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Application of the Combined Feature Tracking and
Maximum Cross-Correlation Algorithm to the
Extraction of Sea Ice Motion Data From
GF-3 Imagery

Mingci Li*?, Chunxia Zhou

Abstract—TIn this study, an algorithm combining feature tracking
and maximum cross-correlation (FT-MCC) for the extraction of sea
ice motion (SIM) vectors were applied to Gaofen-3 (GF-3) imagery,
filling the gap of SIM extraction using GF-3 imagery. The locally
consistent flow field filtering method is proposed to replace the
filtering method based on the correlation coefficient threshold in
FT-MCC to improve filtering effectiveness of SIM results extracted
by FT-MCC. A comparison of the probability density distributions
(PDDs) of the correlation coefficients of SIM vectors extracted
by FT-MCC from images with different resolutions revealed high
reliability for SIM vectors extracted for images with an 80 m spatial
resolution. A comparison of the PDDs of the correlation coefficients
of SIM vectors obtained from images with different polarization
modes showed more reliable SIM vectors were extracted from
vertical transmit horizontal receive (VH) polarization images than
from corresponding vertical transmit vertical receive (VV) polar-
ization images. The SIM vectors extracted from GF-3 images by
two methods (FT(A-KAZE)-MCC and FT(ORB)-MCC) derived
from the FT-MCC algorithm were highly consistent in terms of
accuracy and reliability. SIM vectors extracted manually and from
Sentinel-1 images were used as reference data to verify the SIM re-
sults extracted from GF-3 images, for which the uncertainties in the
magnitude and direction of the extracted SIM vectors were found
to be 0.119 cm/s—0.287 cm/s (103 m/d-248 m/d) and 4.119°-5.930°,
respectively.

Index Terms—Correlation coefficient, feature tracking (FT),
Gaofen-3 (GF-3), image information entropy, maximum cross-
correlation (MCC), probability density distribution (PDD), sea ice
motion (SIM).
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I. INTRODUCTION

LOBAL warming has led to considerable changes in

Arctic sea ice thickness and volume and multiyear ice
coverage [1]. Seaice motion (SIM) is both an important indicator
for studying Arctic sea ice changes and a principal influence
factor for the Arctic sea ice mass balance. In particular, the
sea ice output from the Fram Strait has a significant impact on
Arctic multiyear ice [2]-[4]. SIM is also a major factor affecting
navigation safety in the Arctic. Therefore, studying SIM has
considerable economic significance.

In recent decades, SIM data have been extracted from various
types of remote sensing platforms, including passive microwave
[5]-[7], radiometer [8], scatterometer [9], thermal infrared [10],
[11], optical [12]-[14], and synthetic aperture radar (SAR) [15]—
[20] imagery. These data are used to generate different types of
SIM products. An increase in the number of data types used
to extract SIM vectors has prompted the development of SIM
extraction algorithms, among which maximum cross-correlation
(MCC) and feature tracking (FT) are commonly used. MCC was
the first algorithm used for the automated extraction of SIM vec-
tors [11], which is realized by measuring the similarity between
image blocks. MCC has the advantages of simple implementa-
tion and high robustness but also has several problems, for which
some scholars have developed solutions. Continuous MCC [7],
correlation coefficient fitting [21], and super-resolution [22]
were subsequently developed to treat the quantization noise in
SIM vectors extracted by MCC from low-resolution imagery,
and parallel computing [23] and image pyramids [19] have
been established to address the low computational efficiency of
MCC. In addition, MCC has been used in combination with the
Fourier-Mellin transform [24] to overcome its ineffectiveness at
detecting the rotational motion of sea ice. FT algorithms imple-
ment SIM extraction by feature extraction and feature matching.
ORB [25] and A-KAZE [26] are FT algorithms used in computer
vision that have been successively applied for SIM extraction.
FT algorithms produce independent SIM vectors and yield ex-
cellent results in the presence of sea ice rotation. However, the
uneven distribution of the extracted SIM vectors makes sea ice
deformation analysis and data assimilation challenging. Given
these problems, an algorithm that combines the advantages of
MCC and FT, referred to in this study as the FT-MCC algorithm,
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TABLE I
INFORMATION FOR GF-3 AND SENTINEL-1 IMAGES

