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Abstract

:

Optical remotely sensed images in mountainous areas are subject to radiometric distortions induced by topographic effects, which need to be corrected before quantitative applications. Based on Li model and Sandmeier model, this paper proposed an improved physics-based model for the topographic correction of Landsat Thematic Mapper (TM) images. The model employed Normalized Difference Vegetation Index (NDVI) thresholds to approximately divide land targets into eleven groups, due to NDVI’s lower sensitivity to topography and its significant role in indicating land cover type. Within each group of terrestrial targets, corresponding MODIS BRDF (Bidirectional Reflectance Distribution Function) products were used to account for land surface’s BRDF effect, and topographic effects are corrected without Lambertian assumption. The methodology was tested with two TM scenes of severely rugged mountain areas acquired under different sun elevation angles. Results demonstrated that reflectance of sun-averted slopes was evidently enhanced, and the overall quality of images was improved with topographic effect being effectively suppressed. Correlation coefficients between Near Infra-Red band reflectance and illumination condition reduced almost to zero, and coefficients of variance also showed some reduction. By comparison with the other two physics-based models (Sandmeier model and Li model), the proposed model showed favorable results on two tested Landsat scenes. With the almost half-century accumulation of Landsat data and the successive launch and operation of Landsat 8, the improved model in this paper can be potentially helpful for the topographic correction of Landsat and Landsat-like data.
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1. Introduction


Mountain areas account for approximately 1/5 of the world’s land area, and provide diverse goods and services to human society [1]. Meanwhile, mountain ecosystems are the sensitive indicators to the rapid global development. It is essentially important to monitor the mountain ecosystem change and protect the mountain environment [2]. The development of remote sensing technique has unprecedentedly facilitated the detection of change and development in mountainous areas. Nevertheless, many difficulties and challenges are encountered in the remote sensing applications in mountainous areas. Compared to horizontal land surfaces, remotely sensed images of rugged areas possess pronounced topographic effect, which severely impacts the accuracy of the images’ quantitative applications [3]. Firstly, rugged terrain re-distributes the solar irradiance received by the terrestrial surfaces. Sun-facing slopes receive apparently more radiation than sun-averted slopes (except for shadowed sun-facing areas), and the recorded signals by satellite sensors from identical land cover type but different slope orientations may differ [4]. Secondly, tilted surfaces modify the angular configuration of sun-target-sensor (STS) geometry [5]. As for the ubiquitous non-Lambertian targets in the real world [6], different STS geometry often means different bi-directional reflectance (effect of bidirectional reflectance distribution function, BRDF) [7]. And this will very likely lead to phenomenon of the “same targets showing different reflectance and different targets showing same reflectance”, which severely reduces the accuracy of quantitative applications of remote sensing, such as biophysical parameter inversion and land use/cover change detection [8,9]. Therefore, topographic correction, aiming at elimination or at least reduction of terrain effect, is a necessity before the imagery of mountainous areas is used in quantitative analysis.



Previous contributions have reported a lot about empirical or semi-empirical topographic correction models, like cosine correction, C correction, SCS correction and SCS+C correction [10,11,12,13]. Cosine correction model treats the land surfaces as Lambertian and only adjusts the direct solar irradiance with simple cosine formula. This model tends to cause severe over-correction when local incidence angle is high [14,15]. C correction model reduces the over-correction to some extent by adding the C correction factor, obtained from the statistical relationship between the cosine of the relative solar incident angle and radiance received by the sensor [16,17]. Considering that trees are geotropic and topography has no control over the sun-crown geometry, Gu and Gillespie (1998) proposed the SCS correction model to correct topographic effects on forest images. However, over-correction still exists for faintly illuminated slopes in the SCS model [10]. Based on SCS and C correction models, Soenen et al. (2005) introduced a semi-empirical C factor to account for the diffuse irradiance and developed the SCS+C model [11]. Overall, the aforementioned models all assume that land surfaces are Lambertian, and only correct for the direct solar irradiance or compensate for the diffuse component using statistical method, which lacks sound physical bases.



Along with the further research on remote sensing theory and development of quantitative remote sensing, physics-based topographic correction models are developed based on the physical process between sunlight, atmosphere and land surface. The parameters in the physics-based model possess explicit mathematical and physical meanings. For example, Sandmeier and Itten (1997) employed the “Second Simulation of the Satellite Signal in the Solar Spectrum (6S)” model to calculate direct and diffuse solar irradiance, and then corrected them for terrain effect, respectively [5]. This model (referred to as Sandmeier model in the following) avoids the empirical regression in traditional methods, and possesses relatively solid physical foundation. However, with Lambertian assumption, it neglects the reflectance variance resulted from the BRDF effect [5]. Based on the Sandmeier method, Shepherd and Dymond (2003) not only compensated for the different components of illumination, but also normalized the image reflectance to horizontal surface and discussed the necessity of reflectance correction for images in rugged area [18]. Nevertheless, the reflectance of diffuse light is simplified and considered as isotropic, which does not seem reasonable, since diffuse sky light is directional, especially in sunny and misty days. Wen et al. (2009) developed a physics-based topographic correction model according to the fact that rugged terrain creates different configurations of STS geometry for the same land cover type, which can be used to derive BRDF shape function of that land cover type [19]. However, representative areas need to be selected and classification be conducted to obtain the reflective anisotropy information of each land cover type, which risks introducing relatively huge subjectivity. Considering the lack of multi-angular moderate-resolution data and depending on MODIS BRDF products (MCD43A1), Li et al. (2012) proposed a topographic correction model (referred to as Li model in the following) based on radiative transfer theory [20]. Topographic correction of Landsat Thematic Mapper (TM) images of Blue Mountain areas in Australia was conducted and satisfactory results were achieved. The methodology takes into account the BRDF effect and avoids the statistical analysis based on single scene, which helps maintain much more consistency and comparability for images acquired by different sensors or at different times. However, the experiment area selected by Li is only a small sub-scene, and the terrain ruggedness there is not so severe [20]. Moreover, digital surface model (DSM) used in correction is not readily available globally, and simply averaging MODIS parameters to characterize the BRDF effect of the whole study area may still need further discussion.



