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ABSTRACT

Knowledge of radar sea-clutter phenomenology allows accurate models to be devel-
oped for assessing target detection performance. The majority of work in this area has
been at low-grazing angles from clifftops or wave tanks and does not consider scat-
tering in the high grazing angle region beyond 10°. To improve our understanding
at high grazing angles 15° to 45°, the DSTO’s Ingara airborne X-band fully polari-
metric radar has been used to collect 12 days worth of sea-clutter data. This report
focuses on understanding the characteristics of sea-spikes as they are often the cause
of false detections in a radar processor. Using the Ingara data, a threshold is used to
isolate these scatterers in the range/time domain with results verified against the KK
probability distribution function. Detections due to discrete and persistent scattering
are then isolated to provide more information regarding the underlying cause of sea-
spikes and answer the question of whether Walker’s three component mean Doppler
spectrum model is suitable at high grazing angles.
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Sea-Spike Detection in High Grazing Angle X-band Sea-Clutter

Executive Summary

This report builds on work undertaken at the Defence Science and Technology Organisation
(DSTO) in characterising the maritime environment from high altitude airborne platforms. Tradi-
tionally, maritime surveillance of small targets is conducted from low altitude platforms and hence
with low grazing angles. This surveillance scenario has been well studied and relevant models
have been developed. However, little data has been collected and analysed from the high grazing
angles typically expected with the operation of high altitude airborne platforms. In August 2004
and July 2006, the DSTO’s Ingara X-band airborne radar collected fine resolution fully polarimet-
ric data in the high grazing angle region, 15° — 45°. The data was collected in the ocean off the
coasts of Port Lincoln and Darwin respectively.

This report investigates the detection and characterisation of sea-spikes which result from non-
Bragg scattering with the goal of being able to better distinguish them from targets of interest. The
approach taken is to threshold the magnitude of the raw backscatter data in the range/time domain.
The percentage of sea-spikes present in the data is then measured. Results show that the majority
occur in the lower grazing angle region for the horizontal transmit, horizontal receive (HH) channel
and are slightly higher in the cross wind directions for the horizontal transmit, vertical receive (HV)
and vertical transmit, vertical receive (VV) channels. These results are verified by comparing the
trends with a separate analysis which used the KK probability distribution function (PDF) to model
the sea-clutter.

An image processing algorithm is then used to isolate the discrete and persistent scatterers and
test whether Walker’s mean Doppler spectrum model is valid with the higher grazing angles. The
results show that the persistent ‘whitecaps’ are spread quite evenly in grazing and azimuth for the
HH channel with a clear trend in the cross-wind directions for the HV and VV channels. While
there were many common peaks in both the HH and VV channels, there are however, a lot of
detections present in HH but not in VV. Also, there are many discrete scatterers detected in the
VV channel. This indicates that Walker’s three channel model is not totally valid at high grazing
angles.
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1 Introduction

In August 2004 and July 2006, the DSTO Ingara X-band airborne Synthetic Aperture Radar (SAR)
collected fine resolution dual and fully polarimetric data over the high grazing angle region, 15° to
45°. This report builds on work undertaken at the DSTO to understand the characteristics of sea-
clutter in order to validate existing and formulate new statistical models for the sea-clutter. These
studies have included the mean backscatter, amplitude statistics and the mean Doppler spectrum
[Crisp et al. 2008, Dong 2006, Rosenberg, Crisp & Stacy 2010, Rosenberg & Stacy 2008, Rosen-
berg, Crisp & Stacy 2008]. This report focuses on the detection and characterisation of the sea-
spike component of sea-clutter with the goal of being able to better distinguish them from targets
of interest.

There are three main methods of characterising the sea-spike component of the sea-clutter.
The first is to apply a threshold to the data in order to distinguish between Bragg scattering and
sea-spike events [Jessup, Melville & Keller 1991, Liu & Frasier 1998, Melief et al. 2006, Walker
2001p]. This is done without any assumption about the underlying statistics. The second and third
methods fit relevant models to the PDF and the mean Doppler spectrum respectively, [Dong 2006,
Rosenberg, Crisp & Stacy 2010, Walker 2001a, Rosenberg & Stacy 2008, Rosenberg, Crisp &
Stacy 2008]. These models incorporate parameters to distinguish between the different scattering
mechanisms present in the sea-clutter.

