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Abstract: Clouds and their shadows in remote sensing images bring many troubles to image interpretation and application. It is

important to detect and repair these regions rapidly. An efficient method was proposed to detect and repair the unwanted clouds

and shadows using two images of the same site acquired in adjacent time. At first, the cloud and shadow regions were enhanced

by fusing multi-spectral data and then detected automatically using Otsu’s algorithm. Since the clouds and their shadows will

lead to obvious differences in brightness between the two images, false detection of highlighted objects and water regions can be

easily discarded, and then the normalized cloud and shadow density map can be built. Linear combination of two images and his-

togram matching algorithm were adopted to repair the shadow and cloud regions. Experiments on SPOT 4 multi-spectral remote

sensing data show impressive results which will benefit several applications.
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1 INTRODUCTION

Due to weather such as cloud and fog, remote sensing images
acquired by optical satellites may appear patches of bright cloud
and dark shadow regions, which concealed ground objects partially
or entirely. The inevitable information lose or interference may in-
fluence the correctness of target detection, recognition and classifi-
cation, and bring great troubles in interpretation and application of
remote sensing images (Wang, et al., 2004). Detection and repair-
ing the regions influenced by cloud and shadow is the first problem
(Song, et al., 2003; Song, et al., 2006; Chai, et al., 2010), to which
many application researchers have to face.

Different schemes are needed to process different cloud and
shadow types. Thin cloud may blur the image, but the objects are
not concealed entirely. Zhao and Zhu (1996) proposed to remove
thin cloud from great areas using homomorphic filter, which com-
bines the frequency filtering and grayscale change to discriminate
clouds and background, and remove the influence of cloud finally.
Due to the limits of selected filter structure and cut-off frequency,
some useful information may be discarded. Large patches of thick
cloud concealed not only the objects in sight of sensor but also
cast patches of shadow. An effective scheme is to replace the thick
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cloud regions with cloud free data acquired in adjacent time or
same season in different years (Ri, et al., 2010). Because of the in-
fluence of object and imaging condition change, the repairing effect
is determined by the similarity between the data to be repaired and
cloud free data, and since precise registration and careful adjust-
ment are necessary, more process time is needed.

In littoral area, even in fine weather, some cloud patch with dif-
ferent sizes and shapes may float in middle or low sky. Although
the whole visual effect is well, the scattered cloud and their shad-
ows may conceal part of ground object, which makes it difficult to
interpret the image and produce intelligence media. We proposed
an effective algorithm to detect and repair the cloud and shadow
in multi-spectral images automatically. The algorithm needs two
images acquired in adjacent time of the same area. At first, the
cloud and shadow regions were enhanced by fusing multi-
spectral data and then were detected automatically using Otsu’s
algorithm (Otsu, 1979). The obvious differences in brightness
between the two images were used to discard the false detection
of highlighted objects and water regions. Having constructed the
normalized cloud and shadow density map, linear combination
of two images and histogram matching algorithm were adopted
to repair the shadow and cloud regions subsequently. We test
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our algorithm on SPOT 4 multi-spectral remote sensing data and
give the impressive results.

2 ANALYSIS THE CHARACTERISTIC OF
CLOUD AND SHADOW

From the viewpoint of remote sensing physics, cloud belongs
to atmospheric aerosol, which is a colloidal suspension of particles
dispersed in air with certain stability, small sedimentation velocity,
scaled in 0.001—10 pum. Considering the characteristics of reflec-
tion, in the visible bands, the cloud belongs to diffuse reflection
object, which corresponds to regions of great local intensity, large
regional mean and small regional variants in visible images.

Shadow can be classified into two types (Victor, et al., 2006):
the self-shadow and cast-shadow. The former appears in self part of
object where no light reaches. The latter appears in object surface
which is cast by other object near to the illumination source. In this
paper, we refer the shadow to the cloud cast-shadow. The shadow
region is the area where the sun light is reflected by cloud and few
spectral power sensed by sensor. In multi-spectral image, the shad-
ows are of lower local intensity and small regional mean, and easily
confused by water.

Two SPOT 4 multi-spectral images from the same area acquired
in adjacent time are given in Fig. 1, the three bands are Green
(0.50—0.59 pm), Red (0.61—0.68 pm) and NIR (0.78—0.89 um)
with spatial resolution of 20 m. The clouds are those bright white
areas. Objects under thick clouds are completely not visible. Near
the thick cloud edge, objects are partially visible. The shadow re-
gions are those dark areas, and are often confused with water. As
regard to the shape, clouds and shadows are irregular patches. The
cloud and shadow keep a certain spatial relationship, with similar
contours.

