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Abstract

:

The reflectance anisotropy effect on albedo retrieval was evaluated using the Moderate Resolution Imaging Spectroradiometer (MODIS) bidirectional reflectance distribution functions (BRDFs) product, and archetypal BRDFs. Shortwave-band archetypal BRDFs were established, and validated, based on the Anisotropy Flat indeX (AFX) and time series MODIS BRDF over tile h11v03. To generate surface albedo, archetypal BRDFs were used to fit simulated reflectance, based on the least squares method. Albedo was also retrieved based on the least root-mean-square-error (RMSE) method or normalized difference vegetation index (NDVI) based prior BRDF knowledge. The difference between those albedos and the MODIS albedo was used to quantify the reflectance anisotropy effect. The albedo over tile h11v03 for day 185 in 2009 was retrieved from single directional reflectance and the third archetypal BRDF. The results show that six archetypal BRDFs are sufficient to represent the reflectance anisotropy for albedo estimation. For the data used in this study, the relative uncertainty caused by reflectance anisotropy can reach up to 7.4%, 16.2%, and 20.2% for sufficient, insufficient multi-angular and single directional observations. The intermediate archetypal BRDFs may be used to improve the albedo retrieval accuracy from insufficient or single observations with a relative uncertainty range of 8–15%.
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1. Introduction


Albedo is defined as the proportion of solar shortwave radiation (0.25–2.5 μm) reflected from a surface to that incident upon it [1]. Albedo is a particularly important parameter in the land surface energy balance and Earth’s radiation balance, which dictates the rate of land surface heating under different environmental conditions. It is well known that surface albedo is among the main radiative uncertainties in the Global Climate Observing System (GCOS) [2]. The absolute (relative) albedo accuracy required for climate studies is estimated to be 0.02–0.05 (±10%) over a range of spatial and temporal scales [3,4,5,6]. A simple calculation shows that an albedo uncertainty of 10% induces an uncertainty of approximately 5% in the net radiation, which may result in an absolute error of 20 W m−2 in the net radiation [7].



Satellite remote sensing provides a feasible way to produce large-area albedo datasets with high spatial and temporal resolutions. However, albedo inversion from remote sensing observations is also restricted by certain factors, mainly reflectance anisotropy and spare angular sampling [8]. For most natural surfaces, the reflection of incoming shortwave radiation is anisotropic [9]. One of the major difficulties in the quantitative retrieval of land surface characteristics from reflectance measurements results from the radiation anisotropy. The bidirectional reflectance distribution function (BRDF), which is defined as the ratio of the reflected radiance in a specified direction to the unidirectional irradiance incident on a surface [10], characterizes the anisotropy of surface reflectance. BRDFs have been widely used in the retrieval of vegetation structure and other bio-geophysical parameters [11,12,13]. BRDFs cannot be directly measured; however, the measured surface reflectance at various solar and observational angles enables BRDF sampling. The measurements of directional reflectance can be used as input into a numerical BRDF model, and the output is a function used to estimate the surface BRDF. Various BRDF models have been proposed by investigators [14,15,16,17]. The Ross-Thick-Li-Sparse Reciprocal (RTLSR) model is one of the most widely used BRDF models. The RTLSR BRDF model was shown to be well suited to describe surface anisotropy [12,18] and was chosen in a previous study to generate the Moderate Resolution Imaging Spectroradiometer (MODIS) BRDF and albedo product [19].



Typically, sufficient angular samples and well-distributed angular sampling are needed for various BRDF models [20]. Most empirical and semi-empirical BRDF models can be inverted well with sufficient and well-distributed measurements, but problems occur in situations when sampling is sparse [18]. However, the acquisition of multi-angular measurements from most sensors is limited by the sensors’ scanning configurations and the platform’s orbital characteristics [21]. Remote sensing signals are usually correlated to some degree [22]. Moreover, cloud contamination reduces the number of clear-sky observations and makes the angular distribution difficult to predict. For coarse resolution satellite remote sensing data, sufficient observations can be collected by temporal composition over short time periods with the assumption that the land surface does not experience significant changes during that observational period. However, most middle- and high-resolution remote sensing provides only near nadir signals. For the past two decades, BRDF/albedo estimates derived from satellite data have been produced using various kinds of low-resolution satellite sensors, such as Advanced Very High-Resolution Radiometer (AVHRR), POLarization and Directionality of the Earth’s Reflectances (POLDER), MODIS, and Multi-angle Imaging Spectroradiometer (MISR) [3,12,23,24,25,26]. The operational MODIS BRDF/albedo retrieval algorithm [23] uses the RTLSR BRDF model to capture the surface reflectance directionality. A continuous global BRDF/albedo dataset has been produced at resolutions of 0.5 to 5 km from MODIS 16-day acquisitions since July 2000 [23]. More recently, this algorithm has been applied to correcting the diffuse light of ground multi-angular measurements [27] for linkage with other models [28], to investigate the influence of spatial resolution on the angular variation patterns of optical reflectance as retrieved from MODIS and POLDER measurements [29], and to generate the MODIS clumping index (CI) product [30,31].



Early field measurements of surface reflectance anisotropy [32,33,34,35] revealed that the characteristic BRDF shapes were associated with different homogeneous land cover classes. Linking the reflectance anisotropy to land cover or normalized difference vegetation index (NDVI), many studies have attempted to extract prior BRDF knowledge from historical MODIS BRDF products to improve the albedo retrieval accuracy from single directional reflectance [36,37,38]. However, one study shows that the BRDF contains little information on land cover [39]. In our previous study, we found that the Anisotropic Flat index (AFX) has the ability to indicate the character of reflectance anisotropy. The archetypal BRDF database was established for the red and near infrared bands based on the MODIS product [40]. The representativeness of these archetypal BRDFs for the reflectance anisotropy has been proven [41], and these archetypal BRDFs have been used to improve the albedo retrieval from small view-angle observations based on the least root-mean-square-error (RMSE) method [42]. Although albedo retrieved from prior BRDFs based on land cover and NDVI have generally achieved high consistency in ground observations, statistics show that land cover and NDVI are not always reliable indexes for representing reflectance anisotropy [43].