This report uses the first method in order to test the validity of relevant PDF and mean Doppler
spectrum models. Section [2] describes the different scattering components present in sea-clutter
and a review of techniques which have been applied to distinguish between them. Also included in
this section is relevant background on the Ingara radar and details of the sea-clutter trials. Section
then presents a methodology for detecting sea-spikes with a suitable threshold. Comparisons
are made with the KK PDF model [Dong 2006, Rosenberg, Crisp & Stacy 2010] as a means of
verifying the results.

The most relevant mean Doppler spectrum model is based on data from low grazing angles
[Walker 2001a]. Walker has proposed a three element model for Bragg, persistent whitecap
and discrete sea-spike scattering. In this two channel model (HH and VV), the persistent white-
cap components are common in both channels, while the ‘discrete’ sea-spike component is only
present in HH. This model has been applied to the Ingara data [Rosenberg & Stacy 2008, Rosen-
berg, Crisp & Stacy 2008] but the question was raised whether this model was appropriate at
higher grazing angles. Unfortunately, due to the low pulse repetition frequency (PRF) of the full-
pol Ingara data, it is not easy to distinguish the three separate components in the Doppler spectrum.
Further processing in the range/time domain is therefore applied to identify persistent sea-spikes
corresponding to wave crests or ‘whitecaps’. The relationship between the persistent sea-spikes
and the mean Doppler spectrum is shown with a description of Walker’s three component Doppler
spectrum model. The new results are then used to assess the validity of this model at high grazing
angles.
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2 Background

There are a number of textbooks which focus on aspects of modelling sea-clutter, [Skolnik 1990,
Nathanson, Reilly & Cohen 1991, Long 2001, Ward, Tough & Watts 2006]. The first two sum-
marise early work from the 1960s and 1970s with a useful summary of sea-clutter radar cross
section (RCS) values up to 60° grazing in [Nathanson, Reilly & Cohen 1991]. Long [2001] as
well as discussing this early work with detailed notes on the literature, goes on to more recent
work, such as [Lee et al. 1995b], which considers higher grazing angles.

Section 2.1|describes the different scattering components present in sea-clutter and a review of
techniques which have been applied to distinguish between them. A brief description of the Ingara
radar is then presented in Section [2.2] with background to the two sea-clutter trials presented in
Section

2.1 Sea-spike discrimination

Sea-clutter was originally characterised by matching experimental data with a combination of elec-
tromagnetic and rough surface scattering theory. The ‘composite surface model’ was originally
proposed to describe this Bragg scattering theory [Wright 1968, Peake 1959]. Further research
then led to hydrodynamic models which were used to explain the physical nature of the waves and
showed a good match with the existing theory [Valenzuela & Laing 1970]. However, as more ex-
perimental data was collected, it was found that larger wind speeds caused waves which travelled
at faster speeds than was predicted by the Bragg theory.

Over the past years, a number of authors have proposed different theories to explain the sea
dynamics due to non-Bragg scattering, [Duncan, Keller & Wright 1974, Jessup, Keller & Melville
1990, Jessup, Melville & Keller 1991, Werle 1995, Lee et al. 1995a, Keller, Gotwols & Chapman
2002, Melief et al. 2006]. These are primarily concerned with analysis of breaking waves and
understanding the main components of the associated radar response. Non-Bragg scattering is
commonly represented as a single component and referred to as ‘sea-spikes’. A common definition
of a sea-spike is a radar return which has a large Doppler component with a wide bandwidth, strong
backscatter power as well as a HH return that is equal or greater than the VV return. Lee et al.
[1995a] summarises three possibilities to explain the phenomena which contribute to non-Bragg
scattering:

e There is a wave which is about to break and has a much longer wavelength than the Bragg
resonant wave.

e There is a breaking wave which has a long wavelength and large specular return.

e There is an attenuation in the VV channel due to Brewster angle damping and the HH
channel is affected by multipath scattering and shadowing of the wave troughs by large
crests.