. Imaging date of Image | Imaging date of Image Polarization Time | SIM speed
Satellite Season No. 1 (YYYY-MM-DD | 2 (YYYY-MM-DD | spans range
HH:MM:SS UTC) HH:MM:SS UTC) mode (day) | (cm/s)
casel 2020-01-05 | 14:53:48 2020-01-11 | 14:05:46 VV + VH 6.0 13-18
Winter case2 2020-01-14112:06:50 | 2020-01-16|12:23:59 VV +VH 2.0 8.4-10.7
ars3 case3 2020-01-18 | 17:31:49 2020-01-19 | 18:30:16 VV + VH 1.0 0.1-29
Summer case4 2020-07-16 ] 15:07:43 2020-07-18 | 13:45:23 VV + VH 1.9 0.0-6.3
. caseS 2020-01-05 | 14:35:43 2020-01-11 | 14:36:52 HH + HV 6.0 0.0-34
Sentinel-1 Winter case6 2020.01.18 | 16:52:26 2020.01.19 | 17:33:35 HH + HV 1.0 0.1-4.0
Summer case’7 2020.07.16 | 16:54:35 2020.07.17 | 17:35:45 HH + HV 1.0 0.0-14.1

was developed [27], [28]. This algorithm can produce a grid-like
distribution of SIM vectors and exhibits some versatility for
detecting rotational motion of sea ice. FI-MCC has been used to
extract SIM vectors from optical [14], C-band [27], [28], X-band
[29] SAR images, and the fast ice identification [30].

Gaofen-3 (GF-3) was launched on August 10, 2016, and
is China’s first civilian C-band (5.3 GHz) multipolarization
high-resolution SAR satellite with 12 imaging modes [31]-[33].
GF-3 imagery has been employed in multiple fields, such as
ship identification [34], coastline extraction [35], sea surface
wind field retrieval [36], sea ice identification [37], and sea
ice classification [38]. However, there have been no reports
on the using GF-3 imagery to obtain SIM data. In this study,
FT-MCC was applied to GF-3 images to determine the pre-
requisites for obtaining high-reliability, high-accuracy results
from this imagery. As FI-MCC was applied to GF-3 imagery
for the first time in this study, the performance of two methods
derived from this algorithm (see Section I1I-A-2 for details) were
compared to identify the most suitable algorithm for extracting
SIM data from GF-3 imagery. We verified the effectiveness of
applying FT-MCC to GF-3 images for SIM vector extraction by
comparing the results with SIM vectors extracted manually and
from Sentinel-1 images.

The rest of this article is organized as follows. In Section II,
GF-3 images, Sentinel-1 images, and the Copernicus Marine
Environment Monitoring Service (CMEMS) SIM product used
in this study are introduced. In Section III, the procedure for
applying FT-MCC to GF-3 imagery is described in detail. In
Section IV, the reliability and accuracy of the SIM vectors
obtained from GF-3 images with different spatial resolutions
and polarization modes are discussed, differences between SIM
vectors extracted using the two methods based on FT-MCC are
analyzed, and SIM vectors extracted from GF-3 are compared
against those extracted manually and from Sentinel-1 images.
Finally, Section V concludes this article.

II. DATA
A. GF-3 and Sentinel-1 Images

According to the coverage of GF-3 images in the Arctic,
level-1A images acquired in Fine Stripe II (FSII) mode were

selected as data sources for SIM extraction. These images had
a resolution of 10 m, a swath width of 100 km, and selective
dual-polarization. Considering that the time interval between
image pairs used for SIM extraction and the speed of motion of
sea ice in the covered area affect the results of SIM extraction
[39]-[40], GF-3 image pairs were selected that were acquired
for different time intervals, regions, and seasons. The location
and acquisition time of the selected GF-3 images are shown in
Table I and Fig. 1.

The quality of the SIM vectors extracted from GF-3 images
was assessed by comparison against SIM vectors extracted from
Sentinel-1 images. Based on previous studies on SIM vector ex-
traction from Sentinel-1 imagery [25]-[28], Sentinel-1 ground-
range images acquired in extra wide mode with a resolution of
40 m were used in this study. Table I and Fig. 1 provide the
information and locations of the Sentinel-1 images.

B. CMEMS SIM Products

To ensure the reliability of the SIM results extracted from
Sentinel-1 imagery, we used the high resolution near real time
single swath data from CMEMS as reference data. The SIM
products from CMEMS were obtained from SAR imagery using
the MCC method by the Technical University of Denmark with
a spatial resolution of 10 km and a temporal resolution of
approximately 1 day [41].