Landsat series satellites have operationally acquired land surface observation data for almost half a century. Along with the launch and successful in-orbit operation of Landsat 8, Landsat series imagery provides important data support for the research of China’s mountainous areas for the past 40 years and foreseeable future [21]. As discussed above, and in much literature [18,20], the BRDF effects and radiometric distortions by topographic effects in TM and TM-like fine spatial resolution images need to be considered in the applications in mountainous regions. Thus, studies on topographic correction accounting for BRDF effects are of great practical significance. In this study, we modified Li’s physics-based topographic correction model mainly by using NDVI-dependent MODIS BRDF parameters, and the specific objectives were to (1) compare the modified model’s performance with that of Sandmeier model (with Lambertian assumption) and Li model (without Lambertian assumption); and (2) attempt to improve the physics-based model to further facilitate and generalize the topographic correction of TM and TM-like imagery.




2. Study Area and Data


2.1. Study Area


The study area is located in the central part of the Hengduan Mountains, southeast to the Qinghai-Tibetan Plateau. It mainly covers Heishui County, Mao County, Li County and Wenchuan County of Sichuan Province, China (Figure 1). High mountain ranges and deep gullies dominate the landform of this area, and make the terrain undulation here tremendously severe. The altitude ranges from about 350 m to more than 5900 m, with an overall trend of “south east lower, northwest higher”. Vegetation covers are mainly coniferous forests and shrubs, and also include some mixed forests, grasslands, and meadows. Glaciers and permanent snow can be found in the peaks of some high mountains. With manifest topographic relief and highly heterogeneous land surface, the study area selected is fairly typical and representative for topographic correction experiments.
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Figure 1. (a) Location of study area in China. (b) Land cover types in study area. (c) DEM of study area. 
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2.2. Data


2.2.1. TM Images


To test the performance of the improved model under different illumination conditions, two Landsat-5 TM scenes (cloud cover less than 5%) acquired on 18 September 2007 and 18 March 2010 were downloaded from U.S. Geological Survey website (http://glovis.usgs.gov/). It would be better to choose summer and winter images to make larger sun elevation difference. However, restricted by the overall image quality (mainly cloud coverage), only clear images in spring and autumn were available. Landsat TM imagery of path 130, row 38 (WRS 2) was chosen as our basic experiment data (covering area indicated by red quadrangle in Figure 1c). The sun elevation angles for the scene center during the image acquisition are 48 degrees (spring scene) and 54 degrees (autumn scene), respectively, and their corresponding sun azimuth angles are 137 degrees and 141 degrees. The obtained spring and autumn images have already been orthorectified, with a geometric error less than 50 m [22].



All the TM bands were used in our correction experiment except for band 6 thermal data. Digital Numbers of each band were firstly converted to the top-of-atmosphere radiance with the corresponding gains and offsets found in attached header file [23]. Solar zenith/azimuth angle and view zenith/azimuth angle of the image corners were calculated, and then interpolated for each pixel of the image using bi-linear interpolation method [24]. These auxiliary angle files will be used as input parameters in the subsequent topographic correction procedure.




2.2.2. DEM


The accuracy of topographic correction depends on DEM quality to a relatively large extent. Currently, SRTM (Shuttle Radar Topography Mission) and ASTER GDEM are commonly considered as two kinds of free and high-quality DEM data sources with almost global coverage. ASTER GDEM possesses overall vertical accuracy of 20 m, and has nominal 30 m horizontal resolution [25], much closer to TM image than SRTM. Considering the spatial resolution difference between STRM (90 m) and TM images (30 m), we chose ASTER GDEM (version 2) as the ancillary topographic data source. ASTER GDEM data were downloaded from USGS website (http://glovis.usgs.gov/), and then mosaicked and re-projected to Universal Transverse Mercator (UTM) projection. After resized to the same area of TM image, GDEM was used to derive slope and aspect for each TM pixel, which would function as important parameters for angular configuration and radiation transformation from inclined surface to horizontal one.



Since DEMs are representations of topography with inherent errors, which may lead to uncertainty of application [26], a lot of researchers try to smooth the DEM model to suppress the influence of artifacts before application [20,27,28,29]. It was reported that ASTER GDEM is more subject to artifacts such as stripes or cloud anomalies [30,31]. Thus, we checked the ASTER GDEM of study area visually (by comparing with SRTM), and made sure that there was no conspicuous outstanding deviation points. Also, a 3 by 3 low pass filter was used to smooth the DEM. Furthermore, considering the tremendously undulate terrain of the study area, which leads to huge vertical altitude difference within small horizontal distance, we used the slope function described in reference (smoothing factor 5) to smooth the DEM-derived slopes [29], which has been proven effective for topographic correction [28,32].




2.2.3. MODIS BRDF Product


The improved model in this paper attempts to take into account the anisotropic reflectance behavior of real land surface, and thereby needs the corresponding BRDF information. Due to the limitation of infrequent 16-day revisit cycle and 15° narrow field of view of TM images, Landsat imagery alone does not possess the ability to provide sufficient angular samplings of surface to invert BRDF model parameters [33]. Thus, corresponding MODIS BRDF model parameter (MCD43A1) products [34,35] were employed to achieve the goal. MCD43A1 products record weighted coefficients of the semi-empirical kernel-driven BRDF model (Ross-Thick Li-Sparse-Reciprocal, RTLSR), and they are generated by fitting 16-day accumulation of MODIS observation data. Based on these coefficients, BRDF model can be reconstructed, from which bi-directional reflectance factor can be computed for any geometric condition [36].



MCD43A1 products of 14 September 2007 and 14 March 2010 (closest to the corresponding TM acquisition dates) were downloaded from NASA EOSDIS website (http://reverb.echo.nasa.gov). Then, they were re-projected using MODIS Re-projection Tool (MRT) and resampled (using nearest neighbor interpolation) and resized to match the TM images, in order to serve as BRDF shape function parameters in the following correction procedure.



Other ancillary data includes the land use/cover map (see Figure 1b) with overall accuracy higher than 85% [37], and it will be used in the evaluation of correction results.