Alternatively, Long [2001] has distinguished sea-spikes by their duration, with some lasting for a
short time before fading rapidly and others persisting for 1-2 seconds. These second type are what
are commonly mistaken for targets as they may exhibit many of the same characteristics including
polarisation independence.
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There have been a number of techniques proposed for discriminating between different types
of scattering by thresholding the data. The first significant study was by Jessup, Melville & Keller
[1991] who looked closely at the relationship between breaking waves and sea-spikes. An exper-
iment was conducted on a platform in the Chesapeake Bay using a Ku band scatterometer with a
45° grazing angle. By analysing a 15 s block of data, the frequency spectrum was calculated every
0.25 s and the two-dimensional spectrogram was analysed. At points where breaking waves were
observed, the HH to V'V ratio was close to unity, the sea-spike backscatter maxima occurred close
in time to local maxima in the mean Doppler frequency and the bandwidth maxima associated with
the sea-spikes was delayed from the sea-spike maxima by approximately 0.25-0.5 s. After careful
analysis of each wave using a video camera, it was found that 80% of the sea-spike events were
typically associated with breaking waves and could be tracked for seconds in the field of view of
the radar or up to 5 metres downwind of the breaking wave. A number of criteria were then used
for detecting sea-spikes caused by breaking waves. These were based on an arbitrary RCS thresh-
old applied to each polarisation channel, a threshold applied to the bandwidth and a combination
of both. It was found that the latter threshold achieved a detection rate of approximately 70% with
similar results for both polarisation channels.

A related study by Keller, Gotwols & Chapman [2002] used the same scatterometer as Jessup.
To detect sea-spikes, they used the same combined criteria with the added conditions that the
backscatter power must exceed the mean for at least a second and the Doppler bandwidth must
peak within that time window. They verified their results using co-located video and looked at
different grazing angles, wind speeds and directions. One interesting result from their study was
that as the grazing angle decreased below 30°, the VV spikes became more common than HH.

A similar study was conducted with lower grazing angles at X-band by Liu & Frasier [1998].
They also used a video camera to distinguish between sea-spikes caused by steep sloping waves
and those from breaking whitecaps. They estimated the magnitude, velocity and coherence of the
dual-pol data they received for four different sea conditions. Their criteria for detecting sea-spikes
is a power level 10 dB above the mean noise plus clutter level, combined with a coherence which
exceeds 0.8. Their analysis also looked at the Doppler spectrum and found that the majority of
sea-spikes have a HH to VV ratio above unity. They conclude that it is difficult to distinguish
between the different sea-spike mechanisms and that a simpler criterion based solely on the power
threshold should be sufficient to detect sea-spikes.

This was the approach taken by Melief et al. [2006] who looked at low grazing angle clifftop
data and observed that the spiking events associated with breaking waves possess a HH power
which is equal or higher than their power in the VV channel. By looking at the ratio of HH to VV
and the Doppler frequency as a function of range and time, a threshold criterion was developed,
p > p+ no, where 1 and o are the the mean and standard deviation of the backscatter magnitude
and n is a positive number. They found a wide spread of values in the sea-spike density as it varied
with grazing, azimuth and wind speed.

Another technique is to apply a low pass filter to the data [Walker 20015]. Walker demon-
strated that with an appropriate choice of cutoff frequency, it is possible to separate sea-spikes
from the sea-clutter. The study by Dong & Crisp [2008] has looked at the application of the Euler
decomposition to high grazing angle X-band sea-clutter. They discriminated sea-spikes by taking
the top 0.1% of the highest RCS reflectivity from either the HH or VV channel. Interestingly with
this criterion, 98% of the sea-spikes belonged to the VV channel.

Finally, the paper by Greco, Stinco & Gini [2010] looked at identifying sea-spikes from a
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fixed X-band radar for HH and VV channels independently and then combined together. Their
classification metric comprises a minimum spike width of 0.1 s, a minimum interval between
spikes of 0.5 s and a power criterion where the amplitude is five times the mean power of the
received returns.

2.2 Radar description and pre-processing

The DSTO Ingara system is an airborne multi-mode X-band imaging radar system. It operates
with a centre frequency of 10.1 GHz and supports a 600 MHz bandwidth for fine resolution in a
spotlight mode. The sea-clutter trials however used a bandwidth of 200 MHz to achieve a larger
swath width. The radar is fully polarimetric and utilises a dual linear polarised antenna developed
by the Australian CSIRO for both transmitting and receiving [Parfitt & Nikolic 2001]. In fully
polarimetric collections, the system is operated at double the normal PRF with the polarisation
switch used to alternate the transmit polarisation between horizontal and vertical polarisations
while receiving horizontal and vertical polarisations simultaneously. A more detailed description
of the system may be found in [Stacy et al. 2003]. The standard radar operating parameters used
during the sea-clutter collections are shown in Table [l Note that the azimuth resolution is coarse
since the radar is operated in a real beam mode.