III. METHODS
A. FT-MCC

FT-MCC was used to extract SIM vectors. The main proce-
dure of the algorithm is described in the following.

1) A SAR image is preprocessed to produce a grayscale
image with gray values in the range of [0, 255].

2) FT is performed to yield nonuniformly distributed SIM
vectors.

3) Linear and polynomial interpolation are performed to
estimate the SIM vectors on a regular grid.

4) MCC is performed to refine the estimated SIM vectors on
aregular grid.

5) Filtering is performed to remove erroneous SIM vectors.
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Fig. 1. Locations and coverage of the images used in this study.

The FT-MCC method reported in the literature [27], [28] was
modified in this study by replacing the filtering method based
on the correlation coefficient threshold (CCT) in Step 5 with
a locally consistent (LC) flow field filtering method. The re-
placement scheme effectively eliminates incorrect vectors while
retaining correct vectors with small correlation coefficients, and
the detailed procedure is described in Section III-A-5.

1) Data Preprocessing: A level-1A GF-3 image in FSII
mode was single-look complex (SLC) image, which needs to
be transformed into a grayscale image with gray values ranging
from O to 255 through the following procedure.

a) Radiation correction: Equation (1) was used to perform
radiation correction on GF-3 images [32]. A backscatter coeffi-
cient was obtained for each pixel

(I° + Q) * qv°
327672

UO == 1010g10

where 0¥ is the corrected backscatter coefficient; 7 and Q are the
real and imaginary parts of the SLC image, respectively; and gv
and K are the quality value and calibration constant, respectively,
which were obtained from the metadata contained in the image.

b) Multilook processing and speckle filtering: Multilook
processing can be used to acquire images at a specified resolution
while suppressing speckle noise in images. In this study, the
spatial domain average method (Fig. 2) was used for multilook
processing. Firstly, the size of the spatial sampling window
is calculated based on the resolutions of the target and SLC
images; then the radiation-corrected image is divided into a grid
according to the size of the spatial sampling window, and the
average backscattering coefficient in each window is calculated
to obtain a multilook processed image.

" caseS5 | icase6 i_icase7
75°N 15°W
() Sample
o
Window
Fig. 2. Schematic of the spatial domain average method. The gray grids

represent radiation-corrected images, and the blue grids represent the images
after multilook processing.

To further reduce the effects of speckle noise on FT-MCC,
Lee filtering [43] was performed on the images after multilook
processing. Lee filtering is a typical method that filters speckles
in SAR images based on their local statistical properties and is
effective at reducing the effects of speckle noise.

¢) Regularization: The filtered 0¥ image in this study was
regularized through percentage truncation and stretching based



LI et al.: APPLICATION OF THE COMBINED FT-MCC ALGORITHM TO THE EXTRACTION OF SIM DATA FROM GF-3 IMAGERY

Fig.3. SIM vector estimation on a regular grid. The red arrows signify indicate
the SIM vectors obtained through FT, the blue dots indicate the start points of
the estimated SIM vectors on the grid, the green area shows the range of the
nonuniformly distributed SIM vectors obtained through FT, and the union of the
orange and green areas indicates the overlap of the two images used to extract
the SIM vectors.

on the following equation:

. 00 — U?nin

1= 255" m (2)
where 00, and 00, are the 10th and 99th percentiles of ¢°,
respectively.

d) Reprojection: Based on its rational polynomial coef-
ficient, the regularized grayscale image was projected to the
WGS-84/National Snow and Ice Data Center Sea Ice Polar
Stereographic North coordinate system.

2) FT: Based on previous studies on the SIM vector extrac-
tion from C-band Sentinel-1 imagery, two algorithms, A-KAZE
and ORB, were used for FT. The FI-MCC algorithms that
track features using A-KAZE and ORB are referred to as the
FT(A-KAZE)-MCC and FT(ORB)-MCC algorithms, respec-
tively; please refer to [25] and [26] for the FT procedures of
ORB and A-KAZE, respectively.

To reduce the impact of potentially erroneous vectors on sub-
sequent steps, the FT results were filtered using the least-squares
method [27].

