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Abstract— Topographic correction is a prerequisite for
generating radiometrically consistent Landsat 8 OLI vegetation
reflectances in support of temporally continuous and spatially
mosaicked applications. Path length correction (PLC) is a
physically solid topographic correction method that avoids the
involvement of any empirical parameter and is therefore suitable
for reproducing the inherent reflectance of vegetation. This
article compared two different implementation pathways of PLC,
i.e., the explicit method (EM) and the implicit method (IM), which
are based on the numerical inverse and analytical approximation
of the PLC model, respectively. The results show that both
EM and IM can obviously reduce the topographic effects on
Landsat 8 OLI vegetation reflectances. EM performed slightly
better than IM in eliminating the correlation between the
topographic characteristics and the vegetation reflectances: the
coefficient of determination between the green/red/ near-infrared
(Nir) band reflectance and the local illumination was reduced
from 0.257/0.148/0.467 for the uncorrected (UNCORR) case to
0.016/0.004/0.012 and 0.027/0.014/0.094 for the EM and IM
corrected results, respectively. The coefficient of variation of the
three band reflectances across different aspects was reduced from
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16.5%/18.5%/18.7% for the UNCORR case to 3.2%/1.8%/0.9 %
and 5.3%/7.1%/7.3% for the EM and IM corrected results,
respectively. In addition, the intraclass reflectance variability was
also reduced after both the EM and IM corrections. Nevertheless,
due to the ill-posed nature of the numerical inverse process,
EM cannot fully reproduce the inherent vegetation reflectances,
and the reflectances after topographic correction overestimated
the inherent vegetation values. In contrast, the IM can achieve
an appropriate tradeoff between topographic effect elimination
and vegetation inherent reflectance preservation. In addition,
IM is computationally very efficient compared to EM: using an
ordinary laptop, IM can finish the topographic correction for
a Landsat OLI image within several seconds, while this would
take more than 20 h for EM. This article highlights the potential
of using IM for generating radiometrically consistent Landsat 8
OLI vegetation reflectances.

Index Terms— Explicit method (EM), implicit method (IM),
path length correction (PLC), topographic correction.

I. INTRODUCTION

HE Landsat series has provided the longest running ter-

restrial satellite record and has been widely used in land
surface monitoring [1], [2]. One prerequisite for the proper
application of Landsat data is the extraction of the intrinsic
surface reflectance by correcting the confounding factors [3].
Over mountainous areas, topographic effects prominently con-
taminate the intrinsic surface reflectance and have negative
impacts on the consistency of Landsat reflectances [4].

The topographic effects on Landsat reflectances have been
recognized from the very early phase of Landsat appli-
cation [5], [6], and many topographic correction methods
can be found in the literature, e.g., CC [6], SCS [7],
SCS + C [8], D-S [9], Minnaert [10], IC [11], and multiple for-
ward mode (MFM) [12]-[14]. However, obvious discrepancies
exist among these methods for improving the spatial, spec-
tral, and temporal consistency of Landsat observations [15].
A proper topographic correction method should avoid empir-
ical parameters, which are often temporally and spatially
specific and cause inconsistency in topographically corrected
images [4], [16].

Path length correction (PLC) is a novel and newly developed
topographic correction method [17]-[19]. This method is
based on the topographic effect on the distortion of the photon
transferring path length within canopies: the path length is
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stretched and compressed by topography in the upslope and
downslope directions, respectively [20], [21]. PLC has a solid
physical basis and avoids the involvement of any empirical
parameter.

The novel PLC paradigm for topographic correction can
be implemented using two different methods, i.e., explicit
method (EM) [18] and implicit method (IM) [17]. The EM
was inspired by the MFM method [12]-[14] and obtains the
topographically corrected reflectances through direct use of
the PLC canopy reflectance model in the MFM. In con-
trast, IM simplifies the PLC canopy reflectance model to
obtain a multiplicative conversion coefficient that can directly
transfer the original reflectances to their equivalent values
on horizontal surfaces [17]. Assessments revealed that both
EM and IM outperform most other topographic correction
methods [17], [18]. However, these two methods have not been
systematically compared.

To evaluate the performance of topographic correction meth-
ods, many criteria have been proposed, including visual assess-
ment, correlation between the reflectance and topographic
characteristics (e.g., local illumination and aspect), reflectance
variation for a given land cover type, and the improvement
of the accuracy of land cover classification and biophysical
parameter retrieval [22]. However, there is no consensus on
which criterion is the most effective and objective. In fact,
previous studies have revealed that different assessment cri-
teria would provide different assessment results even for the
same topographic correction method [15]. Therefore, multicri-
teria evaluation of topographic correction methods has been
increasingly preferred in [15], [17], and [22].