3. Methodology


Compared with horizontal land surface, the impacts of rugged topography on signals recorded by satellite sensor mainly come from two aspects: modification of the STS angular configuration and re-distribution of solar irradiance [5]. By compensating for these influences, first-order approximation of bi-directional reflectance for rugged terrain was set to equalize reflectance under Lambertian assumption. Then, the STS angle configuration was resolved by the STS slope coordinate system. An equation between the first-order approximation of bi-directional reflectance and the solar irradiance received by slope surface was established. Then, NDVI thresholds were used to divide land targets into eleven groups and MODIS BRDF parameters resampled to the TM resolution were averaged within each group. Finally, the equations established were solved by adding group-averaged BRDF parameters, and bi-directional reflectance was achieved for each pixel, with topographic effect being corrected.



3.1. STS Angular Configuration Modified by Topography


The radiance LTOA for horizontal surface under Lambertian assumption can be expressed as:


    L  T O A   =  L 0  +    T v   π   E h   (     ρ m    1 − S  ρ m     )    



(1)




where Lo is path radiance, Tv is total transmittance in the viewing direction, Eh is total solar irradiance on horizontal surface, and S is atmospheric albedo. The calculated     ρ m     is surface reflectance under Lambertian assumption, and can be treated as the first-order approximation of bi-directional reflectance for non-Lambertian surface (termed as     ρ s     in the following). When considering the BRDF effect in mountainous area, the radiance LTOA can be expressed as [20,38,39]:


    L  T O A   =  L 0  +    T v   π   (   E  d i r    [   f v   ρ s   (   i t  ,  e t  , δ  φ t   )  +  (  1 −  f v   )    ρ ′  ¯   (   i t   )   ]  +  E  d i f    [   f v   ρ ¯   (   e t   )  +  (  1 −  f v   )    ρ ¯  ¯   ]  + E   S     ρ ¯  ¯   2    1 − S   ρ ¯  ¯     )    



(2)




where it, et are local incident and exiting angle, respectively, and    δ  φ t     the relative azimuth angle between incident direction and exiting direction in slope geometry (difference between local incident azimuth     φ i     and exiting azimuth     φ e    ). These angles, related to solar zenith/azimuth angle (    θ s    ,    φ s    ), view zenith/azimuth angle (    θ v    ,    φ v    ), and slope (    θ t    ) and aspect (    φ t    ), can be computed by referring to the formulas in [40].



In Equation (2), Edir, Edif, and E denote direct irradiance, diffuse irradiance, and total irradiance on tilted surface, respectively; fv denotes the ratio of direct transmittance to total transmittance in the viewing direction;     ρ s    ,      ρ ′  ¯    ,    ρ ¯    and      ρ ¯  ¯     represent bi-directional, directional-hemispherical, hemispherical-directional and bi-hemispherical reflectance factors, respectively. Based on theory of iterative method, we combine Equations (1) and (2), and depict the relationship between     ρ m     and     ρ s     as follows:


      ρ m   E h    1 − S  ρ m    =  E  d i r    [   f v   ρ s   (   i t  ,  e t  , δ  φ t   )  +  (  1 −  f v   )    ρ ′  ¯   (   i t   )   ]  +  E  d i f    [   f v   ρ ¯   (   e t   )  +  (  1 −  f v   )    ρ ¯  ¯   ]  + E   S     ρ ¯  ¯   2    1 − S   ρ ¯  ¯      



(3)




where Edir and Edif can be derived from direct and diffuse irradiance received on horizontal surface under the same illumination condition.




3.2. Different Components of Solar Irradiance on Rugged Terrain


6S radiative transfer model can be run to compute relevant atmospheric parameters and solar irradiance reaching the horizontal surface. From the direct and diffuse components of irradiance on horizontal surface     E h  d i r      and     E h  d i f     , corresponding components of irradiance on rugged terrain, namely Edir and Edif, can be calculated based on cosine correction formula and Hay’s insolation model [41].


    E  d i r   =  E h  d i r   ∅   max  (  cos  (   i t   )  , 0  )    cos  (   θ s   )      



(4)






    E  d i f   =  E h  d i f    {  k   cos  (   i t   )    cos  (   θ s   )    +  (  1 − k  )   V d   }  +  E h   V t   ρ  a d j     



(5)




where   ∅   is a binary coefficient, set to 0 when no direct irradiance reaches tilted surface, and set to 1 otherwise;     ρ  a d j      is average reflectance of the neighboring area. Details about the derivation of sky clarity index k, terrain view factor Vt, and sky view factor Vd can be found in [42]. Now define ratio factors Rdir, Rdif and R by referring to [20], and Equation (3) can be converted to the following form:


      ρ m    1 − S  ρ m    =  R  d i r    [   f v   ρ s   (   i t  ,  e t  , δ  φ t   )  +  (  1 −  f v   )    ρ ′  ¯   (   i t   )   ]  +  R  d i f    [   f v   ρ ¯   (   e t   )  +  (  1 −  f v   )    ρ ¯  ¯   ]  + R   S     ρ ¯  ¯   2    1 − S   ρ ¯  ¯      



(6)




where parameters, like fv, S and surface reflectance under Lambertian assumption     ρ m    , can be obtained from the results of running 6S model. Atmospheric state parameters, like aerosol optical depth (AOD) and water vapor content, are needed to drive the 6S model. The highly variable AODs are inversed by the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS) code, and the technique details can be found in references [43,44]. Atmospheric water vapor data are derived from NOAA NCEP (National Centers for Environmental Prediction) reanalysis product (http://www.ncep.noaa.gov/), and ozone content data are obtained from TOMS (Total Ozone Mapping Spectrometer, http://disc.gsfc.nasa.gov).



Now, only four reflectance quantities in Equation (6) are unknown, namely     ρ s   (   i t  ,  e t  , δ  φ t   )    ,      ρ ′  ¯   (   i t   )    ,     ρ ¯   (   e t   )     and      ρ ¯  ¯    . Bi-directional reflectance factor     ρ s   (   i t  ,  e t  , δ  φ t   )     is the final solution pursued.




