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Coastline Extraction From SAR Data Using
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Abstract— Coastline extraction by exploiting optical images is
challenging during adverse weather conditions. This letter pro-
poses coastline extraction from synthetic aperture radar (SAR)
data. Since collecting in-situ data is expensive and not always
possible, the Doppler parameter is used to delineate coastlines
when neither in-situ data nor cloud-free optical images are
available. We propose a novel coastline extraction method based
on classic coastal dynamic variation, such as Doppler centroid
(fpc), since the coastline is static and has zero Doppler with
respect to the dynamic sea-state. The results of the Doppler-based
novel technique allow us to investigate the impact of natural
hazards on coastline degradation. We compare the proposed
method to state-of-the-art (SOA) coastline extraction methods
based on polarimetric correlations and the reference method
from Sentinel-2. The results show that using scattering from dual
and cross-polarization for coastline extraction is more reliable
than using co-polarization. Based on empirical distributions and
using the constant false alarm rate (CFAR) method, the relevant
threshold has been adapted to distinguish land and sea in an
unsupervised manner. We compare the results of polarimetric
and Sentinel-2 with Doppler-based coastline extraction, which
emphasizes the accuracy of the proposed fpc method for
extracting coastlines at full resolution.

Index Terms— Coastline extraction, constant false alarm rate
(CFAR), Doppler parameters, polarization, synthetic aperture
radar (SAR).

I. INTRODUCTION

COASTLINE is the area where land meets the ocean.

Coastal areas are of great importance as they are the
most dynamic environments in the world [1]. For coastal zone
safety, coastline extraction at various times is a fundamental
task. Moreover, coastline applications, such as estimating
shoreline circulation parameters, require information about the
land-sea boundary [2], [3]. Recently, the detection of coast-
lines has been carried out by exploiting optical images from
Sentinel-2, which perform very well when cloud coverage is
minimal [4]. When the weather is cloudy, this technique is not
viable since cloud removal itself is a challenging task [5].
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In practice, synthetic aperture radar (SAR) data has been
used in a wide range of Earth Observation (EO) applications,
such as the creation of digital elevation models, the detection
of changes in the terrestrial surface, and the monitoring of
displacements such as landslides, infrastructure, and coastline
extraction. Due to the high resolution of SAR, its ability to
overcome most weather constraints, and the impact of day
and night time [6], [7], [8]. However, the dynamic nature of
ocean waves, speckle noise from land, and coastal contrast
make the coastline difficult to interpret. The interaction of
radar electromagnetic waves with coastlines is significantly
influenced by surface roughness and impacted by radar wave-
length, incidence angle, and polarization. Numerous studies
have shown that using SAR data from co-polarization VV/HH
for coastline extraction mainly depends on radar incidence
angle [9], [10]. Co-polarization with a lower incidence angle
usually has inadequate contrast between land and sea. Coast-
line extraction is difficult and highly dependent on sea-state
conditions, though it is feasible if the sea is calm.

In the literature, a method based on two-stage fuzzy process-
ing and a trivial data combination is presented. This feature
allows for the consideration of inaccuracy while reducing
reliance on threshold and parameter values as much as pos-
sible [11]. This can be accomplished directly by empirical
thresholding and simple image processing for the extraction
of continuous coastlines. Furthermore, the linear feature of
the coastline map can be detected by choosing a region of
interest (ROI) from the SAR scene and by setting an empirical
threshold for land and water separation [12], [13].

The stripmap (SM) single look complex (SLC) SAR is used
for extraordinary events to provide high spatial resolution data
with phase information. State-of-the-art (SOA) experiments
conducted by researchers for the purpose of this study suggest
that the majority of them used multipolarization and revealed
that polarimetric-based extraction performed well. However,
co-polarization correlation performance influenced when the
incidence angle is <30°, whilst this polarization dependence
is no longer applicable for incidence angles >30° [10]. The
polarimetric analysis of coastline extraction is performed in
[6], [14], [15], [16], and [17] using the C and X bands SAR
data. Given the correlation metrics, dual and cross polariza-
tions have greater land/sea separation than co-polarization.

In this letter, we make use of SOA polarimetric combi-
nations, including dual, cross, and co-polarization, to extract
coastlines in a completely unsupervised approach. Therefore,
from the smooth water region, an empirical distribution is
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analyzed to apply a histogram-based threshold. Then, by using
this threshold, logical images are generated that clearly dif-
ferentiate the land and sea. The approach presented here
works at full resolution with minimal loss caused by sliding
window-based spatial mean operation. Moreover, it does not
require any preprocessing or filtration. However, the output of
the edge detector and information from geo-coded data are
used to extract the coastline map.