3) Estimation of the SIM Vectors on a Regular Grid: The
grid-like distribution of the SIM vectors was estimated in this
study based on nonuniformly distributed SIM vectors obtained
through FT. There were two scenarios in the estimation process.
First, the start point (each blue dot in Fig. 3) of the estimated
vector was within the range of the SIM vectors obtained through
FT (the green area in Fig. 3). Second, the start point (each blue
point in Fig. 3) of the estimated vector was outside the range of
the SIM vectors obtained through FT (the orange area in Fig. 3).
Linear and polynomial interpolation were used for scenarios 1
and 2, respectively. Muckenhuber and Sandven [27] provided
detailed procedures of these two estimation methods.

4) MCC: There are deviations between the estimated SIM
vectors of the gridded distribution and the real SIM vectors, and
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imagel

Template

Fig. 4. MCC-based refinement of an estimated motion vector. p; and po are
the start and end points of the estimated vector, respectively. po’ is the refined
P2, p1 and po’ are the start and end points of the refined vector, respectively.

the MCC is needed to refine the estimated motion vectors. For
the MCC, the correlation coefficient p is calculated using the
following equation:

> (ai; — a)(bi; —b)

p= = - — (3)
> (aij —a)” 3 (bi; — b)
2,3 gy

where a is the matching template in image 1, and b is a subset
(as large as a) within the search area in image 2. Considering
the effects of sea ice rotation on MCC, the matching templates
are rotated by a specified angle within an angle range to obtain
a set of matching templates [T7, 7%, ..., T,]. The set of maxi-
mum correlation coefficients [p1, p2, . . ., pr]and set of positions
[(z1,11), (x2,92), ..., (s, yn)] are obtained by locating the
position with the maximum correlation coefficient for each
matching template 7; in the search area of image 2 (Fig. 4).
The maximum correlation coefficient p; max in [p1, p2, - - -, Pn]
and the corresponding position (2;, ¥;)max> Where (z;, Yi)max
is the final refined position, are calculated.

5) Filtering of SIM Vectors: The LC flow field filtering pro-
cedure was used in this study to eliminate erroneous SIM vectors
and is described in the following.

1) LC filtering is performed in the x-direction by calculating
the absolute difference between the velocity of each SIM
vector and the mean velocity of the neighboring SIM vec-
tors in the x-direction. If the difference exceeds a specified
threshold, the vector is removed.

2) The same method used for LC filtering in the x-direction
is used for the y-direction.

3) SIM vectors with fewer than four neighboring SIM vectors
are removed [43].

An adaptive filtering threshold is used for LC filtering in the
x- and y-directions to accommodate different data. The absolute
difference between the velocity of each vector and the mean
velocity of its neighboring vectors is first calculated. Then, the
filtering threshold is set to 1.5 times the standard deviation (SD)
of the absolute differences.
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B. Selection of GF-3 Image Parameters

In this study, VH- and VV-polarized images with resolutions
of 20, 40, 60, 80, and 100 m for GF-3 FSII mode obtained after
the data preprocessing procedure described in Section III-A-1
were used. The FT-MCC algorithm was used to extract SIM
data from images with different resolutions and polarization
modes. The results were compared in terms of reliability to
determine the image resolution and polarization mode suitable
for SIM vector extraction. The reliability of the extracted SIM
data was evaluated through the calculation of the probability
density distribution (PDD) of the p values of the SIM vectors.
The value of p corresponding to the peak probability density,
Pmax, Was calculated. High pp,.x values suggest high reliability
in the extracted SIM data.

C. Accuracy Assessment and Comparison

The accuracy of the SIM vectors extracted from the GF-3
images was evaluated against reference data. The means and SDs
of the absolute differences in the velocity magnitude and velocity
direction were used as the metrics to examine the accuracy.

The start positions of the reference vectors and the vectors
extracted from the GF-3 images are different and must be
matched. The nearest neighbor method was used for pairing. The
criteria of this method are as follows: the distance between the
start point of a reference SIM vector and that of an SIM vector
extracted from the GF-3 images was the nearest possible and
did not exceed v/2/2 times the spatial resolution of the extracted
SIM vector, and there were no fewer than four effective vectors
in the vicinity of each of the start and end points of a reference
vector [43].

