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A de-shadowing technique is presented for multispectral and hyperspectral

imagery over land acquired by satellite/airborne sensors. The method requires a

channel in the visible and at least one spectral band in the near-infrared (0.8–1mm)

region, but performs much better if bands in the short-wave infrared region

(around 1.6 and 2.2mm) are available as well. The algorithm consists of these major

components: (i) calculation of the covariance matrix and zero-reflectance matched

filter vector, (ii) derivation of the unscaled and scaled shadow function, (iii)

histogram thresholding of the unscaled shadow function to define the core shadow

areas, (iv) region growing to include the surroundings of the core shadow areas for

a smooth shadow/clear transition, and (v) de-shadowing of the pixels in the final

shadow mask. The critical parameters of the method are discussed. Example

images from different climates and landscapes are presented to demonstrate the

successful performance of the shadow removal process over land surfaces.

1. Introduction

Remotely sensed optical imagery of the Earth’s surface is often contaminated with

cloud and cloud shadow areas. Surface information under cloud-covered regions

cannot be retrieved with optical sensors, because the signal contains no radiation

component being reflected from the ground. In shadow areas, however, the ground-

reflected solar radiance is always a small non-zero signal, because the total radiation

signal at the sensor contains a direct (beam) and a diffuse (reflected skylight)

component. Even if the direct solar beam is completely blocked in shadow regions,

the reflected diffuse flux will remain. Therefore, an estimate of the fraction of direct

solar irradiance for a fully or partially shadowed pixel can be the basis of a

compensation process called de-shadowing or shadow removal.

The method presented here is restricted to land areas and works only for scenes

with a cloud cover of less than about 25%. Although the results of shadow removal

in terms of derived surface reflectance cannot be expected to be as accurate as clear-

sky reflectance imagery, the enhanced display of surface features and the shadow-

corrected surface reflectance spectra are a valuable source of information in

multitemporal monitoring applications.

Several de-shadowing techniques have been described in the literature. One

approach employs geometric considerations to project the cloud structure on

the ground based on the direction of the incident solar radiation and the

estimated cloud height (Simpson and Stitt 1998). Another employs unmixing of
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atmospherically corrected data (Boardman 1993) using the concept of spectral

endmembers. Shadow is defined as a zero-reflectance endmember, and the sum of

all endmember weights is constrained to 1. After unmixing, the de-shadowing

operation divides the reflectance by 1 minus the sum of the non-shadow endmember

weights. Problems with this approach include the dependence of the results on the

choice of endmembers and the neglection of the diffuse skylight. A third approach

uses the matched filter concept (Adler-Golden et al. 2002), where the matched filter

vector is calculated in terms of the covariance matrix of the atmospherically

corrected reflectance data. The matched filter concept itself has been applied in

other technical fields as well, e.g. information technology and signal processing

(Turin 1975, 1976, Poor 1983).

This contribution also employs the matched filter concept as one step of the de-

shadowing method. The application of the matched filter vector to the atmo-

spherically corrected reflectance imagery yields unscaled, positive and negative

shadow abundance values. However, the re-scaling of the unscaled function into the

physical interval (0,1), containing the fraction of direct illumination, is performed

with a new strategy, as detailed in the next section.

All mentioned spectral methods imply the independence of pure spectra. This may

not be true, especially in complex scenes. So misclassifications do occur. As an

example, a fully illuminated pixel of a dark material can be classified as a shadowed

pixel of another material or combination of materials. Still, useful de-shadowed images

have been processed for a variety of different climatic and landscape conditions. The

concept of core shadow areas, proposed here, substantially reduces the number of

misclassifications in most imagery as compared to the standard approach.

2. Outline of de-shadowing method

The method starts with a calculation of the surface reflectance image cube ri5r(li),

where three spectral bands around li50.85, 1.6, and 2.2 mm are selected. These

bands from the near and shortwave infrared region are very sensitive to cloud

shadow effects, because the direct part of the downwelling solar radiation flux at the

ground level is typically 80% or more of the total downwelling flux (see figure 1).