The novel study involves determining the coastline based on
the fpc. Despite the fact that land is stationary and the ocean is
dynamic, the significant difference in Doppler characteristics
allows for straightforward extraction of coastline. In our sce-
nario in-situ samples are unavailable for the study area. As a
result, we use fpc for coastline extraction and compare the
results with Sentinel-2 and polarimetric coastline extraction.
In addition, we analyze the footprint of Doppler parameters
on coastline structure including velocity and height, which
could be helpful for coastline engineering, monitoring, and
management. High-resolution mapping of fpc-based coastline
extraction is covered by the scope of this letter.

II. METHODOLOGY

In this letter, we consider SM-SLC SAR datasets that con-
tain partial polarimetric information, including co-polarized
VV and cross-polarized scattering VH channels, respectively.
Hence, the SAR data are S;, and S,,, where p, ¢ € {H, V}.
A rough estimate is taken by evaluating the correlation
coefficient to ensure that reflection symmetry is fulfilled and
that both channels are uncorrelated [14]

(SqqSpy)
pe = R (1
VIS0g )/ (1Spg1?)
where | - |, and (-) represent modulus and spatial average

correspondingly. The spatial averaging is carried out by using
a sliding window of size 9 x 9, this size is selected to
provide reliable estimates [14]. It is worth noting that p.
values are minimal over both land and sea, as we can observe
in Fig. 1(c), demonstrating that reflection symmetry exists
everywhere, moreover relative phase is unknown.

A. Coastline Extraction Based on Doppler Centroid

The novel case study focuses on coastline detection by
extracting the Doppler variations around the coastline. On that
account, the fpc is the essence of this topic. Since inci-
dence angle is <30°, therefore, we exploit the cross-polarized
channel §,,, to obtain better estimates of fpc. Subsequently,
as given in Fig. 2, to estimate fpc we make use of corre-
lation Doppler estimation (CDE) method which involves an
auto-correlation of the SLC image with its shifted version in
the azimuth direction “A#” [18]. By using the sliding window
“w” of size 9 x 9 we locally compute the correlation in the
azimuth direction and perform an averaging operation in the
range direction, ({-), known as ensemble average). The phrase
“@” of correlation term C(#, 7) is estimated as

N
¢(n, 1) =arg Y Cln, ) )

k=1
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Fig. 1. (a) Optical image of the coastal site with grooves. (b) Sentinel-2
optical image with a dark time scan that is partially cloudy. (c) p. describes
the reflection symmetry that applies to both land and sea with minimal values.
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Fig. 2. CDE method to obtain fpc image of SAR data by using a sliding
window/box-car filter (w) of size N x N.
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Fig. 3. Excerpt of SAR collected from an incidence angle of 26.5° over
latitude —16.60 °N:—16.91 °S, and longitude —151.20 °W:—151.73 °E,
on July 16, 2020, at 15 h:44 m:54 s. However, 7., 0,4, and 0,4, are evaluated
and normalized over the same scale, whereas the yellow circle corresponds
to ROL

where N is the average number of cross correlation coeffi-
cients. Based on the pulse repetition frequency (PRF) and
phase correlation function, the fpc is calculated as follows:

PRF
foc(n,t) = —?ﬂ’?, 7). 3)

The overall impression is that the coastline is static with
respect to the sea and paves zero Doppler rate theoretically.
Thus, dynamic and static natures easily distinguish the water
and land. The next step is to extract the coastline while
enhancing the land and water separation. Estimated fpc is
set to its absolute values for the sake of simplicity to use
a single threshold value | f]%H” = | fpc(n, 7)|. The constant
false alarm rate (CFAR) method is applied over ROI which
intends to provide a hetero-logical image from f,g‘é” at 20 to
clearly discriminate between land and sea. The CFAR method

is discussed in Section II-B to obtain threshold “th.”

B. Polarimetric Correlations for Coastline Extraction

The qualitative analysis associated with this research
approach consists of both advancing the SOA in the
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Fig. 4. | fpc| evaluated from [VH] polarization at ROI for three data sets, with
a certain variation in Doppler rate. The separation between land and water
is visible in the dynamic nature of sea-states. Datasets 1-3 are collected on
July 10, 2019, July 16, 2020, and July 11, 2021, respectively.
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Fig. 5. Histograms evaluated within the smooth water region from ROI

extracted from fpc, re, 0pg, and o4q, respectively, to observe the relevant
distribution and find a threshold based on CFAR method to discriminate land
and water. In a given data set, fpc, 7c, Opq, and o4q closely follow Gaussian,
inverse Gamma, Gamma, and Burr distributions, respectively.

