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Steep terrain affects optical satellite images through variations it creates in both irradiance and bidirectional
reflectance distribution function (BRDF) effects. To obtain the corrected land surface reflectance and detect
land surface change through time series analysis over rugged surfaces, it is necessary to remove or reduce
the topographic effects. In this paper a physics-based BRDF and atmospheric correction model that handles
both flat and inclined surfaces in conjunction with a 1-second SRTM (Shuttle Radar Topographic Mission) de-
rived Digital Surface Model (DSM) product was applied to 8 Landsat scenes covering different seasons and
terrain types in eastern Australia. Visual assessment showed that the algorithm removed much of the topo-
graphic effect and detected deep shadows in all 8 images. An indirect validation based on the change in cor-
relation between the data and terrain slope showed that the correlation coefficient between the surface
reflectance factor and the cosine of the incident (sun) angle reduced dramatically after the topographic cor-
rection algorithm was applied. The correlation coefficient typically reduced from 0.80–0.70 to 0.05 in areas of
significant relief. It was also shown how the terrain corrected surface reflectance can provide suitable input
data for multi-temporal land cover classification in areas of high relief based on spectral signatures and spec-
tral albedo, while the products based only on BRDF and atmospheric correction cannot. To provide compar-
ison with previous work and to validate the proposed algorithm, two empirical methods based on the
C-correction were used as well as the established SCS-method to provide benchmarks. The proposed method
was found to achieve the same measures of shade reduction without empirical regression.

Crown Copyright © 2012 Published by Elsevier Inc. All rights reserved.

1. Introduction

Topographic correction of satellite images over mountainous or
hilly areas is very important (Liang, 2004), especially when the data
are to be used for land cover mapping and monitoring over time.
Steep terrain affects optical satellite images through both irradiance
and Bi-directional Reflectance Distribution Function (BRDF) effects
(Dymond et al., 2001; Gu & Gillespie, 1998). Slopes facing toward
the sun receive more solar irradiance and appear brighter in satellite
images than those facing away from the sun (Iqbal, 1983, Chapters 10,
11) where the darker pixels are often said to be “shaded”. In addition,
for anisotropic surfaces, the radiance received at the satellite from in-
clined surfaces is also affected by surface BRDF. That is, the signal re-
sults from the combined effects of surface land cover structure
interacting with the sun and satellite geometry (sun and view and

its relative azimuth angle) as well as topographic geometry (e.g.
slope and aspect angles). Finally, all of these factors affect the inver-
sion of land surface parameters and applications that aim to detect
land surface conditions and changes through time series analysis.

Following some years of development and improvement, physics-
basedmodels for BRDF and atmospheric correction are relativelymature
(Li & Strahler, 1985; Li et al., 1995; Li et al., 2010; Schaaf et al., 2002;
Vermote et al., 1997). However, they have been applied mostly to sur-
faces that are essentially flat and seldom to significantly inclined sur-
faces. In the past, reported Digital Surface Model (DSM) or Digital
Elevation Model (DEM) based topographic correction has mostly been
undertaken separately from BRDF and atmospheric correction. Typical
examples are terrain illumination correction for Lambertian surfaces
(Dozier & Frew, 1981, 1990) and the “C-correction” (cosine) method
which is based on an empirical relationship between observed radiance
from inclined surfaces and the cosine of the incident angle (Richter,
1997; Teillet et al., 1982). Gu and Gillespie (1998) proposed the
Sun-Canopy-Sensor (SCS) topographic correction which accounts for
some of the BRDF effects over forested mountain areas and Shepherd
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and Dymond (2003) developed a semi-physics-based terrain and BRDF
model which assumed an empirical relationship between diffuse reflec-
tance and direct reflectance and other assumptions.

In this paper, a complete physics-based coupled BRDF and atmospher-
ic model for both horizontal and inclined surfaces is introduced. The
model unifies atmospheric, BRDF and topographic correction, extending
work reported by Li et al. (2010) to include varying terrain within the
same operational framework. It is important to specify that the work de-
scribed is to be applied at the spatial resolution of Landsat, SPOT and sim-
ilar resolution satellites. The correction assumes that the hill slopes are
resolved by the sensor system. For satellites with large Instantaneous
Field Of View (IFOV), such asMODIS 1 kmdata, the terrain effect is better
treated as amodification to the BRDF, such as in the Hapke (1981)model.
Two areas of Australiawith significant terrain effectswere selected to test
the model and the model performance and make a comparison with
other typical topographic correction methods.

The method, its relationship with other commonly used topo-
graphic correction methods and some implementation issues are de-
scribed in Section 2 and Appendix A which provides greater detail for
the mathematics. The information collected and materials used to
validate the basic method are described in Section 3. Section 4 pro-
vides the results of three kinds of validation; visual, de-correlation
with incident angle and land cover effects. Section 5 discusses some
specific aspects arising from the results and the paper is concluded
in Section 6.

