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Abstract

Satellite remote sensing of inland water body requires a high spatial resolution and a multiband narrow spectral
resolution, which makes the fusion between panchromatic (PAN) and multi-spectral (MS) images particularly
important. Taking the Daquekou section of the Qiantang River as an observation target, four conventional fusion
methods widely accepted in satellite image processing, including pan sharpening (PS), principal component
analysis (PCA), Gram-Schmidt (GS), and wavelet fusion (WF), are utilized to fuse MS and PAN images of GF-1.
The results of subjective and objective evaluation methods application indicate that GS performs the best,
followed by the PCA, the WF and the PS in the order of descending. The existence of a large area of the water body
is a dominant factor impacting the fusion performance. Meanwhile, the ability of retaining spatial and spectral
informations is an important factor affecting the fusion performance of different fusion methods. The
fundamental difference of reflectivity information acquisition between water and land is the reason for the failure
of conventional fusion methods for land observation such as the PS to be used in the presence of the large water
body. It is suggested that the adoption of the conventional fusion methods in the observing water body as the
main target should be taken with caution. The performances of the fusion methods need re-assessment when the
large-scale water body is present in the remote sensing image or when the research aims for the water body

observation.
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1 Introduction

As mother river of Zhejiang Province, the Qiantang River is
famous for its turbulent astronomical tide with the maximum
tide flow rate of approximately 12 m/s (Zeng, 2011). The violent
flows of the tidal bore erode riverbed and result in sharply in-
creased suspended sediment concentration, the turbidity max-
imum zone forms from Ganpu to Cangqian, especially from
Caoejiang Estuary to Yanguan, the highest suspended sediment
concentration reported is 65.8 kg/m3 near Daquekou (Pan et al.,
2013). The turbulent hydrodynamic environment exerts a series
of social and ecological environmental problems including bank
erosion, deposition reclamation and water quality decay. The
channel security is also an important local issue. However, con-
ventional hydrodynamic and aquatic eco-environmental monit-
oring is insufficient for such a wide array of issues. As an import-
ant supplementary tool of traditional monitoring, satellite re-
mote sensing technology provides not only advantages such as
large scale, speedy and low cost observation but also possibility
for long-term ambulatory monitoring (Malthus et al., 2012).

Satellite data used for inland or estuarine water monitoring

are mainly multi-spectral data with high spatial resolution, such
as Landsat TM/ETM+ (Thematic Mapper/Enhanced Thematic
Mapper Plus) (Carpintero et al., 2013), SPOT (Systeme Pro-
batoired’ Observation dela Tarre) (Casal et al., 2011), IKONOS
(Ekercin, 2007), WorldView-2 (Concha and Gerace, 2012; Eu-
genio et al., 2013) and HJ-1 A/B CCD (Nazeer and Nichol, 2015).
Multi-spectral (MS) data fused with panchromatic (PAN) data
are widely used in digital image analysis and comparison that al-
low users to obtain more clear images. There are various types of
fusion methods, such as intensity-hue-saturation transform
(IHS) (Carper et al., 1990), brovey transform (BT) (Mandhare et
al., 2013), GS (Karathanassi et al., 2007), PCA (Jia, 1998; Metwalli
et al., 2009), PS (Zhang, 2002a) and WF (Li et al., 1999). Up to
date, such fusion algorithms are developed and evaluated basic-
ally for classification improvement of terrestrial remote sensing,
enhancement of land change detection and more. For different
physical imaging mechanisms between terrestrial and aquatic re-
mote sensing (e.g., water body is usually darker than land objects
for the strong absorption of visible wavelengths, and the reflectiv-
ity of one pixel usually embodies comprehensive kinds of water
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color parameters), irrational transplant with the fusion al-
gorithms which are generally adopted for land will hamper the
accurate quantitative inversion of aquatic eco-environmental
parameters. Furthermore, the particular spectral characteristics
of the water body require a high signal-to-noise ratio and multi-
band design with narrowband width of satellite data, and high
spatial resolution is necessary for satellite data when aiming for
the inland water body observation. Therefore, fusion between MS
data and high spatial resolution PAN data is especially signific-
ant in this case.

The Daquekou section is the bottleneck of the waterway from
the Qiantang River to the Hangzhou Bay. To effectively monitor
the complex hydrodynamic environment, GF-1 satellite images
with the high spatial resolution are utilized in this study. As the
first high resolution satellite of China’s earth observation system,
GF-1 realizes effectively the combination of multispectral with
high spatial and temporal resolution of optical remote sensing
technology. The ability of retrieving inland water information of
GF-1 has been demonstrated (Zhu et al., 2015).