Figure 1. Ratio of direct to total downwelling solar flux at sea level for two visibilities,
calculated by MODTRAN for a midlatitude summer atmosphere with a rural aerosol, solar
zenith angle 5 40u, and ground albedo 5 0.15. The spectral resolution is 15 nm.
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The graph shows the general trend of an increase of the ratio of direct to total flux

with longer wavelengths. The simulation was performed with the MODTRAN

(moderate resolution transmission) code (Berk et al. 1998, 2000) employing the

midlatitude summer atmosphere with a rural aerosol, solar zenith angle of 40u,
surface albedo of 0.15, and ground at sea level. The spectral resolution is 15 nm.

Channels in the blue-to-red region (0.4–0.7 mm) are not used for the detection of

shadow regions because they receive a much larger diffuse radiation component,

making them less sensitive to partial shadow effects. In this contribution the

ATCOR (atmospheric correction) code is used for the atmospheric correction

(Richter 1996, 1998, Richter and Schläpfer 2002), which employs a database of

radiative transfer calculations based upon MODTRAN.

The surface reflectance is first computed with the assumption of full solar

illumination, i.e. the global flux on the ground consists of the direct (Edir) and

diffuse (Edif) component. If DN denotes the digital number of a pixel, LP the path

radiance, and t the atmospheric transmittance (ground-to-sensor) the surface

reflectance can be obtained as (Richter 1996):

ri x, yð Þ~
p d2 c0 ið Þzc1 ið ÞDNi x, yð Þf g{Lp,i

� �

ti Edir,izEdif,ið Þ : ð1Þ

Here, d is the Earth–sun distance at the image acquisition time in astronomical

units, c0 and c1 are the radiometric calibration coefficients (offset and slope) to

convert the digital number into the corresponding at-sensor radiance L, i.e.

L5c0 + c1 DN, and i is the channel index.

The proposed de-shadowing algorithm consists of a sequence of eight processing

steps as sketched in figure 2. It starts with atmospheric correction (equation (1)). The

next step is the masking of water bodies and cloud areas with simple spectral criteria

Figure 2. Processing steps of de-shadowing method.
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as detailed in the discussion section. Water pixels have to be excluded as far as

possible to avoid their assignment as shadow pixels; see §3.

Step 3 calculates the covariance matrix C(r9)where r9 is the reflectance vector

comprising only the non-water and non-cloud pixels. For each pixel, this vector

holds the reflectance values in the three selected channels (around 0.85, 1.6 and

2.2 mm). The matched filter is a vector tuned to a certain target reflectance spectrum

r9T to be detected (Adler-Golden et al. 2002):

Vmf~
C{1 r0T{r0

� �

r0T{r0
� �T

C{1 r0T{r0
� � : ð2Þ

Here, r̄9 is the scene-average spectrum, without the water/cloud pixels. Selecting

r9T 50 for a shadow target yields a special simplified form of the matched filter,

where the ‘sh’ index indicates shadow:

Vsh~{
C{1r0

r0TC{1r0
: ð3Þ

The shadow matched filter vector is then applied to the non-water/non-cloud part of

the scene and yields the still un-normalized values of W, which are a relative measure

of the fractional direct illumination, also called the unscaled shadow function here:

W x, yð Þ~V T
sh r0 x, yð Þ{r0ð Þ: ð4Þ

The matched filter calculates a minimum rms shadow target abundance for the

entire (non-water/non-cloud) scene. Therefore, the values of W are positive and

negative numbers. The arbitrary, image-depending range of W has to be rescaled to

the physical range from 0 to 1, where 0 indicates no direct illumination (full

shadow), and 1 means full direct illumination. The histogram of W is used to rescale

the image data. Figure 3 shows a schematic sketch of such a histogram with a

smaller peak (at W2) representing the shadow pixels and the main peak (at Wmax)

representing the majority of the fully illuminated areas. The statistical assumption is

used that full direct solar illumination is already obtained for pixels with

W(x,y)5Wmax. Then the values W are linearly mapped from the unscaled (Wmin,

Figure 3. Normalized histogram of unscaled shadow function.
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Wmax) interval onto the physically scaled (0,1) interval, where the scaled shadow

function is named W*:

W�~
W{Wmin

Wmax{Wmin

if W¡Wmax ð5aÞ

W�~1 if W > Wmax: ð5bÞ

The smallest value of the scaled shadow function is W�min~0, which means no direct

illumination. However, to avoid overcorrection and to cope with scenes containing
merely partial shadow areas, it is advisable to set W�min at a small positive value. This

value of W�min, i.e. the minimum fractional direct illumination (deepest shadow in a

scene, typically ranging from 0.05 to 0.10) is scene-dependent; see the discussion in

the next section.

