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Abstract. A multi-channel satellite cloud image fusion method by the shearlet
transform is proposed. The Laplacian pyramid algorithm is used to decompose
the low frequency sub-images in the shearlet domain. It averages the values on
its top layer, and takes the maximum absolute values on the other layers. In the
high frequency sub-images of the shearlet domain, fusion rule is constructed by
using information entropy, average gradient and standard deviation. Next, a
nonlinear operation is performed to enhance the details of the fusion high fre-
quency sub-images. The proposed image fusion algorithm is compared with five
similar image fusion algorithms: the classical discrete orthogonal wavelet,
curvelet, NSCT, tetrolet and shearlet. The information entropy, average gradient
and standard deviation are used objectively evaluate the quality of the fused
images. In order to verify the efficiency of the proposed algorithm, the fusion
cloud image is used to determine the center location of eye and non-eye
typhoons. The experimental results show that the fused image obtained by
proposed algorithm improve the precision of determining the typhoon center.
The comprehensive performance of the proposed algorithm is superior to similar
image fusion algorithms.
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1 Introduction

At present, the automatic location of the typhoon center is still in at an early stage.
Regarding typhoon center location technology based on satellite data, Dvorak proposed
the Dvorak technique (DT) [1]. Recently, many improved Dvorak technology were
subsequently developed that aim to determine the typhoon center. The main typhoon
center location methods currently used include: the mathematical morphology/feature
extraction method [2], the intelligent learning method [3], wind field analysis [4],
temperature/humidity structure inversion [5], tempo-spatial movement matching [6]
and the objective tropical cyclones location system [7]. Although these methods have
certain advantages, they have some problems. For example, the subjectivity of DT is
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stronger. Mathematical morphology is suitable for tropical cyclones for which the
morphology characteristics can be easily identified. The intelligent learning method
requires a lot of experimental data and accumulated experience. It is suitable for
recognizing the particular structures. The wind field analysis method is applicable for
locating the centers of a tropical cyclones that are weak and do not have a clear
circulation center. When the intensity level of a tropical cyclone is strong, the center
location is not accurate, because it is affected by the resolution and heavy rain [7]. The
temperature/humidity structure inversion method is also only applied to locate tropical
cyclone centers that have a strong intensity. The tempo-spatial movement matching
method mainly uses the implied movement information of the time series image which
is combined with the characteristics and movement to track the tropical cyclone center
[7]. However, the computational complexity of the method is very large. Other center
location methods are not often used and are still in the early stages of developmental.
Meanwhile, the existing typhoon center location system based on the satellite material
mainly uses a single channel satellite cloud image or time sequence cloud images;
therefore, the amount of the information obtained is not very large.

Considering that it can improve the accuracy of the location of the typhoon center if
the multi-channel cloud images are fused. Recently, many researchers have made
significant contributions in multi-channel satellite cloud image fusion. Among them,
wavelet analysis has been successfully used in image fusion [8]. However, it can only
capture three directions. Recently multi-scale geometric analysis tool is not only the
same as the wavelet transform which has multi-resolution, but also has good
time-frequency local features and a high degree of directionality and anisotropy [9].
They have been successfully applied in satellite image fusion (curvlet [10], contourlet
[11], NSCT [12], tetrolet [13]). In 2005, Labate et al. proposed the shearlet transform
[14]. It can realize the decomposition of images in different directions. It can not only
detect all singular points, but can also follow the direction of the singular curve. In
addition, it overcomes the shortcomings of the wavelet transform which loses the
information in the process of image fusion. Compared with the contourlet transform, it
eliminates the limited directions in the process of filtering [15]. Recently, researchers
are paying more and more attention to the shearlet transform [16]. In this paper, we aim
to introduce the shearlet transform into multi-channel satellite cloud images. We use
the fusion cloud image to locate and explore its influence on the typhoon center
position. In order to verify the performance of the proposed algorithm, the proposed
algorithm is compared with five other types of image fusion algorithms that are
designed by multi-scale decomposition.

2 The Proposed Image Fusion Algorithm

2.1 Fusion Rule for the Low Frequency Component of the Shearlet
Transform

After implementing the shearlet transform to an image, the low frequency component
mainly includes the large-scale information of the image. The low frequency component
contains less detail, but it has most of the energy of the image. Thus, the information
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fusion for the low frequency component is also very important. An adaptive fusion
algorithm is designed to fuse the low frequency sub-images in the shearlet domain. The
Laplacian pyramid algorithm is used to decompose the low frequency sub-images. It has
been reported that the image fusion algorithm based on Laplacian pyramid decompo-
sition is stable and reliable [17].