This study has done the following work: (1) four conventional
fusion methods, including PS, PCA, GS and WF, are employed for
the fusion of 2 m PAN and 8 m MS GF-1 data; (2) subjective and
objective evaluation methods are established to evaluate the per-
formance of the fused images, and suitable fusion methods for
GF-1 in this study are then decided; and (3) the possible influen-
cing factors of the fusion effect are analyzed. The study will be be-
neficial to the observation of the suspended sediment concentra-
tion and their transportation routine in the Daquekou section
which will give powerful evidence for the hydrodynamic condi-
tion in this concerned area. The study will also help with the rap-
id determination of appropriate fusion methods for similar re-
searches.

2 Data and methods

2.1 GF-1image

GF-1 satellite was launched on April 26, 2013. It operates at
an altitude of 645 km in a sun-synchronous orbit. Detailed tech-
nical parameters are listed in Table 1. The spatial resolution of
GF-1 is lower than that of WorldView-2, but their spectral ranges
and widths are basically the same. With a wider spatial coverage
than WorldView-2, the advantages of GF-1 are obvious in ob-
serving turbulent hydrodynamic environment of the inland wa-
ter body.

The GF-1 image utilized in this study is LIA0000112890

Table 1. Technical parameters of GF-1 and WorldView-2

Image resgﬁl iﬁ)arll /m Spectral range/pm Width/km gﬁ:’é%
GF-1 PAN 2 PAN 0.45-0.90 PAN 60 41
MS 8/16 8m /16 m MS g0
0.45-0.52
0.52-0.59
0.63-0.69
0.77-0.89
yg‘rl‘lfé PAN 0.46 PAN 0.45-1.04 16.4 1.1
MS 1.84 MS 0.49-0.51 (blue)

0.51-0.58 (green)
0.63-0.69 (red)

0.77-0.89 (near-in-
frared)
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(November 18, 2013), covering an area centered at 30.2°N,
120.7°E around Daquekou Bay of the Qiantang River (Fig. 1). The
water area is about 45% of the whole image, with the narrowest
width of about 2.3 km near Yanguan and the widest width of
about 12 km near Ganpu. The average water depth in this area is
about ~4 m (Pan et al., 2013). There are shoals at Nianerduan in
the south shore and from Daquekou to Dajianshan in the north
shore. The shoals narrow the river, causing the flow rate to in-
crease rapidly. High concentration of suspended sediment car-
ried by the river and re-suspension from bottom will perform rich
image textural characteristics.

Fig. 1. Images of the study area.

2.2 Optimal bands triplet

In this study, we adopt an optimum index factor (OIF) to ex-
tract the maximum amount of information from different spectra
(Chavez et al., 1982) of GF-1 multi-spectral data. The concept be-
hind the OIF is that smaller pair-wise correlation produces a lar-
ger standard deviation within a band, and thus provides more in-
formation. The OIF I, is computed as follows:

3 3
Ie=)_Si/ )Ry, (1)
i=1 j=1

where §; is the standard deviation of band i, and R is the pair-
wise correlation coefficient for bands i and j. A high OIF value in-
dicates more information captured.

Table 2 shows that all top three optimal band triplets contain
the 4th (NIR) band. The reason is that the 4th band has a larger
standard deviation, and its correlations with other bands are
small. According to the OIF scores, the combination of 1st, 3rd
and 4th bands that have the highest OIF of 97.003 is selected as
the optimum band combination in this study.

Table 2. Calculation results of the optimum index factor

Ranking Band combination OIF
1 Band 431 97.003
2 Band 432 96.566
3 Band 421 81.610
4 Band 321 38.725

2.3 Fusion methods

The PS, PCA, GS and WF methods are conventional pixel-
level fusion methods, performing excellently especially in high-
resolution remote sensing images. The principles are listed as fol-
lows.

2.3.1 The PAN sharpening (PS)
The PS combines a high spatial resolution PAN image with a
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low spatial resolution MS image to enhance the spatial resolu-
tion using a least squares method. This method retains the spec-
tral characteristics by preserving the mean, standard deviation
and histogram shape for each band (Zhang, 2002a, b), and it
automatically aligns PAN data and MS data to successfully retain
spectral information, increases the spatial resolution and high-
lights ground information.
From Guo (2015), PS is expressed as

DNgan(£2)

DN (0
s )= N (2,

DNy;s(£2,), )

where DN, «(£2,) is the digital number of the pixel of a high spatial-
resolution image, DN}, (£2,) can be obtained from DN}, (£2,)
by resampling, DN}, (£2,) represents the digital number of the
pixel of a low spatial resolution image, and DN (£2,) is the di-
gital number of the pixel of the multi-spectral image with a high
spatial resolution.