The objective of this article is to compare the performance
of EM and IM in the topographic correction of Landsat 8 OLI
reflectances. In the comparison, multiple criteria were used
to provide a systematic result. The mechanism of PLC for
topographic correction and its implementation in EM and IM
are described in Section II. The experimental setup for EM
and IM comparison and the corresponding results are given
in Sections III and IV, respectively. Finally, a discussion and
conclusion are presented in Sections V and VI, respectively.

II. METHODS

A. PLC for the Topographic Correction of Vegetation
Reflectance

PLC was proposed based on the classic radiative transfer
equation stating the interaction between light and leaves within
canopies [23], [24]. To obtain its concise or even analytical
solution, the bidirectional reflectance is often decomposed into
single scattering and multiscattering components [25]. Here,
we briefly introduce the modeling of single-order scattering
from leaves, which is the key of our PLC method. The other
two components of the complete radiative transfer process
(i.e., single-order scattering from soil and multiple scattering)
can be found in [18].

The reflectance from the single-order scattering of the
vegetation (pf) can be calculated as [25]

T(ri,n)L

pi = / 0(ri,r,z)dz (1)
M2

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 58, NO. 12, DECEMBER 2020

where L is the leaf area index (LAI); cos(d;) and cos(6,) are
the polar angles of Q; and €,, respectively; and Q (Q1, Q,, 7)
is the bidirectional gap probability between Q; and Q, at a
relative optical height of z, which can be computed as follows:

Q(ri,r2,z) = p(r1,2) p(r2, 2)Cus(y, 2) (2)

where p(Q1, z) and p(Q,, 7) are the directional gap probabili-
ties at height z in the solar and viewing directions, respectively.
Cys is the hotspot correction function used to account for the
sharp reflectance increase close to the backscattering direction
and can be formulated using an exponential model [25], [26].

In (2), the directional gap probability can be further calcu-
lated by Beer’s law [27], [28], that is,

PO, ) = OO0 3)
where L, is the accumulated LAI from the top of the canopy
to a height z; € and ¢ are the zenith and azimuth angles,
respectively, for the solar or viewing direction; and s(€Q) is
the path length, i.e., the distance between z and the top of the
canopy along the solar or viewing direction. For a canopy over
a horizontal surface, the path length can be simply computed
as a function of the solar/viewing zenith angle (¢) [18], that is,

S(@) = 1/cos¥. (4)

Over a sloping surface, the path length is obviously influ-
enced by the topography and can be formulized as

1

S:0,9,a,p) = cos@(1 — tan a cos(p — f) tan9) ®

where a and f are, respectively, the slope and aspect of the
sloping surface.

Overall, the flowchart for the vegetation reflectance topo-
graphic correction using PLC can be summarized as follows.
First, the vegetation reflectance is reformulated as an explicit
function of the path length by means of the radiative trans-
fer equation. Then, the path length parameterization for a
horizontal surface [(4)] is replaced with that for a sloping
surface [(5)]. Finally, the original reflectance over rugged
terrain is normalized to the horizontally equivalent reflectance,
i.e., the reflectance of a hypothetical canopy with identical leaf
and soil optical properties and individual plant structure to the
original canopy but on a horizontal surface (only changing
the topological relationship between different plants). The nor-
malization process can be implemented through EM and IM,
detailed in Sections II-B and II-C.

B. EM

The EM was inspired by the MFM method proposed by
Soenen et al. [14]. This method is based on the explicit
application of canopy reflectance models in the MFM. Several
canopy reflectance models have been employed in the MFM
method, e.g., the Li—Strahler geometric-optical mutual shad-
owing (GOMS) model [14], [29], discrete anisotropic radia-
tive transfer (DART) model [12], [30], and geometric-optical
model for sloping terrains (the GOST model) [13], [31]. The
EM under the PLC paradigm uses the PLC canopy reflectance
model developed in our previous study [18].
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TABLE I

DISTRIBUTION OF THE TOPOGRAPHY, CANOPY, LEAF, AND SOIL PARAMETERS USED IN THE PLC MODEL
PARAMETERIZATION FOR EM TOPOGRAPHIC CORRECTION

Parameter Unit Min Max
Slope ° 0 70
Topography
Aspect ° 0 360
Canopy Leaf area index m*/m’ 0 8
Averaged leaf inclination angle ° 35 80
Hot spot size Unitless 0.1 0.5
Leaf chlorophyll content mg-em 2 20 90
Leaf Leaf structure parameter Unitless 1.2 2.2
(simulated by
the PROSPECT model) Leaf equivalent water thinness g-cm” 0.6 0.8
Dry matter content g-em?  0.003  0.02
Soil Brightness parameter Unitless 0.1 1.0

The EM obtains the topographically corrected reflectances
through three main steps as follows.