In the present study, we aimed to quantify the reflectance anisotropy effect on albedo retrieval from remotely sensed observations using archetypal BRDFs. Archetypal BRDFs are established for the shortwave band (0.25–2.5 μm). Then, archetypal BRDFs are used to fit multi-angular or single observations to generate albedo, and the difference between these albedos and the MODIS albedo product is observed to assess the reflectance anisotropy effect on albedo retrieval. The effects of the solar zenith angle and observation noise are also considered. Finally, we investigated the improvement of NDVI-based prior BRDF knowledge in albedo retrieval and the possibility of using the intermediate archetypal BRDF to retrieve albedo from directional reflectance.




2. Materials and Methods


2.1. Theoretical Basis


The Ross-Li BRDF model is a linear combination of three basic scattering components, which represent isotropic scattering, basic turbid medium scattering and sparse vegetation scattering.


    R  (   θ s  ,  θ v  , Φ , λ  )  =  f  i s o    ( λ )  +  f  v o l    ( λ )   K  v o l    (   θ s  ,  θ v  , Φ , λ  )  +  f  g e o    ( λ )   K  g e o    (   θ s  ,  θ v  , Φ , λ  )  ,    



(1)




where R is the surface bidirectional reflectance in wavelength λ; fiso, fvol, and fgeo are the spectrally dependent BRDF model parameters; Kvol and Kgeo are kernel functions that describe the volumetric [15,44] and geometric optical [14,19] scattering, respectively; and θs, θv and Φ denote the illumination and view directions.



The kernels are simply trigonometric functions of viewing and illuminating geometrics; therefore, these kernels can be calculated in advance. In the albedo inversion procedure, sufficient multi-angular observations are applied to the model, and then, the three model parameters can be inverted [23]. The reflectance in any direction can be calculated based on the model parameters and BRDF model in the forward direction. A BRDF integral over the viewing hemisphere or both the viewing and illuminating hemispheres results in black sky albedo (BSA), or white sky albedo (WSA). The combination of these values with the fraction of direct and diffuse radiation results in an actual (or blue-sky) albedo for a specific time, such as that measured at the surface by field sensors under ambient illumination [12,45,46].



Normalizing the WSA with the isotropic parameter to remove the spectral reflectance amplitude, the new anisotropy index (AFX) can be generated [40]:


    AFX  ( λ )  =   WSA  ( λ )     f  i s o    ( λ )    = 1 +    f  v o l    ( λ )     f  i s o    ( λ )    × 0.   189184 +    f  g e o    ( λ )     f  i s o    ( λ )    ×  (  − 1.377622  )  ,    



(2)




where the constant values of 0.189184 and −1.377622 are the integral of the Ross-Thick kernel and the Li-Sparse Reciprocal kernel in the viewing and illuminating hemispheres, respectively.



The AFX is related to the variability of the BRDF shapes of land surface. A previous study [40] showed that when geometric scattering is dominant (dome-shaped BRDF shapes), the AFX value is less than 1.0, whereas when volumetric scattering is dominant (bowl-shaped BRDF shapes), the AFX value is greater than 1.0. When the two scatterings are comparable and counteract each other (relatively Lambertian BRDF shapes), the AFX value is close to 1.




2.2. MODIS BRDF Product and Simulated Observations


The operational MODIS BRDF algorithm for the MODIS BRDF/albedo product is based on the RTLSR BRDF model and an adequate angular sample of the cloud-cleared, atmospherically corrected surface reflectance available for each location over a 16-day period [23]. The accuracy of the high-quality MODIS albedo values at local solar noon (LSN) meet an absolute accuracy requirement of 0.05 for validation sites with homogeneous cover conditions [20,47,48,49]. These datasets have been widely used in reflectance anisotropy studies [36,37,40]. To obtain precise and consistent results, only the high-quality MODIS BRDF product [20] is considered during the research process.



In this study, MODIS tile h11v03 is used as the study area. Figure 1 shows the land cover map and the maximum-value composite NDVI of year 2011 over the study area. Evergreen Needleleaf forest, Mixed forest and Croplands are the main land cover types in this area. The NDVI values are mainly concentrated within the range of 0.6~0.9, and the white gaps area in Figure 1b is due to a lack of high-quality MODIS NDVI product. The study area contains abundant types of reflectance anisotropy and can provide enough experimental data for this study. The Version 005 MODIS BRDF/Albedo product (MCD43A1 and MCD43A2) of tile h11v03 during days 153 to 241 in 2009 and 2010 is used to establish the archetypal BRDFs. The MODIS BRDF data can be classified into different clusters in terms of similar AFX values. The BRDF parameters within each cluster can be averaged to represent the corresponding cluster. These generalized BRDF shapes are then referred to as the BRDF archetypes [40]. The representativeness of these archetypal BRDFs is verified using the MODIS BRDF data of tile h11v03 during the same period in 2011 and 2012.