In this paper, the Laplacian pyramid decomposition algorithm is used to decompose
the low frequency component in the shearlet domain. The fusion rules and specific
steps of the low frequency component in the shearlet domain are designed as follows:

Step 1. The low frequency coefficients SLA and SLB of the source images A and B
are decomposed by the Laplacian pyramid algorithm, respectively. The number of
decomposition layers is Q. The decomposed images are written as LA and LB. The
qth (1� q�Q) layer sub-images can be written as LAq and LBq;
Step 2. An averaging method is used to fuse the top layer sub-images LAQ and LBQ

of the Laplacian pyramid. Then, the fusion result LFQ is written as:

LFQði; jÞ ¼ LAQði; jÞþ LBQði; jÞ
2

ð1Þ

where 1� i�CLQ, 1� j�RLQ, CLQ is the number of rows of the Q th layer image
and RLQ is the number of columns of the Q th layer image;
Step 3. The fusion rule that chooses the greatest gray absolute value is designed to
fuse the image LAq and LBq (1� q�Q� 1). The fusion result LFq is written as:

LFqði; jÞ ¼ LAqði; jÞ; LAqði; jÞ
�� ��� LBqði; jÞ

�� ��
LBqði; jÞ; LAqði; jÞ

�� ��\ LBqði; jÞ
�� ��

�
ð2Þ

Step 4. Reconstruct the Laplacian pyramid and obtain the fusion result TLF of the
low frequency components.

2.2 Fusion Rule for the High Frequency Component of the Shearlet
Transform

For the satellite cloud images which are used for locating the typhoon center, the
information amount, spatial resolution and definition of the satellite cloud images are
very important. The details and texture feature of the fusion image should be more
abundant. Therefore, the fusion rule of the high frequency components in the shearlet
domain should be designed by above the evaluation indexes.

Here, we select information entropy to evaluate the amount of information of the
high frequency components in the shearlet domain. The larger the information entropy,
greater the average amount of information contained in the fusion image. The standard
deviation reflects the discrete degree of the gray level values relative to the average
value of the gray values of the image. The greater the standard deviation, the better the
contrast of the fusion image. On the other hand, the smaller the standard deviation r,
the more uniform the gray level distribution of the image. Also, the contrast of the
image is not obvious. It is not easy to identify the details of the fusion image. Image
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definition can be evaluated by the average gradient. The average gradient can sensi-
tively reflect the expression ability in the minute details of the image. Generally, the
greater the average gradient, the larger the rate of the gray values in the image changes
and the clearer the image. Hence, we choose to use information entropy, average
gradient and standard deviation to construct the fusion rule of the high frequency
components in the shearlet domain.

For the high frequency components of the source images A and B in the shearlet
domain, we have designed the fusion rule as follows:

Step 1. Firstly, we calculate the information entropy, average gradient and standard
deviation of each layer in every direction of the sub-images separately. The high
frequency coefficients whose layer is w 0\w�Wð Þ and direction is t 0\t� Tð Þ
are written as SHAð Þtw and SHBð Þtw. Their sizes are M � N which is the same as the
original image. Information entropy E can be written as:

E ¼ �
XL�1

i¼0

Pi log2 Pi ð3Þ

where Pi is the probability of the gray value i in the pixel of the sub-images and L is
the number of the gray level. The average gradient of the high frequency sub-image
is expressed as:

�G ¼

PM�1

ii¼1

PN�1

jj¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
@SHt

wðxii ;yjjÞ
@xii

� �2

þ @SHt
wðxii ;yjjÞ
@yjj

� �2

2

s

ðM � 1ÞðN � 1Þ ð4Þ

where SHt
wðxii; yjjÞ is the pixel point whose position is xii; yjj

� �
in the high frequency

sub-image SHAð Þtw or SHBð Þtw. Here, 0\ii�M and 0\jj�N. The standard
deviation of the high frequency sub-image is shown as:

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXM
ii¼1

XN
jj¼1

ðSHt
wðxii; yjjÞ � �hÞ2
M � N

vuut ð5Þ

where �h is the average value of gray levels in the high frequency sub-image.
Step 2. The information entropy E, average gradient �G and standard deviation r of
the high frequency sub-images SHAð Þtw or SHBð Þtw are normalized. Then, we will
obtain the normalization of information entropy Eg, average gradient �Gg and
standard deviation rg. The high frequency sub-image whose product of these three
values is the greatest is chosen as the fusion sub-image. Namely,

