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Tracking of Coastal Swell Fields in SAR Images

for Sea Depth Retrieval: Application
to ALOS L-Band Data
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Abstract—Swell propagation in shallow water sets specific
relationships between water depth and swell parameters like
swell wavelength and period. These relationships allow coastal
bathymetry to be retrieved if swell parameters are measured.
Synthetic aperture radar (SAR) is able to image swell waves, and
spectral analysis of SAR images is a well-known approach for mea-
suring swell parameters. However, owing to nonlinearities in SAR
imaging, speckle and noise, spectral analysis can result in signifi-
cant bathymetric errors. The paper individuates the conditions in
which linear imaging is achieved and presents an algorithm able to
preserve the accuracy of the calculated bathymetry against image
speckle and noise. The proposed approach includes: 1) image
resizing and filtering before spectral analysis; 2) limitations to
the domain of the spectral analysis; and 3) spatial smoothing
of the estimated parameters. The algorithm is tested on L-band
ALOS PALSAR data collected over coastal regions in the Gulf
of Naples, Italy, showing that swell can be properly tracked from
open sea to shoreline. Dense coverage and submetric accuracy is
thus achieved.

Index Terms—ALOS PALSAR, bathymetry, dispersion rela-
tion, swell waves, synthetic aperture radar (SAR).

I. INTRODUCTION

ATHYMETRY is the measurement of depths and shapes
of underwater terrains [1]. Bathymetric data are impor-
tant for oceanography and oceanic science since underwater
mountains, basins, and ridges affect the global flow of sea water
that transfers heat, but also nutrients and pollutants, among
different earth regions. Concerning coastal areas, the knowl-
edge of water depth is essential to guarantee safe navigation.
In addition, structure construction, pipeline and cable routing,
and siting of underwater power plant require accurate bathy-
metric data [2], [3]. Finally, the capability to monitor variations
in seabed morphology is a prerequisite for the control of geo-
morphological risk in coastal areas [4], including forecasting of
potential flooding events and warp analysis.
The most assessed and mature technology to perform bathy-
metric measurements is represented by echo-sounders mounted
on dedicated ships [5]-[8]. They carry out hydrographic survey
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campaigns and cover the area of interest by planned straight
transects [9]. In this way, they collect a dense distribution of
bathymetric data. Subdecimeter depth and geolocation accuracy
can be achieved when the echo-sounder is integrated with iner-
tial sensors and differential GPS [10]-[13]. The main drawback
of such hydrographic surveys is that they involve high costs,
long acquisition times, and repeated acquisition campaigns if
bathymetric changes must be monitored over time [14].

Several remote sensing techniques have been proposed as
potential alternatives or in support to conventional techniques.
Indeed, satellite remote sensing allows large areas to be quickly
covered at relatively low cost. With specific reference to
electro-optical sensors, the use of passive [15], [16] or light
detection and ranging (LIDAR) [17]-[23] technology was pro-
posed. The results have shown that these techniques achieve
good performance over clear and very shallow (up to 20 m)
waters only [24].

For deeper waters, synthetic aperture radar (SAR) data repre-
sent a promising alternative [25]-[27]. SAR microwave signals
are not able to penetrate sea surface. SAR images are gener-
ated by signals backscattered from sea surface. Nevertheless,
bathymetry can be retrieved from SAR data because, under spe-
cific conditions, underwater morphology is able to modify the
characteristics of sea surface and therefore to introduce modu-
lations into SAR image intensity. These mechanisms are related
to the hydrodynamic characteristics of sea motion and are not
affected by the quality of the water. Hence, SAR bathymetry
can be used independently from the clearness of the water.