3.3. Reflectance Solution based on NDVI and MODIS BRDF Model Parameters


In order to solve Equation (6), get the value of bi-directional reflectance factor and accomplish topographic correction process, surface BRDF model data are required. Due to the lack of BRDF model information in TM scale, MODIS BRDF products with 500 m spatial resolution are used as surrogates. Three weighted coefficients for the semi-empirical BRDF model are stored in MCD43A1 data [20,24], and they are isotropic scattering coefficient fiso, volume scattering coefficient fvol and geometric scattering coefficient fgeo, respectively. With these three coefficients, kernel-driven BRDF model can be reconstructed and bi-directional reflectance factor under any geometric condition can be expressed as [45]:


        ρ s   (   θ s  ,  θ v  , δ φ  )      =  f  i s o   +  f  v o l    K  v o l    (   θ s  ,  θ v  , δ φ  )  +  f  g e o    (   θ s  ,  θ v  , δ φ  )            =  f  i s o    (  1 +    f  v o l      f  i s o      K  v o l    (   θ s  ,  θ v  , δ φ  )  +    f  g e o      f  i s o      K  g e o    (   θ s  ,  θ v  , δ φ  )   )            =  f  i s o   Ω  (   θ s  ,  θ v  , δ φ ,  α 1  ,  α 2   )        



(7)




where     α 1  =    f  v o l      f  i s o       ,     α 2  =    f  g e o      f  i s o       ;   Ω   represents BRDF shape function [24], which indicates the three-dimensional structural information for surface targets and is believed to remain relatively stable for the same land cover type [46].
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Table 1. BRDF shape function parameters for different NDVI intervals of each band for spring TM scene.
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NDVI

Intervals

	
B1

	
B2

	
B3

	
B4

	
B5

	
B7




	
α1

	
α2

	
α1

	
α2

	
α1

	
α2

	
α1

	
α2

	
α1

	
α2

	
α1

	
α2






	
(−1.0,0]

	
0.632

	
0.160

	
0.638

	
0.159

	
0.608

	
0.158

	
0.467

	
0.089

	
0.477

	
0.111

	
0.528

	
0.152




	
(0,0.1]

	
0.613

	
0.161

	
0.627

	
0.163

	
0.592

	
0.164

	
0.488

	
0.102

	
0.513

	
0.127

	
0.523

	
0.170




	
(0.1,0.2]

	
0.515

	
0.162

	
0.516

	
0.180

	
0.479

	
0.188

	
0.524

	
0.156

	
0.513

	
0.191

	
0.451

	
0.229




	
(0.2,0.3]

	
0.538

	
0.145

	
0.539

	
0.162

	
0.502

	
0.170

	
0.594

	
0.162

	
0.513

	
0.205

	
0.454

	
0.236




	
(0.3,0.4]

	
0.538

	
0.141

	
0.562

	
0.154

	
0.530

	
0.159

	
0.695

	
0.160

	
0.570

	
0.199

	
0.502

	
0.226




	
(0.4,0.5]

	
0.591

	
0.135

	
0.593

	
0.152

	
0.574

	
0.152

	
0.735

	
0.169

	
0.632

	
0.199

	
0.577

	
0.219




	
(0.5,0.6]

	
0.664

	
0.130

	
0.614

	
0.158

	
0.618

	
0.152

	
0.740

	
0.200

	
0.677

	
0.220

	
0.646

	
0.230




	
(0.6,0.7]

	
0.754

	
0.122

	
0.648

	
0.167

	
0.680

	
0.154

	
0.709

	
0.233

	
0.715

	
0.237

	
0.714

	
0.239




	
(0.7,0.8]

	
0.867

	
0.117

	
0.694

	
0.182

	
0.762

	
0.157

	
0.658

	
0.260

	
0.746

	
0.245

	
0.781

	
0.239




	
(0.8,0.9]

	
0.976

	
0.594

	
0.845

	
0.496

	
0.950

	
0.484

	
0.843

	
0.352

	
1.031

	
0.356

	
1.117

	
0.422




	
(0.9,1.0)

	
0.999

	
0.998

	
0.998

	
0.996

	
0.998

	
0.996

	
0.993

	
0.985

	
0.994

	
0.988

	
0.995

	
0.992









Due to the large difference of spatial resolution between TM and MODIS, it is likely that different land cover types in TM will be synthetically displayed as one mixed MODIS pixel, and it will be problematic to directly employ the MODIS BRDF data for corresponding TM pixel. Averaging the BRDF data for the usage of whole TM scene, however, is also inappropriate since different land cover types often possess variable BRDF characteristics due to their structural and spectral variability [20]. Considering that MODIS BRDF model used to produce MCD43A1 products is a linear superposition of scattering kernels [45], we assume that MCD43A1 parameters can be averaged for the similar terrestrial targets and employed to account for BRDF effect of corresponding TM pixels. Based on the insensitivity of NDVI to terrain effect [47] and the principle of employing as less ancillary data as possible, we employed NDVI thresholds to divide land targets into eleven groups (Table 1), and averaged MCD43A1 data within each group. Then, parameters of BRDF shape function Ω for each group (Table 1) can be obtained and used to account for the BRDF effect for that group of land targets.



Hemispherical-directional reflectance can be calculated by integrals of bi-directional reflectance over the illuminating hemisphere, and bi-hemispherical reflectance can be computed by integrating over both the illuminating and viewing hemispheres. According to [48], the related kernel functions can be integrated in advance and stored as known terms. Thus,    ρ ¯    and      ρ ¯  ¯     can be expressed as:


     ρ ¯   (   θ v   )  =  f  i s o    (  1 +    α 1   π    ∫  0  2 π     ∫  0  π / 2    K  v o l    (   θ s  ,  θ v  , δ φ  )  s i n  θ s  c o s  θ s  d  θ s  d δ φ +    α 2   π    ∫  0  2 π     ∫  0  π / 2    K  g e o    (   θ s  ,  θ v  , δ φ  )  s i n  θ s  c o s  θ s  d  θ s  d δ φ  )     =  f  i s o    (  1 +  α 1   h  k 1    (   θ v   )  +  α 2   h  k 2    (   θ v   )   )  =  f  i s o    h k  (  θ v  )    



(8)






      ρ ¯  ¯  =  f  i s o    (  1 + 2  α 1    ∫  0  π / 2    h  k 1    (   θ v   )  s i n  θ v  c o s  θ v  d  θ v  + 2  α 2    ∫  0  π / 2    h  k 2    (   θ v   )  s i n  θ v  c o s  θ v  d  θ v   )     =  f  i s o    (  1 +  α 1   H  k 1   +  α 2   H  k 2    )  =  f  i s o    H k     



(9)







Based on reciprocity theory, directional-hemispherical reflectance can be calculated the same way as hemispherical-directional reflectance. By combining Equations (6)–(9), we can firstly solve the equations and obtain the value of fiso. Then, with BRDF shape function, BRDF model can be reconstructed and bi-directional reflectance factors can be normalized to any geometric condition, with the topographic effect removed.