IV. RESULTS AND DISCUSSION
A. Effectiveness of LC Filtering

The effectiveness of CCT method for SIM vector fields de-
pends on the selected threshold, which must be adjusted for
the season in which images are acquired. In winter (summer),
the small (large) feature variation of sea ice in SAR images
generally results in large (small) correlation coefficients for the
obtained SIM vectors, such that a high (low) threshold must be
set to eliminate incorrect vectors. To circumvent threshold value
selection for CCT method, we applied LC flow field filtering
method to filter the SIM vectors, and the results are shown in
Fig. 5 and Fig. S1. Using CCT method with a threshold of 0.2
produces many incorrect vectors. Increasing the threshold to 0.4
eliminates more correct vectors. However, using the LC flow
field filtering method, retains a large number of correct vectors
with low correlation coefficients, while eliminating incorrect
vectors.

B. Comparison of Results Extracted From Images With
Different Resolutions

The speckle noise in SAR images affects the reliability of
FT-MCC for SIM vector extraction. Both multilook processing
(reducing image resolution) and Lee filtering can be used for
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image preprocessing to suppress the speckle noise in images.
In this study, the equivalent number of looks (ENL) was used
to compare the level of speckle noise suppression by multilook
processing and Lee filtering. Fig. 6 shows the results, where a
large ENL indicates a low level of speckle noise.

Fig. 6 shows that reducing the image resolution suppresses
speckle noise more effectively than Lee filtering. Considering
the effect of different filter kernels and the size of the filter kernel
on the Lee filtering efficiency (Fig. S2), a 7x7 filter kernel was
selected. The trend in the ENL with the image resolution shows
that the speckle noise cannot be significantly reduced below a
well-defined image resolution.

To select an appropriate image resolution for SIM extraction,
FT(A-KAZE)-MCC and FT(ORB)-MCC were used to extract
SIM vectors from preprocessed GF-3 images with different
spatial resolutions. Then, the PDDs of the p values of the SIM
vectors were calculated (Fig. 7).

Fig. 7 shows that the SIM vectors obtained from the FSII mode
images with a resolution of 20 m had p values concentrated
at approximately 0.2, suggesting low reliability in these SIM
vectors. Similar PDD trends were observed for the p values
of SIM vectors obtained from images with resolutions of 40,
60, 80, and 100 m, although the p values of the SIM vectors
obtained from the 80 m resolution images appear slightly more
frequently in the range of 0.85-0.9 than those for images with
other resolutions.

Considering the results for the speckle noise level in images
with different resolutions (Fig. 6) together with the PDDs of the
p values of SIM vectors (Fig. 7) shows that the poor reliability of
the extracted SIM vectors from the FSII mode 20 m resolution
images is mainly due to high speckle noise in these images.
Based on the aforementioned results, GF-3 images with an 80
m resolution in FSII mode were selected for SIM extraction in
this study.

C. Comparison of Results Obtained From VH- and
VV-Polarized Images

FT(A-KAZE)-MCC and FT(ORB)-MCC were used to extract
the SIM vectors from GF-3 images in summer and winter,
respectively. Subsequently, the PDDs of the p values of the SIM
vectors were calculated (Fig. 8).

Fig. 8 reveals the following. For the FSII mode images
acquired in summer, the SIM vectors extracted from the VH-
polarized images were more likely to have large p values than
those obtained from the V V-polarized images, suggesting higher
reliability in the SIM vectors extracted from the VH-polarized
images than those extracted from the VV-polarized images.
The SIM vectors extracted from the FSII mode VH- and VV-
polarized images acquired in winter displayed highly similar
PDD patterns, with those extracted from the VH-polarized im-
ages being slightly more likely to have p values in the range of
0.85-0.9 than those extracted from the VV-polarized images,
suggesting that the reliability of the SIM vectors extracted
from the VH-polarized images acquired in winter was only
slightly higher than that of the SIM vectors extracted from the
VV-polarized images acquired in winter.
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Fig. 5.
of (c) 0.2 and (d) 0.4.

The rich grayscale information of images can increase the
identifiability of sea ice features and thus affect the reliability
of SIM vectors. In this study, we chose the information entropy
[44], which is insensitive to noise, to evaluate the richness of
grayscale information in images [45], and the image information
entropy is defined as follows:

255

H(z) = - pi(z)logpi(x) “4)
=0

where p;(x) is the frequency of grayscale 4 in the image, and a
large H (x) indicates rich grayscale information in the image.