Table 1: Standard radar operating parameters for ocean backscatter collections

Parameter Value
Frequency 10.1 GHz
Transmitted bandwidth 200 MHz
Range / az. resolution 0.75m/63 m
Specified pulse separation 0.15 m
Full-pol. pulse separation  0.30 m

Before the data was analysed, a number of pre-processing steps were applied. Firstly, to avoid
biasing the results, the data set was scanned to identify and remove any ‘bad’ regions. These
include some transmit-off regions which were sampled and any other artifacts due to the radar
collection. This was done visually and less than 1% of data was removed in this way. The raw
data then goes through the processing chain shown in Figure[I] Range processing occurs in hard-
ware as a stretch process. The sampled signal was then processed to first remove bandpass filter
modulations and adjusted for motion compensation using both the inertial navigation unit and the
global positioning system onboard the radar platform. The next steps included a correction for
the variation in ground range resolution due to changes in grazing angle, removal of the elevation
beampattern and polarimetric calibration using the procedure described in [Quegan 1994].

2.3 Trials background

The trial data was obtained with Ingara on two separate occasions and from two distinctly different
regions. The first ‘sea-clutter’ trial was conducted in 2004 (SCT04) in the southern ocean approxi-
mately 100 km south of Port Lincoln, South Australia [Crisp, Stacy & Goh 2006]. The site chosen
was at the edge of the South Australian continental shelf where there was little chance of shallow
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Figure 1: Ingara pre-processing diagram

water affecting the wave field. During the trial, ocean backscatter was collected for a range of
different geometries on eight separate days with different ocean conditions. The second ‘maritime
surveillance’ trial was conducted in 2006 (MASTO06) in littoral and open sea environments near
Darwin in the Northern Territory. Again, data was collected for a range of different geometries
and ocean conditions. In this trial, a total of four day’s data were collected: two of the days were
in the littoral zone approximately 25 km north of Darwin and the other two days were in the open
ocean approximately 200 km west of Darwin.

During the ocean backscatter collections, Ingara was operated in the circular spotlight-mode.
Figure [2| shows the collection geometry for this mode, where the aircraft flies a circular orbit in
an anti-clockwise direction (as seen from above) around a nominated point of interest, while the
radar beam is continuously directed toward this point. Radar echo data is continuously collected
during the full 360° orbit, with the instantaneous PRF appropriately adjusted to maintain a constant
spatial pulse separation between pulse transmission positions. Once collected, the echo data may
be processed either immediately (in real-time) or subsequently (off-line) to produce either range-
compressed profiles or spotlight SAR images of the scene at various azimuth angles. Further,
owing to the continuous nature of the data collection, the images can be formed at any desired
azimuth look direction. Each collection of data in this mode is referred to as a ‘run’ and there may
be several complete orbits in a single run.

UNCLASSIFIED 5
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Figure 2: Circular spotlight mode collection geometry

In order to examine the effect of grazing angle on ocean backscatter, runs were made with
different altitude and orbit diameters. For both the SCT04 and MASTOG6 trials, data was collected
at the centre of the spotlight for the nominal grazing angles of 15° to 45° in 5° increments. Owing
to the finite beam width of the radar, its footprint on the ocean surface has a significant range extent.
This means that the grazing angle varies across the footprint. It follows that, with appropriate range
compression and data processing, the variation in backscatter with grazing angle across the range
extent of the radar beam footprint can be measured.

Note that the aircraft speed was approximately 200 knots and so a 1.5 NM orbit took approx-
imately 3 minutes while a 1.9 NM orbit took 3.5 to 4 minutes. The total collection across all
grazing angles took approximately 90 minutes. It is reasonable to assume that over such short
time intervals, the ocean surface conditions are relatively unchanged and that mean backscatter
variations are mostly due to the changing imaging geometry rather than changing ocean condi-
tions. Nevertheless, it is possible that wind gusts and changes of wind strength and direction may
have affected the measurements. Table 2| shows the wind and wave ground truth for the data used
in this report. For the full-pol model analysis in the following sections, F35 and F9 are used as
example data sets for each trial.