(a) The image to be repaired (b) The reference image

Fig. 1 Two SPOT 4 multi-spectral images from the same area
acquired in adjacent time

3 DETECTION OF CLOUD AND SHADOW

According to the former analysis, there are great differences in
the reflective intensity of shadow, cloud and other objects, the key
to detection the cloud and shadow is to estimate a suitable thresh-
old. Directly process in multi-spectral image is rather difficult. In
order to extract cloud and shadow effectively, we perform fusion
enhancement on cloud and shadow feature in YC,C, color space
firstly to enlarge the contrast between cloud shadow and other ob-

ject. The main procedures are as follows.

We note the three spectral channel data of image M as R, G, B.
At first, M was transformed into YC,C, space using Eq. (1).

Y] [0257 0504 0.098[R] [16
C, |=[-0.148 -0.291 0439 || G |+|128 )
C | | 0439 -0368 —0.071|B| |128

The shadow enhanced image and cloud enhanced one can be ac-
quired with Eq. (2) and Eq. (3), respectively, where f[ ] represents
the process of linear transform of the gray value into 0—255.

1= (CHC)/Y] 2
1=f1Y/I] 3)

Fig. 2 shows the enhanced results of the image to be repaired
in Fig. 1(a). It is obviously that after enhancement, the shadow
and cloud are highlighted in their feature map respectively, and the
contrasts with other object are also enlarged. Now, it is rather easy
to find an appropriate segment threshold to detection the cloud and
shadow. We use traditional Otsu’s algorithm (Otsu, 1979) to find
the optimal threshold 7, which makes sure that

(- w(T) V(DT

r =D

4

255 255

T
where W(T) =D p,W(T)= D" p, =D i-p,, p, represents the prob-
i=0

i=T+1 i=0

ability of pixel value equal to 7.

(a) Cloud enhancedresult (b) Shadow enhanced result

Fig.2 The cloud and shadow enhanced results of the image to be
repaired
Using Eq. (4) on shadow enhanced image /; and cloud enhanced
image I, respectively, we can get the optimal threshold T, T,
Then the preliminary shadow and cloud can be detected using the
rule in Eq. (5) and Eq. (6).
L if (v »)=T,

M (x,y)= {0’ if L(x,y)<T, ®)

Loif L(6)) =T,

Mal) :{0, if 1(x,y)< T, ©

Fig. 3 gives the detection result of cloud and shadow in image
to be repaired. In preliminary results, it is inevitably that some
highlight objects in multi-spectral image are false detected as cloud
and some dark object as shadow. In order to improve the quality
of repaired image, careful discriminations in post-processing are
needed. Common method is to use morphological operation to dis-
card isolated points, and then fill the segmented shadow and cloud
regions, and compute the area, the ratio of length and width, etc,
to further discriminate water from shadows, and buildings from
clouds.
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(a) Detected cloud regions

(b) Detected shadow regions

Fig. 3 The detected cloud and shadow
regions in image to be repaired

Considering that we have another image as reference, there will
be of great intensity difference between the reference image and
the image to be repaired in real cloud and shadow regions. Making
full use of this feature, the discrimination in post-processing can be
simplified greatly.

Assume that Y, and Y, are the intensity component of the image to
be repaired and the reference one extracted using Eq. (1), then the

potential shadow region M, and cloud region M, can be defined as

L if L(x0)/ X(x ) =T,

Moy =1 .. ' ’ ™
0, if L(x»/Y(xy)<T,
L if Y(x0)/ Y (x ) =T,

Mo(x,p) =10 oy $ ’ ()
0, if ¥(x»/L(xy<T,

where T, and T,, are intensity change threshold caused by shadow
and cloud, respectively. Logic AND are performed on detected
cloud and shadow region and the potential ones to get the final
cloud and shadow detection result.
We then build the normalized cloud and shadow density map
using Eq. (9) and Eq. (10), which reflects the concealed condition.
M= MM /255 )
M=I MM /255 (10)
Fig. 4 gives the normalized cloud and shadow density map of
the image to be repaired. It can be seen that the larger the density,
the poorer the diaphaneity.

