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Abstract

:

Urban 3D surface reflectance is a critical parameter for the modeling of surface biophysical processes. It is of great significance to enhance the accuracy of reflectance in urban areas. Based on the urban solar radiative transfer (USRT) model, this study presents a methodology for estimating urban reflectance using the sky view factor (SVF) derived from airborne LiDAR data. Then, the USRT model was used to retrieve urban 3D surface reflectance from Landsat 8 data over the typical area of Beijing. The reflectance from USRT model was compared with the estimated value obtained from the model without considering the impact of morphological characteristics of the urban underlying surface (flat model). The results showed that the urban sample reflectance estimated by the USRT model was close to the sample reflectance of the suburban underlying surface which was less affected by morphological characteristics. The research summaries are as follows: (1) The definite physical meaning is presented in the USRT model, and can be applied to estimate the physical parameters of the urban underlying surface. (2) The reflectance from the USRT model is slightly larger than the reflectance derived from the flat model, which indicates that the accuracy of urban 3D surface reflectance is improved by the USRT model. (3) The effects of the SVF and building reflectance are different. The SVF presents a strong sensitivity to the estimation of the urban 3D surface reflectance, and the variations of building reflectance setting have little impact on urban reflectance, which is characterized by low sensitivity. Generally, the methodology of estimating urban reflectance proposed in this study can better clarify the impact mechanism of urban geometry on the radiative transfer processes and further promote the application and development of urban quantitative remote sensing.
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1. Introduction


The urban 3D surface reflectance, representing the reflective ability of urban surface objects to solar radiation, affects the quantitative retrieval of surface biophysical parameters and the accurate modeling of the surface energy balance. Resulting from the rapid development of remote sensing satellites and platforms, remote sensing data can be increasingly used for retrieval of urban 3D surface reflectance. However, there is still a challenge for calculation of urban reflectance, because the morphological and structural characteristics of the urban underlying surface are rarely considered in current radiative transfer models [1,2,3]. Most of the radiative transfer models are based on the assumption that the urban land surface is a horizontal surface, but the geometry of urban areas is always complex in the real world. The spectral radiance recorded by a sensor is an integrated result of solar radiation with the earth’s atmosphere and urban surface [4,5,6]. The solar incident radiation received by a pixel has been regulated due to the impact of urban morphological characteristics, and, thus, the information of urban surfaces is distorted. Therefore, careful modeling of each component in the radiative transfer model is required to accurately calculate the results of urban 3D surface reflectance. In order to obtain the urban reflectance with promising accuracy, there is an urgent need to construct a radiative transfer model considering the urban geometrical characteristics. Constructing a reasonable radiative transfer model suitable for urban areas is of great importance for applications of surface reflectance retrieval, as well as the development of current quantitative remote sensing field in urban areas.



In recent years, much attention has been paid to the effects of surface heterogeneity on the solar radiative transfer processes [7,8], among which two sceneries are discussed mostly: mountainous and vegetation areas [9,10,11,12,13,14]. For example, Wen et al. (2008) proposed a model for topographic correction to improve the accuracy of surface reflectance in the terrain area, with coupling the influence of mountain radiation transmission and terrain multiple scattering [12]. Wang and Li (2013) developed a multiple-layer canopy radiative transfer model (MRTM) to calculate vegetation canopy reflectance, which separated the roles of incident direct and diffuse radiation and radiation singly and multiply scattered by foliage [14]. However, they cannot be applied to complex urban scenarios. Chen et al. (2013) proposed a novel method for empirical reflectance retrieval in urban environments that is applicable to both sunlit and shadowed regions [15]. In contrast, the urban–atmosphere coupling term and the multiple reflections were still roughly modelled in this study. With the great progresses of theoretical foundation of radiative transfer processes and space technology in launching more and more high spatial- and temporal-resolution satellite instruments, an improved understanding of quantitative description of 3-dimensional morphological characteristics over urban regions is attracting increasing interest of the remote sensing community, which also makes the forward modeling of urban heterogeneous surface available [7,16,17,18].



