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Multitemporal evaluation of topographic correction algorithms
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Land cover classification and quantitative analysis of multispectral data in mountainous regions is considerably
hampered by the influence of topography on the spectral response pattern. In the last years, different topographic
correction (TOC) algorithms have been proposed to correct illumination differences between sunny and shaded areas
observed by optical remote sensors. Although the available number of TOC methods is high, the evaluation of their
performance usually relies on the existence of precise land cover information, and a standardised and objective
evaluation procedure has not been proposed yet. Besides, previous TOC assessment studies only considered a limited set
of illumination conditions, normally assuming favourable illumination conditions. This paper presents a multitemporal
evaluation of TOC methods based on synthetically generated images in order to evaluate the influence of solar angles on
the performance of TOC methods. These synthetic images represent the radiance an optical sensor would receive under
specific geometric and temporal acquisition conditions and assuming a certain land-cover type. A method for creating
synthetic images using state-of-the-art irradiance models has been tested for different periods of the year, which entails a
variety of solar angles. Considering the real topography of a specific area a Synthetic Real image (SR) is obtained, and
considering the relief of this area as being completely flat a Synthetic Horizontal image (SH) is obtained. The
comparison between the corrected image obtained applying a TOC method to a SR image and the SH image of the same
area, i.e. considered the ideal correction, allows assessing the performance of each TOC algorithm. This performance is
quantitatively measured through the widely accepted Structural Similarity Index (SSIM) on four selected TOC methods,
assessing their behaviour over the year. Among them, C- Correction has ranked first, giving satisfying results in the
majority of the cases, while other algorithms show a good performance in summer but give worse results in winter.
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1. INTRODUCTION

The irradiance impinging on a certain point at the Earth surface depends on the solar zenith and azimuth angles, as well
as on the slope and aspect of the terrain, which determine the solar incidence angle (y;) between the sun rays and the
normal to the ground. Differences in the solar incidence angle, i.e. differences in the solar illumination, normally result
in variations in the radiance detected by remote sensors between areas with similar land cover and biophysical-structural
properties [1]. This effect can adversely affect the usefulness of remote sensing data for different applications, such as
Land-Use/Land-Cover mapping, vegetation cover monitoring, change detection or biophysical parameter estimation,
particularly in mountainous areas [2-6]. The objective of Topographic Correction (TOC) methods is to compensate the
differences in radiance between sunny and shaded areas caused by variations on the shape and aspect of terrain.

The topographic effect has a significant impact on the quantitative analysis of remotely sensed data [7]. During the last
two decades, several procedures were proposed to correct or attenuate it. Most of these procedures require the
computation of the illumination conditions of the area to be corrected [1, 2, 8-11]. TOC methods can be grouped into two
subcategories, Lambertian methods (LTOC), and non-Lambertian methods (NLTOC), depending on whether they
assume reflectance as being independent or not on observation and incidence angles. LTOC methods assume the incident
radiation as being reflected in all directions equally. Besides, they only model the direct portion of the irradiance, even if
areas under low illumination conditions get a considerable amount of diffuse irradiance. To account for the shortcomings
of these unrealistic assumptions, several semi-empiric non-Lambertian methods have been developed including band
dependent parameters, i.e., the Minnaert correction method [2, 12] and the C-correction method [2]. The former includes
a constant modelling of the non-Lambertian behaviour of each land cover for every band. The latter introduces, in order
to emulate the effect of diffuse irradiance from the sky, a parameter C, which is the ratio between the slope and intercept
of the linear regression equation between the radiance of each band and cos y;. Alternatively, purely empiric approaches
have also been proposed, i.e., the Empirical-Statistical method of Teillet [2], which assumes a linear relationship
between the radiance of each band and the cosine of the solar incidence angle.

An essential point, necessary to evaluate objectively and accurately the different topographic correction methods, is the
analysis of the quality of the corrected images. With this aim, traditionally an evaluation based on the visual assessment
of the removal of the topographic effect in satellite imagery has been proposed [8, 13-15]. This approach gives a good
first indication on the quality of the correction. However, it is indeed subjective and the assessment strongly depends on
the skill of the observer. More objective and rigorous assessments have been proposed in the literature, i.e., the
quantification of the reduction of the dependence between cos y; and the radiance of each spectral band after the
correction [16], the analysis of the variations in the radiometry of the corrected scenes [8], the reduction of the land
cover class variability [7, 10, 17], the improvement on classification accuracy after topographic correction [2, 15] the
improvement in biophysical parameter retrievals [3, 4] or the increase in temporal stability of a time series for individual
pixels [18].