Bathymetric measurements can be generated from SAR data
using two families of processing techniques provided that a
number of conditions are respected. In detail, SAR bathymetry
is based on the exploitation of either sea currents or sea waves.
The variation in surface current velocity resulting from local
depth changes is used in the first case. Indeed, according to the
three-step mechanism introduced in [28], surface current gradi-
ents produced by depth variations modify the spectrum of short,
wind-generated, surface waves, thus leading to modulations
in surface roughness, which result in intensity modulations of
radar imagery. Current-based algorithms have been diffusely
investigated [25], [27]-[32] and some operational solutions
have been proposed [14], [33]-[35]. However, applicability of
this approach to close areas, e.g., gulfs or inlets, or relative close
seas, e.g., the Mediterranean Sea, is very limited because cur-
rent velocity is too slow or tends to be irregular both in time and
in intensity [14].
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Bathymetric techniques relying on the investigation of grav-
ity waves, or swell, propagation in coastal areas have been
recently proposed [24], [36]-[39]. The approach is suitable for
close areas and seas where currents are extremely weak and
cannot be used to infer bathymetry [39]. Within past works
[26], [39], the authors were involved in the implementation
and testing of the bathymetric algorithm discussed in [24] and
[37] which is the simplest approach for SAR-based bathymetry
by swell analysis. The algorithm is a direct application of the
theory of swell propagation assuming that SAR data can be
interpreted as a two-dimensional (2-D) picture of sea surface.
This algorithm is referred to as theory-driven algorithm in the
remainder of the present paper. The application to SAR data
showed that unstable and inaccurate depth measurements can
result from the theory-driven algorithm [39], [40]. The present
paper focuses on understanding the limitations of this algorithm
and on integrating it with additional processing steps to achieve
more robust, reliable, and accurate bathymetric data retrieval
[40], [41].

This paper is organized as follows. Section II describes the
effects of seabed morphology on the propagation of swell waves
and the basic theory for bathymetric data retrieval from swell
parameters. Section III presents the mechanism of SAR imag-
ing of swell waves and the relevant, theory-driven, algorithm
for SAR-based bathymetry. Section IV describes the proposed
algorithm for reliable tracking of swell waves and bathymet-
ric data retrieval. Finally, Section V presents the experimental
results obtained by applying the proposed algorithm to ALOS
PALSAR L-band SAR data collected over the Gulf of Naples,
Ttaly.

II. SWELL WAVES AND BATHYMETRY

The profile of sea surface in stationary conditions can be
modeled as a sum of infinite harmonic components, each of
them characterized by specific values of parameters such as
amplitude, phase, angular frequency and period, and wavenum-
ber and wavelength. Based on wave features and dynamics,
and with specific reference to SAR observation of sea, three
main kinds of waves can be defined [42], [43], namely capil-
larity waves, wind sea, and swell waves. Capillarity waves or
ripples are wind-generated waves, characterized by very high-
frequency and irregular patterns. Wind sea waves are more
regular and longer than ripples, but still include wind-generated
high-frequency components. Swell waves, on the contrary, gen-
erate in a certain region of sea surface as the result of intense
and adverse weather conditions. Their propagation is domi-
nated by gravity and is not significantly affected by wind. For
this reason, they are able to propagate far from their region
of origin and can continue travelling for several days. Swell
waves are characterized by long period and long individual
crests which tend to be uniform in height, period, and direction
of propagation [43]-[45]. Swell waves’ characteristics change
when they travel from deep to shallow water due to the influ-
ence of seabed morphology. Typically, alterations occur starting
from intermediate water depth, i.e., when sea water depth is
shorter than about half of swell wavelength [37].
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Effects of sea bottom morphology on swell waves’ charac-
teristics in intermediate water depth can be essentially related
to the following two main phenomena [43], [46]: shoaling and
refraction.

Shoaling phenomenon occurs when swell waves travel from
deep to intermediate water. In such a condition, swell wave-
length decreases and swell height increases due to conservation
of energy. Concerning refraction, when the crests of swell
waves are not aligned with the iso-depth lines of local seabed,
magnitude of shoaling phenomenon varies along each crest.
Indeed, different portions of the crest travel at different speeds
and the parts in shallower water result to be more decelerated
than those in deeper water. Hence, the direction of swell prop-
agation changes and the final result is a realignment of swell
crests that tend to become parallel to the iso-depth lines of
the bottom topography. Refraction and shoaling continue until
swell crests are aligned with the iso-depth lines or they break
[37], [46].