1) Parameterization: Parameter combinations are randomly
generated according to the given distributions; then,
the corresponding reflectances are simulated through
the PLC canopy reflectance model, and the parameter—
reflectance pairs are tabulated as a lookup table (LUT).

2) Inversion: The canopy parameters (e.g., LAI, average
leaf angle, and leaf and soil reflectances) are estimated
through the above LUT from remote sensing imagery
and a digital elevation model (DEM).

3) Simulation: The corrected reflectance is obtained
through forward running of the PLC model under iden-
tical canopy parameters as the original case but over a
horizontal surface (i.e., slope = 0° and aspect = 0°) [18].

The generation of the LUT (i.e., parameterization of the
PLC model) is the prerequisite for the EM. In this article,
100000 parameter combinations were randomly generated
following the uniform distributions summarized in Table I.
To ensure generality, relatively wide dynamic ranges were
adopted. It is worth noting that the leaf optical properties used
for the PLC model were simulated through the PROSPECT
model [32], in which the leaf optical properties are expressed
as a function of the leaf chlorophyll content (mg-cm~2), leaf
structure parameter (unitless), leaf equivalent water thickness
(g-cm™2), and dry matter content (g-cm~2). The soil was
characterized by a representative set of soil spectra (assumed
to be Lambertian) multiplied by a brightness parameter [33].
Finally, the sun-target-sensor geometry can be determined
according to the specific application scenario from the metafile
of the remote sensing data.

The inversion and simulation procedures are relatively com-
mon and can be implemented according to similar studies in
MFM, such as [12]-[14] and [18]. It is worth noting that
the inversion procedure is by nature ill-posed, i.e., differ-
ent input combinations can correspond to identical canopy
reflectance [34], [35]. To mitigate the ill-posed problem,
the multiple best solutions method was used in this article;
specifically, we selected the 50 best solutions in the inversion
procedure, and the mean of the reflectances generated in the
simulation procedure was seen as the final corrected vegetation
reflectance.

C. IM

Based on three main assumptions, i.e., 1) the canopy is
illuminated by collimated light; 2) the radiance collected
by the sensor is only from the single scattering of leaves;
and 3) the leaf inclination distribution function is spher-
ical, then the vegetation reflectance formulized by PLC
(see Section II-A) can be tremendously simplified as [17]

20 (Q) > Q) 1
P= cos(0)) cos(r) S(Q2)) + S(Q)

where 0, and 6, are the solar and viewing zenith angles,
respectively and S(Q;) and S(Q,) are the path lengths along
the solar and viewing directions, respectively.

The radiometrically consistent definition of vegetation bidi-
rectional reflectance is critical for modeling and correcting the
vegetation reflectance over rugged terrains [36]. This value
can be defined as the ratio of vegetation reflected radiance
to the incident irradiance on the slope, as in [37] and [38].
Alternatively, this value can also be defined as the ratio of

(6)
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Fig. 1.
distribution of the NDVI.

the vegetation reflected radiance to the incident irradiance
on the horizontal surface. The MFM series often adopts the
latter definition, such as the definition in [12]-[14] and [17].
Both the EM and IM in this article employed the Ilatter
definition, which makes the sun-target-observation geometries
for reflectances over rugged and corresponding horizontal
surfaces identical. In addition, the leaf scattering phase func-
tions [['(Q; — Q)] for rugged and corresponding horizontal
surfaces are also the same because of the geotropic nature of
plant growth [39], [40]. Therefore, in the simplified canopy
reflectance formulation [(6)], only the term of 1/[S(Q)+
S(€,)] is related to the topography.

The vegetation reflectances over the sloping (pr) and cor-
responding horizontal terrains (pgM) can both be expressed
by (6), and the topographically independent variables,
i.e., cos(#y), cos(6r), and I'(Q; — ), can be eliminated
by dividing the two reflectances. We obtained the following
formula for topographic correction:

S(Q1) + S(Q)
75 Q) + 5/(Q2)
where S(Q;) and S(€2,) are the path lengths along the solar
and viewing directions, respectively, over flat terrain, and
S;(Qp) and S;(€Q,) are their counterparts over the sloping
terrain. The path lengths over the horizontal and sloping
terrains can be calculated by (4) and (5), respectively.