Three-dimensional morphological characteristics formed by urban longitudinal extension are one of the main factors affecting the incident radiation transmission over urban regions [19,20,21,22]. Selection of surface parameters that can represent the 3-dimensional morphological characteristics of urban areas is critical to the modeling of urban radiative transfer processes. At present, the parameters used to depict the urban geometric characteristics mainly include building height, building density, the planar area index (PAI), the frontal area index (FAI), the height/width ratio (H/W), and the sky view factor (SVF) [23,24,25,26]. The SVF is commonly used to indicate the openness of a particular area within an urban setting and in general a terrestrial landscape [27,28], and can also be used as an indicator representing combinations of other parameters such as building height and building density [27]. It is one of the most concerned urban morphological parameters, and has been widely used in the study of urban heat island effect [29], urban energy balance [30], urban land surface temperature [31], and many successful cases in exploring the impact of urban 3-dimensional geometric structures on the urban microclimate [31,32,33]. These studies indicate that the SVF can be utilized to parameterize the effect of urban geometry on climate. Hence, the SVF could be considered as a key dominant factor in the construction of radiative transfer model over urban areas.



In this study, the SVF was introduced to establish a radiative transfer model for the urban scene, the urban solar radiative transfer (USRT) model. Additionally, the USRT model was used to retrieve urban 3D surface reflectance from Landsat 8 data over the typical area of Beijing. Then, the retrieval ability of the USRT model to urban 3D surface reflectance is illustrated from the following three aspects: (1) validation of reflectance results estimated by the USRT model, (2) the comparison of the reflectance calculated by the USRT model and the flat model, and (3) sensitivity analysis of core surface parameters in the USRT model.




2. Principle and Method


2.1. Description of the USRT Model


The USRT model is an urban radiative transfer model for the reflective spectral domain (0.4–2.5 μm), proceeding by identifying the irradiance components at each point of the landscape and the radiance components reaching a satellite—or airborne sensor, and then computing them separately. The USRT model was based on radiative transfer equation and was designed according to ideas proposed in papers [10,12]. The assumption and simplification of the urban underlying surface are the foundation of constructing an urban radiative transfer model. Therefore, the USRT model was established by assuming the following two conditions: (1) regular buildings stand on a flat surface, and (2) the ground and building surface are Lambertian surface. On this basis, the impact of urban structural and morphological characteristics on the solar radiative transfer process is mainly described in three aspects: (1) the solar direct radiation may not reach target pixel because of the blocking of buildings, (2) the sky diffuse radiation received by the target pixel is changed by the urban geometry, and (3) the vertical facets of buildings can reflect the solar radiation to the target pixel, and complex geometry of built-up areas increases multiple scattering within the urban canopy. The sky view factor is used to quantify the sky diffuse radiation and multiple scattering processes in the USRT model.



2.1.1. The Total Radiation Received by the Target Pixel


Considering a sensor observing an urban scene and P a pixel of the remote sensing image, the total irradiance,    E  all    , received by the target pixel (P) of the urban scene can be calculated as follows:


   E  all    ( P )  =  E  dir    ( P )  +  E  diff    ( P )  +  E  ref    ( P )   



(1)




where    E  dir     is the solar direct irradiance (  W ·  m  − 2   ·    μ m    − 1    ),    E  diff     is the sky diffuse irradiance (  W ·  m  − 2   ·    μ m    − 1    ), and    E  ref     is the reflected irradiance (  W ·  m  − 2   ·    μ m    − 1    ).



(1)    E  dir    



Downward solar direct radiation (   E  dir    ) corresponds to photons coming directly from the sun and transmitting to the urban scene. However, this component may not be received by the target pixel due to the blocking of urban buildings (Figure 1a). The yellow area in Figure 1 represents the target pixel, and the black area in Figure 1a represents the shadow caused by the occlusion of tall buildings. Therefore,    E  dir    ( P )    can be expressed as follows [10]:


   E  dir    ( P )  = Φ ·  E  TOA   ·    cos θ   s  ·  T  dir  ↓   



(2)




where    E  TOA     is the exo-atmospheric irradiance (  W ·  m  − 2   ·    μ m    − 1    ), and  Φ  is a binary coefficient which is set to zero to indicate that a pixel is not illuminated by the sun and set to one otherwise.    T  dir  ↓    is the atmospheric transmittance of direct downward solar radiation.    θ s    is the solar zenith angle.