Investigation of swell shoaling and refraction phenomena in
intermediate water can be used to indirectly infer sea water
depth and seabed morphology in coastal areas. It is clear that a
suitable mathematical model must be introduced. Specifically,
swell waves’ parameters and sea water depth can be related
through the so-called dispersion relation for swell waves [43]-
[45]. This relation takes into account the physical processes
governing the hydrodynamic phenomenon of modulation of
swell waves due to water depth variations. Extensive studies
have been performed on this relation and several mathematical
expressions have been formulated, each with a different level of
detail [3], [44], [47], [48].

The dispersion relation defines the angular frequency of
swell waves, i.e., the swell waves’ oscillation frequency as
evaluated by an observed fixed in the medium, as a function
of sea-state parameters. The finite depth linear version of the
dispersion relation for swell waves, i.e., the linear dispersion
relation, is based on the Airy wave theory [49]. This linear
wave theory well represents the mechanism of swell waves
propagating on the surface of a homogeneous fluid layer under
the assumption of small amplitude waves. A sinusoidal swell
wave profile is adopted in this theory without losing general-
ity since more complex swell wave profiles can be obtained
from superposition of sinusoidal waves with different values
of wavelength. The standard expression of the linear dispersion
relation in intermediate water depth relates the swell wave fre-
quency to the swell wavenumber and to the sea water depth A,
through the control force of swell waves propagation, i.e., grav-
ity acceleration g. If values of swell wavelength L and swell
period T" are considered, the following linear dispersion relation
depth can be formulated:

L orL\ L L
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Equation (1) is valid in intermediate water, i.e., when the
depth ranges from 1/20 and half the wavelength. According to
the linear dispersion relation, when values of swell wavelength
and period are known, sea water depth can be estimated.

Similarly, nonlinear dispersion relations have been proposed
[4], [44], [45], [47], [48]. However, experimental results have
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shown that when nonlinear wave theories are adopted, uncer-
tainty in the retrieved sea water depth is larger than the one
achieved with the linear dispersion relation. Indeed, nonlinear
dispersion relations require extremely accurate estimation of
additional swell parameters, including wave height, which can-
not be achieved by remote sensing or in situ data [47], [48].
Hence, the practical application of nonlinear theories involves
such a high level of uncertainty that the overall uncertainty
in water depth results to be higher than neglecting nonlinear
processes [26]. For that reason and in agreement with recent
literature results [24], [37], [38], the linear dispersion relation
is selected as the most suitable one for SAR-based bathymetry
in this work.

IIT. SAR IMAGING OF SWELL WAVES

The application of the linear dispersion relation for depth
determination requires the knowledge of swell wavelength and
period over the area of interest. In the present case, both the
parameters have to be estimated using SAR data.

In general, wave patterns detected in SAR images are not
the true waves, i.e., SAR image is not a picture of sea surface
[42]. This is because the imaging mechanism of sea surface by
SAR is not linear. Hence, contributions from different portions
of sea wave spectrum combine in a nonlinear way to generate
the final image. The main scatters are the shorter wavelengths
matching Bragg’s resonant condition [50]. As noted in the pre-
vious section, Bragg’s waves are dominated by wind in terms
of both speed and directionality. When swell waves propagate
over sea surface, they modulate sea surface roughness, i.e.,
the distribution of Bragg’s waves. Specifically, SAR imaging
of swell waves is related to the mechanisms of hydrodynamic
modulation, tilt modulation, and velocity bunching modulation
[43]. For the present problem, the effect is important of veloc-
ity bunching for azimuth travelling swell waves. As azimuth
waves grow steeper, the radial velocity increases, resulting in
azimuth displacements due to Doppler effects. Depending on
swell wavelength and SAR sensor parameters, specific condi-
tions exist in which the azimuth displacement cannot be tracked
by SAR, so image smearing is introduced. Smearing reduces
the azimuth resolution and therefore limits the detectable sea
surface wavelength. Empirical equations are available to esti-
mate the so-called cutoff length, i.e., the minimum detectable
wavelength of swell traveling along the azimuth direction [51].