)

PPLC =

III. EXPERIMENTAL SETUP
A. Study Area

The study area is centered at approximately 33° 32" N and
106° 13" E (Fig. 1), located in Lueyang County, Shaanxi,
China. The study area covers approximately 30 km x 30 km
with altitudes ranging between 600 and 2500 m above sea
level [Fig. 1(b)]. The land cover types are relatively limited
and dominated by forests.

B. Data

A Level 1 Landsat 8 operational land imager (OLI) image
[Fig. 1(a)] with path and row of 129 and 37, respectively,

106°5'E
5
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Study area. (a) Landsat 8 OLI image shown with combinations of Nir, red, and green bands. (b) Elevation map. The inset in (a) shows the frequency

acquired on September 6, 2017, was freely downloaded from
the EarthExplorer platform (https://earthexplorer.usgs.gov/).
The spatial resolution of the downloaded Landsat 8 OLI image
is 30 m. Before topographic correction, the original 16-bit
integer values in the Level 1 product were converted to top
of atmosphere (TOA) reflectance using the multiplicative and
additive scaling factors stored in the metadata [41]. Sun-target-
observation geometries (including solar zenith angle, solar
azimuth angle, viewing zenith angle, and viewing azimuth
angle) are prerequisites for calculation of the path length
[see (5) and (6)]. In this article, pixelwise values for sun-target-
observation geometries were derived using the L8-angles pack-
age provided by the United States Geological Survey (USGS).

The slope and aspect, which are also used for calculation
of the path length [see (5) and (6)], were derived from
the advanced spaceborne thermal emission and reflectance
radiometer (ASTER) global DEM (GDEM) version 2 prod-
uct [42]. The ASTER GDEM was generated by the Ministry
of Economy, Trade, and Industry (METI) in Japan and the
National Aeronautics and Space Administration (NASA) in the
United States. The spatial resolution is 1 arc-second (~30 m),
approximately the same as that of the Landsat 8 OLI image.

C. Method Assessment and Comparison

Comparisons between PLC and other methods were con-
ducted in [17] and [18]. Therefore, this article focused on
comparing the two pathways of the PLC methods, i.e., the
IM and EM.

Topographic corrections by both the EM and IM were
implemented for the abovementioned Landsat 8§ OLI image,
and the corresponding corrected reflectances were assessed
and compared. Absolute correction accuracy is difficult to
obtain because of the lack of referenced horizontal reflectances
for sloping reflectances [13], [43]. Therefore, multicriteria
evaluation is commonly recommended to provide a compre-
hensive evaluation result [15], [17], [22]. In this article, five
criteria were adopted to assess the performance of topographic
correction, i.e., 1) visual inspection; 2) analysis of reflectance
dependence on the local illumination condition [cos(i)]; and 3)
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Fig. 2. False color composite images after topographic correction with (a) EM and (b) IM.

Fig. 3.

Enlargement of the inset shown as a white box in Fig. 2. (a) Image before topographic correction. (b) Topographic correction with the EM.

(c) Topographic correction with the IM. The dashed lines are the established profiles for the analysis of normalized reflectance in Fig. 4.

that on aspect; 4) reduction in intraclass reflectance variation;
and 5) computational efficiency.

For visual inspection, a profile was established to analyze
the change in the normalized reflectance after topographic cor-
rection. The normalized reflectance was calculated as (Ref; —
Ref,)/Ref,, where Ref; and Ref, are the reflectance for the
ith pixel and the averaged reflectance for the profile. The
reflectance dependence on cos(i) and that on aspect are
the two complementary criteria to analyze the reflectance
variation caused by topography [13]. The reduction in intr-
aclass variability was also a commonly used criterion, yet
it suffers from high uncertainty embedded in the land cover
classification over mountainous areas [44]. Therefore, the
normalized difference vegetation index, which is insensitive
to topographic effects, was often selected as a proxy of the
land cover type [38], [45]. The NDVI of vegetation in our
study area mainly spans from 0.7 to 0.82 [see the inset
of Fig. 1(a)], so we separated the vegetation into six classes
with a step of 0.02, and we numbered them in the order
of increasing NDVI values. High computational efficiency is
the prerequisite for operational implementation. The compu-
tational times for EM and IM, implemented by MATLAB
R2018a on a laptop with an Intel Core i7-6500 2.5-GHz CPU
and 8-GB RAM, was used as the proxy for computational
efficiency.

IV. RESULTS

The PLC method is band independent and therefore can
be applied for every band of Landsat 8 OLI data. However,
for brevity, only green, red, and near-infrared (Nir) bands are
shown.