2.3.2 The principal component analysis (PCA)

PCA, also called Karhunen-Loeve transform (K-L transform)
(Kang et al., 2008), transforms a number of correlated variables
from MS bands into a small number of uncorrelated linear com-
binations of variables called principal components (Chavez and
Kwarteng, 1989; Pohl and van Genderen, 1998). The PCA is based
on the statistical characteristics of a multiband orthogonal linear
transform (Chavez et al., 1991). The PCA has no band limitations,
and achieves an improved retention of spectra (Cetin and
Musaoglu, 2009; Kang et al., 2008). Moreover, the first principal
component contains maximum information from the original
image and can substantially change the hue.

A transform matrix is needed for the image fusion as follows:

Y=TX, 3)

where X is the pixel matrix of the original multi-spectral image
band, T is the principal component transform matrix and Y is the
pixel matrix of every principal component after the K-L trans-
formation.

The covariance matrix <Z Y) of the principal component

pixel (Y) is as follows:

A0 - O1p
021 A2 :
Y= .
2 : O 1 @
Oml Om. n—1 >\n

where \j, \2. . ., A, are the covariance matrix eigenvector of the
original multi-spectral image (Sun, 2002; Wang and Jiang, 2015).

2.3.3 The Gram-Schmidt process (GS)

The GS was developed by Laben and Brower (Laben and
Brower, 2000), which is similar to the PCA in terms of application
technology (Hauter et al., 1997; Karathanassi et al., 2007). The
difference between the GS and the PCA is that the information is
mainly concentrated in the first principal component after the
PCA, but an orthogonal transform is applied in the GS process
and then the information of each component does not change
after the transformation. The GS process was designed for high
spatial resolution images and is suitable for images with any
number of bands because of its capability in retaining spatial tex-

ture information (Aiazzi et al., 2006; Huang, 2011; Karathanassi et
al., 2007).
The basic process of the GS is as follows (Ha et al., 2013):

T
Pgs, 7 (i, j)=[Br(i,j) — p1] — Z ¢ (B, Pgs,1) - Pas,1(i, )],

T-1
Bi(i, j)=[Pgs.1(i, j) + prl + D_[¢ (Br, Pos.i) - Pas.1(i, )],

N M -
J1 iz
M-N ’
o (Br, Pgs,1) ]

Hr=

@ (B, Pgs,1) =
o (Pgs,1, Pcs,1)

(5)
where Pgg. ris the T orthogonal component after GS transform;
By isthe T band of the original satellite image with a low spa-
tial resolution; p7 is the mean grey degree of the pixel of T band
of an original low spatial resolution image; ¢ (B, Pgs,;) is the
covariance of the K band of the original low spatial resolution
image and Pgs ;; i and j are the index of rows and columns of the
original low spatial resolution image, respectively; and M and N
are the numbers of rows and columns of the whole image, re-
spectively.

2.3.4 The wavelet fusion (WF)

The WF is based on the principle of wavelet decomposition of
an image and can extract spatial details from a PAN image to in-
corporate an MS image, which can minimize colour distortion.
The wavelet decomposition of MS remote sensing image and
high spatial resolution PAN image can be done based on Eq. (6),
to obtain the approximation components and the details of the im-
age. Then, the fusion could be carried out respectively. Finally,
the fused image can be obtained with an inverse wavelet trans-
form of the approximation components and the details of the image.

1
Yri n— 5 Z Ylftlhk—Zth—Zn,
k,Iez

1
n:, n— é Z katlhk—ngk—Zm

k,IeZ

1
:E Z Y]gtlgk—thk—Zm

k, IeZ

(6)

1
Py Z Yka.+11gk72mgk—2m

m,n—
2 k,IeZ

where m and nare the location indexes of the pixel; Y “(the sub-
scripts are the spatial scale) is the low frequency approximation
az ., dw  arethe details
of the component on vertical, horizontal and diagonal direction
of the image Y “*!, respectively (Wang et al., 2015).

The WF can select wavelet base and layer number of the
wavelet transform according to different characteristics of the in-
put image, and can import image details based on specific re-
quirements. The WF considers spatial detail of the processed im-
age, but it also produces certain spectral degradation (King and
Wang, 2001; Ranchin and Wald, 1993).

component of the image Y*™'; d% |

3 Fusion performance assessment
Before fusion, both PAN and MS images are processed with a
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geometric registration. The registration error is controlled in 0.5
pixel to ensure fusion performance.