delineation of coastlines with different polarizations and
utilizing the fpc to extract coastline maps. As a result,
in Section II of this letter, coastline extraction is carried out
using the metrics provided by [15], [16], and [17], which
include correlation between co- and cross-polarized amplitude
channels, as well as auto-correlations, given below

re = (ISqu : ISqq|>’ Opg = (|Spq|2>’ Ogqq = <|Sqq|2>- “)

The next step is to generate logical images to better visu-
alize the land and water region separated. The histograms
are evaluated to analyze the empirical distribution that is
well approximated for each polarimetric combination and
then adapt the relevant threshold, which is then applied to
|31, Fey Opg, and o4y, images that provide logical binary
and hetero-logical outputs in a robust manner. Upon that,
[12], [15], and [20], provided the relationship between the
probability of false alarm and CFAR threshold for Inverse
Gamma, Gamma, Burr, and Gaussian distributions. Once the
“th” values are obtained over smooth water region, the logical
binary and hetero-logical outputs are obtained to distinguish
sea and land easily. “th” values of | fgCH [, 7e, Opq, and o4y
over the ROI are varying for each distributions.
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Hetero-logical images of |fpc| at 2o discriminating coastline and
water for three data sets. The zero Doppler corresponds to land, while keeping
sea-state homogeneous at 2.
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Fig. 7. Binary images obtained to discriminate land and water bodies over
the ROI by using the threshold based on CFAR method, where r., op,, and
044 follow inverse Gamma, Gamma, and Burr distribution, respectively.
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Fig. 8. Ocean circulation parameters are evaluated for three datasets in order
to visualize the impact of each Doppler parameter on coastline structure.

III. EXPERIMENTAL RESULTS

Experiments are carried out with SLC SM SAR data from
Sentinel-1 from a coastal location with unique characteristics.
The study region is centered around over latitude —16.60°N:
—16.91°S, and longitude —151.20°W: —151.73°E, surrounded
by the ocean and a thin, flat, and sandy coastline. The
outside sandy shoreline incorporates grooves that allow ocean
water to flow in and out of the island. Fig. 1(a) shows the
optical image of the scene, and Fig. 1(b) represents the RGB
image of Sentinel-2, influenced by partial clouds, however,
ROI is cloud-free. The scene is challenging due to a very
narrow and steep coastline. In Fig. 3, the given polarimetric
correlation parameters r., ¢4, and o, are estimated from the
scattering channels S,, and S,,. The values are normalized to
mean values and the same scale is adopted to qualitatively
show that the land and sea are well presented, while the
sea area is homogeneous. However, for o,, sea state shows
high back-scatterings which is an impact of a lower incidence
angle (26.5° < 30°). In [4], [14], [15], [16], and [17], the
extracted coastlines are mapped and overlapped with GPS
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Fig. 9. Row one represents extracted coastline maps of Sentinel-2 (S2), | f¥!

l, 7e, 0pg» and 044 with their respective imagery over ROI related to the scene

collected. Coastline map of S2 (green) is overlapped with | f]‘)/CH | (magnetic), r. (red), 0,4 (blue), and o4y (black) as shown row-2.

samples or Sentinel-2 data for quantitative analysis. For the
given scene under observation, in-situ data are unavailable
and Sentinel-2 data is partially cloudy, however, ROI is not
affected by clouds. For the novel case, the fpc is estimated to
delineate the coastline and study dynamic variations. Due to
the difference in the dynamic and static natures of the ocean
and land/coastline, we use | fpc| to extract the coastline and
highlight its impact on the coastline.

The |fpc| shown in Fig. 4 is influenced by dynamic
Bragg waves and medium-scale variations. Fig. 5 shows the
distribution of baseband fpc for VH polarization for the
given data set mentioned in Fig. 3, where we observe an
empirical distribution over the smooth water from ROI, and
utilize Gaussian distribution to obtain “th.” However, due to
the different fpc and sea-state conditions value of “th” may
vary from data to data. There exist false alarms after applying
“th” because some pixels on the ocean area have zero Doppler,
so to discard these false alarms we involve the former approach
0,y to filter out. This criterion was chosen to isolate the
variation caused by the sea dynamics and effectively extract
the coastline. Fig. 6 depicts heterological images obtained
from | fpc| for three datasets in which the Doppler on the
ocean surface is kept uniform at their 20 values, to clearly
distinguish the coastline from the sea surface. Data-1 and
data-2 are showing very few false edges due to relatively
high |fpc| fluctuation, and observe a continuous coastline
boundary in data-3. This analysis confirms the performance
of the Doppler-based coastline extraction and allows us to
adapt when in-situ data are unavailable. After obtaining logical
images that clearly indicate land and sea, simple image
processing and edge detection are used to retrieve the contour
of coastline map.