The simulated multi-angular observations or single directional reflectance are based on the RTLSR BRDF model and the MODIS BRDF product of tile h11v03 during days 153 to 241 in 2012. To present a convincing and exhaustive result, the MODIS BRDF data are first classified into several classes according to AFX, and finally, 1 million samples are chosen for each BRDF archetype class. According to the number of observations and the distribution of angular sampling, sufficient and insufficient observations are used. The distribution of sufficient observations used in this study is shown in Figure 2. These observations are extracted from the MODIS reflectance product (MOD09G and MYD09GA) during days 201 to 216 in 2012 over tile h11v03, and the solar zenith angle is approximately 40°. These angular samples meet the requirements of the MODIS full inversion method with 28 observations and a weight of determination (WOD) value of 0.147 [20]. The six observations with the largest view zenith of 20° (the red circle) are used as the insufficient multi-angular observations. Three types of single directional reflectances are considered in this study: (1) Nadir reflectance; (2) directional reflectance with a viewing zenith angle of 30° in the forward direction; and (3) directional reflectance in the backward direction in the principal plane at a solar zenith angle of 40°. To ensure the reliability of the results, random noise, ranging from −10% to 10%, is added to the simulated observations.




2.3. Extraction of the Archetypal BRDF from the MODIS BRDF Product


Based on the MODIS BRDF product and AFX, the archetypal BRDFs for the red and near infrared bands were established in Reference [40]. For further study of the reflectance anisotropy effect on albedo in the shortwave band, we use the same approach to establish the archetypal BRDFs for the shortwave band. First, the AFX value of each pixel in the shortwave band is calculated using Equation (2). Second, the AFX values and associated MODIS BRDF model parameters are classified to generate different BRDF classes using the ISODATA (iterative self-organizing data analysis technique) clustering algorithm. To generate archetypal BRDFs, the with-class model parameters first need to be normalized with isotropic parameters to remove the spectral reflectance amplitude effect [40], and then, the parameters are averaged to represent the archetypal BRDF model parameters for that class. Third, to determine the number of classifications, the MODIS BRDF product is classified into 1 to 10 categories according to the AFX values, and the archetypal BRDFs are used to fit the corresponding within-class MODIS BRDF according to the simulated reflectance using the least squares approach. The simulated reflectance has a maximum view zenith angle of 60° with a 10° interval for the viewing zenith angle and a 45° interval for the viewing azimuth angle. The number of the most appropriate archetypal BRDFs is confirmed through the change in the root mean square error (RMSE). Finally, the extent to which the BRDF archetypes are representative of BRDF archetypes to the reflectance anisotropy is verified using time series of MODIS BRDF data.




2.4. Albedo from Prior BRDF and Limited Observations


Where the observations are sparsely sampled, including the limit of measuring only a single observation, we can improve the albedo retrieval accuracy using prior BRDF knowledge [22]. In this study, prior BRDF knowledge refers to the archetypal BRDFs and NDVI-based BRDF extracted from the MODIS BRDF data. Assuming that the prior anisotropy estimate of the pixel BRDF is known, we may predict the probable pixel BRDF under the observed reflectances and hence calculate the albedos. During this process, the prior BRDF parameters (Fiso, Fvol and Fgeo) are applied to the RTLSR model to calculate the simulated reflectance (ρ′), which has the same observation geometry as the observed reflectance (ρ). The value of a, which can adjust and fit the prior archetypal BRDF to the observation best, can be calculated by using the least squares method [38,50].


    a =  {             ∑   i = 1  n    ρ i    ρ ′  i  /    ∑   i = 1  n      (    ρ ′  i   )   2  ,     n > 1                ρ  ρ ′   ,     n = 1           ,    



(3)




where n refers to the number of observations, and ρ and ρ′ are is the observed and the simulated reflectance, respectively.



The fitting error can be expressed as follows:


    RMSE =       ∑   i = 1  n   (  a    ρ i '  −  ρ i   )    n − 1     .    



(4)







Then, the surface albedo can be estimated according to the RTLSR BRDF model.


     α  b l u e   = a  [   f  d i f     ∑   i = 1  3   F i   H k  +  (  1 −  f  d i f    )    ∑   i = 1  3   F i   h k   ( θ )   ]  ,    



(5)




where αblue is the simulated albedo under actual atmospheric conditions, fdif is the diffuse skylight ratio, F is the prior BRDF parameters, hk and Hk are the directional-hemispherical and bi-hemispherical integrals of the BRDF model kernels, and θ is the solar zenith angle. For our study region, we used the atmospheric optical depth at 550 nm based on MODIS Level 2 aerosol products to derive the diffuse skylight fraction for the shortwave. In the following section of this study, the MODIS albedo is the blue-sky albedo (αblue).




2.5. Reflectance Anisotropy Effect


In the fitting process mentioned above, the prior BRDF knowledge and estimated BRDF have the same AFX value; that is, both BRDFs have the same reflectance anisotropy. The archetypal BRDFs represent various surface reflectance anisotropies; therefore, the differences between albedos retrieved based on different archetypal BRDFs and the same observations can indicate the reflectance anisotropy effect on albedo retrieval. For the single directional reflectance, the reflectance is directly taken as albedo according to the Lambertian assumption. The difference between these albedos and the MODIS albedo can be used to quantitatively evaluate the reflectance anisotropy effect on albedo retrieval.



Three metrics are used to quantify the deviation between albedos retrieved from prior BRDFs and the MODIS albedo: (1) Bias, (2) absolute RMSEA, and (3) relative RMSER. These metrics were used to quantify the accuracy, and the absolute and relative uncertainties [51].


    B i a s =  1 N    ∑   j = 1  N   (  A l b e d  o  P   j   − A l b e d  o  M   j    )  ,    



(6)






    R M S  E A  =    1  N − 1     ∑   j = 1  N     (  A l b e d  o  P   j   − A l b e d  o  M   j    )   2    ,    



(7)






    R M S  E R  =   R M S  E A    A l b e d  o M    ,    



(8)




where subscript j refers to each pixel of the experimental data used in this study, N refers to the number of valid pixels used for comparison, Albedop is the albedo retrieval from prior archetypal BRDFs, and AlbedoM is the mean value of all MODIS albedos. To make the results comparable, we consider the same experimental data throughout this study.