These evaluation procedures have their own limitations, i.e. the need for a priori knowledge on structural landscape
characteristics [11]. This information is normally not available. In fact, this is the type of information pursued from the
images to be corrected. Due to this, different evaluation studies published in the recent years did not agree on which
TOC method performs the best in every situation. To overcome this problem in this study the performance of TOC
methods has been assessed by using synthetic images, which represent the radiance an optical sensor would receive
under specific geometric and temporal acquisition conditions, considering a certain land-cover structure and assuming
several simplifications. The aim of this paper is to analyze the behaviour of four selected TOC methods during the year.
With this purpose, a set of six different temporal configurations have been selected to simulate synthetic scenes acquired
along the year.

Synthetic images can be generated considering the real topography of a specific area (Synthetic Real image, SR), or
considering a perfectly flat surface (Synthetic Horizontal image, SH). The latter is, in fact, the image that should ideally
be obtained after successfully removing the topographic effect from the Synthetic Real image. The comparison between
the corrected image obtained applying a TOC method to a SR image and the SH image of the same area, provides a
means for objectively assessing the accuracy of the TOC method applied. The Structural Similarity Index (SSIM),
proposed by Wang et al. [19] is applied for that purpose.
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Most of the evaluations of TOC methods presented in the literature were applied under specific and generally favourable
conditions, i.e. just for a certain platform and usually in summer months. In this work though, six different temporal
configurations, that is, six different solar positions are considered. These configurations are representative of different
illumination conditions. Therefore, the influence of date and time on the behaviour of TOC methods can be explored.

2. SYNTHETIC IMAGE GENERATION

The process to simulate a synthetic image for a specific area, explained by Sola er al.[20], can be summarized in two
phases. On the first phase, the image representing the global irradiance at each point of the area of interest at a certain
date and time is obtained. On the second phase, the top-of-atmosphere radiance (TOARD) a sensor would receive is
generated, considering a certain sensor configuration. This is in fact, the final synthetic image.

Firstly, it is necessary to estimate the Global Horizontal Irradiance (E,), i.e., the total amount of direct and diffuse
radiation reaching the Earth surface, considering it horizontal, in cloudless conditions. Several models can be used to
estimate £, , and its diffuse and direct components [21-24]. In this work the Cloud-free Global Radiation model [25-28]
is used. This model was validated using 25 test sites spread across Europe within the SATEL-LIGHT project [29]. It
showed a good correspondence between estimated and measured values under sunny or quasi sunny conditions.

Obviously, the topography of Earth surface areas is normally non-flat, being necessary to consider the specific
geometrical or topographical characteristics of each area. To compute the Global Tilted Irradiance (Eg,), it is necessary
to take into account not only the Direct Tilted Irradiance or Sunlight (), but also the Ground-Reflected Irradiance
(Ep,) as well as the Sky Diffuse Irradiance or Skylight (Ej,). Ej, is calculated applying the cosine law to Direct
Horizontal Irradiance. The effect of surrounding topography on direct radiation is modelled by adding a binary factor to
control cast shadows proposed by Richter [30]. Ej, is calculated with Hay’s Model [31], also enhanced with the binary
factor proposed by Richter. Finally, Ground-Reflected Irradiance (£g,), is calculated through the method proposed by
Sandmeier [32] by considering, among other factors, the portion of adjacent terrain seen from a surface, so-called
Terrain View Factor.

On the second phase, it is necessary to consider the previously obtained Global Tilted Irradiance as well as land-covers’
reflectance, the orbital and observational configuration of the sensor, i.e., sensor viewing angle, spatial resolution of the
sensor and acquisition time. The at-sensor radiance values can be calculated using the following expression:

p'Tu 'Eﬁ,g
L=L,+ (1)

where, L, is the atmospheric path radiance calculated with Bird and Hulstrom’s model [33], p is the land-cover
reflectance value, 7, is the upward atmospheric transmittance, obtained through the expression proposed by Gilabert
[34], and Ej, is the Global Irradiance reaching each pixel. Further details on the synthetic image generation method can
be found on Sola ef al. [35].