To acquire the performance of SOA methods r., 0,4, and
044,10 Fig. 5, the empirical histograms are evaluated over ROI,

to highlight the ability of each selected distribution and “th” to
discriminate between land and sea. Since polarization and their
combinations differ, the distribution and “th” value varies from
case to case, however, count density over the ROI remains
constant in all scenarios. Empirical histograms quantitatively
validate the theoretical distributions. To visually discriminate
the land and sea, the next step is to generate the logical binary
images from r., o,4, and o4, by using calculated values of
threshold “th.” In Fig. 7, the binary outputs show land and
sea separation in an unsupervised way without any false edges,
where logical “I” presents sea, while “0” corresponds to the
land/coastline. The “Sobel” edge detector evaluates the binary
and heterological image’s 2-D spatial gradient and generates
edges of the coastline. Overall, it appears that the detected
line follows the coastline appropriately; no erroneous detection
is seen. However, due to the relatively thin structure of the
coastline boundary, there may be some missing pixels.

The detected coastline maps based on the above experiments
are given in Fig. 9. We can observe maps of coastline obtained
from | fgCH |, 7¢, and 0,4, having minimal variation with similar
maps, besides o,, maps are erroneous due to the impact
of lower incidence angle. The extracted coastline maps of
the proposed |f3d!| and o,, one of the SOA method in
red and blue colors, respectively, are overlapped to quantify
the accuracy of two methods, and a good agreement can
be observed. Sentinel-2 (S2) image accurately detects the
coastline and small water target, coastline map is highlighted
with the green color given in Fig. 9 row one. The dataset of S2
was obtained in August 8, 2020. To quantify the performance,
the overall agreement (OA) [4] is computed between S2 and
both the proposed and SOA methods. The total number of
pixel classified as sea, land, and both sea + land.

The quantitative analysis is reported in Table I by comparing
the proposed and SOA methodologies with S2. We make
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TABLE I
QUANTITATIVE ANALYSIS BASED ON OA
Comparison
S2vs |[fLH|[S2 vs e | S2 vs 0pg | S2 Vs 0gq

OA

Land 0.3414 0.3418 0.3447 0.2524
Water 0.5799 0.5792 0.5693 0.6294
Land + Water 0.9214 0.9210 0.9140 0.8818

use of a good balance between the two classes, sea and
land, the comparisons are carried out in a boundary chosen
across the ROI. Experimental values of pixel classification
for land and sea both together, show that |f3 | performs
robust as r., 0,4, however, o, is under influence of incidence
angle. Many industrial zones are located in coastal areas that
might be at high risk of being affected by natural hazards
like floods, tides, or currents. We describe the impact of
such risks on the structure of coastline. The ocean circulation
parameters are discussed in Fig. 8. The datasets are collected
at various intervals in order to accurately predict the impact
of Doppler parameters on coastline. We can observe that
coastlines have variations in physical structures. The coastlines
from data-1 and data-2 show that coasts are facing cuts
and the sea state is slightly rough, which is an impact of
high Doppler parameters. To study this footprint, we estimate
Doppler velocity (Vp) [18], which varies up to 2.25 m/s
and significant wave height (SWH) [19], which goes up to
1.45 m. The distributions of Doppler parameters of three data
sets are presented in red, green, and blue plots, where data-3
(in blue) has the majority of its distribution around zero,
which states the sea state condition is very calm. This study
helps monitoring of coastline and delineates natural hazards to
protect the shoreline. The proposed algorithm performs well
in comparison with the SOA approach.

IV. CONCLUSION

In this letter, coastline extraction is done in an unsupervised
way using the SM mode of SLC SAR data. A novel study
of the Doppler centroid image-based coastline extraction
is proposed. The |fpc| estimated from the cross-polarized
channel provides a better extraction of the coastline map.
The proposed techniques process the entire scene very quickly
using classical signal and image processing. The main features
are the ability to work at full resolution and pixel-wise
coastline detection. The quantitative analysis demonstrates
that the accuracy of coastline extraction is satisfactory. The
coastline map of | fpc| is correctly extracted and compared to
one of the SOA methods, ¢,,, and the reference Sentinel-2
image, where we find the highest OA when compared to
other SOA methods. The analysis of Doppler’s impact on the
structure of the coastline allows us to monitor the shoreline
under various circumstances and observe such anomalies.
Future research will focus on optical images and the mapping
of coastlines using GPS data. Time series from Sentinel-2 will
also be integrated. These experiments pave the way for novel
time-series analysis to infer coastline variations.
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