Comparison of filtered results. (a) Unfiltered SIM vector field. (b) Result obtained by LC flow field filtering; results obtained using CCT with thresholds

Fig. 9 shows the information entropy calculated for the VH-
and VV-polarized images with an 80 m resolution acquired in
FSII mode. The VH-polarized images acquired in FSII mode
in the winter have a higher mean information entropy and
therefore richer grayscale information than the corresponding
VV-polarized images. Similar results are obtained for the sum-
mer images. The characteristics of the information entropy
of the VH- and VV-polarized images are consistent with the
reliability of the corresponding extracted SIM, suggesting that
the rich grayscale information in the images is responsible for
the higher reliability of the SIM data obtained from the FSII
mode VH-polarized images.
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Fig. 7. PDDs of the p values of the SIM vectors for FSII mode images with different spatial resolutions obtained using (a) FT(A-KAZE)-MCC and

(b) FT(ORB)-MCC. The number of SIM vectors is the sum of the number of SIM vectors obtained from the four pairs of FSII VH- and VV-polarized images
presented in Table I.
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Fig. 8. PDDs of the p values of the SIM vectors extracted from the GF-3 VH- and VV-polarized 80 m resolution FSII mode images presented in Table I acquired
in the (a) summer and (b) winter.
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N, is the sum of the number of SIM vectors obtained from the four pairs of GF-3 images presented in Table I. m. and o, are the mean and SD of the absolute
difference in the magnitude or direction of the extracted SIM vectors, respectively.

D. Comparison of FT(A-KAZE)-MCC and FT(ORB)-MCC

FT(A-KAZE)-MCC and FT(ORB)-MCC were used to extract
SIM vectors from GF-3 images. Fig. 10 is a comparison of
the magnitude and direction of the obtained SIM vectors. The
SDs of the absolute difference in the magnitude and direction
of the SIM vectors obtained using the two methods are 0.025
cm/s (21.6 m/d) and 0.301°, respectively. The magnitude and
direction of the SIM vectors obtained by the two methods are
highly consistent.

Fig. 11 shows the PDDs of the p values of the two methods
were highly consistent. Considering both the PDDs of the p
values and the absolute difference in the magnitude and direction
of the SIM vectors of the two methods, it is concluded that the
SIM vectors obtained by the two methods on the GF-3 images
show high consistency.

Table II shows that FT(A-KAZE)-MCC is significantly more
efficient than FT(ORB)-MCC. Comparing the efficiency of
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Fig. 11. PDDs of the p values of the SIM vectors obtained by the FT(A-

KAZE)-MCC and FT(ORB)-MCC. The number of SIM vectors is the sum of
the number of SIM vectors obtained from the four pairs of GF-3 images presented
in Table I.
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based on the results in (a)—(d), respectively.

TABLE II
COMPARISON OF EFFICIENCIES OF FT(A-KAZE)-MCC AND FT(ORB)-MCC
IN UNITS OF SECONDS

casel case2 case3 cased

FT(A- A-
KAZE)- KAZE 1.788 | 3.146 | 2.876 1.250
MCC MCC 1.028 1.383 1.338 1.252
FT(ORB)- ORB | 22.415 | 34.020 | 26.548 | 17.145
MCC MCC 1.442 1.655 1.885 1.373

different stages of the two methods showed that A-KAZE was
more efficient than ORB, which is the reason for the higher
efficiency of FT(A-KAZE)-MCC.

Demchev et al. [26] compared the SIM vectors extracted by
two FT algorithms, A-KAZE and ORB, from Sentinel-1 imagery
and noted that A-KAZE was superior to ORB in terms of their
extraction of SIM vectors. On this basis, we believe that the
results produced by the FT(A-KAZE)-MCC algorithm should
be better than those produced by the FT(ORB)-MCC algorithm.
However, the comparative analysis presented earlier shows these
two algorithms yielded highly consistent SIM vectors from GF-3
images, albeit with different efficiencies. This discrepancy can
be attributed to the fact that in FT-MCC, the results obtained
through FT were only used to estimate SIM vectors at the regular
grid, which was subsequently used to reduce the matching area
for MCC and accelerate the MCC process. As a result, the
number of SIM vectors obtained through FT did not have a
significant impact on the final output of the FT-MCC algorithm.
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Fig. 13. Impact of the number of SIM vectors obtained through FT on the
distribution of the p values of the SIM vectors yielded by the FT-MCC algorithm.