3. TOC ALGORITHMS

Four TOC algorithms have been selected in this work, as they are frequently used in the literature and their differences
will provide contrasting results for discussing the utility of synthetic imagery. Besides, they are representative of
different categories of topographic correction methods proposed over the last decades. One of the selected TOC is the
Cosine method, which is the simplest and one of the most widely used Lambertian TOC (LTOC), originally proposed by
Smith et al. [12] and later modified by Teillet [2]. Also the Minnaert correction method [2, 12, 36] and the C-correction
method [2] have been tested, which are semi-empiric non-Lambertian methods (NLTOC) including band dependent
parameters. Finally a purely empiric approach, the Empirical-Statistical method, also proposed by Teillet [2], has been
evaluated in this work. In any case, the aim of this work is not to compare different TOC methods, but to obtain a
preliminary knowledge of the behaviour of TOC methods across the year, comparing winter and summer scenes.
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Table 1. Equations of the TOC methods tested

TOC METHOD EQUATION
COSI E L =L %
N corr T C O S(ﬂ/,)
cos(o,)+cC
_ L = . —ZT\s) 7
C-CORRECTION corr COS(7,)+ C
k
ENHANCED MINNAERT Loy =L cos'(e,)

cos(y, ) -cos(p)<!
EMPIRIC-STATISTICAL Loy =L—(A4+B-COS(7))+ Luean

where, L., and L are, respectively TOC-corrected and non-corrected at-sensor radiance, §; is the solar zenith angle, v; is
the solar incidence angle, B is the terrain slope, 4 and B are, respectively, the intercept and the slope of the regression
line between radiance and illumination, i.e. COS(y;), and k£ and C are empiric constants calculated for each method as
described by Teillet ef al. [2].

A limitation of this study is that TOC methods have been applied to the complete scene, without any previous
stratification of land covers. It is well-known that stratified TOC methods yield better results, but this study is focused on
the multitemporal evaluation of TOC methods, and not on an accurate comparison of their performance.

4. STRUCTURAL SIMILARITY INDEX (SSIM)

The synthetic image generated considering flat topography (SH) corresponds to the ideal TOC correction, when the
topographic distortions disappear entirely. In order to measure the similarity between this ideal image SH and the TOC
corrected SR images, the Structural Similarity Index (SSIM) is used. The SSIM is an universal, objective and widely
accepted image quality index; proposed by Wang et al. [19]. Its computation is straightforward and, besides, it is useful
for different image processing applications, e.g., image compression, algorithm optimization, etc. The SSIM considers
three elements: Luminance comparison, contrast distortion and structural similarity; for comparing an ideal reference
image (in our case SH), with a distorted or erroneous one (TOC corrected SR). Its dynamic range is [-1, 1]. The best
value 1 is obtained when perfect similarity is achieved.

(2luxluy + Cl) ! (2O-xy + CZ)

SSIM (x,y) = 3 3 3 3
(/ux +/uy +Cl)'(6x +O—y +C2)

(2)

where, x refers to the reference image, y to the TOC corrected image, y; is the mean value of the image, and o; the
standard deviation. C1 and C2 are two user-defined constants included to avoid unstable results when p,> + ,uy2 and o, +

0,7 are very close to zero. These constants are obtained from C; = (K, ~L)2 and C, = (K, -L)z, where L is the dynamic

range of the image, set to 255. In this paper values of K; = 0.01 and K, = 0.03 have been used following
recommendations by Wang et al. [19].

In practice, a quantitative evaluation usually requires a single overall quality measure of the entire image [19], so a mean
SSIM (MSSIM) index is used to evaluate the overall image quality of TOC corrections. Nevertheless, SSIM maps,
computing the local statistics within an 11x11 circular-symmetric Gaussian weighting function, are also interesting and
useful to detect problematic areas where TOC methods fail. The SSIM maps generated for each TOC corrected image
show the performance of the correction pixel by pixel.
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5. CASE STUDY

This study has been carried out for six different dates over the year, over a mountainous area (Pyrenees) of the North-
Eastern side of Navarre, Spain. For this area a Sm resolution DEM obtained through standard photogrammetric
techniques is available.

L |
434 m. 11101
Figure 1. DEM of the study area, in the region of Navarre

Concerning the sensor configuration, a panchromatic image has been simulated with a spatial resolution of 10m and a
nadiral viewing angle. The land-covers’ reflectance values considered for the synthetic image generation could represent
either the real land-cover of the area or arbitrary values For this work, the reflectance of the real land-cover has been
reproduced by using local cartography as well as spectral information from twenty different land-covers, obtained from
spectral libraries of ASTER and USGS for vegetation, rocks and soil [37, 38].