3. Results


The archetypal BRDFs for the shortwave band are first established based on the MODIS BRDF product, and the representativeness of these archetypal BRDFs was evaluated according to other MODIS BRDF products. Next, these archetypal BRDFs and other kinds of prior BRDF knowledge are used to fit the simulated observations (sufficient, insufficient and nadir only), and the albedos are eventually obtained. Finally, the difference between these albedo products and the MODIS albedo products is used to show whether the archetypal BRDF represents the real surface reflectance anisotropy. The effects of the solar zenith angle and observational noise are also investigated.



3.1. BRDF Archetype and Validation


3.1.1. Archetypal Shortwave BRDFs


Similar to a previous study [40], the present study uses the fitting RMSE to determine the best number of archetypal BRDFs. The changes in the mean RMSE with an increasing number of classes are shown in Figure 3. The increase in the number of classes results in a gradual lowering of RMSE. Considering the conciseness and redundancy of archetypal BRDFs, 6 archetypal BRDFs, which account for more than 90% of the total fit-RMSE, are sufficient to describe the surface reflectance anisotropy for albedo retrieval. Table 1 shows the model parameters and AFX range for the 6 archetypal BRDFs, and Figure 4 shows the BRDF shapes in the hemisphere at a solar zenith angle of 30°. This figure is drawn by a visualization tool provided in Reference [52]. With the archetypal BRDFs changing from No. 1 to No. 6, the value of Fvol increases while the value of Fgeo decreases; that is, the volumetric scattering gradually increases while the geometric scattering gradually decreases. In addition, the BRDF shape changes from dome-shaped to bowl-shaped.




3.1.2. Accuracy Evaluation


Following the method used in the earlier study [43], the validation data are first classified into 6 classes according to the AFX range of each BRDF archetype class. Then, the simulated multi-angular observations (same as Section 2.3) of each pixel are used to adjust the corresponding archetypal BRDF based on the least squares method. The extent to which the BRDF archetypes are representative of BRDF archetypes to the reflectance anisotropy is illustrated by the consistency between the MODIS BRDF and simulated BRDF. The degree of similarity between the MODIS reflectance and adjusted archetype reflectance in the same direction is actually used to evaluate the consistency.



Figure 5 shows the comparison of two kinds of reflectance in the hotspot direction at solar zenith angles of 30° and 45°. Although the difference in the two reflectances shows a slight increase at a large solar zenith angle, almost all pixels are located along a 1:1 line and show high consistency with an RMSEA of less than 0.015. The degree of similarity between the archetypal BRDFs and MODIS BRDF within the corresponding BRDF archetype class can be indirectly illustrated by the RMSEA of the two kinds of reflectance. Figure 6 shows the distribution of RMSEA in the viewing hemisphere at solar zenith angles of 30° and 45°. The dark points in Figure 6 indicate the hotspot direction. The RMSEA values are usually relatively large around the hotspot and at large viewing zenith angle areas close to the principal plane. Additionally, the RMSEA shows a tendency to grow with increasing solar zenith angle. These results indicate that the archetypal BRDFs can match the corresponding MODIS BRDF well, particularly when the solar zenith angle is small and near the cross-principal plane area. The 6 archetypal BRDFs can cover various reflectance anisotropy values for albedo retrieval in the shortwave band.





3.2. BRDF Effect on Albedo Retrieval


The effect of reflectance anisotropy on albedo retrieval is closely related to the shape of surface BRDF, the number and the spatial distribution of the observations. The 6 archetypal BRDFs in the shortwave band represent different reflectance anisotropies. The observations can be simulated based on the MODIS BRDF and kernel driven BRDF model. These archetypal BRDFs are used to fit the observations according to the least squares method and are eventually used to obtain the surface albedos. The difference between these albedos and the MODIS albedo products can be used to indicate the reflectance anisotropy effect on albedo retrieval from the directional reflectance.



3.2.1. Multi-Angular Observations


Figure 7 shows a comparison of the MODIS albedo and albedos retrieved from different archetypal BRDFs and either sufficient observations or insufficient observations. The red, green and blue annotations represent the result of samples that belong to BRDF archetype classes Nos. 1, 3, and 6, respectively, and the black annotation represents the results of all data.



Because the data contain various reflectance anisotropy characteristics, the albedo based on one specific archetypal BRDF may be inappropriate and may introduce some errors. The MODIS albedo and albedos retrieved from any archetypal BRDFs agree well for the sufficient observations, with very good uncertainty values of under 0.011 for RMSEA and 7.4% for RMSER. We observe a high discrete degree when applying the archetypal BRDFs to the insufficient observations; the absolute and relative uncertainties doubled, and the accuracy appeared to decrease. In particular, when the samples belonging to the archetypal BRDF class are taken as prior BRDF knowledge, the retrieved result has the highest consistency with the MODIS albedo. The relative uncertainties are approximately 2% and 5%, for sufficient and insufficient observations, respectively. When the real reflectance anisotropy of the sample shows a large difference from the prior archetypal BRDF (i.e., the archetypal BRDF No. 6 is used to fit samples that belong to BRDF archetype class No. 1), the retrieved albedo has a lower accuracy. The maximum relative uncertainties can reach up to 14% and 35.9% for sufficient and insufficient observations, respectively. The archetypal BRDF No. 1 tends to underestimate the albedo, while the archetypal BRDF No. 6 tends to overestimate the albedo. However, the intermediate archetypal BRDFs (BRDF Nos. 3 and 4) are the most likely to obtain a reasonable result, with relative uncertainties of 3.7% and 8.1% for sufficient or insufficient observations, respectively.