SHFð Þtw¼ SHAð Þtw; ðEgÞA � ð�GgÞA � ðrgÞA �ðEgÞB � ð�GgÞB � ðrgÞB
SHBð Þtw; ðEgÞA � ð�GgÞA � ðrgÞA\ðEgÞB � ð�GgÞB � ðrgÞB

�
ð6Þ
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Step 3. The nonlinear enhancement operation is performed on the high frequency
sub-images [18]. We assume that the maximum absolute value of all gray pixel
points is mgray. Then, the enhanced high frequency sub-image E SHFð Þtw is written
as:

E SHFð Þtwðii; jjÞ ¼ a �maxhfsigm½cðShtwðii; jjÞ � bÞ� � sigm½�cðShtwðii; jjÞþ bÞ�g
ð7Þ

Here, b ¼ 0:35 and c ¼ 20. They are used to control the size of the threshold and
enhance the rate. a ¼ 1=ðd1 � d2Þ, where d1 ¼ sigmðc� ð1þ bÞÞ, d2 ¼ sigmð�c�
ð1� bÞÞ, sigmðxÞ ¼ 1

1þ e�x and Shtwðii; jjÞ ¼ SHFð Þtwðii; jjÞ=mgray.

2.3 Fusion Algorithm of the Satellite Cloud Image

The registered source images are written as A and B. The detail steps of the proposed
image fusion algorithm are shown as follows:

Step 1. The registered image A and B (the size is M � N) are decomposed by the
shearlet transform. The number of decomposition layers is W . The direction of
decomposition is T T ¼ 2r; r 2 Z�ð Þ, and Z� means the positive integer. Then, the
following coefficients can be obtained: the high coefficients SHA and SHB and the
low coefficients SLA and SLB;
Step 2. According to Sect. 3.1 which introduces the fusion rule of the low fre-
quency part, we fuse the low frequency sub-image, and we obtain the low frequency
fusion coefficient TLF ;
Step 3. According to Sect. 3.2 which explains the fusion rule of the high frequency
part, we fuse the high frequency sub-image, and we obtain the high frequency
fusion coefficient E SHF ;
Step 4. The inverse shearlet transform is implemented to the fused shearlet coef-
ficients to obtain the final fusion image F.

3 Experimental Results and Discussion

Two groups of satellite cloud images captured by the Chinese meteorological satellite
FY-2C are used to verify the proposed fusion algorithm. There are one group of eye
typhoon cloud images and one group of non-eye typhoon cloud images: 1. Infrared
channel 2 cloud image and water vapor channel cloud image of the No. 0513 typhoon
“Talim” which were obtained at 12:00 am on August 31, 2005; 2. Infrared channel 1
cloud image and water vapor channel cloud image of the No. 0713 typhoon “Wipha”
which were obtained at 6:00 am on September 16, 2007. In order to verify the effi-
ciency of the proposed fusion algorithm, it is compared with five similar image fusion
algorithms: the classical discrete orthogonal wavelet transform [19], the curvelet
transform [10], NSCT [12], the tetrolet transform [13] and the shearlet transform [15].
The number of the decomposed layers is two. In order to express the diagram
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conveniently, the image fusion algorithm based on the classical discrete orthogonal
wavelet is labeled as “DWT”. The curvelet image fusion algorithm is labeled as
“Curvelet”. The NSCT image fusion algorithm is labeled as “NSCT”. The tetrolet
image fusion algorithm is labeled as “Tetrolet”. The shearlet image fusion algorithm in
Ref. [15] is labeled as “Shearlet” and the proposed image fusion algorithm is labeled as
“S_Lap”.

3.1 Experimental Results for the Multi-channel Satellite Cloud Image
Fusion

Example 1 for Eye Typhoon Cloud Image Fusion
The first group of experimental images is the infrared channel 2 cloud image and

water vapor cloud image for typhoon “Talim” which were obtained at 12 o’clock on
August 31, 2005. They are shown in Fig. 1(a) and (b) respectively. Figure 1(c)–(h)
respectively represents the fusion images obtained by the DWT, Curvelet, NSCT,
Tetrolet, Shearlet and S_Lap, respectively.

We can see from Fig. 1 that the gray level values of the fusion image by the
curvelet transform (Fig. 1(d)) and the fusion image by NSCT (Fig. 1(e)) are a little
larger, and the difference between the typhoon eye and the surrounding of the clouds is
small. They are close to that of the water vapor cloud image (Fig. 1(b)). In Fig. 1(f),
some edge details are fuzzy in the fusion image by tetrolet transform which is influ-
enced by the block effect. The visual qualities of the other fusion images are similar.

