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a b s t r a c t

Radar imagery is nowadays used to observe ocean waves despite the fact that radar images contain
invisible areas because of the shadowing effect in the radar mechanism. Moreover, the radar images
show the radar intensity which is not directly related to the wave height. This paper deals with the
subject to estimate the significant wave height Hs from (synthetic) radar images and will show that the
change of shadowing with distance from the radar is the key property to estimate Hs. In fact, the extent of
shadowing, quantified by a visibility function, depends on various physical variables, but most notably on
two dimensionless quantities: the ratio of radar height and Hs in the vertical direction, and the nor-
malized distance in the horizontal direction. Assuming the normalized sea spectrum to be known, or
approximating the spectrum, visibility functions can be determined for various Hs, defining the ingre-
dients of a database. Comparing an observed visibility from successive images with the elements of the
database, a best-fit approximation will provide an estimate of the Hs of the observed sea. Randomness of
the sea will only slightly affect the observed visibility and Monte Carlo simulations will annihilate these
effects in the database.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The use of radar images to monitor ocean waves can be bene-
ficial for many offshore engineering applications to improve
operability and safety. Sea parameters that can already be
retrieved from the analysis of radar images include the peak per-
iod (e.g. Izquierdo et al., 2005), wave current (Young et al., 1985),
wind information (Lund, 2012), and bathymetry (Bell, 1999).
Although radar backscatter is not directly related to the wave
heights, it is also desirable to determine the significant wave
height Hs as the parameter that characterizes the sea. Substantial
research has been carried out to estimate Hs, either with or
without calibration using in situ measurements. Roughly speaking,
two different methods have been used in the past to achieve that
aim: one using the construction of the spectrum and another using
the spatial dependence of the shadowing phenomenon.

The most commonly used method in the spectrum-approach is
to estimate Hs from the so-called signal-to-noise ratio (SNR). It was
introduced by Alpers and Hasselmann (1982) for synthetic aper-
ture radar (SAR). The SNR was used to estimate the sea spectrum
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such that Hs was calculated as four times the square root of the
estimated spectrum area (Plant and Zurk, 1997). For X-band radar,
a 3DFFT method (Young et al., 1985) was used to calculate the SNR
as described in Nieto-Borge et al. (1999). In contrast to Plant and
Zurk (1997), Hs was taken to be linearly related to the square root
of the SNR with two free parameters which were calibrated from
in situ measurements. The other spectrum-approach used the so-
called Doppler spectra to retrieve the surface elevations (Johnson
et al., 2009). The result produced a standard deviation of error
1.07 m (for VV polarization) and 0.91 m (for HH polarization) of
significant wave height 4.67 m.

The other approach uses the distribution of shadowed areas
that result because of geometrical shadowing, which is the effect
that waves closer to the radar can block the ray so that waves
further away become invisible. In this respect, it should be
remarked that in Plant and Farquharson (2012) it was argued that
the geometric shadowing does not play a role in the radar
mechanism; in contrast, partial shadowing is claimed to be the
effect that appears in the images. The given explanation is that the
diffraction of the electromagnetic signal causes a backscatter sig-
nal from the surface elevation that occupies the geometrical sha-
dowed areas. However, the partial shadowing depends on the type
of the polarization from the radar, and the difference with the
geometrical shadowing may be very small.
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Concerning the geometric shadowing, a statistical concept
based on the proportion of the visible (‘islands’) and the invisible
(‘troughs’) part of the waves was introduced by Wetzel (1990). The
probability of illumination P0 was defined and related to Hs. In
Buckley and Aler (1998) it was shown that the estimation of Hs,
using a constant P0 that was calibrated from in situ measurements,
was only accurate for certain wave conditions, for instance, when
the ratio of radar height and the wave height was high. An
improvement was obtained by varying P0 as shown in Buckley and
Aler (1998). A method without using any reference measurement,
described in Gangeskar (2014), estimates Hs from the RMS of the
surface slope which is related to the shadowing effect. The relation
is found from the best fit of the shadowing ratio, the proportion of
the invisible points as a function of grazing angle, with the so-
called Smith's function (Smith, 1967). The results are compared to
measurement with a correlation of 87%.

In Wijaya and van Groesen (2014), a method to estimate Hs for
long-crested waves based on the geometrical shadowing has been
reported. The basic idea of the method is that the amount of
shadowing is related to Hs. Formulations to measure the sha-
dowing level were derived earlier by Wagner (1966) and Smith
(1967), and compared to experiments described by Brokelman and
Hagfors (1966). These formulations assumed that the joint prob-
ability density of heights and slope was uncorrelated. It was ver-
ified later by Bourlier et al. (2000) that the correlated joint prob-
ability density of heights and slope performed better than the
uncorrelated one compared with the shadowing function that was
determined numerically by generating the surface (Brokelman and
Hagfors, 1966).