The GF-1 images fused by the PS, GS, PCA and WF are shown
in Fig. 2. They are assessed using subjective and objective assess-
ment methods.
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3.1 Subjective assessment

A subjective assessment relies on the perception of human
eyes in colour, clarity, spectral information, and texture informa-
tion. The rules of the subjective assessment are as follows: the
fused image should be clear, not fuzzy; the whole brightness and
colour of the fused image should make observers feel comfort-
able; and the fused image should present the important features
and the spatial information of the original image.

We can see at the first sight of Fig. 2 that the PS is not suitable
for this study, although it is widely used (e.g., Guo et al., 2015; Liu
et al., 2015). There is an obvious decline in brightness after the PS
inducing the loss of suspended sediment information.

The texture of the water body is more abundant after pro-
cessing with the GS, the WF and the PCA. To get better visual
judgment, the fusion images obtained by the GS, the WF and the
PCA are magnified and tailored Fig. 3). Figure 3 demonstrates
that the image processed with the WF is blur. Furthermore, the
brightness and clarity of the road in the GS fusion image are bet-
ter than those in the PCA fusion image.

3.2 Obyjective assessment

3.2.1 Objective assessment indexes

In this study, we primarily employ the statistical indexes
(Huang et al., 2012; Liu, 2010; Liu and Zhao, 2008; Wei and Li,
2003) shown in Table 3 to perform an objective evaluation. The
mean and correlation coefficient indexes are used to indicate
spectral information inheritance ability. Standard deviation, av-
erage gradient, entropy, and cross entropy demonstrate the in-

Fig. 3. Fusion results of GF-1 image by three types of fusion methods.

Table 3. Introduction of the objective evaluation indexes

Classification Index Formula Scoring rules
Evaluation indexes based mean 1 M N (1) order the six indicators
on the statistical i (F)= Z Z F(i, ) according to the Matlab calculation
characteristics of a single MN; ‘= = results; (2) assign each indicator;
image standard deviation (3) calculate the total score, the
(dy) Sl 2 method with the minimum score is
ds (F) Z Z [F(i, j) — A" /MN the optimal fusion method
i=1 j=1
entropy n
H(p)=—2_pilog,pi
i=1
average gradient M 5
- 1 af Xi, y;) af(xh yt)
Gl m;;J {( 0x; ) < 9yi /2
Evaluation indexes based  cross entropy n P
on the relationship between D(p, q):Z pilog, —
the source image and the i=1 ai
fused image correlation
coefficient Z [(fl i) < (8i) — )]

Clf, g)=

JZUWU

2

FIx o, e —ep) ]
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tegration degree of spatial detail (Guo et al., 2015).

3.2.2 Objective assessment

The quality of images after having used the four fusion meth-
ods are objectively assessed. To evaluate the influence of exist-
ence of the water body on fusion performance, the image with
water only and the image with water deducted are also evaluated,
respectively. The quantitative results are shown in Table 4. To fa-
cilitate the analysis, the statistical data are plot in scatter in Figs 4
and 5. The horizontal dotted lines denote the mean values of the
indexes of the original GF-1 PAN and MS images. The similarity
between the values of the fusion images and the original GF-1
images is used to evaluate image fusion quality.

3.2.2.1 Assessment of spectral information inheritance

The similarity of the mean values between the fused image
and the original image, and the strength of the correlation coeffi-
cient both suggest the spectral information inheritance ability of
the fusion methods. As shown in Fig. 4, the mean value of the GS
fused water image is the closest to the original water image, and
the GS fused water image has the highest correlation coefficient,
suggesting that GS has the strongest capability in keeping water
spectral information. The performance of the PCA is secondary to

Table 4. Results of objective evaluation of GF-1 image
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that of the GS in terms of the water image. The mean value of the
WEF fused water image is not as close to the original water image
as that of the GS; furthermore, the correlation coefficient of the
whole image after the WF is the lowest. The performance of the
PS is the worst, except for the correlation coefficient value of the
whole image.

3.2.2.2 Assessment of integration degree of spatial detail

The Larger standard deviation, the average gradient and the
entropy indicate more abundant image spatial information. The
cross entropy is the difference of a grey level distribution between
a source image and a fused image. A smaller difference suggests
more information can be extracted from the source image.