3.4. Other Implementation Issues


When performing topographic correction for the mountainous areas with serious undulation, or images acquired with low sun elevation angles, shadow effects cannot be ignored. Basically, two types of shadow may appear [20,49]. For sun-averted slopes with big incident angle exceeding 90 degree, self-shadow occurs. For sun-facing areas obstructed by other objects and receiving no direct solar radiation, casting shadow happens. Shadow areas are relatively dark in the image, and thus they tend to suffer from over-correction most. Some studies even directly detect and mask out the shadow areas before topographic correction, and simply leave them alone [20]. However, low signal from shadow areas due to receiving only the diffuse radiation does not mean there is no signal in the optical satellite images (versus radar images). A lot of contributions reported various methods to restore information of shadow areas [50,51,52]. In this study, our model also leads to overcorrection to some extent for the shadow areas, and we attempt to restrain the over-correction by simply using an adjusting factor. Before correction, the shadowed pixels are detected based on the algorithm described in [49]. Then, for each NDVI-dependent group of atmospherically-corrected pixels, the average reflectance of shadow areas is evaluated, and the average reflectance of non-shadow areas within this NDVI interval is also calculated. The ratio of the two average reflectance is employed as the adjusting factor for the over-correction pixels in shadow areas.





4. Results and Evaluation


4.1. Visual Evaluation


Based on the improved model presented in this paper, two Landsat-5 TM images (referred to as spring scene and autumn scene, respectively) acquired under different solar elevation angles were processed. The topographic correction effects were evaluated by comparing both with the original image (after atmospheric correction, serve as benchmark) and correction results from Sandmeier model (representative of models with Lambertian assumption) and Li model (representative of models without Lambertian assumption). Figure 2 shows the overall visual effect of the two TM scenes, both before and after topographic correction. Also, smaller sub-scenes in typical areas with large variations of topography were chosen and enlarged to reveal the subtle differences of correction results by different methods. It can be seen from Figure 2B,D that topographic effects were greatly suppressed after correction, with reflectance in sun-averted slopes being evidently enhanced and information in shaded areas being recovered. Reflectance of the same land cover type on sun-facing and sun-averted slopes became much more identical, and overall quality of the images were significantly improved. Moreover, the proposed model performed consistently well for both spring and autumn images.



Performances of the three models were quite similar in gentle-slope areas. However, notable distinctions existed for severely rugged areas. From the illumination condition maps (a1 and b1) for the enlarged windows, we may partly feel the considerable ruggedness in chosen areas. Fairly serious overcorrection can be seen in faintly-illuminated area corrected by Sandmeier model (ζ1 in a3 and λ1 in b3). This may be owing to the Lambertian assumption in Sandmeier model, which simplifies the anisotropic scattering behavior of land surface. And this simplification does not impact correction result too much with low incident angles, while it leads to large discrepancy from reality with high incident angles; this is consistent with Richter’s conclusion [4]. Compared with Sandmeier model, Li model reduced the overcorrection to a large extent (a4 vs. a3, b4 vs. b3), by roughly considering the land surface BRDF effect. Model proposed in this paper slightly outperformed Li model (ζ2 in a4 vs. ζ3 in a5, λ2 in b4 vs. λ3 in b5) and further reduced the overcorrection phenomenon. Nevertheless, the visually detectable improvements of correction results from model proposed, when compared with that from Li model, mainly come from the over-correction adjustment of the shadow areas. The improvements for other areas are minor and inconspicuous, and hard to detect by visual evaluation. However, the improvements can be confirmed by the following quantitative analysis.
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Figure 2. TM scenes before and after topographic correction (composite of band 5, 4 and 3 in red, green and blue), the upper half part is for the autumn scene, and the lower for the spring scene. (A) is autumn scene before correction; (B) after correction by the proposed model; (a1) is illumination condition map for “sub-scene a”; (a2) is enlarged window for “sub-scene a”; (a3–a5) are “sub-scene a” corrected by Sandmeier model, Li model and model proposed, respectively; (C) is spring scene before correction; (D) after correction by the proposed model; (b1) is illumination condition map for “sub-scene b”; (b2) is enlarged window for “sub-scene b”; and (b3–b5) are “sub-scene b” corrected by Sandmeier model, Li model and the proposed model, respectively. 
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4.2. Statistical Analysis