The six archetypal BRDFs are used to fit the multi-angular observations according to least squares method. The archetypal BRDF with the least fitting error is chosen as the prior BRDF for the pixels, and the corresponding albedo is taken as the most probable albedo. This method is known as the least RMSE method [41]. Figure 8 shows the albedo retrieved based on the least RMSE method and sufficient or insufficient observations. When the observations are sufficient, the albedo retrieved from the least RMSE method has the highest consistency with the MODIS albedo. When the observations are insufficient, the albedo retrieved based on the least RMSE method shows a high discrete degree, with a relative uncertainty of 13.4%, because the observations within the small zenith area cannot effectively indicate the shape of reflectance anisotropy in the entire hemisphere. However, the accuracy of this albedo is still nearly equivalent to the albedo based on the archetypal BRDF No. 3.



Figure 9 shows the distribution of the absolute difference (AlbedoP-AlbedoM) between the MODIS albedo and the albedos retrieved from archetypal BRDFs. As above, with the prior BRDFs changing from archetypal BRDF No. 1 to 6, the retrieved albedo gradually increases. Compared with the sufficient observations, the albedo retrieved from the insufficient observations shows a high discrete degree. However, because the albedo is the integration of BRDF over the whole hemisphere, due to the restriction of prior knowledge to the inversion BRDF, the retrieved albedo from the intermediate prior archetypal BRDFs (No. 3 or 4) or the least RMSE method and insufficient multi-angular observations can basically meet the accuracy requirements, with almost all the samples having an absolute difference of within 0.04.



To explore the effects of the solar zenith angle on the fitting process, we investigate the distribution of the absolute difference between the MODIS albedo and albedos retrieved from archetypal BRDFs (Nos. 1, 3 and 6) and sufficient or insufficient observations under various solar zenith angles, as shown in Figure 10. Different colors represent the percentages of corresponding absolute difference. The results indicate that archetypal BRDF No. 1 tends to underestimate albedo, while archetypal BRDF No. 6 tends to overestimate albedo, and archetypal BRDF No. 3 tends to obtain a reasonable result. The distribution of the absolute difference explains that the effect of the solar zenith on the albedo retrieval is more significant when the solar zenith angle is small (less than approximately 30°). The phenomenon may be partly due to the hotspot effect of the reflectance anisotropy, because the multi-angular observations are close to the hotspot direction. With increasing solar zenith angle, the impact gradually decreases. The effect of noise is also explored, because the least squares method is able to eliminate the influence of random noise in multi-angular observations, and there are no significant changes in albedo under different random noise levels.




3.2.2. Single Observation


Lambertian Assumption


Nadir reflectance was often used as the surface albedo under the assumption of Lambertian reflectance [3,53]. Figure 11 shows the absolute difference between the simulated nadir reflectance and albedo under different solar zenith angles. This result is based on the MODIS BRDF data of tile h11v03 from 2008 day 201. The MODIS BRDF data are classified according to the AFX range of archetypal BRDFs, and the mean relative difference between the nadir reflectance and MODIS albedo within each archetypal BRDF class is used to describe the effects of the Lambertian assumption. The different colors represent the six BRDF archetype classes. The effect of the Lambertian assumption on the albedo depends on the solar zenith angle and surface reflectance anisotropy. When the solar zenith angle is small (<30°), the nadir reflectance of the pixels with a strong geometric scattering usually overestimates the ground albedo, and while the solar zenith angle is large (>50°), the nadir reflectance of the pixels with a strong volumetric scattering usually underestimate albedo. The relative difference caused by the Lambertian assumption ranges from −40% to 50%. The large difference in the small solar zenith angle is mainly caused by the hotspot in the BRDF model, since the archetypal BRDF No. 1 has a strong hotspot effect and results in a dome BRDF shape, whereas archetypal BRDF No. 6 has a weak hotspot effect and results in a bowl BRDF shape.



Many remote sensing observations have a non-nadir viewing geometry. Figure 12 shows the relative difference between the MODIS albedo and directional reflectance in the viewing hemisphere under various surface reflectance anisotropies based on the archetypal BRDFs and MODIS BRDF data. When the surface reflectance anisotropy is significant (BRDF archetype class No. 1 or 6), the relative difference can be 50% or −30% around the hotspot and dark spot areas, respectively. The maximum relative difference is still greater than ±15%, even for the homogeneous BRDF archetype classes No. 3 and 4. The results indicate that the reflectance anisotropy must be considered for accurate albedo retrieval from a directional observation.




Albedo from Single Reflectance


Similar to the previous method, archetypal BRDFs are taken as prior knowledge to fit the single nadir reflectance and generate the albedo in the sequence. Figure 13 shows a comparison of the MODIS albedo with single nadir reflectance-based albedos. When the appropriate archetypal BRDF is used to calculate the albedo, the relative uncertainty is approximately 6–8%. If the inappropriate archetypal BRDF is used, the relative uncertainty can reach up to 38.3%.



For comparison, another prior BRDF knowledge is extracted from the data based on NDVI (MOD13A2). The experimental MODIS BRDF data are classified according to NDVI. The mean value of the MODIS BRDF with a 0.1 NDVI interval is taken as prior knowledge. The prior knowledge BRDF shapes in the principal plan for this prior knowledge are shown in Figure 14. Fvol and Fgeo refer to the normalized BRDF parameters, and Fiso is equal to 0.5. Due to the coarse resolution, the MODIS pixels are usually mixed. A previous study demonstrated that MODIS data with similar NDVI values contain various reflectance anisotropies, especially for forest areas with complex structures [43]. The statistical results in Table 2 show that the prior BRDF model parameters extracted from various NDVI ranges are broadly similar. This result shows that the NDVI may not provide additional information to extract prior BRDF knowledge from historical MODIS BRDF data.