(2)    E  diff    



The    E  diff     component models the photons scattered by the atmosphere to the ground. The sky diffuse irradiance will be reduced when the sky dome overlying the surface is not an integrated hemisphere of a horizontal surface. The target pixel can only receive the diffuse irradiance within the visible range of the sky (Figure 1b).    E  diff     can be quantified with the sky view factor (SVF) as follows:


   E  diff    ( P )  = V ·  E  TOA   ·    cos θ   s  ·  T  diff  ↓   



(3)




where    T  diff  ↓    is the downward diffuse transmittance.  V  is sky view factor defined as the ratio of the irradiance on a specific surface to that on an unobstructed horizontal surface, and, obviously, the value of  V  is between 0 and 1.



(3)    E  ref    



The    E  ref     components correspond to the irradiances depending on the neighboring environment that are the results of the reflections of the buildings around the target pixel. The reflected irradiance mainly consists of three parts: (1) the    E   ref_dir      component corresponding to the irradiance coming from solar direct irradiance    E  dir     received and reflected by the vertical facets of buildings (Figure 1c); (2) the    E   ref_diff      component corresponding to the irradiance coming from sky diffuse irradiance    E  diff     received and reflected by the vertical facets of buildings (Figure 1d); and (3) the    E   ref_mul      component, which can be modeled as multiple reflections between target objects and the vertical facets of buildings (Figure 1e). The expression is as follows:


   E   ref_dir     ( P )  =  1 2  ·  E  TOA   · sin  θ s  ·  T  dir  ↓  ·  ρ e  ·  (  1 − V  )   



(4)






   E   ref_diff     ( P )  =  E  TOA   ·    cos θ   s  ·  T  diff  ↓  ·  ρ e  ·  (  1 − V  )   



(5)




where    ρ e    is the building reflectance. It is worth noting that only the direction facing the sun can receive the direct solar radiation in the urban scene due to the directivity of solar radiation.



Then, the radiation is reflected by the urban surface after reaching the target pixel. After m-times reflections between the target pixel and vertical facets of buildings, the multiple reflected irradiance (   E   ref_mul     ) received by the target pixel can be formulated as an equal ratio sequence:


      E   ref_mul     ( P )  = (   E  dir     ( P )  +  E  diff    ( P )  +  E   ref _ dir     ( P )  +  E   ref _ diff     ( P )  ) · [   ρ e  ·  ρ t  ·  (  1 − V  )  +  ρ e 2  ·  ρ t 2         ·    (  1 − V  )   2  + …   +  ρ e m  ·  ρ t m  ·    (  1 − V  )   m  ]     



(6)




where    ρ t    is the urban 3D surface reflectance. When m tends to infinity, Equation (6) can be simplified as:


   E   ref_mul     ( P )  =    (   E  dir    ( P )  +  E  diff    ( P )  +  E   ref _ dir     ( P )  +  E   ref _ diff     ( P )   )  ·  ρ e  ·  ρ t  ·  (  1 − V  )    1 −  ρ e  ·  ρ t  ·  (  1 − V  )     



(7)







Therefore, the total reflected irradiance (   E  ref    ) received by the target pixel can be quantified as follows:


   E  ref    ( P )  =  E   ref_dir     ( P )  +  E   ref_diff     ( P )  +  E   ref_mul     ( P )   



(8)







Finally, combining Equation (2) to Equation (8), the total irradiance (   E  all    ) received by the target pixel in urban scene can be written as Equation (9):


   E  all    ( P )  =    E  dir    ( P )  +   EI   diff    ( P )  +  E   ref _ dir     ( P )  +   EI    ref _ diff     ( P )    1 -  ρ e  ·  ρ t  ·  (  1 − V  )     



(9)








2.1.2. The Radiance Reaching the Sensor


The radiance    L  sen     reaching to the satellite can be quantified as follows:


   L  sen    ( P )  =  L  dir    ( P )  +  L  diff    ( P )  +  L  atm    ( P )   



(10)




where    L  sen     is the radiance of top of atmosphere (  W ·  m  − 2   ·   sr   − 1   ·    μ m    − 1    ),    L  dir     is the radiance of target pixel reaching the satellite (  W ·  m  − 2   ·   sr   − 1   ·    μ m    − 1    ),    L  diff     is the diffuse radiance of surrounding pixel reaching the satellite (  W ·  m  − 2   ·   sr   − 1   ·    μ m    − 1    ), and    L  atm     is the path radiance (  W ·  m  − 2   ·   sr   − 1   ·    μ m    − 1    ).