A. Visual Inspection

The original image [Fig. 1(a)] is characterized by a sig-
nificant topographic effect. For example, sun-facing slopes
are obviously brighter than shade slopes. Both EM and IM
significantly reduced the topographic effect in the original
image, yet with different levels. Intuitively, the reflectance
variations with the topography almost disappeared after EM
correction [Fig. 2(a)]. However, some local-scale reflectance
variations with the topography can still be found in the IM
corrected image [Fig. 2(b)].

A detailed visual inspection of the enlarged area (white box
shown in Fig. 2) is shown in Fig. 3. The reflectance values for
the sunny and shady slopes in the original image were remark-
ably decreased and increased, respectively, after correction,
resulting in a more homogeneous scene. A closer inspection
revealed that EM caused many artifacts, especially for the
nonvegetation pixels [Fig. 3(b)]. In contrast, IM obtained a
robust correction result without any artifacts.
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Fig. 4. Profiles of (a) elevation and (b)—(g) reflectance for the dashed lines in Fig. 3. Solid lines in (b)—(g) represent the normalized reflectance after
topographic correction with (b), (d), and (f) EM and (c), (e), and (g) IM. Dashed lines represent those before correction. The second-to-fourth rows exhibit
cases for green, red, and Nir bands in sequence. The normalized reflectance, defined as (ref—avef)/avef, where ref and avef are the reflectance and averaged
reflectance, respectively, was used to reveal the reflectance variation regardless of its absolute magnitude.

The reflectance profiles for the lines in Fig. 3 are further negative values, respectively, for the uncorrected (UNCORR)
exhibited in Fig. 4. These profiles cover two sunny (pix- normalized reflectance [dotted lines in Fig. 4(b)—(g)]. The
els 1-25 and 51-75) and two shady slopes (pixels 26-50 dynamic range of the normalized reflectance was signifi-
and 76-100) [Fig. 4(a)], which correspond to positive and cantly reduced after topographic correction. The normalized
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Fig. 5. Density scatterplots between the reflectance and the cosine of the local solar incidence angle [cos(i)]. The first-to-third rows exhibit cases for green,
red, and Nir bands in sequence, and the first-to-third columns show cases for topographically UNCORR and corrected results from the EM and IM in sequence.

The solid lines are the regressed results between reflectance and cos(i).

TABLE II

REGRESSION RESULTS BETWEEN THE REFLECTANCE (y) AND THE COSINE OF THE LOCAL SOLAR INCIDENCE ANGLE (x).
LOWER VALUES OF THE SLOPE AND R? OF THE FITTED LINE INDICATE A BETTER CORRECTED RESULT

Correction method Green band 2 Red band _ Nir band 2
Regression function R Regression function R Regression function R
Original image y=0.030x+0.013 0.257 yp=0.021x+0.006 0.148 y=0.255x+0.091 0.467
EM y=0.004 x+0.043 0.016 »=0.001x+0.024 0.004 y=0.010x+0.303 0.012
M y=0.009 x+0.027 0.032 »=0.009x+0.014 0.030 p=0.091x+0.198 0.094

reflectance profile after EM correction was closer to 0 than that
after IM correction, confirming the better topographic effect
mitigation of EM than IM.

B. Dependence of Reflectances on Local Illumination
Condition

Correlation analysis between the reflectance and the cosine
of the local incident angle [cos(i)] is one of the key quantita-
tive criteria to assess the performance of topographic methods.
The correlation between the reflectance and cos(i) is shown
in Fig. 5, and the detailed regression results are summarized
in Table II. Significant positive correlations were observed
for the original UNCORR image, especially in the Nir band
(R? = 0.467 and slope of the regressed line = 0.225). Both
EM and IM can obviously weaken the correlation: R? values
for all the three bands were significantly decreased, and the

regressed lines were inclined to be horizontal. Intuitively, EM
performed better than IM in topographic effect mitigation
because the R and the slopes of the regressed lines from
EM were all obviously lower than those from IM. However,
closer inspection revealed that the reflectances after EM were
shifted to higher values, indicating that EM may overestimate
the “true” corrected reflectances. In addition, the reflectance
dynamic range for a specific cos(i) for EM is narrower than
those for the UNCORR and IM cases, i.e., EM may somewhat
eliminate inherent surface information.

C. Dependence of Reflectances on Aspect

Topographic effects cause aspect dependence of reflectance,
e.g., the sunny aspect appears higher than the shady
aspect [46]. In Fig. 6, the red solid curves exhibit
the reflectance variations across different aspect angles.
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270

270 270

270
UNCORR, Nir

Fig. 6.