This work focuses on the multitemporal evaluation of TOC methods, so scene acquisition time has been set constant to
10:45 a.m., since this is the most common acquisition time for different platforms. Solar angles do not only depend on
the acquisition date but also on the time of the day. As shown in table 2, solar elevation angle is lower in winter dates,
and this is one of the main causes for stronger topographic effects, due to the larger proportion of shadowed areas.
Synthetic images will let us know which TOC performs better in every situation.

Table 2. Solar angles of the six different scenes simulated

Scene 1 2 3 4 5 6
Date 15/02/2009 15/04/2009 15/06/2009 15/08/2009 15/10/2009 15/12/2009
Time(UTC) 10:45 10:45 10:45 10:45 10:45 10:45
Solar azimuth angle 153.037 146.104 132.984 141.349 159.626 161.345
Solar elevation angle 30.597 52.733 64.347 55.866 36.409 21.700
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Table 2 compares the solar angles obtained for the six temporal configurations chosen. With this input data the images of
Global Irradiance have been calculated, and subsequently the at-sensor radiances, i.e., the final synthetic scenes,
considering both the real relief of the area and a completely flat topography.

Table 3. Statistics of global irradiance in horizontal and tilted surfaces

Scene 1 2 3 4 5 6
Month FEB APR JUN AUG OCT DEC
GLOBAL IRRADIANCE IN HORIZONTAL SURFACE (W/mz)
Minimum 515.89 814.38 893.56 823.71 598.82 358.74
Maximum 519.27 816.75 895.18 825.86 601.82 362.11
Mean 517.58 815.56 894.37 824.79 600.32 360.43
SD 0.73 0.495 0.331 0.443 0.68 0.77
GLOBAL IRRADIANCE IN TILTED SURFACE (W/mz)
Minimum 60.72 73.63 77.62 79.07 68.39 48.52
Maximum 1023.59 1161.61 1155.27 1136.55 1050.64 931.51
Mean 509.54 806.41 882.13 814.33 593.30 353.62
SD 171.75 131.63 95.61 118.90 164.24 165.50

Based on table 3, the following observations are noted. On the one hand, scenes acquired in summer months result in
more irradiance impinging on the surface, but at the same time lower standard deviation (SD), due to less severe
topographic effects. On the other hand, winter scenes, i.e. scenes 1, 5 and 6 corresponding to February, October and
December, have lower radiance values but higher variance due to more severe topographic effects, caused by lower solar
elevation angles.

Table 4. Statistics of the synthetic scenes

Scene 1 2 3 4 5 6
Month FEB APR JUN AUG OCT DEC
AT-SENSOR RADIANCE - SYNTHETIC HORIZONTAL (SH) IMAGE (W/mz. Sr.)
Minimum 18.33 27.33 31.57 30.12 19.93 13.54
Maximum 163.21 253.13 278.50 258.27 187.34 115.33
Mean 81.89 126.35 139.85 130.17 93.34 58.19
SD 22.13 34.45 37.66 34.80 25.56 15.56
AT-SENSOR RADIANCE - SYNTHETIC REAL (SR) IMAGE (W/m’. sr.)
Minimum 18.28 27.29 31.52 30.07 19.88 13.49
Maximum 219.19 287.32 298.43 287.37 236.49 181.96
Mean 81.68 126.04 139.09 129.66 93.28 58.05
SD 30.46 39.18 40.81 38.93 32.80 25.13

The statistics of synthetic scenes in table 4 show the following: 1) higher values of irradiance impinging on the surface in
the summer mean also higher at-sensor radiance values. 2) Unlike global irradiance, the final scenes have higher SD
values in both SH and SR, due to the influence of the introduced land-covers’ reflectance. 3) The absence of topographic
effects in SH scenes results in lower variance (SD) in those images compared with SR scenes 4) The difference in SD
between SH and SR scenes, due to the effect of topography in the latter, is highest in winter scenes. That means more
severe topographic effects, therefore higher correction to be done by TOC algorithms.
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FEBRUARY
JUNE
DECEMBER
| |
13 W/m? sr. 298 W/m? sr.
Figure 2. Some samples of synthetic scenes obtained. On the left, synthetic real (SR) scenes, and on the right, synthetic horizontal
(SH) scenes for three different dates.
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6. RESULTS AND DISCUSSION

DECEMBER

FEBRUARY

13 W/mZ2.sr. 298 W/m?2 sr.

Figure 3. Set of three SR scenes corrected by C-correction algorithm

Figure 3 shows the corrections achieved by the C-Correction method in the scenes corresponding to the months of
February, June and December, representative of poor, intermediate and good illumination conditions respectively. Apart
from the obvious higher radiance values in summer, a visual evaluation suggests an adequate correction of the
topographic effect, although same relief appearance still remains on the three scenes. Winter scenes show over-corrected
values (outliers) on particularly shadowed areas, specially in December, resulting on an erroneous correction of these
areas.