The NDVI-based prior BRDF knowledges is used to fit the corresponding simulated nadir observations according to NDVI, and the retrieved albedos are compared with the MODIS results (Figure 14). The nadir reflectance is also compared with the MODIS albedo to show the effect of the Lambertian assumption. The Lambertian assumption may produce a large error in the albedo at a solar zenith angle of 40° with a relative uncertainty of 13.1%. Albedos retrieved from NDVI-based prior BRDF and archetypal BRDF No. 3 are close and more accurate. The prior BRDF knowledge constrains the changes of retrieved BRDFs, and the albedos retrieved from prior BRDFs are limited to a reasonable range.



The random noise in the single nadir observation is completely transmitted to the albedo using this method. When the maximum random noise increases from 10% to 20%, the relative uncertainty increases by approximately 3–4%.



In addition, we examined the use of archetypal BRDFs in the albedo retrieval from non-nadir reflectance. Archetypal BRDF No. 3 is used to fit the directional reflectance with a viewing zenith angle of 30° in the forward or backward direction to generate albedo. Figure 15 shows a comparison of these reflectances and retrieved albedos with MODIS albedos. The results show that the reflectance in the forward (backward) direction is significantly smaller (larger) than the MODIS albedo, with relative uncertainties of 23.3% and 27.2%, respectively. However, the accuracy of the retrieved albedo based on archetypal BRDF No. 3 is greatly improved with a more than 10% reduction in the relative uncertainty, and the albedo basically meets the requirement for use in climate studies.



The archetypal BRDF No. 3 is further applied to the simulated directional reflectance of tile h11v03 from 2009 day 185. Figure 16 shows the MODIS albedo and different directional reflectance simulated from the MODIS BRDF product and kernel driven BRDF model at a solar zenith angle of 40°. Three directional reflectances are simulated: The nadir reflectance and the reflectance with a view zenith of 30° in the forward and backward directions. For validation purposes, we consider only the high-quality MODIS BRDF product over the tile. Figure 17 shows the albedo images retrieved from the directional reflectance and archetypal No. 3. Table 3 shows the corresponding mean values of these reflectances and albedos. These reflectances show significant differences from the MODIS albedo. The reflectance in the backward 30° direction (0.155) is greater than the MODIS albedo (0.132), whereas the reflectance in the forward 30° direction (0.104) is smaller than the MODIS albedo. The retrieved albedos based on archetypal BRDF No. 3 are more consistent with the MODIS albedo, and the mean albedo values are very close to one another. The results indicate that the intermediate archetypal BRDFs may be used to improve albedo retrieval from directional reflectance in the shortwave band.







4. Discussion


This paper is an extension of previous studies [40], and in this study, an analysis of the reflectance anisotropy effect on albedo retrieval is presented. Based on AFX, which supports a BRDF-based classification of BRDF typology, the complex reflectance anisotropy can be classified, and the shortwave archetypal BRDFs were extracted from historical MODIS BRDF products. The archetypal BRDFs representativeness of the reflectance anisotropy was evaluated by calculating how well the archetypal BRDFs fit the MODIS BRDF within the corresponding BRDF archetype class.



The albedo retrieval accuracy from remotely sensed observations is jointly determined by the observation data and the BRDF model. An observational dataset with different viewing geometries can be simulated with the MODIS BRDF product and RTLSR in a forward model. In this study three observation conditions are considered: (1) Sufficient observations, (2) insufficient observations with a maximum view zenith angle of 20°, and (3) single directional observations. Then the archetypal BRDFs are used to fit the multi-angular observations or single directional observations, and eventually, the albedo is obtained. Since the BRDF anisotropy remains unchanged during the fitting process using the least squares method, the albedos retrieval from various archetypal BRDFs can indicate the reflectance anisotropy effect on albedo retrieval. The albedo based on the least RMSE method and multi-angular observations was also calculated. For single observations, prior BRDF knowledge, which was extracted from MODIS data at a 0.1 NDVI interval, was also used to calculate albedo.



When the observations are sufficient, albedos retrieved from various BRDF archetypes are broadly similar and all are consistent with the MODIS albedo. Meanwhile, the albedo retrieved from the least RMSE method shows the maximum accuracy. The results suggest that the reflectance anisotropy effect on the albedo retrieval from sufficient multi-angular observations is less significant. When multi-angular observations are insufficient, the reflectance anisotropy effect becomes non-trivial. The albedo will appear to be an evident bias when the prior BRDF and real BRDF show great differences. The bias might increase when the number of observations is fewer or the range of the viewing zenith angle is more concentrated. The albedo retrieved from the least RMSE method is also slightly unreliable, since insufficient observations cannot accurately indicate the BRDF shapes in the whole hemisphere.



For the nadir reflectance, first, the effect of the Lambertian assumption is studied based on archetypal BRDFs. The influence is determined by the surface reflectance anisotropy and solar zenith angle; when the solar zenith angle is small, and the geometric scattering is dominant, the Lambertian assumption tends to overestimate the land surface albedo. When the solar zenith angle is large and the volumetric scattering is dominant, the Lambertian assumption tends to underestimate the land surface albedo. Then, two albedos were retrieved from prior BRDF knowledge: (1) Archetypal BRDF No. 3, and (2) mean BRDF of data with a 0.1 NDVI interval. Nadir reflectance and all albedos were compared with the MODIS albedo. The results show that nadir reflectance is largely different from the MODIS albedo, due to the reflectance anisotropy effect. However, the albedos retrieved from prior knowledge at different solar zenith angles agree well with the MODIS albedo. The archetypal BRDF No. 3 is further used to generate the albedo of tile h11v03 from various single directional reflectances, and although the directional reflectance shows deviation from the MODIS albedo, the retrieved albedos remain highly consistent with the MODIS albedo.