Average reflectances across aspect angles. The first-to-third rows exhibit cases for the green, red, and Nir bands in sequence, and the first-to-third

columns show cases for topographically UNCORR and corrected results from the EM and IM in sequence. The radius represents the magnitude of the
reflectance with O in the center, and the polar angle represents the aspect. The red point in each plot represents the solar azimuth. The solid red curves show
the real aspect distribution of the reflectances, and the dashed green curves are hypothetically aspect-free cases with the radius of the averaged UNCORR
reflectances and centered in the ordinate origin. For a satisfactory correction method, the solid red and dashed green curves should coincide with each other.

For comparison, we also show the hypothetically aspect-
free distribution of the reflectances (green dashed curves).
The hypothetical cases are circles centered in the ordi-
nate origin with a radius of the corresponding averaged
UNCORR reflectances. The averaged UNCORR reflectances
are seen as the ideal values of aspect-free reflectances because
the sunny aspect-induced overestimation and shady aspect-
induced underestimation would cancel each other throughout
the study area; therefore, the averaged reflectances are not
strongly influenced by the topography [22]. Because of the
topographic effect, the curves of the UNCORR reflectance are
flat ovals, which also shifted to sun-facing aspects (~139.2°).
After topographic correction by EM and IM, the reflectances
became nearly aspect-free, and the curves are more similar to
circles, especially for the EM cases.

The mean and coefficient of variation (CV, %) of
reflectances across different aspects can be used to quantify
the potential of topographic correction methods to preserve the

land surface inherent reflectances and reduce the topographic
effect, respectively (see Table III). Specifically, the more simi-
lar the mean of corrected reflectances is to that of the original
reflectances, the better the method to preserve the surface
inherent reflectances. The smaller the CV is, the better the
method is able to reduce the topographic effect. As indicated
by CV, EM can mitigate topographic effects very satisfactorily,
and the CVs were reduced from 16.5%, 18.5%, and 18.7%
for the UNCORR cases to 3.2%, 1.8%, and 0.9% after EM
correction in the green, red, and Nir bands, respectively. IM
performed somewhat worse than EM, with the CV reduced
to 5.3%, 7.1%, and 7.3% in the corresponding bands. How-
ever, IM outperformed EM in preserving the inherent surface
reflectances. For the IM cases, the inherent reflectance distor-
tions were —2.9% [(0.033-0.034)/0.034], 4.5%, and 4.3% in
the green, red, and Nir bands, respectively. These values were
much better than those from the EM, i.e., 35.3%, 13.6%, and
12.3% in the corresponding bands.
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TABLE III
MEAN AND CV OF REFLECTANCE ACROSS DIFFERENT ASPECTS
Correction method Green band Red band Nir band
Mean CV  Mean CV Mean CV
Original image 0.034 16.5% 0.022 18.5% 0.276 18.7%
EM 0.046 32% 0.025 1.8% 0.310 0.9%
M 0.033 53% 0.021 7.1% 0264 7.3%
0.5
Class 1
0.4
Class 2
Class 3 0.3
Class 4 0.2
Class 5
0.1
Class 6
0
Green Red Nir Green Red Nir Green Red Nir
@ UNCORR (b) EM (©) M
Fig. 7. CV of reflectance for six land cover classes at the green, red, and Nir bands (a) before correction and after correction by (b) EM and (c) IM.

D. Reduction in Intraclass Reflectance Variability

Intraclass reflectance should be homogenized after topo-
graphic correction. To quantify the reflectance variability
within each class, we calculated the CV of reflectance before
and after topographic correction (Fig. 7).

Before topographic correction [Fig. 7(a)], the intraclass
variability is obvious, especially for sparse vegetation (with
a small class number). This result may be because of the
complexity of the architectural properties for sparse vege-
tation. In this case, in addition to the topographic effect,
the background reflectance also contributes considerably to
the canopy reflectance variation. In addition, the red band
is the most heterogeneous one, and the largest intraclass
reflectance variability reaches 49%.

Although EM slightly outperformed IM, both of them could
obviously reduce the reflectance variability for each class.
Increased classification accuracy is expected with these topo-
graphically corrected reflectances relative to the UNCORR
reflectances.

E. Computational Efficiency

Topographic correction is a key component in the pre-
processing streamlines to generate a consistent reflectance
product. The computational time of topographic correction
methods should be as short as possible to ensure operational
implementation. The implementation time of IM for the three
selected bands in our study area was very short (2.4 s). For
EM, we only counted the time for inversion and simulation
procedures because the LUT can be established beforehand.
Even so, the implementation time was still unacceptable for
operational use (21 h, 37 min, and 22.3 s).