Table 2: Wind and wave ground truth. Directions are “from” not “to”

Trial Flight | Date Wind Wave
Speed | Direction | Height | Direction | Period
(m/s) ) (m) ) (s)
SCT04 F35 | 11/8/04 | 10.3 315 2.6 210 10.4
MASTO06 F9 24/5/06 | 10.2 124 1.21 128 4.6
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3 Sea-spike analysis

Sea-spike detection is now performed using two days from the Ingara data set, one from the south-
ern ocean near Port Lincoln and the other in the open ocean near Darwin. These are described in
Table [2] as F35 and F9 respectively. For the results in this report, the upwind direction (wind to-
wards the radar) is rotated to 0° with the downwind direction at —180°, the crosswind directions at
+90° and any regions with poor or missing data are shown with cross-hatching (diagonal stripes).

Section[3.1]describes the percentage of sea-spikes which are measured after applying a suitable
threshold. Comparison with the KK PDF model is then presented in Section[3.2] The next Section
[3.3|presents a method for discriminating between the discrete and persistent sea-spikes in the sea-
clutter. Further characterisation of the sea-spikes is then presented in Section This is followed
by Section [3.5] which looks at the relationship between the sea-spike components and the mean
Doppler spectrum. Results from throughout this section are then used to assess the validity of
Walker’s three component Doppler spectrum model at high grazing angles.

3.1 Sea-spike detection

To separate the sea-spike components, each run is split into blocks covering 1 degree in grazing
and 5 degrees in azimuth. Each block then has an overlap region to allow for the detection of
persistent spikes which lie in the final second of the data block. Since each data block spans a
different azimuth and grazing region, a weighted average was determined by the amount of the
data block which falls into the defined grid. From a study of the literature, the criterion by Melief
et al. [2006] was applied to the backscatter magnitude. After careful analysis of our data, a value
of n = 5 standard deviations above the mean was chosen for the threshold. This choice clearly
picked up both the discrete spikes and persistent detections. The thresholded data can then be
analysed to calculate the percentage of detections against the total number of pixels in the image.

With this threshold, the false alarm rate for F35 was calculated to be 2.8 x 1073, 8.1 x 1074
and 3.8 x 10~* for the HH, HV and VV channels respectively. Similarly for F9, the false alarm
rate was calculated as 2.5 x 1073, 7.9 x 10~* and 3.1 x 10~*. The first result in Figureshows the
percentage of sea-spike detections against the total number of points. For both data sets, there are
more sea-spike detections in the HH channel than the VV and the majority of sea-spike detections
occur in the lower grazing angle region for the HH channel. They are also slightly higher in the
crosswind directions for the other two polarisation channels. Other minor differences are due to
the different sea conditions.

3.2 Probability distribution

Statistical models of the magnitude PDF are used to model the spread of received backscatter
values. A popular physically based model is known as the K-distribution. It comprises two com-
ponents, the first is fast varying with a correlation time on the order of 10 ms and the second is a
slow varying component with a correlation time on the order of seconds. The fast-varying compo-
nent is associated with the small ripples on top of the slow-varying component which represents
the underlying long waves or swell [Ward, Tough & Watts 2006].

It is usually presented in terms of an intensity product model combining an underlying RCS
component, x, with an uncorrelated speckle component, z. Assuming analysis of baseband radar
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Figure 3: Percentage of sea-spike detections for F35 (left) and F9 (right). Results are partitioned
into 1° grazing x 5° azimuth blocks.

data in complex format (in-phase and quadrature), the magnitude PDF becomes Rayleigh and the
power (or intensity) PDF is modelled as an exponential (or gamma distribution with unity shape)
and mean power z,

1
Pop(zla) = ~exp |=2| . 220 M

In the K-distribution model, the underlying RCS, z is also a random variable and can be modelled
as a Gamma distribution,
bV

v

P (x|lv,n) = WCE “lexp[-bz], 0<z<oo (2)

where v is the shape, u is the mean and b = v/ is the scale. The compound formulation for
the K-distribution is then obtained by integrating the speckle PDF over the PDF of the underlying
RCS,

P(z|v, p) / P, (2|7) P (z|v, p)dz. 3)

From an airborne platform and with higher radar resolution, the effects from breaking waves
and discrete sea-spike returns will have a significant impact on the radar backscatter with the
observed PDF deviating significantly from the K-distribution model, [Ward, Tough & Watts 2006].
An alternative model which captures the high valued backscatter associated with the sea-spike
component is the KK-distribution [Dong 2006]. To form the KK-distribution, the underlying RCS
is represented as the sum of two scaled Gamma functions,