Based on the above discussion, it is clear that complex mod-
els are necessary to retrieve sea spectrum information [28],
[42], [52], [53]. Traditional solutions are based on a two-step
model in which the behavior of shorter wavelengths is mod-
eled in a forward approach based on a priori knowledge of wind
field. The residual spectrum, i.e., the spectrum of longer wave-
lengths, is computed as the difference between the observed
SAR spectrum and the estimated contribution from shorter
wavelengths. Specific conditions exist in which this approach
can be simplified notably [52], [53]. This is the case of nonex-
treme wind speed and sea state, the absence of surface currents
and wind sea contributions, and swell patterns characterized
by wavelengths that are sufficiently far from cutoff conditions,
i.e., including 1) swell propagating along the range direction
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Fig. 1. Theory-driven algorithm for swell-based bathymetry [26], [37].

or 2) azimuth propagating swell significantly longer than the
azimuth cutoff length due to velocity bunching. Under these
conditions, experimental results [24], [54] indicate that there is
a linear relation between the wavelengths derived by SAR and
those measured by buoy. The results of the present paper con-
cern this particular case. Nonetheless, the required conditions
are not rare, so they can be successfully exploited to perform
bathymetry.

A. Image Analysis for Swell-Based Bathymetry

Based on the selected linear model, swell shoaling and
refraction can be investigated and swell waves can be tracked
from offshore up to the shoreline.

Fig. 1 depicts the main steps to be performed for L and T’
retrieval and for sea water depth estimation. This oversimpli-
fied algorithm assumes that swell waves are perfectly imaged
by SAR without any source of perturbation. It is therefore called
theory-driven algorithm in what follows. Sea surface spectrum
is estimated by fast Fourier transform (FFT) of image intensity.
The resulting peak in the 2-D spectrum reveals the dominant
swell wavelength and the dominant swell direction of prop-
agation in the considered portion of the SAR image. Hence,
investigation of swell shoaling and refraction can be performed
by scanning the region of interest with a small window and
by executing the spectral analysis at each location within this
small window. Fig. 2 shows a sketch of the raster scanning
approach adopted in the present work. A scanning window is
moved by a predetermined distance, or sampling step, along the
range and azimuth directions, starting from offshore and until
the shoreline. The FFT is applied on each subimage covered
by the scanning window and the directional wave spectrum of
the local swell field is retrieved. In this way, values of swell
wavelength and direction of propagation are calculated over a
regular grid throughout the area of interest. The retrieved swell
direction of propagation has an ambiguity of 180°. However, in
coastal area, this ambiguity problem can be solved by observ-
ing the SAR image and considering that swell waves propagate
toward the coast [24].
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Fig. 3. Sea water depth as function of swell period for different values of
swell wavelength as modeled by the linear dispersion relation theory-driven
algorithm for swell-based bathymetry [26], [37].

Concerning swell period, it is well known that the period
cannot be directly retrieved from a single SAR image [24],
[37], [38]. The wave period could be measured from a tem-
poral sequence of radar images [36], but this sequence is not
typically delivered in satellite remote sensing application. If
external sources, such as buoys or weather services are not
available, the wave period can be measured by the dispersion
relation starting from the knowledge of local depth in one or
a few locations within the area of interest [37]. In detail, swell
period is evaluated offshore by (1) using trial values of T and
by comparing the obtained value with the actual water depth
reported on available low-resolution topographic datasets, e.g.,
nautical maps. In general, such a kind of first-guess approach
is of limited accuracy. However, an important property of the
dispersion relation can be exploited. As shown in Fig. 3, when
the wave period is sufficiently long and local depth quite small,
the sensitivity of the depth to the wave period is very low and
therefore high uncertainties on the wave period and wave period
variations can be tolerated. The first-guess approach is typically
applied as close as possible to the intermediate water depth
area [24], [37], in order to further reduce potential water depth
ITOrS.

Finally, the theory-driven algorithm uses the values of L and
T retrieved over the investigated area to estimate sea water
depth according to (1). In this way, a dense and regular dis-
tribution of depth measurements is obtained and a bathymetric
map can be generated.