In principle, the de-shadowing could now be performed with the physically scaled

function W*, which represents the fraction of the direct illumination for each pixel in

the r9 vector, i.e. the complete scene without cloud and water pixels. However, as

mentioned in the introduction, since the matched filter is not a perfect shadow

transformation, it is much better to restrict its application to the potential, most-

likely shadow areas. This is an important processing step to reduce the number of

misclassifications or false-alarms. If omitted it will cause strange ‘shadow’ pixels

scattered all over the image. An example can be found in the central part of figure 4
where the standard shadow map contains a lot of artifact shadow areas.

Therefore, the proposed method tries to find the core shadow areas in a scene, and

subsequently expands the core regions to obtain the final mask that includes a

smooth shadow/clear transition. The physically scaled shadow function W* is then

applied only to the pixels in the final mask.

The histogram of the unscaled shadow function W can be employed to separate

regions of low values of W from the moderate-to-high values; compare figure 3. A

threshold WT can be set in the vicinity of the local histogram minimum (W1) and the

core shadow mask is defined by those pixels with W(x,y),WT. The details of the

choice of WT are discussed in §3. As always with thresholding, some arbitrariness is

involved in the final selection.

Once the core shadow mask has been defined, it is expanded to include the

surrounding shadow/clear transition zone of 100 m width. De-shadowing with the

scaled shadow function W*(x,y) is then exclusively applied to the pixels in this final

mask. This means the direct solar flux (Edir in equation (1)) has to be multiplied with

W(x,y):

ri x, yð Þ~
p d2 c0 ið Þzc1 ið ÞDNi x, yð Þf g{Lp,i

� �

ti Edir,iW
� x, yð ÞzEdif,ið Þ : ð6Þ

In equations (1) and (6) the aerosol optical depth or visibility required for the

atmospheric terms (path radiance, transmittance, direct and diffuse flux) can be

derived from the image provided the necessary bands in the visible and shortwave

infrared region exist and the scene contains dark reference areas (Kaufman et al.

1997). Otherwise, the user has to specify an estimated visibility. The second

important atmospheric parameter is the water vapour column. For instruments with
bands in the atmospheric water vapour regions this information can be derived from

the image data (Schläpfer et al. 1998), otherwise an estimate has to be provided by
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the user. In summary, three channels (around 0.85, 1.6 and 2.2 mm) are used to

define a matched filter vector with three elements per pixel. For each image pixel the

surface reflectance in these three channels and the scene-average reflectance of these

channels are calculated to obtain the unscaled shadow function, and finally the

scaled shadow function. The same shadow function is employed to de-shadow the

imagery not only in the initial three channels but also for all channels of the sensor

(equation (6)).

3. Discussion of critical parameters

One of the most important parameters is the available number of spectral channels

during the covariance matrix and matched filter part of the algorithm. The

minimum requirement is a band in the near-infrared region (0.8–1.0 mm). The

performance usually increases significantly if two additional bands (at 1.6 mm and at

2.2 mm) are available, i.e. a Landsat TM type of multispectral sensor. Even for

hyperspectral imagery these three bands (around 0.85, 1.6 and 2.2 mm) are sufficient

for the matched filter calculation. The usage of a hundred bands would not be

helpful, but only cause numerical problems during the inversion of the covariance

matrix (equation (3)).

Figure 4. Left: surface reflectance image of HyMap at Chinchon, Spain (colour coding:
RGB5878, 646, 462 nm channels); centre: standard shadow map showing a number of
artifact shadow areas (grey patches) which do not appear with the core shadow approach
(right part); right: improved cloud shadow map derived from core shadow regions.
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Spectral channels from the visible region are only employed for the masking of

cloud regions, not for the matched filter part, because water, vegetation, dark soils,

and shadowed pixels all range within a few per cent reflectance. In addition, the

visible region is not very sensitive to partial shadow effects, as shown in the lower

direct radiation signal in figure 1; implying a higher diffuse component in the visible

as compared to wavelengths longer than 0.8 mm.