Quz(z]-) = (1 — k) Pu(z|v1, p1) + kPr(z|va, p2) 4

where k is the ratio between the two components. By replacing P,(-) with Q. () in Equation
[] the result is two instances of the K-distribution mixed together, one associated with the Bragg
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component and one for the sea-spikes,

Q(z|) = (L = k)P(z|v1, pn) + kP(z|va, pa)- (5)

With this distribution there are now 5 parameters to be determined. This can be reduced to 2
however, by setting the mean of the first component to the overall mean of the distribution and by
setting both of the underlying shape parameters to be the same. Then by fixing the ratio between
components at k = 0.01, the ratio of means, p can be used as the sole measure of separation
between the KK components.

In the previous study [Rosenberg, Crisp & Stacy 2010], these parameters were determined by
fitting the KK model to the data histogram using the ‘Levenberg-Marquardt’ algorithm. Figure 4]
shows an example PDF for the HH channel with fits for the K and KK distributions. In this figure,
the K distribution does not model the tail of the data below 1073, while the KK matches very
closely. The result in Figure [5]then shows that the KK ratio of means has similar trends to Figure
[ for both data sets.

ol ]
o)

o

)

o)

S

L

o

a

I ~,

T 6t . i

—4|5 —4|0 —3|5 —30
Relative backscatter level (dB)

Figure 4: PDF example: (—) data, (- -) K, (-.-) KK

3.3 Persistent and discrete detections

Detection of the persistent sea-spikes / whitecaps is essentially a line detection procedure in the
range/time domain. Each line then corresponds to a breaking wave which can be used to quantify
the number of persistent sea-spikes. As a caveat to these results, there is no visual verification or
ground truth in which to compare.

The algorithm used is based on a number of image processing techniques outlined in Figure 6]
The first stage is to horizontally dilate the thresholded data to join up any closely spaced points with
the amount of dilation determined through visual inspection to ensure that the dominant waves
were detected. The second stage then removes any unconnected detections which are assumed to
not correspond to whitecaps. The third stage is to use a Hough transform to transform the data
into a space described by lines with a given length and angle. Only lines with angles within £10°
relative to the horizontal are considered for this transform which corresponds to a maximum radial
velocity of 57.9 m/{] when the correct scaling is applied to the slope. The strongest points in this
domain then correspond to the dominant lines in the image and a threshold is applied to isolate
these. An inverse Hough transform then reveals the dominant lines present in the original image.

!"The corresponding maximum Doppler frequency is 3.9 kHz.

UNCLASSIFIED 9



DSTO-TR-2820

15 10
)
225 8
% 6
I-g 35 ;
O 45
—150 100 —50 100 150
5
7 / 72z
E 3
—4 35 9
(D 45 L L 1
—150 100 50 0 50 100 150
15 . T 3
e 3 L 95
B 25 i 1 :
22, 8 i :
'%‘ 35 :r L} : _‘ 1‘5
O 45 L | e ! B, l . 1
—150— 100 —50 0 100 150
Azimuth (deg)

UNCLASSIFIED

15 10

8
25

6
35 4
15 2

—150—100 =50 0 50 100 150

15 5
25 4

3
35 )

1
15 3
o5 25

2
35 15
45 1

—150—100 =50 0 50 100 150
Azimuth (deg)

Figure 5: Ratio of means (p) from the KK-distribution for F35 (left) and F9 (right). Results are

partitioned into 1° grazing X 5° azimuth blocks.
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Figure 6: Line detection algorithm overview
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Figure [7| shows an example of a thresholded image, a dilated image and the image after the
removal of the unconnected blocks. The dominant lines are then highlighted in Figure [8| Close
examination reveals that often there is more than one dominant line for each whitecap and many
of the lines overlap with different slope. A further processing stage is therefore required to merge
these lines and isolate whitecaps. Two criteria are used for this process: lines which either lie
close together or have end points within 0.05° in grazing and 0.5 s in time and any lines which
overlap. Finally, to ensure the persistency of whitecaps, only detections which last for at least 1 s
are retained. These clean detections are highlighted in Figure 9] The final stage is to consider the
three polarisation channels together. All whitecap detections found in more than one channel are
merged together and the location of all whitecap detections are placed in the common channels.
These are highlighted in Figure

As an example, consider the detected whitecap at 28° grazing on the far right of Fig. In the
HV and VV channels of Fig. |8 there are multiple detections which correspond to this whitecap.
For the cleaned image in Fig. |8| the HH and HV channels have removed the smaller whitecaps
as their time extent is less than 1 s, while in the VV channel, the lines have been connected to
represent a single whitecap. Then in Fig. the extended whitecap is present in each polarisation
channel and is the same length.