This paper reports the extension of the method in Wijaya and
van Groesen (2014) to short-crested waves. The advantage of the
proposed method is that the external calibration (as in e.g. Nieto-
Borge et al., 1999; Buckley and Aler, 1998) is not required. The basic
idea is as follows.

The shadowing effect will influence the visibility of waves,
where visibility is defined as the probability that the surface ele-
vation is visible at a certain position. This will depend on many
parameters such as the distance from the radar r, the radar height
Hr, and the properties that characterize the (irregular) sea: the
significant wave height Hs, the (peak) wavelength λp and the shape
of the wave spectrum. Because of shadowing, the visibility will
decrease for increasing distance. At a fixed position, it can be
expected that the visibility decreases for increasing Hs. In this
paper we will show that this is indeed the case provided one uses
the two dimensionless quantities h¼ Hr

Hs
and ρ¼ r

λp
in the vertical

and the horizontal direction, respectively; then the visibility as a
function of ρ is indeed a robust indicator for Hs. This result then
gives the possibility to determine Hs from the measured visibility
(that can be determined directly from the radar images) by com-
paring it with a visibility database which is obtained by calculating
the visibility from simulations of shadowed seas for various values
of h. The shadowed seas for the database can be constructed using
a specified model spectrum or using the normalized spectrum that
is obtained by applying 3DFFT on a reconstructed sea using the
method described in Wijaya et al. (2015) (or Naaijen and Wijaya,
2014 for additional tilt modulation). To improve efficiency, the
database is constructed in the main wave direction only, using
Monte Carlo simulations to reduce randomness of the seas. Then,
detecting the visibility from the radar images of an observed sea, a
best-fit approach with the curves in the visibility database leads to
an estimate of Hs of the observed sea. For two test cases, one for
uni-modal wind waves and another for multi-modal wind-swell
waves, it will be shown that Hs can be estimated with an accuracy
of approximately 98%.
The radar images are synthesized based on the geometrical
shadowing which is valid as a first order approach of the back-
scattering phenomenon. The other effects in the radar mechanism,
such as tilt and hydrodynamic modulations, are not taken into
account in this paper. This assumption is mainly for a simplified
presentation, and may be sufficient since the tilt and hydro-
dynamic modulation have a minor impact on the imaging
mechanism compared to the geometric shadowing at grazing
incidence (Nieto-Borge et al., 2004). It should be noted that the
results of this paper are obtained for ‘idealized’ cases, i.e. linear
seas, that are not subject to local or global effects of wind. In a
forthcoming paper we will study the influence of such effect on
the shadowing.

This paper is organized as follows. In Section 2 the construction
of the synthetic wave and the synthetic radar images is presented.
The dimensionless variables and the visibility for harmonic and
irregular waves are described in Section 3. In Section 4 the method
to estimate the significant wave height of a shadowed sea is
described, and the result of several test cases will be presented in
Section 5. Conclusions and remarks in Section 6 will end the paper.
2. Synthetic data

The construction of the sea surface will be described in the first
subsection. The resulting seas will be used to synthesize the radar
images in the next subsection.

2.1. Synthetic sea

To model 2D water waves generated by winds, a directional
wave spectrum E2ðω;θÞ is frequently employed. It is obtained by
multiplying a model wave spectrum EðωÞ, e.g. a Jonswap spectrum,
with a normalized directional spreading function DðαÞ. The com-
monly used model for spreading function is

DðαÞ ¼
A cos 2sðα�α0Þ; for jα�α0 jr

π
2

0; for jα�α0 j4
π
2
:

8><
>: ð1Þ

Here, A is a normalization factor so that
R
DðαÞ dα¼ 1, s is a natural

number which controls the width of the spreading function, and
α0 is the main wave direction. The synthetic sea was previously
often modeled using the double summation method because the
component amplitudes were easily related to the directional
components. However, this method produces seas that are neither
ergodic nor spatially homogeneous because phase locking occurs
when identical frequencies propagate in different directions as
pointed out in Jefferys (1987). To overcome these problems, we
use the single summation method that assigns one direction to
one frequency as proposed in Jefferys (1987) and reviewed by
Miles and Funke (1987). Hence, for given model spectrum EðωÞ
with frequencies ωn (selected equidistantly with spacing Δω), let
kn be the corresponding wavenumbers according to the exact
dispersion relation for linear waves. The direction ψn at ωn is
drawn randomly with probability given by DðαÞ, as proposed by
Goda (2010), and random phases ϕn are selected uniformly in the
interval ½0;2π�. Using polar coordinates ðr;θÞ, the sea surface ele-
vation is computed as

ηðr;θ; tÞ ¼
XN
n ¼ 1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EðωnÞΔω

p
cos ðknr cos ðθ�ψnÞ�ωntþϕnÞ ð2Þ

Snapshots of the sea surface at multiples of the radar rotation time
Δt are then given by

Snðr;θÞ ¼ ηðr;θ;nΔtÞ; n¼ 0;1;2;… ð3Þ
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2.2. Synthetic radar images

Synthetic radar images are constructed by considering only the
shadowing effect in the radar mechanism. Shadowing is a geo-
metric effect caused by the fact that part of a wave may be invi-
sible by the radar when it is blocked by waves closer to the radar;
the shadowing effect will be more severe at far range than closer
by the radar. Geometric shadowing is simulated on each ray so
that the 2D problem reduces to many 1D problems. To describe it,
let the radar be positioned at the origin and consider a radar ray in
a direction with angle θ0. In that direction the surface elevation is
given by sðrÞ ¼ Snðr;θ0Þ.