The distinction of water bodies from cloud shadow areas may be difficult or

impossible if it is based merely on spectral reflectance shape and amplitude

information. Water bodies should be excluded as far as possible to improve the

performance of the de-shadowing algorithm. Currently, water and cloud pixels are

masked with the spectral criteria:

r 0:85 mmð Þ¡5% and r 1:6 mmð Þ¡1% waterð Þ ð7Þ

r 0:48 mmð Þ¢30% and r 1:6 mmð Þ¢30% cloudð Þ ð8Þ

If no channel in the blue region is available, a channel in the green (0.5–0.6 mm) or

red part of the spectrum (0.6–0.68 mm) could be used as a substitute. Both criteria do

not uniquely define the corresponding class. The water criteria allow some margin

for turbid water in the NIR region. The more restrictive criterion r(0.85 mm),3%

would perform better for clear water bodies. However, it would fail for moderately

turbid or muddy waters. Other common water classification criteria such as average

reflectance over all bands r̄(3% or r(0.4–0.6 mm) , 6% may also fail. So one has to

compromise and tolerate a certain amount of misclassification for a fully automatic

algorithm. The scaled shadow map W*(x,y) is written to an output file. If required, it

can be edited, based on a priori knowledge of a user, to remove misclassified shadow

areas, and an updated de-shadowing calculation could take place.

The histogram of the unscaled shadow function W (figure 3) typically has a main

peak at Wmax, a smaller secondary peak (at W2) due to shadow pixels, and a local

minimum (at W1). The secondary peak can be determined by level-slicing the

normalized histogram. We arbitrarily define a threshold WT as the intersection of

this slice line at the level of h(W2) with the normalized histogram h(W) for

W1, W , Wmax; see figure 3. The approach with a main peak and a smaller secondary

peak is restricted to cases where the percentage of shadow pixels in the scene is less

than about 25%, otherwise the method fails. This is appropriate for satellite scenes,

since imagery with a cloud cover of more than 25% is usually not delivered to

customers. If the secondary peak at W2 is not clearly defined numerically, i.e. no

local minimum found at W1, or histogram difference h(W2)2h(W1) , 0.03, then WT is

defined as the intersection of the slice level 0.10 with h(W) for W , Wmax.

Masking of the core shadow areas with W , WT (see figure 3) is critical, like any

thresholding process: a large threshold could potentially include non-shadow areas,

and a low threshold could miss shadow areas. The current automatic algorithm has

the three user-selectable options of a small, medium or large core shadow mask

corresponding to thresholds set at WT20.1, WT, and WT + 0.1, respectively. The

default value for the fully automatic algorithm is the medium-size mask.

A second tunable parameter is the minimum fractional direct illumination W�min,

also called depth of shadow. Theoretically, W�min can be zero, i.e. a completely

shadowed pixel receiving only diffuse solar illumination. However, a too low

estimate close to zero will boost the surface reflectance, especially for channels in the

1.5–2.5 mm region (equation (6)), since the diffuse solar radiation term Edif is very
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small. Therefore, small positive values of W�min are recommended. The range of W�min

is typically 0.05–0.1, with the default set at W�min~0:08.

The proposed automatic method was successfully tested on dozens of

scenes covering different climates and landscapes. However, there will always be

situations where interactive methods are superior, because a human operator

includes additional a priori knowledge not contained in a spectral scene. Still, a

certain flexibility is included in our technique because two parameters are tunable,

namely the threshold WT for the size of the core shadow mask and the shadow depth

Wmin.

The advantage of the presented method is its fast processing performance,

because it relies exclusively on spectral calculations and avoids time-consuming

geometric cloud/shadow pattern considerations. The drawback is that useful

geometric information is neglected. Future improvements of the method could

include the consideration of digital elevation model (DEM) effects, such as the sky

view factor (Dozier et al. 1981, Richter 1998), to account for the effective fraction of
the diffuse skylight from the visible part of the sky dome.

4. Examples of de-shadowing imagery

Three selected examples show the performance of the method under different

climatic conditions and landscapes. We consider a semi-arid climate scene in Spain,
a tropical rain forest area in Kenya, and a mid-European scene with agricultural

areas and a lot of inland lakes.