4.2.1. Reflectance Analysis


To further investigate the overall reflectance change for different slopes and aspects after topographic correction, we took band 4 for instance and demonstrated the reflectance intensity distribution of each sub-scene outlined in Figure 2 with polar-coordinate plots (Figure 3). The upper row is for the original spring TM sub-scene and its correction results by different methods; the lower row is for the autumn TM sub-scene and its corresponding correction results. It is evident that sun-facing slopes (aspect angles ranging from about 49° to about 229°) reveal higher reflectance values than sun-averted slopes before topographic correction, though the land cover types are quite uniformly distributed in terms of slopes and aspects (as can be seen in Figure 2). This phenomenon, if not being dealt with, is expected to interfere with the subsequent application of images.
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Figure 3. The reflectance intensity distribution of band 4 from different topographic correction methods for different slope (denoted by the radius) and aspect angles (a–h). The upper row is the for spring TM sub-scene and its correction results from different methods; the lower row is for the autumn TM sub-scene and its correction results from different methods, therein, first column for the original images, second column for the correction results by Sandmeier model, third column for the correction results by Li model, forth column for the correction results by the model proposed, respectively. 
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After topographic correction by Sandmeier model, reflectance in sun-averted slopes is strongly enhanced, and the reflectance values tend to be more uniformly distributed than before. However, some points in sun-averted slopes (with relatively large slope angles) show inharmonious large values, especially for the spring sub-scene (Figure 3b). This may be explained by the over-correction of faintly illuminated pixels. Li model and model proposed achieved very similar results (Figure 3c vs. Figure 3d, Figure 3g vs. Figure 3h). They all further reduced the reflectance differences between sun-facing and sun-averted slopes, and made the reflectance distribution more uniform compared with Sandmeier model. Minor differences between results from Li model and model proposed are not directly noticeable. Thus, subtractions between them were done and demonstrated in Figure 4. Nevertheless, Figure 4 only suggests that differences exist. Whether proposed model outperforms Li model need further quantitative investigation.
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Figure 4. Reflectance intensity differences of band 4 between results from model proposed and Li model, (a) for the spring scene, and (b) for the autumn scene. 
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4.2.2. De-Correlation Analysis


Surface reflectance of remotely sensed image in mountainous area is positively correlated with illumination condition (IC, cosine of the local incident angle) due to topographic effect [18,20]. Technically, the higher the correlation coefficient is, the stronger the terrain effect is. Thus, the residual correlation is commonly examined to quantitatively indicate whether or to what extent the topographic effects still exist after topographic correction [18,20]. (It is noteworthy that aspect-related correlation between reflectance and illumination condition may remain after fully topographic correction, and this will be discussed in the Discussion Section.) Near infrared (NIR) band is suggested to be used, because it is less influenced by atmospheric scattering than visible bands [4]. Figure 5 demonstrates scatter plots between reflectance and IC for the two TM scenes both before and after topographic correction by different models, respectively. Before plots being drawn, invalid reflectance pixels (negative reflectance resulting from atmospheric overcorrection), cloud and cloud shadow pixels were screened out.



Before correction, as can be seen from Figure 5a,e, the reflectance shows a strong linear correlation with IC. The points are uniformly distributed in both sides of the fitted line, and correlation coefficients between NIR reflectance and IC reach 0.774 and 0.733 for spring and autumn scene, respectively. It implies that original images were subject to quite serious topographic effects. After topographic correction with different methods, correlation coefficients decreased to different levels. Among them, the proposed model in this paper always gained the lowest absolute value of correlation coefficients (−0.049 and −0.0779), which are very close to zero. For results from Li model, the correlation coefficients are −0.117 and −0.084, a litter larger (in absolute value) than that from model proposed. Sandmeier model obviously performed the worst, with quite large negative coefficients (−0.416 and −0.258), indicating serious overcorrection. Moreover, it can be seen that the overcorrections mainly concentrate in the low IC value area, and the corresponding points almost form a “tail” shape (Figure 5b,f), which is consistent with the phenomenon seen in Figure 2. This may suggest that Lambertian assumption need to be discarded when performing terrain correction in complex mountainous region. Besides, according to some researches [19,30,53], slopes of the regression lines of the scatter plots are also important in indicating the topographic correction effects. From this point of view, the same conclusion for the model performances could also be drawn, since the slopes of regression lines before and after topographic correction show exactly the same variation trend with correlation coefficients (seen from equations in Figure 5).
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Figure 5. Scatter plots between NIR band reflectance and illumination condition (IC). (a) is spring TM scene before correction; and (b–d) are correction results by Sandmeier model, Li model and model proposed, respectively. (e) is autumn TM scene before correction; and (f–h) are correction results by Sandmeier model, Li model and model proposed, respectively. 
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4.2.3. Coefficients of Variance


Coefficient of variance (CV), the ratio of standard deviation to the mean, is a statistical measure of the dispersion of data points. Theoretically, the CV of reflectance of the same land cover type will decrease due to much more consistency expected for the same land cover type from sun-facing and sun-averted slopes after successful topographic correction. Nevertheless, shadow areas, peculiarly prone to be over-corrected during topographic correction, may interfere and even conceal this trend when appraised together with the illuminated areas. Thus, we choose to evaluate the CVs of reflectance of the same land cover type for shadow areas and non-shadow areas separately. Also, by doing this, the improved model’s ability to topographically correct illuminated areas and shadow areas can be demonstrated more clearly. Forest pixels in shadow areas and non-shadow areas were extracted separately by referring to the land cover map and DEM-derived shadow mask of the study area. CVs of forest pixels (shadow and non-shadow areas separately) were calculated for each band of the reflectance before and after terrain correction by different models. For spring and autumn scenes, results are illustrated in Figure 6.
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Figure 6. Coefficients of variance of forest pixels for each band before and after topographic correction by different models; (a) is for non-shadow forest of spring TM scene; (b) for non-shadow forest of autumn TM scene; (c) for shadow forest of spring TM scene; and (d) for shadow forest of autumn TM scene. 
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It can be seen from Figure 6a,b that degrees of CV alteration for illuminated forests after topographic correction vary obviously among different correction models. For Sandmeier model, the CVs increased for all bands (with visible bands exceptionally conspicuous) for both spring and autumn scenes. Serious overcorrection for steep areas with large incident/exiting angles, leading to extremely large reflectance values, may be responsible for this phenomenon. For spring scene (Figure 6a), Li model and model proposed all succeeded in decreasing CVs to some extent expect for band 7, and model proposed tended to slightly outperform Li model. For autumn scene (Figure 6b), Li model did not reduce the CVs except for band 4, while model improved could still decrease the CVs slightly for each band. Thus, model proposed seems to perform more stably in reducing the CVs for illuminated land covers, at least for forests.



Figure 6c,d shows the CVs of reflectance for shadowed forests before and after topographic correction. All models tended to increase the CVs, and only band 4 for spring and autumn scenes corrected by model proposed showed some minor reduction. Compared with the other two models, model proposed leaded to less increases of CVs for each band when 3 models all increased CVs. But, overall, topographic modeling for correction of shadow areas may be not enough for all three physics-based models, and modifications for the models are still needed.