As shown in Fig. 5, considering the four indexes, the PS fu-
sion method is not appropriate for keeping spatial details. The
WEF performs well in terms of the indexes of entropy and cross en-
tropy, but the standard deviation and average gradient values of
the whole image and water deducted image after fusion are
greatly reduced, which brings about spatial detail ghosting. Both
the GS and the PCA perform well, and the performance of image
fusion with the GS is better. Both the GS and the PCA are ortho-
gonal methods. However, the information after the PCA is mainly
concentrated in the first principal component, which limits the

m ds H D C Scores
A 93.063 6 789113 4.7416 5.4877 - - -
2m PAN B 82.4979 94.526 9 2.5461 3.028 8 - - -
C 62.736 4 78.8213 4.476 3 4.363 6 - - -
A 86.663 7 78.617 5 6.5179 6.072 6 - - -
8 mMS B 70.8152 84.1346 3.0386 4.4405 - - -
C 50.9375 67.005 3 6.253 1 4.7000 - - -
A 91.5509 76.978 6 4.561 6 6.003 1 0.4108 0.923 0 15
PCA B 71.465 6 85.474 4 2.9050 4.4917 0.6555 0.961 2 14
C 65.4755 80.601 1 4.1108 4.7475 0.193 2 0.964 5 9
A 94.9940 79.1001 4.3735 6.003 9 0.4102 0.926 0 10
GS B 70.926 3 84.583 1 2.7842 4.492 6 0.651 6 0.965 6 13
C 62.386 0 77.609 7 4.280 1 4.7339 0.190 5 0.964 0 11
A 27.542 4 19.709 0 0.7321 4.3099 6.5655 0.9327 21
PS B 82.986 1 87.8510 0.3803 3.2784 3.3979 0.944 6 18
C 19.362 0 20.7178 0.6941 3.5827 3.901 6 09434 24
A 84.484 6 77.0317 4.1288 6.0772 0.369 5 09141 14
WF B 68.1791 81.062 7 3.4135 4.4574 0.643 7 0.964 7 15
C 52.393 2 67.970 6 3.7777 4.7184 0.1852 0.9552 16

Note: A, B and C stand for the whole image, the water image and the deducted image, respectively; -means no data.

100 2
u
00 b . whole image 8 mMS __
g . .
L 80
~§ 70 k - - water image 8 m MS
£ @
o . A
(=] 60 +
2
= 0 A____
E 50 ¢ deducted image 8 m MS
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= mwhole image
30 s water image
& deducted image
20 A

PCA GS PS

Fusion method
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0965 b & 1 .
0.960 + =
_ 0955 G 4
5
-5 0.950 |
j3=]
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S 0940 |
)
£ 0935 |
8 L |
S 0.930 +
0.925 + .
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0.920 :zlwﬁerinéagge
L 4 deducted image
0.915 ) ; ) .
PCA GS PS WF

Fusion method

Fig. 4. Distribution of spectral information inheritance index.
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Fig. 5. Distribution of the integration degree of spatial detail index.

ability of the PCA in keeping water spectral information. Each
component after the GS is orthogonal, and there is no obvious in-
formation difference in each component. Therefore, the fusion
image after the GS has the strongest ability in keeping spectral in-
formation and improving spatial information (Li et al., 2004;
Nikolakopoulos, 2009). Consequently, according to the subject-
ive and objective evaluation results, the GS process is determ-
ined as the optimal fusion method.

3.3 Impact of fusion performance by existence of water body

Up to date, few studies ever explored the possible influences
of different distribution characteristics of terrestrial objects on
the performance of a fusion method (Du et al., 2015; Guo, 2015).
In this paper, considering the best performance of the GS and the
invalidity of the PS, we discuss the possible impacts on the fusion
performance induced by the existence of the water body from
two aspects:

(1) The fundamental differences of reflectivity acquisition
between water and land are the main reason inducing the in-
validity of the PS in such cases. When the spatial resolution is
high enough, the spectral reflectance curve represents the reflec-
tion characteristics of a single terrestrial target. In aquatic re-
mote sensing, the spectral reflectance represents the mixing op-
tical characteristics of water color material no matter how high
spatial resolution the image has (Guo, 2015). Equation (2) used
by the PS cannot be established for images with a large water
area as follows:

DNgan(£20)
DNpan(£20)

DNBg(£2,)
DN (2,) @

(2) The water body is usually darker than terrestrial objects

with the monotonous hue; the former requires a strong capabil-
ity of keeping spectral information. The GS process has the best
spectral information inheritance in the water body image than
the other three fusion methods. This may be the reason behind
the good performance of GS in this case.