4.1 Hyperspectral airborne scene (Spain)

The first example of processing (figure 4, left) demonstrates a successful shadow

removal for a situation where all clouds are outside the airborne scene, so a cloud

shadow algorithm relying on cloud patterns would fail. The imagery was recorded

by the HyMap sensor (Hyperspectral Mapper, Cocks et al. 1998). It is a subset with

1250 scan lines acquired at Chinchon, Spain, 12 July 2003, 12:10 h UTC. The

geographic coordinates are latitude 40u39 N, longitude 3u219 W. The flight altitude

was 4 km, heading 196u, solar zenith angle 18.3u, and solar azimuth 173.5u. The 2003
version of the HyMap instrument covers the 0.45–2.45 mm spectral region with 126

bands.

Figure 4 (left) shows the atmospherically corrected surface reflectance image prior

to de-shadowing. The centre of the figure presents the standard shadow map

employing all image pixels. Figure 4 (right) is the corresponding improved shadow

map derived from the core shadow areas. Obviously, the standard shadow map
contains a lot of misclassified pixels (grey areas), such as roads, borders between

different fields, and others. The improved shadow map also contains some small

artifact areas, but it has a much lower number of misclassified pixels. It nicely

captures the significant shadow areas. Figure 5 shows a zoomed view from the top of

this scene. It presents reflectance data before de-shadowing, and results after de-

shadowing with the standard and core-shadow method. A comparison immediately

reveals the superior performance of the new method in the marked regions A, B, C,

D, and in the dark shadow areas. The marked domains contain example areas where
the standard procedure wrongly assigns shadow pixels (compare figure 4) which are

not included in the improved method.
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4.2 Landsat ETM + scene from Kenya

The second scene is a subset of Landsat 7 ETM + imagery from western Kenya

(path/row5170/60), latitude 0u139 N, longitude 34u379 E. The scene was acquired
on 10 April 2001, and mainly contains tropical rain forests. The solar zenith angle

is 30.7u, and solar azimuth 74.2u. Figure 6 (top) shows an overview of selected

subscene. At the bottom a zoomed view of the reflectance data before and after de-

shadowing is presented. Figure 7 shows two surface reflectance spectra retrieved

from the position marked with an arrow. The lower curve is the spectrum

from the cloud shadow area, calculated with the assumption of a full solar

illumination, and the upper one represents de-shadowed data. The de-shadowed

reflectance spectrum is within the typical range of forest vegetation spectra from this
region.

4.3 Landsat ETM + scene from Germany

The third example is a subset of Landsat 7 ETM + imagery from Germany, north-
west of Berlin (path/row5194/23), acquired 1 May 2000. The solar zenith angle is

41u, and solar azimuth 154.9u. The area represents central European landscapes,

Figure 5. Zoomed view of figure 4. Top left: reflectance image assuming full illumination;
top right: after de-shadowing using the core shadow approach; bottom: after standard
de-shadowing employing the entire image.
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Figure 6. Landsat ETM + subscene from Kenya. Top: overview; bottom: zoomed view
before and after de-shadowing. Colour coding: RGB5bands 4/2/1 (830, 560, 480 nm). The
images are atmospherically corrected surface reflectance data.

Figure 7. Vegetation spectrum from figure 6 before and after de-shadowing.

3146 R. Richter and A. Müller



mostly agricultural areas with a lot of lakes. The cloud cover is about 20%. De-

shadowing is particularly difficult in this scene, because the lake bodies are often

murky, or contain reed areas, so they can easily be misinterpreted as land regions.

Based upon topographic maps, it is estimated that about 20% of the pixels assigned

as land shadow areas are water bodies in reality, mostly small lakes and lake border

regions. Still, many true land details hidden in shadow areas of the uncorrected

scene can be clearly seen in the de-shadowed image, see the areas marked A, B, C, in

figure 8.

5. Summary

A fully automatic de-shadowing method for spectral imagery has been developed,

requiring at least a visible and a near-infrared channel. Essential parts of the

technique are the scaled shadow function and the concept of core shadow and

expanded shadow regions to reduce the number of shadow-pixel misclassifications

significantly as compared to the standard method. The algorithm was implemented

with two tunable parameters: the size of the core shadow mask (small, medium,

large) and the minimum fractional direct solar illumination of the darkest shadow

areas, the depth of shadow. Once the parameters have been set the algorithm runs

fully automatically. Default values are provided that usually yield good de-

shadowing results. However, for optimum performance these two parameters might

have to be tuned depending on the scene. The method is restricted to scenes where

the percentage of cloud coverage is less than 25%. It was successfully applied to

multispectral satellite scenes and hyperspectral airborne imagery.
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