(1)    L  dir    



The radiance    L  dir       reflected by the surface to the sensor can be expressed as follows (Figure 1f):


   L  dir    ( P )  =  1 π  ·  E  all    ( P )  ·  ρ t   ( P )  ·  T  dir  ↑   



(11)




where    E  all     is the total solar irradiance received by the target pixel (  W ·  m  − 2   ·    μ m    − 1    ), and    T  dir  ↑    is the atmospheric transmittance of upward radiation.



(2)    L  diff    



The radiation    L  diff     reflected by the surrounding target may also reach the sensor by atmospheric scattering (Figure 1g). The green area in Figure 1f represents the surrounding pixel. The upward diffuse radiance of surrounding target can be modeled as


   L  diff    ( P )  =  1 π  ·  E  all    ( P )  ·  ρ t   ( P )  ·  T  diff  ↑   



(12)




where    T  diff  ↑    is the upward diffuse transmittance.



(3)    L  atm    



The path radiance    L  atm     reaching the sensor can be modeled as (Figure 1h)


   L  atm    ( P )  =  1 π  ·  E  TOA   ·    cos θ   s  ·  ρ a   



(13)




where    ρ a    is the atmospheric reflectance.



According to Equation (11) to Equation (13), the radiance    L  sen     reaching the satellite can be written as follows:


   L  sen    ( P )  =  1 π  ·  (   E  all    ( P )  ·  ρ t   ( P )  ·  T v  +  E  TOA   ·    cos θ   s  ·  ρ a   )   



(14)




where    T v    is the upward total transmittance, and    T v  =  T  dir  ↑  +  T  diff  ↑   .





2.2. Reflectance Calculation Model Based on the USRT Model


According to Equations (9) and (14), the reflectance of the urban underlying surface can be expressed as follows:


   ρ t   ( P )  =   π ⋅  (   L  sen    ( P )  −  L  atm    ( P )   )    π ⋅  (   L  sen    ( P )  −  L  atm    ( P )   )  ⋅  ρ e  ⋅  (  1 − V  )  +  (   E  dir    ( P )  +  E  diff    ( P )  +  E   ref _ dir     ( P )  +  E   ref _ diff     ( P )   )  ⋅  T v     



(15)







In Equation (15), building reflectance (   ρ e   ) and the SVF ( V ) are the two critical input parameters for accurate reflectance estimation. In addition, the at-satellite radiance is obtained by remote sensing imagery. Other solar radiation and atmospheric parameters can be simulated by the 6S model, including exo-atmospheric irradiance (   E  TOA    ), path radiance (   L  atm    ), atmospheric transmittance of downward solar direct radiation (   T  dir  ↓   ), downward diffuse transmittance (   T  diff  ↓   ), and upward total transmittance (   T v   ).





3. Study Area and Data


3.1. Study Area


The study site is located at the junction of Haidian District and Chaoyang District, Beijing, between the north fourth loop road and the north fifth loop road. The study area covers approximately 25 km2 (Figure 2), which is composed of some construction facilities (e.g., National Stadium, National Indoor Stadium, etc.) and part of the Olympic park. The terrain is relatively flat, and the main land use/cover types include buildings, roads, trees, water, and bare land. In general, buildings of this study area have the combined characteristics of different heights and densities, which are suitable for carrying out the research of remote sensing retrieval of urban reflectance.




3.2. Data


In this research, the Landsat 8 satellite data, airborne LiDAR data, and field measured data were used. Landsat 8 satellite data were downloaded from the United States Geological Survey (USGS, https://earthexplorer.usgs.gov). Landsat OLI (Operational Land Imager) data were acquired under clear atmospheric conditions on 27 June 2018, including blue, green, and red bands. The orbit number and spatial resolutions of the imagery were path 123/row 32 and 30 m, respectively.



Airborne LiDAR data were obtained from the airborne Leica ALS 60system, with the point cloud density of about 2–4 points/m2. The LiDAR data were interpolated to obtain DSM (digital surface model) data, with the spatial resolution of 0.5 m (Figure 2b).



In order to evaluate the accuracy of the SVF, a fisheye camera was used to measure the SVF in the study area. 48 fisheye pictures were taken in different building density and height areas to collect various types of SVF. To ensure the reliability of the collected data, the sampling points were evenly distributed in the study area (Figure 2b). The fisheye lens used sigma 8 mm f3.5 ex DG fisheye, and its viewing angle range could reach 180°, which was suitable for quantitative analysis of sky view range.