2. Methods selected for the study

2.1. Basic approach

The basemethod introduced in this paper combines physicalmodel-
ling with atmospheric, BRDF and terrain correction of the data. The ap-
proach seeks to avoid empirical or image dependent methods as much
as possible and allow automation of products. The atmospheric and
BRDF correction approaches have been described and validated in Li
et al. (2010) and a number of issues relating specifically to the terrain
information are discussed in Li et al. (2011). This paper extends the
methods described by Li et al. (2010) to account for shading variations
observed in areas with significant terrain complexity.

For flat terrain, as described in Hu et al. (1999), Vermote et al.
(1997) and Li et al. (2010), radiance received by satellite sensors for
non-uniform surfaces can be expressed as:

LTOA ¼ L0þ
1
π
E′0 cos θSð Þð tVtSρS θS; θV; δφð Þ þ tVtd θSð Þρ þ tStd θVð Þρ′þ

td θSð Þtd θVð Þρ þ
tV þ td θVð Þ½ � tS þ td θSð Þ½ �S ρ
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1−Sρ
Þ
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In this equation, δφ is the relative azimuth between the sun and
view directions, ρ;ρ0 and ρ are surface hemispherical–directional, di-
rectional–hemispherical and hemispherical–hemispherical reflec-
tance (or bi-hemispherical) factors, respectively, other terms are
defined in Table 1.

When the land surface is Lambertian (uniform bi-directional re-
flectance factor, or BRF, in all directions and denoted ρm) the model
simplifies allowing a straightforward solution as:

ρm

1−Sρm
¼ π LTOA−L0ð Þ

EhTV
ð2Þ

Symbols are defined in Table 1. In the general case, the first four of
five terms inside the brackets of Eq. (1) enable the atmospheric

correction methodology to be extended to include non-Lambertian
surfaces. The fifth term allows for the interaction between the surface
and atmosphere. It is shown in Appendix A that a solution is possible
if the “shape function” for the BRDF is known and Appendix A con-
tains details of the solution as well as equations that extend it to in-
clude terrain shading effects.

When there is terrain variation in an area, the primary modifica-
tion to the equation occurs because the diffuse and direct compo-
nents of the total irradiance are modified. Assuming that the pixels
are part of an inclined slope facet and that the modification to the dif-
fuse and direct irradiance is as described by Iqbal (1983), the effects
can then be incorporated into the four terms in Eq. (1) to take account
of the modified irradiances. Appendix A also shows how BRDF is in-
cluded by modifying the sun and view angles on the surface. The
modified angles needed to describe solar radiation transfer for hori-
zontal and inclined surfaces are illustrated in Fig. 1.

For both irradiance and BRDF modification, the sun and view an-
gles are transformed into new angles relative to the slope normal
rather than measured relative to the gravity normal. In particular, if
the sun zenith and sun azimuth are denoted as (θS, φS), the view ze-
nith and view azimuth as (θV, φV) and the slope facet zenith and
slope azimuth as (θt, φt) then equivalent incident (it, φi) and exiting
(et, φe) angles can be defined for the new coordinate system. For Lam-
bertian surfaces, only the incident zenith angle is needed to define the
configuration factor and it is:

cos itð Þ ¼ cos θSð Þ cos θtð Þ þ sin θSð Þ sin θtð Þ cos φS−φtð Þ ð3Þ

A mathematical description of the terrain is needed to implement
the model, which is best provided by a DSM. The DSM allows the
slope and aspect to be defined at any point and consequently the com-
putation of the transformed angles and other information. The detailed
expressions and solutions involving the interaction of BRDF terms and
these components are given in Appendix A. The main assumption is

Table 1
Main symbols used in the paper.

θS solar zenith angle
φS solar azimuth angle
θV sensor view zenith angle
φV sensor view azimuth angle
θt slope angle
φt aspect angle of the slope
it incident zenith angles between the sun and view directions and surface

normal
φi azimuth angle for incident direction in the slope geometry
et exiting zenith angles between the sun and view directions and surface

normal.
φe azimuth angle for exiting direction in the slope geometry
tS direct transmittance in the solar direction
tV direct transmittance in the view direction
td(θS) diffuse transmittance in the solar direction
td(θV) diffuse transmittance in the view direction
S the atmospheric albedo
TS total transmittance in the solar direction
TV total transmittance in the view direction
LTOA Sensor radiance at top of atmosphere
L0 path radiance
E0′ Solar exoatmospheric irradiance (earth-sun distance adjusted).
ρS the surface reflectance (the BRF or bi-directional reflectance factor which is

π times the BRDF)
ρadj average reflectance of adjacent objects
ρm the atmospherically corrected Lambertian reflectance
Eh total irradiance on a horizontal surface
Ehdir the direct component of irradiance on a horizontal surface
Ehdif the diffuse component of irradiance on a horizontal surface
E total irradiance on an inclined surface
Edir direct component of irradiance on an inclined surface
Edif diffuse component of irradiance on an inclined surface
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