(a) Infrared channel 2 (b) Water vapor channel (c) DWT (d) Curvelet

(e) NSCT (f) Tetrolet (g) Shearlet (h)S_Lap

Fig. 1. Fusion results for the infrared channel 2 cloud image and water vapor cloud image of
typhoon “Talim” in 2005.

Multi-channel Satellite Cloud Image Fusion in the Shearlet Transform Domain 445



Example 2 for Non-Eye Typhoon Cloud Image Fusion
The second group experimental images are infrared channel 1 cloud image and

water vapor channel cloud image of the No. 0713 typhoon “Wipha” which were
obtained at 6 o’clock on September 16, 2007. They are shown in Fig. 2(a) and
(b) respectively. Figure 2(c)–(h) respectively represents the fusion images by DWT,
Curvelet, NSCT, Tetrolet, Shearlet and S_Lap respectively.

We can see from Fig. 2 that this group of cloud images belong to a non-eye
typhoon. The visual quality of all the fusion images is very similar. The gray level
values of the fusion images obtained by the NSCT transform (Fig. 2(e)) and the cur-
velet transform (Fig. 2(d)) are a little larger than those of other transforms. The dif-
ference of the details between them is not very larger.

3.2 Evaluation Parameters for the Fusion Images

In order to objectively evaluate the quality of these fusion images, information entropy
E, average gradient �G and standard deviation r are used to evaluate these fusion
images. The larger these parameters values are, better the visual quality of the fusion
image is. The evaluation parameters of the fusion images in Figs. 1 and 2 are shown in
Tables 1 and 2, respectively.

We can see from Tables 1 and 2 that the information entropy, average gradient and
standard deviation of the fusion image by the proposed algorithm are better than those
of the other fusion algorithms. The fusion images obtained by the proposed algorithm
contain more information on the multi-channel cloud images and have good contrast.

(a) Infrared channel 1 (b) Water vapor channel (c) DWT (d) Curvelet 

(e) NSCT (f) Tetrolet (g) Shearlet (h) S_Lap

Fig. 2. Fusion results for the infrared channel 1 cloud image and water vapor cloud image of
typhoon “Wipha” in 2007.
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The proposed algorithm can extrude the details of the cloud images well. The com-
prehensive visual quality of the fusion images by the proposed algorithm is optimal.

Typhoon Center Location Test based on the Fusion Cloud Images
In order to further verify the performance of the proposed image fusion algorithm,
fusion images which are obtained by various algorithms are used to locate the center
position of the typhoon. In this paper, the typhoon center location algorithm in [20] is
used. In order to compare the accuracy of the center position by the various fusion
images, we use the typhoon center position in the “tropical cyclone yearbook” which is
compiled by Shanghai typhoon institute of China meteorological administration as the
reference typhoon center position. In addition, the single infrared channel satellite
cloud image and the water vapor channel satellite cloud image are used to locate the
center position of a typhoon to verify the performance of the proposed algorithm. This
is because the existing typhoon center location systems are based on a single infrared
channel satellite cloud image or time series images.

Example 1 for Eye Typhoon Center Location
The typhoon center location algorithm in [20] is used to locate the center position
based on the fusion typhoon cloud images. The center location results based on dif-
ferent fusion images are shown in Fig. 3.

We can see from Fig. 3 that the center locations in Fig. 3(b)–(e) are far away from
the center of the typhoon. The center location in Fig. 3(a) is close to the reference
center position of the typhoon. The center locations based on the fusion images by the
tetrolet transform in Fig. 3(f) and by the shearlet transform in Fig. 3(g) are very close
to the reference center position. The center location based on the fusion image by the
proposed algorithm in Fig. 3(h) is almost the same as the reference center position of
the typhoon. The center location errors based on Fig. 3 are shown in Table 3.

Table 1. Evaluation parameters for Fig. 2 with different fusion algorithms.

Fusion algorithm E �G r

DWT 6.33 1.77 23.44
Curvelet 5.99 1.19 16.00
NSCT 5.93 1.39 15.47
Tetrolet 6.29 1.42 22.93
Shearlet 6.33 1.50 23.33
S_Lap 6.34 2.00 23.87

Table 2. Evaluation parameters for Fig. 4 with different fusion algorithms.