The different numbers of SIM vectors obtained through FT
were used to perform the subsequent steps of the FT-MCC
algorithm to examine the impact of the number of SIM vectors
obtained through FT on the output of the FT-MCC algorithm.

As shown in Fig. 12, the SIM vectors on the regular grid
obtained based on different numbers of SIM vectors obtained
through FT displayed consistent spatial distribution patterns.
Statistical analysis (Fig. 13) revealed that the p values of the SIM
vectors in the four distributed grids in Fig. 12 (e)—(h) were almost
identical. Figs. 12 and 13 show that the SIM vectors obtained
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Assessment of the accuracy of extracted results using manually extracted SIM vectors as reference data. (a) and (b) Assessment results for the magnitude

and direction, respectively, of SIM vectors extracted from a GF-3 image. N is the number of automatically (FT(A-KAZE)-MCC) and manually (reference) extracted
vector pairs. m. and o, are the mean and SD, respectively, of the absolute deviation of the magnitude or direction of the SIM vectors extracted manually and
automatically. The SIM vectors assessed in the figure are the set of results extracted from all the GF-3 image pairs presented in Table I. The blue dashed line is a

least-squares linear fit to the blue scatter points.

through FT from the GF-3 images did not have a significant im-
pact on the final grid-like distribution of the SIM vectors yielded
by the FT-MCC algorithm and that the SIM vectors extracted by
the FT(A-KAZE)-MCC and FT(ORB)-MCC algorithms from
the GF-3 images were consistent.

E. Accuracy Assessment

Based on the results presented in the previous section, we
used FT(A-KAZE)-MCC to extract SIM vectors from the GF-3
FSII mode VH-polarized 80 m resolution image.

The accuracy of the extracted SIM vectors was assessed by
the method described in Section III-C using two independent
datasets: SIM data manually extracted from GF-3 images and
SIM data extracted from Sentinel-1 images by the method in
[27]. We did not directly assess the SIM vectors extracted from
GF-3 imagery using currently released SIM products because
the temporal resolution of these products does not match that
of the SIM data extracted from GF-3 and SIM vectors extracted
from SAR imagery are generally considered more accurate than
those extracted from low-resolution passive microwave data
[46]. Thus, we first selected the CMEMS SIM products extracted
from SAR images to assess the SIM vectors extracted from
Sentinel-1 images to ensure their reliability as reference data,
and then used the SIM data extracted from the Sentinel-1 images
to evaluate the SIM data extracted from the GF-3 images.

1) Using Manually Extracted SIM Vectors as Reference
Data: The accuracy of the SIM vectors extracted from the GF-3
images was investigated using manually extracted SIM vectors
as reference data. Fig. 14 and Fig. S3 show that the SIM vectors
extracted from a GF-3 image by FT(A-KAZE)-MCC had high
accuracy. The uncertainties of the SIM speeds were 0.119 cm/s
(103 m/day), and the uncertainties of the SIM directions were
4.119°.

2) Using SIM Vectors Extracted From Sentinel-1 Images as
Reference Data: Considering that the temporal resolution of
CMEMS SIM products is approximately 1 day, the image pairs
case6 and case7 in Table I with a time interval of approximately
1 day were assessed, and the results are shown in Fig. 15. The
SDs of the absolute difference of the SIM vectors magnitude ex-
tracted from the Sentinel-1 image and the magnitude of CMEMS
SIM vectors is 0.224 cm/s (193 m/d), and the SD of the absolute
difference of the direction is 4.179°, which is considered to be
a better consistency of the two SIM data.

The GF-3 image pairs and Sentinel-1 image pairs (casel
and case5, case3, and case6) with close in time were selected.
The SIM vectors extracted from Sentinel-1 images were used
as reference data to assess the accuracy of the SIM vectors
extracted from GF-3 images. The results are shown in Fig. 16.
The SIM vectors extracted from the GF-3 and Sentinel-1 images
are generally consistent, with SDs of 0.180 cm/s (155 m/d) and
4.207° for the absolute difference in the magnitude and direction
of the velocity, respectively.

Combining the assessment results in Figs. 15 and 16 with the
error propagation [47], the SDs of the absolute difference of the
velocity magnitude between the CMEMS SIM product and the
SIM data extracted from GF-3 are calculated according to (5) is
0.287 cm/s (248 m/d), and the SD of the absolute difference of
the velocity direction is 5.930°.

