the albedo. In [25], He changed the default “continental” aerosol at the sites to “Biomass Burning” and “Urban” aerosol and found that the accuracy of the albedo estimates at the sites changed. Liang et al. [47] suggested that albedo estimations in non-desert areas could be improved by using accurate aerosol type maps.




5.3. Errors Induced by the Radiation Calibration


The correction factor of the GF-1 satellite is updated annually, and we used the current year’s correction factor when calculating the albedo for different years. The calibration accuracy of the GF-1 WFV sensor may also be a major factor in the increased uncertainty of the albedo estimations. For consistency and calibration accuracy between satellite sensors, the study of Feng [48] shows that the radiometric calibration accuracy of high-resolution satellites needs to be further improved. To improve the estimation of surface albedo, it is feasible to refine the radiometric calibration.





6. Conclusions


In this study, the direct estimation method was used to estimate the LSA, and the estimation results were cross-validated using different data. Albedo estimations were carried out in the Ganzhou District and Sindh Province study areas. The albedo estimation results of the GF-1 were cross-validated with field observation data, Landsat-8 albedo estimation results, MODIS albedo products, and GLASS albedo products. The results show that the surface albedo data estimated based on the GF-1 WFV have a high accuracy. Compared with the field observation data, the RMSEs of grasslands, deserts, wetlands, and farmlands are all less than 0.031, which meets the accuracy requirements of global change research for LSA of 0.02–0.05; compared with the Landsat-8, MODIS and GLASS data, the albedo results are in good agreement and match the spatial distribution characteristics.



There are still some deficiencies in this study. For example, due to the limitations of the experimental conditions, the field observation data of other countries could not be obtained, and the accuracy of the GF-1 albedo and field observation results could not be verified. Extensive validation in more study areas and more land cover types are needed in future studies.
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Figure 1. (a) Remote sensing image (GF-1 WFV, 17 July 2014) and (b) surface classification (GlobeLand30) of Ganzhou District. 






Figure 1. (a) Remote sensing image (GF-1 WFV, 17 July 2014) and (b) surface classification (GlobeLand30) of Ganzhou District.



[image: Atmosphere 13 01651 g001]







[image: Atmosphere 13 01651 g002 550] 





Figure 2. (a) Remote sensing image (GF-1 WFV, February 2016) and (b) surface classification (GlobeLand30) of Sindh Province. 
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Figure 3. Comparison of GF-1 WFV estimated albedo with ground measurements. 
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Figure 4. Comparison of the estimated albedo of GF-1 WFV with the ground measurements for different land cover types. 
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Figure 5. Comparison of Landsat-8 estimated albedo with ground measurements. 
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Figure 6. Comparison of (a) black-sky albedo and (b) white-sky albedo of GF-1 WFV (left) and Landsat-8 (right) in Ganzhou. 
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Figure 7. Scatter plot of albedo comparison between GF-1 WFV and Landsat-8. 
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Figure 8. Comparison of (a) black-sky albedo and (b) white-sky albedo of GF-1 (left) and Landsat-8 (right) in Sindh. 
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Figure 9. Scatter plot of GF-1 albedo and Landsat-8 albedo in Sindh. 






Figure 9. Scatter plot of GF-1 albedo and Landsat-8 albedo in Sindh.



[image: Atmosphere 13 01651 g009]







[image: Atmosphere 13 01651 g010 550] 





Figure 10. Comparison of the (a) black-sky albedo and (b) white-sky albedo of the GF-1 (left) and MODIS (right) in Sindh. 






Figure 10. Comparison of the (a) black-sky albedo and (b) white-sky albedo of the GF-1 (left) and MODIS (right) in Sindh.



[image: Atmosphere 13 01651 g010]







[image: Atmosphere 13 01651 g011 550] 





Figure 11. Scatter plot of GF-1 albedo and MODIS albedo in Sindh. 
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Figure 12. Comparison of the (a) black-sky albedo and (b) white-sky albedo of the GF-1 (left) and GLASS (right) in Sindh. 
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Figure 13. Scatter plot of the GF-1 albedo and GLASS albedo in Sindh. 






Figure 13. Scatter plot of the GF-1 albedo and GLASS albedo in Sindh.



[image: Atmosphere 13 01651 g013]







[image: Table] 





Table 1. Spectral resolution of GF-1 WFV.






Table 1. Spectral resolution of GF-1 WFV.





	Band
	B1
	B2
	B3
	B4





	Spectral Resolution
	0.45–0.52 µm
	0.52–0.59 µm
	0.63–0.69 µm
	0.77–0.89 µm
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Table 2. Information of field observation sites.
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	Site
	Land Cover Type
	Height of Radiometer (m)
	Time





	Heihe
	Grassland
	1.5
	2015001–2015365,

2016001–2016365,

2017001–2017365,

2018001–2018365



	Bajitan
	Desert
	6
	2014001–2014365,

2015001–2015103



	Shenshawo
	Desert
	6
	2014001–2014365,

2015001–2015102



	Huazhaizi
	Desert
	6
	2014001–2014365,

2015001–2015365,

2016001–2016365,

2017001–2017365,

2018001–2018365



	Zhangye
	Wetland
	6
	2014001–2014365,

2015001–2015365,

2016001–2016365,

2017001–2017365,

2018001–2018365



	Daman
	Farmland
	12
	2014001–2014365,

2015001–2015365,

2016001–2016365,

2017001–2017365,

42018001–2018365
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Table 3. Validation data.
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Study Area

	
Data

	
Time






	
Ganzhou

	
GF-1 WFV

	
2014001–2018365




	
Field Observation

	
2014001–2018365




	
Landsat

	
2015055




	
Sindh

	
GF-1 WFV

	
2016038, 2016042, 2016046




	
Landsat

	
2016033, 2016040, 2016042, 2016047




	
MODIS

	
2016042




	
GLASS

	
2016045
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Table 4. Input parameters of the 6S model.
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	Input Parameters
	Value





	Solar Zenith Angle
	0, 5, 10, …, 75



	View Zenith Angle
	0, 5, 10, …, 40



	Relative Azimuth Angle
	0, 30, 60, …, 180



	Atmospheric Model
	Tropic, Mid-latitude summer, Mid-latitude winter, Subarctic summer, Subarctic winter, United States standard



	Aerosol Optical Depth Type
	Continental



	Aerosol Optical Depth
	0.05, 0.1, 0.2, 0.25, 0.3, 0.35, 0.4
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Table 5. Coefficients for calculating LSA.
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	Parameter
	k = iso
	k = vol
	k = geo





	    g  0 k     
	1
	−0.007574
	−1.284909



	    g  1 k     
	0
	−0.070987
	−0.166314



	    g  2 k     
	0
	0.307588
	0.041840



	White-sky
	1
	0.189184
	−1.377622
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