The reflectance anisotropy is determined by the land surface structure. NDVI data are generally calculated from a single directional reflectance; thus, these data contain limited reflectance anisotropy information. We extract prior BRDF knowledge from MODIS data with a 0.1 NDVI interval, rather than from the homogenous pixels, since it is difficult to find pure pixels at the MODIS scale, especially for the forest area. This statistical approach method may be inappropriate in some respects, but it can still explain the feasibility of extracting prior knowledge from MODIS based on NDVI. The shape of prior BRDF knowledge based on NDVI is broadly similar, and the accuracy of the albedo retrieved from the NDVI-based prior knowledge shows no obvious improvement compared with the albedo retrieved from archetypal BRDF No. 3. The effectiveness of the NDVI in extracting prior BRDF knowledge from historical MODIS BRDF data is very limited.



The effect of the solar zenith angle and noise on albedo retrieval is also explored in this study. With the increase in solar zenith angle, the absolute difference between the MODIS albedo and albedos retrieved from different archetypal BRDFs tends to concentrate in a smaller range; that is, the reflectance anisotropy effect on the albedo gradually decreases. For the influence of noise, the least squares method can reduce the effect of random noise for multi-angular observations, whereas the noise can be directly transmitted into albedo for single conditions with a pronounced increase in relative uncertainty with an increase in random noise.



In this study, we employed the RTLSR model rather than the hotspot-adjusted version of the RTLSR model, because the hotspot effect has a small effect on the albedo retrieval from multi-angular observations [54] and the multi-angular samples used in this study are distributed near the cross-principle plane. However, the large difference in the small solar zenith angle suggests that the hotspot effect cannot be ignored for albedo retrieval from insufficient observations or single directional reflectance. All of the results described above are based on the specific area during the summer time, and further studies are needed to understand the generalizability of these findings to other seasons and locations.



Accurate estimation of surface albedo is a prerequisite for estimating the radiation budget at the surface with remotely sensed data. The albedo is the integration of BRDFs over the hemisphere. Although the prior BRDF may have certain differences from the real BRDF, the prior BRDFs constrain the change of BRDF in the retrieval process, and the resulting albedo can still be limited to a reasonable range, which may partly explain why different prior knowledge can obtain a reasonable result. However, when the reflectance anisotropy information in a specific direction must be used, such as normalizing the directional reflectance to the nadir direction or calculating the clumping index, this prior BRDF knowledge may be unrepresentative.




5. Conclusions


In this study, the reflectance anisotropy effect on albedo retrieval is evaluated using the MODIS BRDF data and various prior BRDFs. The shortwave band archetypal BRDFs were extracted and evaluated based on time series MODIS BRDF. These archetypal BRDFs were used to fit simulated observations with different viewing geometries using the least squares method. The difference between prior BRDF-based albedos and the MODIS albedo was used to quantify the effect. The following results were obtained.



	(1)

	
Six archetypal BRDFs are sufficient to summarize the reflectance anisotropy for quantifying the albedo retrievals in the shortwave band. The obtained archetypal BRDFs change from dome-shaped to bowl-shaped with increasing AFX values.




	(2)

	
For the multi-angular observations used in this study, albedos retrieved from various archetypal BRDFs and sufficient observations agree well with the MODIS albedo. The relative uncertainty caused by reflectance anisotropy is <7.4%. The reflectance anisotropy effect on albedo retrieval from insufficient observations is markedly increased, with a relative uncertainty <16.2%. The inappropriate BRDF can introduce up to 14% and 35.9% relative uncertainties for sufficient and insufficient observations, respectively. The least RMSE method acquired a more accurate result with a relative uncertainty of approximately 13.4% at a solar zenith angle of 40°. The reflectance anisotropy effect on albedo retrieval is non-trivial when the solar zenith angle is less than 30°.




	(3)

	
For the single directional reflectance, the Lambertian assumption could introduce a relative difference range from −40% to 50% for albedo values. If the inappropriate prior archetypal BRDF is used, the relative uncertainty can reach up to 38.3% in the albedo at the 40° solar zenith angle. Compared with the albedo retrieved from archetypal BRDF No. 3, the NDVI-based prior knowledge does not have any advantage in albedo retrieval, and the albedo of both methods has a relative uncertainty of approximately 11%. The relative uncertainty increased approximately 3–4% when the maximum random noise increased from 10% to 20%.




	(4)