(&)

Comparing the assessment results of two independent datasets
on the accuracy of SIM vectors extracted from GF-3 images,
showed that the accuracy of SIM vectors extracted from the GF-3
images was underestimated when using the Sentinel-1 extraction
vectors as reference data because the times of the Sentinel-1
and GF-3 image pairs did not coincide. In addition, due to the
limited number of manually extracted SIM vectors, the accuracy

2 2 2
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of extracting SIM vectors from GF-3 images was overestimated
when using the manually extracted vectors as reference data.
Based on the earlier, this article concludes that the uncertainty
in the magnitude and direction of the SIM vectors extracted from
GF-3 images using FT-MCC are 0.119 cm/s—0.287 cm/s (103
m/d-248 m/d) and 4.119°-5.930°, respectively.

V. SUMMARY

In this article, a procedure for extracting SIM vectors from
GF-3 imagery using the FI-MCC algorithm was presented.
The effects of the spatial resolution and polarization mode of
the GF-3 imagery on SIM vector extraction were discussed.
The differences in the results and efficiency of SIM extraction

from GF-3 images by FT(A-KAZE)-MCC and FT(ORB)-MCC
methods are compared. Additionally, the accuracy of the SIM
vectors extracted from GF-3 imagery was assessed.

We used LC flow field filtering to replace CCT filtering in
FT-MCC to effectively eliminate erroneous SIM vectors, while
retaining correct vectors with low correlation coefficients. Thus,
the limitation of the CCT method, that is, the requirement of
different thresholds for different scenarios, is eliminated and
removal of erroneously extracted SIM vectors by FT-MCC is
improved.

A comparison of the PDDs of the correlation coefficients of
SIM vectors obtained from GF-3 images with different spatial
resolutions showed that the reliability of SIM vectors obtained at
20 m resolution is poor for FSII mode images and better at 80 m
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resolution. The ENLs of images with different spatial resolutions
showed that high level of speckle noise in 20 m resolution FSII
mode images reduced the reliability of SIM vector extraction at
this resolution.

The polarization mode of an image also affected the reli-
ability of the extracted SIM vectors. The reliability of SIM
vectors extracted from VH-polarized images acquired in GF-3
FSII mode in the winter and summer was overall higher than
from corresponding VV-polarized images. An analysis of the
information entropy of different polarized images showed that
the mean information entropy of VH-polarized images in winter
and summer in FSII mode was than that of VV-polarized images.
The larger the information entropy of the image, the richer the
grayscale information in the image, which is more conducive to
the extraction of SIM vectors with high reliability.

Extracting SIM vectors from GF-3 images using FT(A-
KAZE)-MCC produced similar results at a significantly higher
efficiency than using FT(ORB)-MCC. The use of different num-
bers of SIM vectors obtained through FT in the subsequent steps
of the FI-MCC algorithm revealed that the FT-MCC algorithm
was not sensitive to the number of SIM vectors obtained through
FT when applied to GF-3 images, which further explained the
high consistency between the results yielded by the FT(A-
KAZE)-MCC and FT(ORB)-MCC algorithms.

The accuracy of SIM vector extraction by FI-MCC from GF-3
images was assessed using manually extracted SIM vectors and
SIM vectors extracted from Sentinel-1 images as reference data.
We also assessed SIM vector extracted from Sentinel-1 images
using the CMEMS SIM product to demonstrate its reliability
as reference data. The assessment results for SIM vectors ex-
tracted from the GF-3 image by FT-MCC using two independent
reference data were used to calculate the SDs of the absolute
differences in the magnitude and direction of the vectors as
0.119 em/s—0.287 cm/s (103 m/d-248 m/d) and 4.119°-5.930°,
respectively.

Due to the limitation of the coverage of GF-3 images in the
Arctic and the winter and summer imaging modes, FSII mode
winter and summer images were selected as experimental data to
study of SIM data extraction from GF-3 images. The conclusions
of this study are insufficient to assess the ability of FI-MCC to
extract SIM vectors using GF-3 images across the entire Arctic.
With the improvement in the coverage of the GF-3 satellite in the
Arctic, GF-3 images for more areas will be employed to study
SIM in the future.
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