Stage 1 output Thresholded
Grazing (deg) Grazing (deg)

Stage 2 output
Grazing (deg)

Time (s)

Figure 7: Thresholded data and line detection example stages 1 and 2
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Figure 9: Clean line detection example
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Figure 10: Merged line detection example

In order to separate the detections due to whitecaps, a box is drawn around the detected lines
and any detections which fall in that box count towards a whitecap detection. Figure [IT|shows the
percentage of whitecap detections after combining detections from different polarisation channels.
The result shows that the whitecaps are spread quite evenly in grazing and azimuth for the HH
channel. There is also a clear trend in the cross-wind directions for the HV and VV channels
where scattering from whitecaps is more dominant. Once the persistent whitecaps are isolated, it
is possible to identify the remaining ‘discrete’ detections. These are shown in Figure [12| with the
majority of detections in the crosswind directions with a small region in the lower grazing angle
of HH.

A study over the other data sets revealed that the number of both persistent and whitecap
detections are directly related to the sea-state. This is intuitive since clearly there are less breaking
waves when the wind speed is lower. Interestingly, the main trend observed for the HH channel in
the low grazing angle upwind direction is consistent across all the data sets, while the detections
along the cross wind direction is only present in some of them.
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3.4 Sea-spike characteristics

To further characterise the sea-spikes, a number of parameters have been extracted from the data.
The first three are the wave velocity, life time and decorrelation time. The mean values for each
polarisation channel are given in Tables 3}{4] for the F35 and F9 data sets, with their PDFs shown

in Figures|13H{14]

The absolute wave velocity and life times are determined from the slope and time extent of
the waves in the range/time domain respectively. However, the wave velocity is measured in the
radial direction v; which will vary as the radar look direction / azimuth angle 6,, varies. To obtain
the true wave velocity vy, this radial velocity needs to be projected along the wave direction 0y,

Uy = ¥y €08(0y, — Oy ). (6)

The PDFs both resemble a negative exponential distribution with little change over polarisation.
The mean values are between 2-3 m/s which is significantly less than the measured wind speed for
these two days.

The wave life time varies from 1 to 5 s with a negative exponential decay observed for the HH
and HV channels with a mean of approximately 2 s. For the VV channel, there is a more uniform
spread. The autocorrelation function (ACF) is related to the mean Doppler spectrum through a
Fourier transform and will in general be complex. The temporal decorrelation is measured at the
point where the absolute value of the ACF decays to 1/e. This parameter is important as it is
commonly used to quantify the level of temporal correlation present in the observed sea-clutter.
The mean values vary between 3.9 to 4.5 ms with little difference between polarisations. Note that
these values do not account for the broadening of the Doppler spectrum due to the moving radar
platform and hence the true wave decorrelation times will be slightly longer. This is not expected
to be significant however as the spikes are only present in a small region of the beam.

The next results in Figures [I5}{16] show the PDFs for the discrete and persistent scatterers.
The mean values reveal that there is little difference between the magnitudes of the two scattering
types. The VV channel has the largest value, followed by HH and then HV. Between the two data
sets, the mean levels vary up to 3 dB for the HH channel, while the VV channel differs by 0.6 dB.

Table 3: F35 sea-spike characteristic means

HH HV \'AY%
Velocity (m/s) 2.80 2.29 2.96
Life time (s) 2.02 2.12 2.53
Decorrelation time (ms) 4.49 4.49 4.25
Discrete magnitude (dB) | -15.73 | -25.76 | -10.77
Persistent magnitude (dB) | -15.43 | -25.31 | -10.60