	
The intermediate archetypal BRDFs (No. 3 and 4) can enable a reasonably accurate (8–15%) estimation of surface albedo from insufficient multi-angular observations or single directional reflectance. Even if insufficient observations cannot provide adequate information and the directional reflectance shows a large difference from the MODIS albedo, the retrieved albedos based on archetypal BRDF No. 3 meet the requirements for use in climate studies. The albedo over tile h11v03 retrieved from a different directional reflectance and archetypal BRDF No. 3 is highly consistent with the MODIS albedo. The results indicate that this method is practical and effective for application to radiation budget studies, as many traditional satellite sensors do not provide multi-angle measurements.
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Figure 1. (a) Land cover map and, (b) maximum-value composite normalized difference vegetation index (NDVI) of year 2011 over tile h11v03. 
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Figure 2. Distribution of sufficient multi-angular observations. The radius represents the zenith angle with an interval of 20°, and the polar angle represents the azimuth angle. The filled and open circles refer to locations of the observations and the sun. The red circle represents the zenith angle of 20°. 
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Figure 3. Fit-RMSEs (root-mean-square-errors) against the number of archetypal bidirectional reflectance distribution functions (BRDFs) (from 1 to 10). 
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Figure 4. Three-dimensional BRDF shapes of 6 BRDF archetypes at a solar zenith angle of 30° in the shortwave band. (a–f) refer to the archetypal BRDF Nos. 1 to 6. For the bottom coordinate plane, the radius represents the zenith angle, and the polar angle represents the azimuth angle. The BRDF values are plotted on the vertical axis. 
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Figure 5. Comparison of MODIS reflectance and the reflectance of corresponding archetypal BRDFs in the hotspot direction at solar zenith angles of (a) 30°, and (b) 45°. 
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Figure 6. The distribution of RMSE between the MODIS BRDF and corresponding archetypal BRDFs over the hemisphere at solar zenith angles of (a) 30°, and (b) 45°. The radius represents the zenith angle, and the polar angle represents the azimuth angle. 
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Figure 7. Comparison of MODIS albedo with albedos retrieved from different archetypal BRDFs and sufficient (a1–a3), or insufficient (b1–b3), observations with a solar zenith angle of approximately 40°. (a1,b1), (a2,b2) and (a3,b3) refer to albedo retrieved from archetypal BRDF Nos. 1, 3, and 6, respectively. 
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Figure 8. Comparison of MODIS albedo with albedos retrieved from sufficient (a) and insufficient (b) observations based on archetypal BRDFs and the least RMSE method. 
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Figure 9. The distribution of the absolute difference between the MODIS albedo and albedo retrieved from the archetypal BRDFs with (a) sufficient observations, and (b) insufficient observations. The blue, purple, green, yellow, cyan and red lines indicate the results of archetypal BRDF Nos. 1 through 6, respectively. The black line indicates the results of the least RMSE method. 
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Figure 10. The absolute difference distribution between the MODIS albedo and albedos retrieved from different archetypal BRDFs, and (a1–a3) sufficient, or (b1–b3) insufficient, observations under various solar zenith angles. The albedo is retrieved from archetypal BRDF Nos. (a1,b1) 1, (a2,b2) 3 and (a3,b3) 6. 
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Figure 11. The relative difference between nadir reflectance and MODIS albedo under different BRDF archetype classes at various solar zenith angles. 
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Figure 12. Relative difference between MODIS albedo and reflectance in the viewing hemisphere under (a) archetypal BRDF No. 1, (b) No. 3 and (c) No. 6 at a solar zenith angle of 40°. 
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Figure 13. Comparison of MODIS albedo with albedo retrieved from archetypal BRDF No. (a) 1, (b) 3, and (c) 6, and nadir reflectance at a solar zenith angle of 40°. 
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Figure 14. (a,d) Comparison of MODIS albedo with nadir reflectance, or (b,e) albedo retrieved from archetypal BRDF No. 3, and (c,f) NDVI-based prior BRDF. The maximum random noise is 10% for (a–c), and 20% for (d–f). 
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Figure 15. Density scatter plots of MODIS albedo and directional reflectance or corresponding albedo. (a,c) The directional reflectance in the forward direction and backward direction, respectively, with a view zenith angle of 30°. (b,d) Albedo based on archetypal BRDF No. 3 and directional reflectance in the forward and backward direction, respectively. 
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Figure 16. MODIS albedo (a), and simulated MODIS shortwave reflectance in the forward 30° (b), and backward 30° (c) direction, and in the nadir direction (d) at a solar zenith angle of 40°, based on the MODIS BRDF product of h11v03 from day 185, 2009. 
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Figure 17. Albedo retrieved from archetypal BRDF No. 3 and directional reflectance in the (a) forward 30°, and (b) backward direction 30°, and (c) nadir direction at a solar zenith angle of 45°. 
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Table 1. Anisotropy Flat indeX (AFX) range and normalized BRDF parameters of six archetypal BRDFs for the Moderate Resolution Imaging Spectroradiometer (MODIS) shortwave band.
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	Class
	AFX Range
	Fiso
	Fvol
	Fgeo





	No. 1
	[0.5, 0.78]
	0.5
	0.1392
	0.1289



	No. 2
	(0.78, 0.90]
	0.5
	0.2442
	0.0892



	No. 3
	(0.9, 1.0]
	0.5
	0.3263
	0.0620



	No. 4
	(1.0, 1.09]
	0.5
	0.3970
	0.0392



	No. 5
	(1.09, 1.2]
	0.5
	0.4927
	0.0179



	No. 6
	(1.2, 1.7]
	0.5
	0.7669
	0.0074
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Table 2. Prior BRDF model parameters for different NDVI ranges.
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	NDVI Range
	Fiso
	Fvol
	Fgeo





	[0.1~0.2]
	0.5
	0.499
	0.086



	(0.2~0.3]
	0.5
	0.482
	0.081



	(0.3~0.4]
	0.5
	0.484
	0.060



	(0.4~0.5]
	0.5
	0.469
	0.053



	(0.5~0.6]
	0.5
	0.418
	0.057



	(0.6~0.7]
	0.5
	0.373
	0.061



	(0.7~0.8]
	0.5
	0.391
	0.056



	(0.8~0.9]
	0.5
	0.378
	0.058



	[0.1~0.9]
	0.5
	0.391
	0.058
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Table 3. The mean value of reflectance or albedo for the study area.
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Direction

	
Reflectance

	
Albedo (Arc No. 3)

	
MODIS Albedo






	
Forward 30°

	
0.104

	
0.131

	
0.132




	
Backward 30°

	
0.155

	
0.129




	
Nadir

	
0.119

	
0.130












© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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