DECEMBER

FEBRUARY

JUNE
B5 ol ey § AT S

f

095

’
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Figure 4. SSIM-maps of three SR scenes corrected by the C-Correction method

o, o7

A simple visual assessment of the SSIM-maps in figure 4 shows that the C-Correction method has a better performance
in June, but clearly worse in February and particularly in December. Shadowed slopes remain far from ideal correction
On these dates, with SSIM values lower than 0.7. On the contrary, it is surprising that sun-facing illuminated slopes are
slightly worse corrected in the summer scene, probably due to the lower C parameter obtained for this specific image.

As previously mentioned, four of the most frequently used topographic normalization methods have been tested in this
work. Among them, C-Correction method has ranked first, giving satisfactory results in most cases. Other TOC
algorithms show a good performance in summer but give worse results in winter, when images are taken under poor
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illumination conditions. On the contrary, it can be observed that the simplest method tested, the Cosine correction, gives
clearly poorer results than some of the other methods, especially in winter images.

The MSSIM values scored by the six non-corrected scenes show how intense the topographic effect is for each date, and
can be used as a reference. Winter scenes (February, October and December) score MSSIM values lower than 0.90,
which corresponds to a low similarity with the ideal correction, due to the topographic effect. The Cosine method
yielded slightly higher MSSIM values, and not even that in the December scene, so this method is not recommended. As
shown in figure 5, summer scenes are well-corrected with the four TOC methods tested, with little differences between
them, but differences increase as solar elevation angles decrease.

In these unfavourable dates, i.e. February, October and December, C-Correction method performs clearly better than
other algorithms. In this case, winter MSSIM values are also lower than those of summer scenes. But in the worst case, a
MSSIM above 0.87 is obtained. The Enhanced Minnaert and Empiric-Statistical methods offer an intermediate
performance, with the latter being slightly worse in general (except for December).

1.00

095

0.90

- - - - NON-CORRECTED SR
= —+—COSINE
Z ngs EMPIRIC-STATISTICAL
= —=—C-CORRECTION
ENHANCED MINNAERT

080

0.75

0.70

DECEMBER  FEBRUARY APRIL JUNE AUGUST  OCTOBER  DECEMEER
Figure 5. MSSIM index of non-corrected and TOC corrected SR scenes for six different dates

6. CONCLUSIONS

We can conclude here that there is a strong influence of the acquisition date on the performance of TOC methods, due to
different illumination conditions. So, TOC methods do not perform the same over the year. In summer months
topographic effects are softer, so the differences between TOC methods are lower, since there is less to correct. On the
contrary, more severe topographic effects in winter dates results in larger differences between TOC methods as there is
much more to correct. Any of the four tested TOC methods failed to completely remove the topographic effect in these
extreme conditions.

Winter scenes showed clear differences between TOC algorithms, being C-Correction the one that ranks first. Our results
are in line with results obtained by other authors [18], indicating the worse performance of Cosine method, while
Enhanced Minnaert method also performs a poor correction, specially in winter scenes.

Finally, this paper shows how synthetic images could be used to evaluate in detail TOC algorithm performance, in
particular their behaviour during the year. The scene simulator and the SSIM index application have been proved
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effective in order to assess the goodness of topographic corrections under specific conditions. The method proposed
offers a means of generating synthetic scenes acquired under a variety of settings and acquisition configurations (i.e.
solar angles, spatial resolution...). Accordingly, the influence of each configuration parameter on the performance of the
TOC methods can be evaluated. Obviously, this approach assumes that a TOC showing a good performance for synthetic
imagery also performs correctly for real imagery with similar acquisition configuration. In the future this approach could
be used to analyse the influence of land-cover spatial variability on the performance of TOC algorithms and also the
influence of sensor configuration.
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