4. Data Processing and Result Analysis


4.1. Results and Analysis of the SVF


DSM was generated by airborne LiDAR data, and more details on the estimation of the SVF can be found in [34]. In this paper, Zakšek et al. (2011) proposed a method to calculate the SVF by introducing a solid angle. The solid angle of an object is proportional to area of the object’s projection onto the unity sphere centered at the observation point. If the horizon is not of equal height in all directions, the solid angle can be computed by observing the horizon vertical elevation angle in a chosen number of directions, and then values of the SVF within the study area can be obtained. In Zakšek’s method, the field measured data of the fisheye lens were used as the validation data to set optimal search directions and the search radius. Thirty-two directions and a search radius of 80 pixels were chosen to estimate the SVF in this study [35]. In order to match the analysis scale of the USRT model, the raster of the SVF was resampled to 30 m. The SVF was divided into eight levels according to the method of Jenks’ natural breaks (Figure 3). The proportion of the SVF in each level was 5.163%, 12.558%, 17.580%, 16.351%, 15.282%, 13.713%, 11.150% and 8.204%, respectively.



The SVF is the critical indicator of describing the morphological characteristics of the urban underlying surface, and the other parameters used to depict the urban geometric characteristics also include building height and building density [32,36,37,38]. Therefore, the availability of the SVF derived from airborne LiDAR data could be evaluated by analyzing the correlation between the SVF and building indicators (i.e., building height and building density). Based on the obtained building data, the average building height and building density within each SVF zone were calculated, and eight sets of values were acquired, respectively. Figure 4 showed the relationship between the SVF and building height and building density, respectively. The results indicated that the SVF had a positive correlation with building height and building density, and the goodness of fit (R2) was 0.95 and 0.88, respectively. Therefore, the morphological characteristics of the underlying surface can be well expressed by the SVF.




4.2. Results and Analysis of Urban 3D Surface Reflectance


The determination of the SVF is described in Section 4.1. The building reflectance was set to 0.3, and the sensitivity analysis of this parameter will be described in detail in the Discussion Section. Other parameters were derived from the 6S model, and the simulation results are shown in Table 1. Urban 3D surface reflectance was obtained by substituting the SVF, building reflectance, solar radiative parameters and atmospheric parameters into Equation (12) (Figure 5). The average of urban reflectance in blue, green and red bands under different SVFs were calculated, as shown in Table 2.



On the whole, the average reflectance of blue, green, and red band was 0.133, 0.150, and 0.143, respectively. The urban 3D surface reflectance varied with different SVFs in the three bands, which indicated that the SVF had a certain impact on the remote sensing retrieval of urban 3D surface reflectance. In addition, it is necessary to consider the morphological characteristics of the urban area when estimating the urban 3D surface reflectance.



The reflectance values of the natural materials are material characteristic property, that is, reflectance of the same natural material is invariant theoretically in both urban and suburban regions. In order to verify the positive role of the USRT model in the remote sensing retrieval of urban 3D surface reflectance, pure grassland pixels of the urban area (i.e., study area) and suburban area were selected in this study for comparison, as shown in Figure 6. Buildings may have a certain visual shielding effect on the urban surfaces. The radiative transfer processes in urban areas were strongly affected by surrounding buildings, while the impact of buildings on the radiative transfer processes could be neglected due to the flat terrain and a few buildings in the selected suburban area. The role of the USRT model on reflectance retrieval could be explained by analyzing the reflectance of the same land use/cover type.



The pure grassland pixels selected in urban and suburban areas are shown in Figure 6, where A is in the urban area and B is in a suburban area. Two models were used to retrieve reflectance of grassland in urban area and suburban area, respectively. One is the USRT model, and the other is the model without considering the urban morphological characteristics, which was named the “flat model” in this paper. Table 3 showed the comparison analysis of pure grassland pixels’ reflectance derived from the two models in urban and suburban area. Results indicated that: (1) urban grassland reflectance estimated by the USRT model was larger than the results of the flat model; (2) the reflectance of urban samples retrieved by the USRT model was closer to the reflectance of suburban samples derived from the flat model, which illustrated that the USRT model improved the accuracy of urban 3D surface reflectance, and the radiative transfer model constructed for the urban underlying surface had a positive effect on the accurate retrieval of surface reflectance.