IV. BATHYMETRIC ALGORITHM

The validity of the linear imaging model does not guar-
antee the reliability of the theory-driven algorithm. Even if,
from a global point of view, swell waves are correctly imaged
and dominate SAR data, additional phenomena occur locally,
including speckle, noise, and other sources of perturbation.
Local estimation and tracking of swell by the theory-driven
algorithm is thus extremely unstable and generally nonrobust.
For this reason, the algorithm must be completed by further pro-
cessing steps and procedures. Fig. 4 illustrates the proposed
solution. It is based on the introduction of a preprocessing
step before spectral analysis and a smoothing step after spec-
tral estimation. Finally, the algorithm is completed by precise
requirements and limitations posed to the outcomes of the
frequency analysis.

Preprocessing is in charge of filtering out phenomena occur-
ring at a smaller scale with respect to bathymetry. This is
performed by resizing the original spatial resolution of SAR
data, i.e., introducing a scaling factor. Standard bilinear inter-
polation is used to resize the image. The specific value of
the scaling factor depends on the value of the original spa-
tial resolution and should be set to reduce the noise without
removing swell waves features on the SAR image. Thereafter,
a 2-D median filter is applied on the resized image. The filter
replaces the amplitude value of the resized SAR image pix-
els by the median value in the neighborhood around of any
given pixel. Again, the kernel size of the median filter must
be set to reduce the residual noise while preserving the image
modulations generated by swell waves.

At this point, spectral analysis can be performed using the
raster scanning approach (Fig. 3) and the FFT method to obtain
the values of peak wavelength and peak wave direction along
each track (see Section III). However, when the spectrum is
computed in a relatively small box, at a given location over
the image, not a single, dominant, peak is found, but several
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Fig. 4. Proposed algorithm for swell-based bathymetry.

peaks appear (see Fig. 5). In order to select the right peak,
i.e., the peak corresponding to swell waves to track, frequency-
domain limitations are required. For this reason, the algorithm
introduces a region of interest in the domain of the spectrum.
The region of interest is a portion of a circular corona. Upper
and lower boundaries of the corona guarantee that the retrieved
peak wavelength is within the assigned range of typical swell
wavelength, i.e.,

Lmin S # § Lmax (2)
VIR

where L;n and Ly, are the minimum and maximum
expected wavelength and f,, f, are the spatial frequencies asso-
ciated with the spectrum. The angular extent of the region can
be instead defined introducing a range of admissible angles of
propagation

ity
2

The range of admissible angles, as well as the range of
expected wavelengths, can be easily set looking at the SAR
image (see Section V).

The last limitation to the spectrum analysis is the introduc-
tion of a maximum admissible deviation Ay of the propagation
angle between two consecutive locations of the FFT box. This
is useful to maintain the tracking of the main swell field and to
avoid switching to wrong wave systems.

After completion of spectral analysis, a smoothing step is in
charge of increasing the stability of the obtained results. This is
achieved through a 2-D median filter processing the matrixes of
wavelength and angle of propagation resulting from the spectral
analysis. In addition, a moving average filter is applied along
each row of the two obtained matrixes.

®min S %2 S ®max» Y = tan (3)
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Fig. 5. As a result of the spectral analysis performed on a given small
box, several peaks are obtained (marked with dots and cross on the image).
Frequency-domain limitations on the (fz, fy) plane are set by the identified
ranges of admissible swell wavelength ([ Ly, in; Lmaz]) and angle of propaga-
tion ([Pmin; dmax]). Only the peak included in the so-defined region of interest
(i.e., gray area on the image) is considered (marked with a cross on the image)
by the algorithm to perform wavelength and period estimation.

TABLE I
PARAMETERS OF THE PROCESSED ALOS PALSAR IMAGE

Parameter Value
SAR signal band L-band
SAR mode Stripmap
Pixel spacing 6.25mx 6.25m
Range Looks 1
Azimuth Look 2 2
Acquisition epoch Feb 13,2007, 20:28 UTC
Incidence angle ~38.7°

At this point, the first-guess approach for wave period esti-
mation can be applied and sea water depth can be derived by
applying (1) for each location of the scanning window.