4 Conclusions

To obtain fine observations on aquatic environment in the
Daquekou section of the Qiantang River, GF-1 satellite data are
pretreated in this study. First, the combination of 1st, 3rd and 4th
bands is selected as the optimal band combination by the OIF
rule. Then, the 2-m PAN image is fused with 8-m MS image using
four fusion methods including the PS, the PCA, the GS and the
WE. On the basis of the established subjective and objective as-
sessment methods, at least three preliminary conclusions can be
drawn:

(1) The performance of the four fusion methods are listed in
the following sequence the GS, PCA, WF and PS. The GS is re-
commended as the optimum fusion method based on this study.
The specificity of spectral characteristics of the water body re-
quires stronger ability of spectral information inheritance. The
GS satisfies the requirement most.

(2) Although the PS is widely used in remote sensing image
fusion, it is not suitable for GF-1 image fusion aimed at water
body observation. The fundamental differences of reflectivity in-
formation acquisition between water and land cause the invalid-
DNgan (£22) ‘ D Nyis (24)
DNpax(£2n) * DNy (£24)

(3) The existence of a wide scope of water may be an import-
ant factor affecting the performance of the fusion methods. The
adoption of conventional fusion methods in the observing water
body as the main target should be taken a caution. The perform-

ity of the PS,
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ance of a fusion method needs re-assessment when the large-
scale water body is present in the remote sensing image. The
work is a preliminary study, which will largely benefit the rapid
determination of an efficient fusion method aimed at the inland
water body observation.

The processed images are ready for the follow-up sequential
inversion of aquatic eco-environmental parameters, including
suspended sediment concentration, Chl a, etc.

Acknowledgements

We want to express gratitude to the Research Center of High
Resolution Satellite Data and Service, at Zhejiang University for
GF-1 image data support.

References

Aiazzi B, Baronti S, Selva M, et al. 2006. Enhanced Gram-Schmidt
spectral sharpening based on multivariate regression of MS and
PAN data. In: 2006 IEEE International Symposium on
Geoscience & Remote Sensing. Denver, CO, USA: IEEE,
3806-3809

Carper WJ, Lillesand T M, Kiefer R W. 1990. The use of intensity-hue-
saturation transformations for merging SPOT panchromatic
and multispectral image data. Photogrammetric Engineering &
Remote Sensing, 56(4): 459-467

Carpintero M, Contreras E, Millares A, et al. 2013. Estimation of tur-
bidity along the Guadalquivir estuary using Landsat TM and
ETM+ images. In: Proceedings Volume 8887, Remote Sensing
for Agriculture, Ecosystems, and Hydrology XV. Dresden, Ger-
many: SPIE

Casal G, Sdnchez-Carnero N, Sdnchez-Rodriguez E, et al. 2011. Re-
mote sensing with SPOT-4 for mapping kelp forests in turbid
waters on the south European Atlantic shelf. Estuarine, Coastal
& Shelf Science, 91(3): 371-378

Cetin M, Musaoglu N. 2009. Merging hyperspectral and panchromat-
ic image data: qualitative and quantitative analysis. Interna-
tional Journal of Remote Sensing, 30(7): 1779-1804, doi:
10.1080/01431160802639525

Chavez P S Jr, Berlin G L, Sowers L B. 1982. Statistical method for se-
lecting Landsat MSS ratios. Journal of Applied Photographic
Engineering, 8(1): 23-30

Chavez P S Jr, Kwarteng A Y. 1989. Extracting spectral contrast in
landsat thematic mapper image data using selective principal
component analysis. Photogrammetric Engineering & Remote
Sensing, 55(3): 339-348

Chavez P SJr, Sides S C, Anderson J A. 1991. Comparison of three dif-
ferent methods to merge multiresolution and multispectral
data: Landsat TM and SPOT panchromatic. Photogrammetric
Engineering and Remote Sensing, 57(3): 295-303

Concha] A, Gerace A D. 2012. Atmospheric compensation for World-
View-2 satellite and in-water component retrieval. In: 2012
IEEE International Geoscience and Remote Sensing Symposi-
um. Munich: IEEE, 2833-2826

Du Yong, Zhang Xiaoyu, Huang Dasong, et al. 2015. Evaluation of fu-
sion methods for Worldview-2 aiming to water body observa-
tion. Journal of Zhejiang University (Engineering Science) (in
Chinese), 49(5): 993-1000