In Table 3, the morphological characteristics of urban areas were taken into account in the USRT model, while the flat model assumed the urban underlying surface as a horizontal surface. The main differences between the two models were as follows: (1) the flat model assumed that the earth surface received all direct solar radiation, while the USRT model took into account the blocking of direct solar radiation by buildings and used the binary coefficient to quantify; (2) morphological and structural characteristics were neglected in the flat model to quantify the sky diffuse radiation and environmental radiation, while the SVF was used in the USRT model to quantify the sky diffuse radiation reaching the urban surface and multiple scattering between target object and vertical facets of buildings.



The graphs of urban reflectance in the whole study area derived from the two models are shown in Figure 7. The results illustrated the following: (1) The reflectance from the USRT model was slightly higher than the results of the flat model. This was mainly because the impact of the SVF and interception effect on the incident radiation were taken into account in the USRT model, which could improve the accuracy of urban 3D surface reflectance. (2) Wavelength was also one of the factors affecting reflectance. For Landsat 8 multispectral data, the difference between the results of the two models gradually narrowed with the increase in wavelength from the blue to red band.





5. Discussion


5.1. The Impact of the SVF on Urban 3D Surface Reflectance


The SVF is a critical parameter to describe the morphological characteristics of the urban underlying surface, which is the main driving factor of the USRT model [20]. Sensitivity analysis of the SVF is of great significance to enrich the modeling of urban radiative transfer and improve the accuracy of the model.



The impact of the morphological characteristics parameter (SVF) on urban reflectance is revealed in Figure 8. The results illustrated the following: (1) the reflectance from the USRT model was consistent with the reflectance from the flat model; (2) urban 3D surface reflectance was decreasing with the SVF increasing and the value was closer to the reflectance derived from the flat model. This was mainly because the urban surface was closer to flat surface with the increasing SVF.




5.2. The Impcat of Building Reflectance on Urban 3D Surface Reflectance


The impact analysis of building reflectance on urban 3D surface reflectance was conducted in this study where the building reflectance was limited to a range from 0 to 1 with the change step of 0.1 (Figure 9). The results indicated the following: (1) urban 3D surface reflectance was decreasing in each band with increasing building reflectance; (2) the reflectance of the urban underlying surface from the USRT model was higher than the reflectance obtained from the flat model within the range of building reflectance; (3) the variation of building reflectance had little impact on urban reflectance, where the urban reflectance of blue, green, red band was limited to a range of from 0.12 to 0.13, 0.14 to 0.15, 0.13 to 0.14, respectively. The variation of building reflectance only brought about a fluctuation of 0.01 on the value of urban 3D surface reflectance.



Hence, the USRT model can weaken the impact of parameter setting of building reflectance on the radiative transfer processes and effectively amplify the influence of surface morphological parameter (i.e., the SVF) on the radiative transfer processes. Notably, a single parameter analysis method was used in sensitivity analysis, i.e., setting a reasonable change step and considering the mutual independence of parameters. In fact, although the parameters are not completely independent, the incomplete independence will not affect the research conclusion in essence.





6. Summaries


In this study, an urban solar radiative transfer model (i.e., USRT model) operating in the visible and short wave infrared was presented. The objective of the study was to develop an urban radiative transfer model able to deal with the problem of the remote sensing retrieval of reflectance over urban areas. To solve this inverse problem, irradiance and radiance components were modelled separately. The conclusions are as follows:



(1) The USRT model modelled separately the irradiance and radiance components at ground and sensor level, and each component took into account the relief, ground heterogeneity and atmospheric corrections. The physical meaning of the USRT model is clear, which can better represent the impact of urban morphological and structural characteristics on incident radiation.



(2) The USRT model has a positive role in improving the accuracy of remote sensing retrieval of urban 3D surface reflectance, by comparing the reflectance of pure pixels on urban and suburban areas.



(3) The SVF and building reflectance have different effects on the reflectance retrieval of the urban underlying surface. The SVF presents a strong sensitivity, while the building reflectance has little impact on the urban 3D surface reflectance, that is, it brings about a fluctuation of 0.01 on the value.