(a) Normalized cloud density map  (b) Normalized shadow density map

Fig.4 Normalized cloud and shadow density map of the image to
be repaired

4 REPAIRING OF CLOUD AND SHADOW REGION

In order to get perfect repairing results and recover the con-
cealed information as much as possible, different schemes are

needed according to regions of different shadows or cloud densi-

ties. The main regulation is that regions of lower cloud and shadow
density should make full use of the information from itself, while
the regions of greater cloud and shadow density should mainly
make use of the information from reference image. We design a
two step scheme with linear combination followed by histogram

matching to repair of cloud and shadow regions.
4.1 Linear combination

Linear combination is to repair the cloud or shadow regions by
combination of the same from both images with linear weights in
the direction of cloud and shadow density map. Suppose that /,, and
I, are the nth band from the image to be repaired and the reference
ones, the result can be expressed as

I=(L,M+1,A-M)NA-M)+1, M, (11)

According to the process of building the density map, M-M =0, Eq. (11)
can be further simplified as

I, =1, + (L, =1, )M+ M) 12)
Using Eq. (12) to repair the data band by band, the concealed

in

information can be well recovered. But the repaired regions may
different in brightness from the adjacent regions. In order to over-
come this shortcoming, we construct the cloud and shadow buffer
regions, and use spectral histogram matching method to adjust the

linear combined result to be consistent to its neighbor.

4.2 Construction of cloud and shadow buffer region

In order to improve cloud and shadow repairing results, we
construct the buffer regions as the reference region for histogram
matching, which is referred as cloud and shadow data buffer region.
Fig. 5 gives the relationship of a typical shadow region M, and
its buffer region M4 . and the cloud region M, and its buffer
1egion Miouq s

" Cloud buffer Cloud buffer
[ Ve | Shadow buffer

Common buffer
| Cloud | N

‘ Shadow buffer

1

(a) Distance between cloud and
shadow is large

(b) Distance between cloud and
shadow is small

Fig. 5 The relationship of cloud/shadow region and their buffer region

The method to construct different buffer regions on the basis of
cloud and shadow detection result using morphological operation is
as follows.

Suppose that m non-overlapped shadow regions M, (i=1,
2, ..., m) and n non-overlapped cloud regions M (i=1, 2, ...,
n) were detected, the whole shadow regions can be defined
as My, ~M,UM,U...UM,,, and the whole cloud regions as
M pi=M UM,U ...UM, Firstly, a circle structure B(R,) with
radius R, was used to dilate the shadow regions, and the original
shadow regions were subtract from the dilated result to get the
shadow buffer regions

Mp=M,; ® B(R) - M, (13)

where @ represents the morphological operation. Similarly, a circle



ZHOU Wei, et al.: Automatic detection and repairing of cloud and shadow regions in multi-spectral remote sensing images 135

structure B(R,) with radius R, was used to dilate the cloud region,
and the original cloud regions were subtract from the dilated result
to get the cloud buffer regions

MM, ® B(R,) - M, (14)

Considering that cloud and shadow may overlap, the influence

between shadow buffer region and cloud buffer region must be dis-
carded. The final cloud and shadow buffer region are as follows.

Mu=[My; ® B(R)) = Mg] N [1 = Mo, (15)

M, =M © B(Ry) = M ] N1 = M) (16)

As shown in Fig. 5(b), when the distance of cloud and shadow

is small, the constructed shadow buffer and cloud buffer may over-

lap to form a common buffer. The information from these common

regions are useful for both shadow and cloud repairing.

4.3 Spectral histogram matching

Since the spectral characteristic in repaired regions should be
of great similarity, we use spectral histogram matching to adjust
the pixel values in preliminary repaired cloud and shadow regions
into the expected value range in adjacent buffer regions, which
will keep the repaired regions and their buffer regions consistent in

brightness and tone. The principle is show in Fig. 6.

1.0 R
991" Cloud/shadow ./
0.8 cumulative | i
histogram /
07 \ o
0.6 |" \Buffer region
i | cumulative
0.5 ! I|' histogram
0.4 —
0.3 I i |
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Fig. 6 The principle of spectral histogram matching

(a) Image to be repaired (acquired in 2010-10-05)

Suppose that D, is the pixel value in cloud or shadow regions
of n™ band in multi-spectral image which have been preliminary
repaired. D', is the expected pixel value. The mapping relationship
between then can be described as Eq. (17):

D, D)
2 Pa=24, a7
i=1 =
where p,, is the probability of the pixel value in cloud or shadow
regions of #n" band to be i, q;, 1s the probability of the pixel value

D, D,
in cloud or shadow regions of 7" band to be j. Z p;, and Zq [ are
j=1

i=1
corresponding cumulative histogram of cloud/shadow regions and
their buffer regions.