Ekercin S. 2007. Water quality retrievals from high resolution
IKONOS multispectral imagery: a case study in Istanbul, Tur-
key. Water, Air, & Soil Pollution, 183(1-4): 239-251

Eugenio F, Martin J, Marcello J, et al. 2013. Worldview-2 high resolu-
tion remote sensing image processing for the monitoring of
coastal areas. In: Proceedings of the 21st European Signal Pro-
cessing Conference (EUSIPCO 2013). Marrakech: IEEE, 1-5

Guo Yulong. 2015. Research of multisource image fusion algorithm
for inland water color remote sensing [dissertation] (in
Chinese). Nanjing: Nanjing Normal University

Guo Huimin, Hong Yunfu, Li Ying, et al. 2015. Comparison of Fusion
methods used for GF-1 satellite image. Geography and Geo-In-
formation Science (in Chinese), 31(1): 23-26

Ha W, Gowda P H, Howell T A. 2013. A review of potential image fu-
sion methods for remote sensing-based irrigation manage-
ment: Part II. Irrigation Science, 31(4): 851-869, doi: 10.1007/s00271-
012-0340-6

Hauter A, Chang K C, Karp S. 1997. Polarimetric fusion for synthetic
aperture radar target classification. Pattern Recognition, 30(5):
769-775, doi: 10.1016/S0031-3203(96)00099-4

Huang Dengshan. 2011. Research of pixel-level remote sensing im-
age fusion method|dissertation] (in Chinese). Changsha: Cent-
ral South University

Huang Hai, Liu Xiangang, Lei Zhigang. 2012. WorldView-2 data fu-
sion methods and evaluation research. Computer Program-
ming Skills and Maintenance (in Chinese), (10): 72-73

Jia Yonghong. 1998. Fusion of Landsat TM and SAR images based on
principal component analysis. Remote Sensing Technology &
Application (in Chinese), 13(1): 46-49

Kang Tingjun, Zhang Xinchang, Wang Haiying. 2008. Assessment of
the fused image of multispectral and panchromatic images of
SPOTS5 in the investigation of geological hazards. Science in
China (in Chinese), 51(S2): 144-153

Karathanassi V, Kolokousis P, Ioannidou S. 2007. A comparison study
on fusion methods using evaluation indicators. International
Journal of Remote Sensing, 28(10): 2309-2341, doi: 10.1080/
01431160600606890

King R L, Wang Jianwen. 2001. A wavelet based algorithm for pan
sharpening Landsat 7 imagery. In: Proceedings of the IEEE 2001
International Geoscience and Remote Sensing Symposium.
Sydney, NSW, Australia: IEEE, 2: 849-851

Laben C A, Brower B V. 2000. Process for enhancing the spatial resol-
ution of multispectral imagery using pan-sharpening: US,
US6011875

Li Cunjun, Liu Liangyun, Wang Jihua, et al. 2004. Comparison of two
methods of fusing remote sensing images with fidelity of spec-
tral information. Journal of Image and Graphics (in Chinese),
9(11): 1376-1385

Li Jun, Zhou Yueqin, Li Deren. 1999. Fusion of high-resolution pan-
chromatic and multispectral images by using wavelet trans-
form. Journal of Remote Sensing (in Chinese), 3(2): 116-121

Liu Jianhua. 2010. A comparative study of six methods for the fusion
of QuickBird multispectral and pan images in consideration of
segmentation effect. Remote Sensing for Land and Resources
(in Chinese), 25(3): 21-25

Liu Kun, Fu Jingying, Li Fei. 2015. Evaluation study of four fusion
methods of GF-1 pan and mutil-spectral images. Remote Sens-
ing Technology and Application (in Chinese), 30(5): 980-986

Liu Ke, Zhao Wenji. 2008. Evaluation on fusion algorithms of remote
sensing image-a case study of SPOT-5. Journal of Capital Nor-
mal University (Natural Science Edition) (in Chinese), 29(6):
83-88, 104

Malthus T J, Hestir E L, Dekker A G, et al. 2012. The case for a global
inland water quality product. In: Proceedings of the 2012 IEEE
International Geoscience and Remote Sensing Symposium (IG-
ARSS). Munich: IEEE, 5234: 5234-5237

Mandhare R A, Upadhyay P, Gupta S. 2013. Pixel-level image fusion
using brovey transforme and wavelet transform. International
Journal of Advanced Research in Electrical, Electronics & In-
strumentation Engineering, 2(6): 2690-2695