Overall, 11 parameters must be set to run the proposed algo-
rithm: two parameters refer to the preprocessing steps (scaling
factor and kernel size for median filter on the SAR image); two
parameters define the raster scanning (i.e., FFT window size
and sampling step); five parameters are required to introduce
limitations to the output of the spectral analysis (i.e., maximum
and minimum wavelengths and propagation angles, and max-
imum admissible deviation between consecutive boxes); and
two parameters are used by the final smoothing step (kernel size
of the median filter and span of the moving average filter). As
shown in Section V-B, most of these tuning parameters can be
set from visual image inspection.

V. EXPERIMENTAL RESULTS
A. Study Area and Data

The described algorithm for swell-based bathymetry is
applied to the ALOS PALSAR image covering the Gulf of
Naples, Italy, whose parameters are listed in Table 1. The pro-
cessed image is a Level 1.5 product, i.e., a multilook image in
ground range and azimuth coordinates [55]. Specifically, a sub-
set of the original image is processed. The subset is shown in
Fig. 6. It corresponds to the northern side of the Gulf of Naples,
Italy, and covers an area of about 5km x 4.8 km. The official
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Fig. 6. (a) Subset of the ALOS stripmap image covering the northern side of the Gulf of Naples, Italy (background image Google Earth) whose parameters are
listed in Table I. The subset covers an area of about 5 km x 4.8 km. (b) Values of swell wavelength retrieved from visual inspection at different locations along the
ground range direction. Swell waves are propagating toward the coast (located on the right side). Two areas on the sea surface do not show prominent refraction

and shoaling phenomena (marked by circles on the subset).

nautical chart of the Gulf of Naples delivered by the Italian
Navy Hydrographic Institute [56] shows that seabed gradually
varies in that region and water depth remains low even at a long
distance from the shoreline. Nonsignificant weather phenom-
ena were present at the time of image acquisition, and the wind
speed was about 3 m/s [57]. Moreover, swell waves propagate
close to the ground range direction and tend to become parallel
to the shoreline. According to weather data and visual analysis,
it can be concluded that the selected dataset is a good candi-
date to test both the linear imaging model and the proposed
algorithm.

B. Results

As a result of the visual analysis [see Fig. 6(b)], the range of
admissible wavelength and propagation angle are set to [50 m,
200 m] and [0°, 30°], respectively. Hence, the value of the scal-
ing factor is set to lead to a degraded spatial resolution of about
15 m, which is still able to correctly sample the shortest admis-
sible wavelength. As a consequence, the study area is covered
by 40 tracks and a numeration is assigned so that the first track
is the one laying alongside of the upper edge of the investigated
area. Each track is set at a distance of five resized pixels from
the upper edge of the previous one and the maximum deviation
of the wave propagation direction between two consecutive FFT
boxes is set to 15° [37], [38]. Further setting parameters are
listed in Table II.

The application of the proposed algorithm results in values of
swell wavelength and angle of propagation estimated through-
out the subset. To highlight the achieved improvement in swell
detection and investigation capabilities, Fig. 7(a) reports the
retrieved L-peak values along a track of the study area, for both
the case of application of the theory-driven and proposed algo-
rithms. The estimated wavelength by the theory-driven algo-
rithm is unstable, and extremely large, unrealistic, values (up
to 2000-m long wavelength) are derived. This means that the
spectral analysis is not tracking the desired wave field correctly.
The application of preprocessing, smoothing, and limitations
in the frequency domain keeps the wavelength more stable.

TABLE II
PARAMETERS OF THE PROCESSED ALOS IMAGE

Setting parameter Value

Scaling factor 25

FFT window size 128 x 128 resized pixels

FFT window sampling step
Ap 15°
Kernel size for median filter on the
SAR image

Kernel size for median filter on the
L and ¢ matrixes

5 resized pixels

5 x 5 resized pixels
5x 5 elements

Moving average span 20 elements

Linin 50 m
Linax 200 m
Pmin 0°
Pmax 30°

Results show that the proposed algorithm provides L-peak
values in the expected range for swell waves [24], [37], [38],
and in agreement with the ones obtained from visual inspection
of the processed image [see Fig. 6(b)]. Moreover, as expected,
L-peak values decrease as approaching the coast. Hence, it
is possible to state that swell waves are properly tracked.
Similarly, Fig. 7(b) reports the trend for the swell angle of
propagation related to the L-peak values reported in Fig. 7(a),
for the case of application of both the theory-driven algo-
rithm and the proposed algorithm. Again, implementation of
the proposed algorithm provides values of swell angle of prop-
agation consistent with the expected trend in the investigated
area. Similar trends in swell wavelength and angle of propaga-
tion can be found for the other tracks covering the investigated
subset.