V. DISCUSSION

A. Performance Evaluation of Topographic Correction
Methods

Previous studies have found that selection of the evaluation
criteria influences the evaluation results of topographic correc-
tion methods [43]. Consequently, the multicriteria evaluation
is commonly recommended to provide a comprehensive eval-
uation result [15], [17], [22]. Specifically, the following four
criteria were employed in this article.

1) Visual inspection provided the first indicator of the
correction performance.

Dependences of reflectances on the local illumination
condition, and

Aspect was used to jointly analyze the reduction in the
correlation between topography and reflectances.
Reduction in intraclass variability revealed the homog-
enization of variability after topographic correction,
which is a prerequisite to improve land cover mapping
accuracy.

Computational efficiency was used to analyze the oper-
ational implementation potential because an operational
algorithm should be as efficient as possible.

2)
3)

4)

5)

We acknowledge that uncertainty exists in each of the
evaluation criterion. Visual inspection is subjective and relies
on the expertise of the performer [43]. The second and third
criteria both assume that vegetation type is independent of the
topographic factors (local illumination condition and aspect for
the second and third criteria, respectively), which is generally
not the case in reality [22]. As suggested in [47], residual cor-
relation between reflectances and topographic factors should
be expected, even after a perfect topographic correction.
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This is the reason why we introduced the analysis of intraclass
variability reduction. However, it is difficult to collect high-
accuracy land cover maps over mountainous areas, SO we
used the separated NDVI as a proxy of land cover type as
recommended in [38]. Finally, the computational efficiency
is dependent on the platform and software used, yet this is
not a big problem because we focused on the comparison
between IM and EM rather than the absolute computational
efficiency.

Using the multicriteria method, we evaluated the topo-
graphic effects on Landsat 8 OLI reflectance in different
bands. The red band was found to have a wider dynamic
range than the green and Nir bands, even after topographic
correction [see Figs. 4(d)—(e) and 7)]. In fact, the variability
in red reflectance is not only caused by topography but
also by many other factors, e.g., vegetation structure and
atmospheric condition. In contrast, the Nir band was found
to be more homogeneous than the red band (Figs. 4(f) and 7),
which may be partially explained by the multiscattering dom-
ination of the canopy reflectance in this band, which can
homogenize the structural differences existing in different
canopies. In addition, the atmospheric effect in the Nir band
is small compared to that in the green and red bands. These
two factors together amplify the topographic effects in this
band, so the correlation between Nir reflectance and local
illumination conditions is obvious, consistent with existing
studies [17], [38]. Fortunately, the topographic effects in the
Nir band could be successfully mediated through both IM
and EM.

B. Comparison Between EM and IM

The main difference between PLC and other well-
performing topographic correction methods is that no empiri-
cal parameter is involved in PLC, i.e., PLC has a solid physical
foundation. In contrast to empirical methods, the physical
mechanism underlying PLC can be applied to Landsat 8 OLI
images acquired in different regions and dates. Therefore, PLC
supports temporally continuous and spatially mosaicked appli-
cations. However, the two different implementation pathways
of PLC, i.e., EM and IM, have their own advantages and
disadvantages:

EM is based on the numerical inversion of the canopy
reflectance model. EM is by nature an MFM method, and
the difference between our EM and similar MFM methods
[12]-[14] is that we used the well-validated PLC vegetation
reflectance model [18] rather than others. The direct use
of the PLC model allows EM to preserve all the physical
mechanisms underlying the radiative transfer process over
rugged terrain, and therefore, the EM can excellently mediate
the topographic effect in Landsat 8 OLI reflectance. The
Landsat 8 OLI imagery after EM correction was obviously
homogenized [see Figs. 2(a) and 7(b)], and the dependence of
reflectances on the local illumination conditions and aspect
were nearly completely removed (see the middle columns
of Figs. 5 and 6, respectively). However, EM also has some
drawbacks inherited from the direct use of the PLC canopy
reflectance model. First, EM caused reflectance distortion for
nonvegetation pixels (see the middle column of Fig. 3). This
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result occurred because the PLC canopy reflectance model
was developed based on the vegetation radiative transfer
mechanism [18] and therefore cannot be directly applied to
other land covers. Second, the multiple best solutions method,
which was used to mitigate the ill-posed problem of inversion,
eliminated some inherent vegetation information, e.g., the
vegetation reflectance dynamic range was compressed after
EM correction (see the middle column of Fig. 5). Third,
the values of EM corrected reflectances were overestimated
(see the middle column of Fig. 6). This overestimation may
be derived from the relatively rough parameterization of the
PLC model (Table I). Our objective was to establish a trans-
ferable topographic correction method; therefore, no specific
field measurement was incorporated in the parameterization
process, and relatively wide dynamic ranges, which are often
recommended for biophysical parameter retrieval [33], were
adopted. Overall, although the PLC model is of high fidelity in
canopy reflectance model simulation, the EM is challenged by
the parameterization and ill-posed problems of the PLC mod-
els in forward and inverse applications, respectively, which
causes the EM to be unable to reconstruct the “true” vegetation
inherent reflectance.