Having constructed the pixel value mapping table between
cloud/shadow regions and their corresponding buffer regions, the
pixels in preliminary repaired regions can be further adjusted to
obtain the final results. Fig. 7(a) gives the result of shadow regions

been repaired.

(a) Only the shadow region repaired (b) Both cloud and shadow repaired

Fig. 7 The repairing result of SPOT 4 image on Fig. 1(a)
5 EXPERIMENT RESULT AND ANALYSIS

The proposed algorithm is based on two images from the same
area acquired in adjacent times. The thick clouds in both images
should not overlap heavily, which is easy to be satisfied. In order
to verify our algorithm, we choose two SPOT 4 multi-spectral

(b) Reference image (acquired in 2010-10-06)

Fig. 8 Two SPOT 4 multi-spectral images acquired in adjacent time for experiment
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data covering the LIU Jiang drainage area near LIU Zhou City for
validation. The spatial resolution is 20 m, three bands are Green
(0.50—0.59 um), Red (0.61—0.68 pm) and NIR (0.78—0.89 um).
The images are acquired in 2010-10-05 and 2010-10-06, respec-
tively. Before experiment, we use ENVI to register the images, and
adjust their brightness to be consistent. Then a local square region
of 1664x1664 pixels was selected as the test area. As shown in Fig.
8, both of these two areas appear cloud and shadow, but their posi-
tions are not overlapped. We use the image which has much more
cloud and shadow as the one to be repaired /,,;,, the other as the
reference /... Without any intervention, we get satisfied repairing
effect.

During the process of cloud and shadow detection, we firstly
fuse the multi-spectral image to enhance the cloud and shadow
region respectively. Then we use Otsu’s algorithm to find the op-
timal segmentation threshold to get preliminary cloud and shadow
regions, in which T, and T, are set with 2 to get the potential
regions. Logical AND operation is used to get the final cloud and
shadow regions, and the normalized cloud and shadow density
maps can then be constructed. We get the preliminary repairing
result by linear combination of /,,, and 7, in the corresponding
regions, and histogram matching algorithm were adopted to keep
the consistent of repaired regions and their buffer regions. The
final results are given in Fig. 9. It is obvious that the city and river
partially concealed by cloud and shadow are well recovered, which
greatly improves the visual effect and becomes more suitable for
interpretation. We also note that there is a large patch of cloud and
shadow on the right-down corner of the reference image. However,
this did not influence the repair effect, because these regions are
discarded automatically without any intervention.

The algorithm is implemented on Windows XP operation system
with matlab 2008 on a PC with Pentium (R) D CPU 3.00 GHz, 2.00 GB
physic memory. Many tests are carried out in SPOT 4 images. To
repair the previous 1664x1664 image where nearly 30% pixels are

Fig. 9 The final repairing result on SPOT 4 image in Fig. 8(a)

cloud or shadow, the operations from reading the registered image
to finish final repairing spent nearly 20 s in whole, which is very ef-
ficient.

For much larger images, it is reasonable to split them into sev-
eral small patches, and then use the proposed algorithm to repair-
ing. The detected cloud and shadow regions can also be used as the
Mask region for other multi-source image replacement algorithm.
In addition, by repairing the cloud and shadow band by band, our
algorithm are also suitable for other data with more than three
bands. The only change is to adjust the enhance method given in
Eq. (1)—Eq. (3) according to the spectral feature of different sen-
SOrs.

6 CONCLUSION

Elimination the influence of cloud and shadow to optical remote
sensing image is a common problem during the process of image
interpretation and applications. We proposed an effective algorithm
for automatic detection and repairing of cloud and shadow regions
in multi-spectral images. This algorithm make full use of both the
spectral features of cloud and shadow and the local change caused
by cloud or shadow between the image to be repaired and the refer-
ence one. Having constructed the normalized cloud and shadow
density map, linear combination of two images and histogram
matching algorithm were adopted to repair the shadow and cloud
regions successively. The experiment on SPOT 4 multi-spectral im-
age shows that clouds and shadows of different density can be well
repaired, which can satisfied the need of many applications. In our
future work, to increase the robustness and assess the repairing ef-
fect quantitatively should be further considered.
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