Table III lists the values of swell period for each track cal-
culated by the first-guess approach, using the obtained L-peak
values and the reference water depth reported on the “Gulf
of Naples” Nautical Chart [56].The closer the track is to the
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Fig. 7. (a) Retrieved L-peak and(b) angle of propagation along the 35th track of the investigated area.

TABLE III
VALUES OF SWELL PERIOD

Track number T(s)
1-5 9.90
6-17 10.0
18-27 10.5
28-40 10.8
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Fig. 8. Bathymetric map of the investigated area resulting from the application
of the proposed algorithm for swell-based bathymetry by SAR imagery. Gray
circle markers indicate the location of the control points extracted from the
nautical chart and used to evaluate the accuracy of the generated map.

bottom edge of the investigated area, the larger the value of
t is. This trend can be explained considering the presence of
two channels, i.e., the Procida Channel and the Ischia Channel,
beneath the investigated area. Channels generate significant
hydrodynamic effects; hence, swell period may increase as
approaching these areas.

Fig. 8 shows the resulting bathymetric map according to
the estimated wavelengths and periods. Each track on the SAR
image corresponds to a row in the retrieved sea water depth
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Fig. 9. Correlation analysis over the considered area of the ALOS image among
the available control points of nautical chart and the corresponding values
retrieved by the proposed algorithm.

matrix and each location of FFT box along the same track cor-
responds to a column along the same row. Two areas of the
map are characterized by wrong values of sea water depth due
to the presence of misleading features on the SAR image [see
Fig. 6(b)]. Those areas in the original data set did not show
prominent refraction and shoaling phenomena. Specifically, the
offshore area was lacked of well-defined swell waves propagat-
ing on the sea surface, while the area closer to the coastline was
affected by a wave-breaking process that destroyed the swell
waves’ propagation. Those areas are removed in Fig. 8.

The obtained results are in good agreement with the values
of sea water depth reported in the official nautical chart. Fig. 9
shows a correlation analysis performed considering 108 control
points available from the chart and the corresponding values
estimated by the proposed algorithm. The correlation between
the data is very high, the correlation coefficient being 0.99. The
mean difference results to be about 0.2 m and the maximum dif-
ference is 0.9 m. Finally, the standard deviation of the difference
is about 0.4 m.
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VI. CONCLUSION

An algorithm has been proposed and tested for swell-based
bathymetric data by SAR data. The algorithm relies on a lin-
ear imaging model and assumes that swell patterns imaged by
SAR correspond to the true gravity wave patterns. However,
it differs from the merely theory-driven approach because it
includes additional steps to be performed to properly retrieve
swell waves’ characteristics and sea water depth. The proposed
algorithm has been tested on ALOS data of the Gulf of Naples,
Italy. The obtained results have been compared with the actual
values of water depth reported in the official nautical chart.
Comparison has shown that the method is able to success-
fully follow the behavior of bottom topography. Based on the
indirect process through which bathymetry is sensed by SAR,
only seabed features having scale length at least of the same
order of magnitude as the peak wavelength of the local swell
field can be identified. The presented bathymetric algorithm
is thus suggested for gradually varying seabed without sharp
depth variations. The adopted dispersion relation is valid in the
range of intermediate waters. This range cannot be determined
a priori, as it depends on the specific case, i.e., on the actual
values of swell wavelength. Different swell fields can be thus
sensitive to different bathymetric ranges and features. Planned
future activities will deal with testing the proposed algorithm
on different datasets, including COSMO-SkyMed X-band data.
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