However, the SVF is not the only morphological parameter affecting the urban reflectance, and the contribution of other parameters such as building height and building density should also be taken into account in future research. The effect of the USRT model on the incident radiative transfer processes becomes extremely compatible in the scene of high-rise and high-density buildings, which need to be further analyzed in the near future. Elaborating the applicability of the USRT model in detail is also our research direction in the following study. The USRT model is theoretically applicable to the medium–high-resolution remote sensing image of the urban underlying surface, which can promote the further development of urban quantitative remote sensing.
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Figure 1. Schematic presentation of the urban solar radiative transfer processes: (a) solar direct irradiance; (b) sky diffuse irradiance; (c) reflected part of the solar direct irradiance; (d) reflected part of the sky diffuse irradiance; (e) superimposed part of the multiple reflections; (f) target pixel radiance; (g) upward diffuse radiance; (h) path radiance. 
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Figure 2. Location of the study area and observation sites. (a) Location of the study area in Beijing. (b) Digital surface model (DSM) and the location of observation sites. 
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Figure 3. Spatial distribution of the sky view factor (SVF) in the study area. 
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Figure 4. Relationship between the SVF and building indicators: (a) relationship between the SVF and building height; (b) relationship between the SVF and building density. 
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Figure 5. Urban 3D surface reflectance derived from the urban solar radiative transfer (USRT) model using Landsat 8 data within the study area. 
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Figure 6. Schematic diagram of sampling locations in urban and suburban areas. Note: A is in the urban area and B is in the suburban area. 
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Figure 7. Urban 3D surface reflectance derived from the USRT model and the flat model: (a) reflectance graph of the blue band; (b) reflectance graph of the green band; (c) reflectance graph of the red band. 
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Figure 8. Reflectance comparison of the two models with different SVFs. Note: (a) comparison of blue band reflectance from the two models; (b) comparison of green band reflectance from the two models; (c) comparison of red band reflectance from the two models. 






Figure 8. Reflectance comparison of the two models with different SVFs. Note: (a) comparison of blue band reflectance from the two models; (b) comparison of green band reflectance from the two models; (c) comparison of red band reflectance from the two models.



[image: Urbansci 04 00066 g008]







[image: Urbansci 04 00066 g009 550] 





Figure 9. Reflectance comparison of the two models with different building reflectance. Note: (a) comparison of blue band reflectance from the two models; (b) comparison of green band reflectance from the two models; (c) comparison of red band reflectance from the two models. 
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Table 1. The simulation results of solar radiative and atmospheric parameters obtaining from the 6S model.
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	Band
	     E  TOA    (  W ·  m  − 2   ⋅    μ m    − 1    )     
	     L  atm    (  W ·  m  − 2   ⋅   sr   − 1   ⋅    μ m    − 1    )     
	     T  dir  ↓     
	     T  diff  ↓     
	     T v     





	Blue (0.450–0.515 μm)
	1908.283
	44.460
	0.472
	0.213
	0.709



	Green (0.525–0.600 μm)
	1787.567
	24.983
	0.570
	0.184
	0.752



	Red (0.630–0.680 μm)
	1524.643
	14.101
	0.650
	0.152
	0.801
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Table 2. Average reflectance in blue, green and red band under different SVFs within the study area.
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	SVF
	Blue Band

(0.450–0.515 μm)
	Green Band

(0.525–0.600 μm)
	Red Band

(0.630–0.680 μm)





	[0.24, 0.51)
	0.142
	0.150
	0.151



	[0.51, 0.58)
	0.138
	0.152
	0.143



	[0.58, 0.64)
	0.133
	0.151
	0.142



	[0.64, 0.70)
	0.131
	0.143
	0.143



	[0.70, 0.76)
	0.120
	0.139
	0.130



	[0.76, 0.83)
	0.124
	0.142
	0.131



	[0.83, 0.90)
	0.132
	0.153
	0.142



	[0.90, 0.99]
	0.151
	0.170
	0.162
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Table 3. Reflectance comparison of pure grassland pixels derived from the two models in the urban and suburban area.
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Band

	
USRT Model

	
Flat Model

	
Flat Model




	
Urban Area

	
Urban Area

	
Suburban Area






	
Blue (0.450–0.515 μm)

	
0.074

	
0.073

	
0.076




	
Green (0.525–0.600 μm)

	
0.116

	
0.110

	
0.118




	
Red (0.630–0.680 μm)

	
0.071

	
0.068

	
0.076
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