5. Discussion


Mountain ecosystem protection and mountain development hold great significance to global human community [2]. Remote sensing plays an irreplaceable and important role in monitoring mountain areas on a regular basis, especially for those spatially inaccessible areas with highly heterogeneous and complex land covers. However, topographic undulation modifies the configuration of STS geometry as well as solar irradiance reaching the surface, and makes topographic distortion and BRDF effect pronounced in remotely sensed images. This challenging problem hampers the quantitative application of remote sensing and proves to be rather serious in moderate and high-resolution imagery, like Landsat-5 TM images. More and more researches show that it is necessary to solve this problem without the Lambertian assumption [18,19,20]. However, Landsat-5 TM provides scarce multi-angular observations to enable the extraction of BRDF information, and other data sources of matching BRDF information for the land surface are not readily available. In literature [20], Li et al. (2012) applied 500 m resolution MODIS BRDF parameters to account for the BRDF effect in corresponding TM images, and achieved satisfactory results. Nevertheless, averaging BRDF parameters over the whole TM scene and using the same BRDF shape function for all the land cover types may need further discussion when non-homogeneous mountainous areas are considered. Flood (2013) pointed out that MODIS BRDF parameters could only serve to provide a general, average correction for BRDF effects in Landsat TM imagery, and they do not carry any further information about BRDF effects on each Landsat pixel [54]. Thus, model presented in this paper, instead of using MODIS BRDF parameters for corresponding TM pixels, employed NDVI thresholds to divide land targets into eleven groups and each group used its own averaged BRDF parameters, and it had been experimented on Landsat TM images acquired under different sun elevation angles and shown to further improve the topographic correction effect. Nevertheless, some critical points still need further discussion.
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Figure 7. Correlation coefficients between reflectance and illumination condition for different aspect intervals before and after topographic correction; (a) is for the whole spring scene; and (b) for forest in spring scene. 
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In this paper, correlation between image reflectance and IC was applied to quantitatively indicate the topographic correction effect. Since the imaging process of sensors aboard satellite is quasi-instantaneous, the direction of solar illumination depicted by solar zenith and azimuth angles during the image acquisition is unique. The aim of topographic correction is to model the process and compensate for the unevenly distributed sunlight, induced by instant and unidirectional solar illumination and terrain ruggedness, which leads to distortion of radiance and reflectance. Thus, image reflectance after successful correction is expected to show almost no correlation with the instantaneous illumination condition, as demonstrated in Figure 5. However, in the long term, the land covers, especially vegetation, do show some correlation with slope orientation, because of the aspect-related differences in abiotic conditions [55,56,57], like moisture and temperature. Theoretically, aspect-related correlation between reflectance and illumination condition still exists even after successful topographic correction. To prove that, aspect angles of terrain were divided into eight intervals, with resolution of 45 degrees. Then, taking spring TM scene for instance, correlation between NIR band reflectance and IC before and after correction was examined for each aspect interval. For the whole image (Figure 7a), correlation coefficient reached maximum of about 0.35 for Northwest and West aspect intervals before correction, while only 0.05 for South and East intervals. After topographic correction by Li model and the proposed improved model, correlations decreased except for East, Southeast and South intervals. This implies reflectance still correlates with IC to various extents for different aspect intervals, though topographic correction has successfully removed the impacts by unidirectional illumination for the whole image scene. The same were examined and presented for forest pixels solely in Figure 7b. Correlation also reached maximum (0.4) in Northwest interval, and remained about 0.25 for other intervals before correction. They decreased to about 0.1 for almost all intervals after topographic correction by Li model and model proposed. This implies subtle correlation still exists between forest reflectance and IC for each aspect interval, which may be attributed to the insufficient topographic correction or the influence on vegetation growth states by abiotic factors [58].



Model improved in this paper employs MODIS BRDF products as ancillary data to account for the anisotropic behavior of surface reflectance recorded in TM images. It provides methodology of considering BRDF effects in topographic correction for moderate and high-resolution images. However, spatial resolution difference may impact the topographic correction effects to some extent. A MODIS pixel with nominal resolution of 500m at nadir (corresponding to about 278 TM pixels) is often mixture of different land cover types in TM scene [59]. Though linear additive kernel-driven model is applied to generate MCD43A1 products, reflectance of natural land targets in real scene may not simply be represented by the sum of products of end-member reflectance and corresponding area [60], taking into account the topographic relief and mutual-shadowing effect. This will potentially influence the model’s ability to reduce topographic effect. Apart from this, Flood reported (2013) that MODIS BRDF parameters may capture no local information about BRDF effect on TM pixel scale due to their large resolution difference [54]. Though the report is based on the tests solely performed on rather flat areas, it may be also the case in rugged areas. For mountainous areas, the angular configurations of the sun and sensor relative to the land target vary more severely. Therefore, much bigger part of the BRDF shape being modeled by the MODIS BRDF processing will be necessary when using MODIS BRDF parameters to account for BRDF effect in mountainous TM images. This is not like the situation in which only a very small part (mostly central part, near nadir) of the BRDF shape is used for BRDF correction of TM images of flat areas, as described by Flood. Thus, uncertainties of employing MODIS BRDF parameters to account for angular effect in Landsat TM imagery still exist and need further research. In the future, it is anticipated that BRDF information matching TM spatial resolution will be derived from satellite constellations with short revisit cycle and multi-angular viewing ability, like China’s HJ-1 A/B [61,62] and the forthcoming European Space Agency (ESA)’s Sentinel-2A/B [63,64]. It will be advisable to interpret BRDF effect in TM scenes using matching BRDF data. Besides, bandwidths of MODIS images are narrower than corresponding TM ones and their spectral response functions differ, which may also potentially affect the accuracy of methodology proposed [24].