Metwalli M R, Nasr A H, Allah O SF, et al. 2009. Image fusion based
on principal component analysis and high-pass filter. In: Pro-
ceedings of the 2009 International Conference on Computer
Engineering & Systems. Cairo: IEEE, 63: 63-70

Nazeer M, Nichol J E. 2015. Combining Landsat TM/ETM+ and HJ-1
A/B CCD sensors for monitoring coastal water quality in Hong
Kong. IEEE Geoscience & Remote Sensing Letters, 12(9):
1898-1902

Nikolakopoulos K G. 2009. Spatial resolution enhancement of hyper-
ion hyperspectral data. In: Proceedings of the 2009 1st Work-
shop on Hyperspectral Image & Signal Processing: Evolution in
Remote Sensing. Grenoble: IEEE, 1-4

Pan Cunhong, Zeng Jian, Tang Ziwen, et al. 2013. A study of sedi-
ment characteristics and riverbed erosion/deposition in Qi-


http://dx.doi.org/10.1080/01431160802639525
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1016/S0031-3203(96)00099-4
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160802639525
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1016/S0031-3203(96)00099-4
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160802639525
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1016/S0031-3203(96)00099-4
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160802639525
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1007/s00271-012-0340-6
http://dx.doi.org/10.1016/S0031-3203(96)00099-4
http://dx.doi.org/10.1080/01431160600606890
http://dx.doi.org/10.1080/01431160600606890

Du Yong et al. Acta Oceanol. Sin., 2019, Vol. 38, No. 1, P. 172-179 179

antang Estuary. Hydro-Science and Engineering (in Chinese),
(1):1-7

Pohl C, van Genderen J L. 1998. Review article multisensor image fu-
sion in remote sensing: concepts, methods and applications.
International Journal of Remote Sensing, 19(5): 823-854, doi:
10.1080/014311698215748

Ranchin T, Wald L. 1993. The wavelet transform for the analysis of re-
motely sensed images. International Journal of Remote Sens-
ing, 14(3): 615-619, doi: 10.1080/01431169308904362

Sun Danfeng. 2002. Study on fusion algorithms of IKONOS pan and
multi-spectral images. Remote Sensing Technology and Applic-
ation (in Chinese), 17(1): 41-45

Wang Xiaomian, Jiang Yun. 2015. GF-1 Satellite for remote sensing
image fusion and quality assessment methods. Geomatics &
Spatial Information Technology (in Chinese), (8): 178-179

Wang Ting, Liao Xiuying, Cheng Hui. 2015. Evaluation on data qual-
ity of GF-1 PMS sensor data in Youxian, Hunan Province. Pro-
gress in Geophysics (in Chinese), 30(5): 2082-2088

Wei Jun, Li Bicheng. 2003. Remote-sensing image fusion based on

IHS transform, wavelet transform and high pass filtering. Journ-
al of Information Engineering University (in Chinese), (2):
46-50

Zeng Jian. 2011. Data mining-based characteristics of flow and sedi-
ment transport in Qiantang Estuary [dissertation] (in Chinese).
Hangzhou: Zhejiang University

Zhang Yun. 2002a. A new automatic approach for effectively fusing
Landsat 7 as well as IKONOS images. In: Proceedings of the
IEEE International Geoscience and Remote Sensing Symposi-
um. Toronto, Ontario, Canada: IEEE, 4: 2429-2431, doi: 10.1109/
IGARSS.2002.1026567

Zhang Yun. 2002b. Problems in the fusion of commercial high-resol-
ution satelitte as well as Landsat 7 images and initial solutions.
International Archives of Photogrammetry Remote Sensing and
Spatial Information Sciences, 34(4): 587-592

Zhu Li, Li Yunmei, Zhao Shaohua, et al. 2015. Remote sensing monit-
oring of Taihu Lake water quality by using GF-1 satellite WFV
data. Remote Sensing for Land & Resources (in Chinese), 27(1):
113-120


http://dx.doi.org/10.1080/014311698215748
http://dx.doi.org/10.1080/01431169308904362
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1080/014311698215748
http://dx.doi.org/10.1080/01431169308904362
http://dx.doi.org/10.1080/014311698215748
http://dx.doi.org/10.1080/01431169308904362
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1080/014311698215748
http://dx.doi.org/10.1080/01431169308904362
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1080/014311698215748
http://dx.doi.org/10.1080/01431169308904362
http://dx.doi.org/10.1080/014311698215748
http://dx.doi.org/10.1080/01431169308904362
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567
http://dx.doi.org/10.1109/IGARSS.2002.1026567