In contrast to EM, IM was derived from the mathematical
simplification of the PLC model [17]. The simplification
endows IM with a very concise form [(8)], yet a solid physical
basis remains. The assessment revealed that IM performed
slightly worse than EM in topographic effect elimination. The
residual topographic effect may originate from the assump-
tion involved in the deduction of IM formulation. However,
two obvious advantages of IM over EM make IM have
the potential to be employed in preprocessing streamlines
to generate radiometrically consistent reflectance products:
1) in addition to topographic correction, IM can reproduce
the inherent vegetation reflectance (see Fig. 6 and Table III)
without any artifacts (see Fig. 3) and 2) IM is computationally
very efficient and therefore can be operationally implemented.

C. Prospects for Future Studies

This article compared the EM and IM implementations of
PLC topographic correction methods. The results confirmed
that the IM can satisfactorily reduce topographic effects and
simultaneously preserve the inherent vegetation reflectance.
In addition, the simple form of IM [(7)] ensures its com-
putational efficiency. Overall, IM has the potential to be
operationally used to generate consistent reflectance over
mountainous regions. Several steps to improve the IM for
facilitating its operationality remain.

First, the IM can successfully convert the bidirectional
reflectance distribution function (BRDF) for an inclined sur-
face to its counterpart over a horizontal surface. Slope-caused
BRDF distortion is often referred to as the local-scale topo-
graphic effect [48]. However, topography also has several
nonlocal effects, e.g., the occlusion of direct solar radiance
and sky diffuse radiance by adjacent slopes and the addition of
diffuse radiance reflected from adjacent slopes [49]. Combined
correction for local and nonlocal topographic effects has been
proposed in a few studies [37], [38], [50], yet for local-
scale topographic effects, these studies only considered the
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variation in sun-target-sensor geometry, neglecting the slope-
caused BRDF distortion. A combination of IM and existing
methods accounting for nonlocal topographic effects will be
implemented in our future study to further improve topo-
graphic correction.

Second, except for topography, many other factors, includ-
ing BRDF and atmospheric effects, would perturb the observed
signal and reduce reflectance consistency. Currently, the com-
bined correction for BRDF and atmospheric effects has been
achieved [51]. Considering the maturity of the atmospheric
correction method and the simplicity of Roy’s [52] and IM
methods for BRDF and topographic correction, respectively,
a more comprehensive radiometric calibration is feasible to
combine the atmospheric, BRDF, and topographic correction.
This method will significantly facilitate the generation of
radiometrically consistent reflectances.

Third, IM has undergone extensive assessment against
Landsat imagery. The applicability for other similar data
sources, e.g., Sentinel 2 MSI, should be assessed in our future
work.

Finally, IM and EM are both derived from a vegetation
radiative transfer model, and uncertainty arises when they are
directly applied to nonvegetation areas. However, the novel
paradigm of topographic correction based on numerical inverse
and/or analytical approximation of the radiative transfer model
can also be applied to other land covers. Therefore, we will
develop topographic correction methods for other typical land
covers, e.g., soil and snow, with the support of corresponding
radiative transfer models.

VI. CONCLUSION

PLC is a novel topographic correction method with a solid
physical basis and high performance. This article compared
the two implementation pathways of PLC, i.e., EM and IM,
for Landsat 8 OLI imagery. The results showed that both EM
and IM could significantly reduce the topographic effects on
Landsat 8 OLI vegetation reflectances. EM performed slightly
better than IM in eliminating the correlation between topo-
graphic characteristics (specifically, local illumination condi-
tion and aspect, in this article) and vegetation reflectances.
However, the PLC model inversion process involved in EM
cannot fully reproduce the inherent vegetation reflectance,
and the normalized reflectances overestimated the inherent
values. IM does not have this problem because it is based
on the analytical approximation of the PLC model, avoiding
the numerical inverse process. Therefore, we highlight that IM
achieves an appropriate tradeoff between topographic effect
elimination and inherent vegetation reflectance preservation.
In addition, IM is very computationally efficient. IM will
significantly contribute to the generation of radiometrically
consistent Landsat 8 OLI vegetation reflectances in support of
temporally continuous and spatially mosaicked applications.
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