Typically, there will be several land cover types in the domain of a TM scene as to mountain ecosystem. For instance, TM scenes covering the study area selected in this paper include forests, shrubs, grasslands, cultivated lands, residential lands and barrens (Figure 1b). Different land covers usually show different BRDF effects [65,66], which should be considered in topographic correction. However, the availability of matching and precise BRDF information and land cover map is restricted. Some researchers attempted to use the average BRDF shape function for the whole study area when conducting topographic correction, and meanwhile, pointed out the necessity of employing different BRDF shape functions for different land cover types [20]. Model improved in this paper divides the land targets into eleven groups with NDVI thresholds, and uses different BRDF model parameters to perform topographic correction for different group of targets, which helps to account for the surface anisotropy more effectively [65]. It can be seen from Table 1 that the BRDF shape function parameters for different NDVI intervals of each band have apparent differences. Since NDVI is the ratio of simple band by algebraic operation, it is capable of restraining topographic effect compared to single band [47]. Moreover, NDVI can approximately indicate land cover types, and is readily available compared to other ancillary land cover data. These merits make model improved in this paper widely effective, practicable and potentially operational. Nevertheless, it is noteworthy that NDVI alone cannot distinguish dense vegetation types or non-vegetated areas. This is a big limitation our model encounters, and further thoughts are required to overcome it.



ASTER GDEM (version 2) is employed to depict the rugged land surface and derive terrain factors, like slope and aspect, which serve as crucial input parameters for topographic correction. ASTER GDEM is produced with optical stereo pixel pairs, and it is prone to being impacted by cloud and mist (especially in mountainous areas), though version 2 improves on quality against version 1. Bian et al. (2013) concluded that evident noise exists in ASTER GDEM for some local mountainous regions, though it is more capable of revealing details than SRTM [67]. Nan et al. (2014) reported that the overall horizontal accuracy of ASTER GDEM is better than that of SRTM in eastern Qinghai-Tibetan Plateau, but the opposite is the case for the overall vertical accuracy [25]. Since accuracy of DEM has a significant influence on topographic correction effect, some researchers have explored and given suggestions on what resolution of DEM is appropriate for topographic correction. Gao et al. (2009) claimed that the same resolution is enough to achieve satisfactory correction results [53]. Hantson et al. (2011) suggested that resolution of DEM used should be one third of that of images to be corrected [14]. Zhang et al. (2015) even concluded that 30-m DEM can only satisfy the correction of 90- to 500-m resolution remote sensing images [68]; this question still needs further and systematic investigations. Apart from that, local artifacts or noises in DEM also impact the correction effect, and this is expected to be suppressed by filtering of DEM prior to topographic correction. Nevertheless, it should be noted that DEM filtering modifies the original values and may potentially reduce the quantitative accuracy of remote sensing.



In the procedure of land surface remote sensing, the signals received by the satellite sensors are coupled and integrated results from atmosphere and land surface [38]. And this is especially true for the mountainous areas where the interactions between signals and land surface-atmosphere system are much more complicated. Therefore, the combined atmospheric and topographic correction methodologies are adopted by many researchers to remove the radiometric distortions of optical satellite images in mountain areas [5,18,19,20]. Vanonckelen et al. (2013, 2014) showed that coupled correction methods showed most efficiency on weakly illuminated slopes [30,69]. Li et al. (2012) also pointed out the strengths of combined methodology [20]. In this study, the improved model also corrects atmospheric and topographic effects simultaneously. However, we mainly modify the topographic correction module, and aim to see whether it works to improve the overall correction results. Thus, we evaluate the topographic correction effect separately, and make the atmospherically-corrected reflectance serve as the baseline scenario. Nevertheless, special emphasis should be put on the advantages of combined correction methodologies.



The interfering effect of topography is evident in a single satellite scene and introduces even stronger distortions in multi-temporal approaches [5]. Multi-temporal studies require a previous radiometric homogenization of input images to better identify true changes, and topographic correction is one of the key steps to produce consistent and radiometrically stable multi-temporal time series [14]. In this study, the improved model possesses a solid physical base and successfully avoids the scene-dependent empirical regression. Also, the BRDF effects are accounted for when performing topographic correction. All these attributes favor the radiometric correction for time series images and tend to promise a much higher accuracy on quantitative applications of multi-temporal or multi-sensor images [70].



The execution speed of the algorithm is also an important factor to be considered when automatically processing a tremendously large volume of imagery in near-real time is a necessity [71]. In this study, the spring TM scene contains 8051 × 7151 pixels (column × line), and the autumn scene contains 8031 × 7151 pixels. The processing time needed for each scene is about 11 hours on a typical personal computer (configuration: Inter(R) Core(TM) i7-3770 CUP @ 3.40GHz, and 4 GB memory). Efforts will be put into enhancing the algorithm to further shorten the processing time in the future.




6. Conclusions


Optical remotely sensed images in mountainous areas are subject to distortions induced by topographic effect. It impacts accuracy of image applications in various fields such as biophysical parameter inversion, time series data analysis and change detection to a large extent. Especially when time series images are employed for seasonal change information extraction, topography-induced reflectance distortion may mix with and even obscure the real seasonal changes. Thus, topographic correction is a preliminary and necessary step for image quantitative application. This paper proposed an improved physics-based topographic correction model under consideration of anisotropic behavior of surface scattering. Direct and diffuse solar irradiance and neighboring terrain irradiance received by rugged surfaces are computed based on 6S radiative transfer model and Hay model. NDVI thresholds are utilized to divide land targets into eleven groups, and each group employs corresponding averaged MODIS BRDF model parameters to solve the equations and gain the corrected reflectance. Topographic correction model proposed was tested with two Landsat-5 TM scenes of severely rugged mountainous areas acquired under different sun elevation angles, and compared with Sandmeier model (representative of models with Lambertian assumption) and Li model (representative of models without Lambertian assumption). Experiment results showed that model proposed performed very well, with reflectance in sun-averted slopes being enhanced and topographic effects being greatly suppressed. Also, correlation coefficients between NIR band reflectance and illumination condition reduced almost to zero, and coefficients of variance for illuminated forests decreased. Nevertheless, there are still some sources of uncertainty for the model proposed here. For instance, the model relies on MODIS BRDF products to account for the non-Lambertian property of land surface, and the accuracy of topographic correction depends largely on MODIS BRDF model parameters and DEM. Along with the development of high spatial and temporal resolution images, such as images from HJ-1 A/B and Sentinel-2 A/B, some of these problems may be solved, and the model proposed here may be further modified and operationally employed in the future.
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