Table 4: F9 sea-spike characteristic means

HH HV \'AY
Velocity (m/s) 2.14 2.26 3.37
Life time (s) 1.98 2.14 2.54
Decorrelation time (ms) 4.31 4.12 3.87
Discrete magnitude (dB) | -12.57 | -23.40 | -10.18
Persistent magnitude (dB) | -12.54 | -23.13 | -9.97
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Figure 13: F35 sea-spike characteristic PDFs - wave velocity, life time and decorrelation time
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Figure 15: F35 sea-spike characteristic PDF's - persistent and discrete magnitudes
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Figure 16: F35 sea-spike characteristic PDF's - persistent and discrete magnitudes
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3.5 Doppler spectrum

A dual-pol run from the F9 dataset is now used to demonstrate the relationship between persistent
sea-spikes and the Doppler spectrum. The data is collected over two consecutive runs and it is
therefore assumed that the combined mean Doppler spectrum is representative of an equivalent
full-pol system with a higher PRF of 600 Hz. To form the final Doppler spectrum, it must first
be unwrapped using an estimate of the Doppler centroid. However due to uncertainties in the
motion compensation, the absolute Doppler origin is not known. Therefore to ensure the correct
separation between channels, the VV channel is centred at the Doppler origin and the HH and HV
channels are shifted by the difference between HH and VV and HV and VV respectively.

Figure[I7shows a whitecap selected from the upwind direction of the HH channel spanning 3 s
in time and 10 range bins. The middle plot shows its Doppler spectrum over the 10 range bins and
the bottom plot shows the mean Doppler spectrum. To highlight the sea-spike, the mean Doppler
spectrum of the entire data block has been plotted as a compariso The sea-spike component can
then be seen at a higher frequency than the overall mean spectrum. Clearly, there are at least two
components which can be isolated and therefore modelled.

Walker’s mean Doppler spectrum model [Walker 2001a], consists of three types of scattering
referred to as ‘Bragg’, ‘whitecap’ and discrete ‘sea-spike events’. He models each of these scat-
tering types with Gaussian lineshapes with the overall spectrum for each polarisation consisting
of a linear combination of these components. The Bragg scattering component is formed by small
ripples on top of the longer ocean waves, causing the VV polarisation to have a greater amplitude
than HH, while the whitecap component is associated with the rough whitecaps formed at sea and
have a weaker polarisation dependence. Walker reports that at low grazing angles this component
is noticeably stronger than the Bragg scattering, particularly in HH. Sea-spikes are associated with
the crest of waves and are virtually non-existent in the VV spectrum. They last for a much shorter
period of time than the other returns and are coherent over that time.

Referring to Figure [11{ which relates to the persistent scatterers or whitecaps, there are many
common peaks in both the HH and VV channels, with a lot of detections present in HH but not
in VV. This result shows that there are common components in both channels. However, there are
also many extra whitecaps detected in the HH channel. Figure[I2]also demonstrates that there are
many discrete scatterers in the VV channel. As a result, the two assumptions that the whitecap
component is identical in both HH and VV and that discrete scatterers from the VV channel are
negligent are not correct. Hence Walker’s mean Doppler spectrum model is not accurate at these
grazing angles.

Note that the Doppler spectrum has been spread due to the azimuth beampattern of the moving radar platform.
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Figure 17: Dual-pol sea-spike example, top - time domain, middle - Doppler spectrum, bottom -
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4 Conclusion

This report has investigated the detection and characterisation of sea-spikes with the goal of being
able to better distinguish them from targets of interest. The approach used was to threshold the
magnitude of the raw backscatter data in the range/time domain. The first result looked at the
percentage of sea-spikes present in the Ingara high grazing angle sea-clutter data. The results
showed that the majority occur in the lower grazing angle region for the HH channel and were
slightly higher in the cross wind directions for the other two polarisation channels. These results
were then verified by comparing the trends with a separate analysis which used the KK PDF to
model the sea-clutter.

An image processing algorithm was then used to isolate the discrete and persistent scatterers
and test whether Walker’s mean Doppler spectrum model was valid with the higher grazing angles.
The results found that the whitecaps were spread quite evenly in grazing and azimuth for the HH
channel with a clear trend in the cross-wind directions for the HV and VV channels. While there
were many common peaks in both the HH and VV channels, there were however, a lot of detections
present in HH but not in VV. There were also many discrete scatterers detected in the VV channel.
This indicates that Walker’s three channel model is not totally valid at high grazing angles. Future
work will look at a modified model to represent the mean Doppler spectrum at high grazing angles
and how these new results can be used to improve target detection in the maritime environment.
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