Fusion algorithm E �G r

DWT 6.78 2.65 31.50
Curvelet 6.44 1.75 23.08
NSCT 6.42 2.20 22.90
Tetrolet 6.80 2.14 31.60
Shearlet 6.78 2.28 31.69
S_Lap 6.79 3.03 32.37
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From Table 3, we can find that the error of the typhoon center location based on the
fusion image obtained by the proposed algorithm is 7.85 km. The location error by the
proposed algorithm is less than that of the five other the fusion algorithms, the single
infrared channel 2 cloud image and single water vapor channel cloud image.

Example 2 for Non-Eye Typhoon Center Location
We use the typhoon center location algorithm in [20] to locate the center position based
on the fusion typhoon cloud images in Fig. 4. The center location results are shown in
Fig. 4.

We can see from Fig. 4 that the center locations of the fusion images obtained by
the tetrolet transform in Fig. 4(f) and by the shearlet transform in Fig. 4(g) are far away
from the reference center position of the typhoon. The center locations based on other

(a) Infrared channel 2 (b) Water vapor channel (c) DWT (d) Curvelet

(e) NSCT (f) Tetrolet (g) Shearlet (h) S_Lap

Fig. 3. The center location results by using fusion images for typhoon “Talim” obtained at
12:00 am on August 31, 2005.

Table 3. The center location errors of the various fusion images for typhoon “Talim” (12:00 am,
August 31, 2005).s

Fusion algorithm North latitude (°) East longitude (°) Error (km)

Infrared channel 2 23.78 122.87 13.73
Water vapor channel 24.87 122.11 138.86
DWT 24.87 122.11 138.86
Curvelet 24.87 122.11 138.86
NSCT 24.87 122.11 138.86
Tetroelet 23.99 122.65 29.49
Shearelet 23.99 122.65 29.49
S_Lap 23.83 122.91 7.85
Reference values 23.90 122.90
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fusion images are very close to the reference center position of the typhoon. Especially,
the center locations based on the fusion images by the NSCT transform in Fig. 4(e) and
the proposed algorithm in Fig. 4(h) are almost the same as the reference center position
of the typhoon. The center location errors based on Fig. 4 are shown in Table 4. In
Table 4, we can find that the center location error based on the fusion image obtained
by the proposed algorithm is 15.46 km. The location error of the proposed algorithm is
less than that of the five other the fusion algorithms, the single infrared channel 1 cloud
image and the single water vapor channel cloud image.

Computing Complexity of the Algorithm
In order to verify the performance of the proposed image fusion algorithm, the com-
puting complexities of all the image fusion algorithms above are analyzed in this
manuscript. The image fusion algorithms are run in MatLab R2009a software on a Dell
OptiPlex 780 desktop computer with an Intel® Core™ 2 processor and four nuclear
Q9400 at 2.66 GHz. The memory of this computer is 2 GB (JinShiDun DDR3
1333 MHz) and the operating system is Windows XP professional edition 32-bit SP3
(DirectX 9.0c). The running time of the different image fusion algorithms is tested by
the image fusion experiment for the eye typhoon group. The running time of all of the
image fusion algorithms are shown in Table 5.

From Table 5, we can see that the DWT has the smallest image fusion algorithm
running time. The running time of the proposed image fusion algorithm is shorter than
the running time of other multi-scale image fusion algorithms. Thus, the computing
complexity of the proposed image fusion algorithm is acceptable.

(a) Infrared channel 1 (b) Water vapor channel (c) DWT (d) Curvelet

(e) NSCT (f) Tetrolet (g) Shearlet (h) S_Lap

Fig. 4. The center location results by using fusion images for typhoon “Wipha” obtained at 6:00
am on September 16, 2007.
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4 Conclusions

In this manuscript, we represent an efficient image fusion algorithm to improve the
accuracy of locating the typhoon center based on the shearlet transform. Compared with
the fusion images based on five similar image fusion algorithms (DWT, curvelet, NSCT,
tetrolet transform and shearlet transfrom), the overall visual quality of the fusion image
by the proposed algorithm is the best. It can identify the typhoon eye and details of the
clouds well. The accuracy of center location for both the eye typhoon and non-eye
typhoon can be improved by using the fusion image obtained by the proposed algorithm.
It is superior to the center location methods based on the single channel satellite cloud
image and other fusion images by other image fusion algorithms. Further work is needed
to improve the fusion rule by combining some meteorological knowledge and practical
forecasting experience. In addition, the work of this paper can be used to retrieve the
typhoon wind field and to improve the prediction accuracy of typhoon intensity.
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