In Wijaya et al. (2015) the characteristic function of the visible
points was defined: at given r, it depends on whether or not the
elevation heights at points ϱ closer to the radar are below the
straight line lrðϱÞ;0oϱor, connecting the radar and the point ðr;
sðrÞÞ (see Fig. 1):

χðrÞ ¼ 1þsign min
ϱ

fΘðr�ϱÞΘðϱÞðlrðϱÞ�sðϱÞÞg
� �

ð4Þ

Here, Θ is the Heaviside function, equal to one for positive argu-
ments and zero for negative arguments. The characteristic func-
tion identifies the shadowed and the non-shadowed intervals by
values 0 and 1, respectively. Hence, the shadowed sea in a direc-
tion θ0 is given by

sshaðrÞ ¼ sðrÞ � χðrÞ ð5Þ

Repeating the process over all look directions θ produces the
shadowed sea Sshan ðr;θÞ. Since marine radar images are typically
shaped like a disc with an area around the radar where the radar
backscatter is too high due to specular scatter from the sea sur-
faces (Skolnik, 1969) and/or due to the interaction from the ship's
hull, we remove all the elevations over a certain radius rin around
the radar. At multiples of the radar rotation time, n �Δt, a snapshot
of a synthesized radar image is then given by

Inðr;θÞ ¼ Sshan ðr;θÞΘðr�rinÞ ð6Þ
3. Visibility

We define a visibility function as the probability that the sur-
face elevation at one position is visible by the radar (Wijaya and
van Groesen, 2014). Let χ iðr;θÞ denote the characteristic function
(4) at position r along direction θ of image i. Then, the visibility
function of M radar images at position ðr;θÞ is defined as the
Fig. 1. The elevation at r is not visible by the radar because there are some points
where ℓrðϱÞ is below the surface elevation in 0oϱor.
average over M images

visðr;θÞ ¼ 1
M

XM
i ¼ 1

χ iðr;θÞ ð7Þ

To reduce the dependence on the parameters involved in the
visibility function we use dimensionless variables described in
Section 3.1. Using these variables will reduce the number of
simulations used to determine a visibility database later on. The
visibility for harmonic waves is presented in Section 3.2; it is
derived analytically and gives us some idea about the properties of
the visibility. For realistic irregular ocean waves the visibility will
be obtained from a sequence of M images using Eq. (7). Note that
the visibility that is obtained in this way still contains some ran-
domness of the random phases and directions of the specific sea
under consideration. In the following we will need the visibility
that is independent of the randomness, that will be called the
Averaged Visibility (AV). AV will depend only on the physical
parameters of the sea such as significant wave height Hs, peak
period Tp, and specifics of the model spectrum, such as spreading
factor s, peak enhancement factor γ in the Jonswap spectrum. The
elimination of the randomness in AV will be achieved using Monte
Carlo simulation methods, as will be described in the last section.

3.1. Dimensionless variables

A simple geometric argument about the shadowing leads us to
choose dimensionless variables (Wijaya and van Groesen, 2014).
Consider a radar with altitude Hr that scans the incoming har-
monic waves with amplitude A and wavelength λ. All of these
parameters, and the distance r determine the visibility. Because of
the shadowing, the visibility will decrease for increasing distance.
Hence, two quantities in the horizontal direction, r and λ, encou-
rage us to choose a dimensionless variable ρ as the distance r
normalized by the wavelength λ. Since there are only two para-
meters in the vertical direction, A and Hr, one dimensionless
variable h is defined as the ratio of radar height Hr and the
amplitude A. The dependency of the visibility on the ratio h is
illustrated in Fig. 2a. It shows the shadowed harmonic waves of
amplitude 1 m and 2 m by radars (at ρ¼ 0) with altitude 5 m and
10 m, respectively, at one instant. The waves have the same phase
which leads to the same characteristic function χ as depicted in
Fig. 2b. Applying the shadowing on the waves at different times
will produce the same visibility (Eq. (7)): a different position of the
crest will change the characteristic function, but its effect in the
visibility is ruled out because of the averaging as described in Eq.
(7).

For irregular waves we adjust the dimensionless variables as
h¼Hr=Hs and ρ¼ r=λp where Hs and λp are the significant wave
height and peak wave length, respectively. The dependence of the
visibility on the dimensionless variables will be proved in the next
section for both harmonic waves and will be shown from simu-
lations for irregular waves.

3.2. Visibility of long crested harmonic waves

The derivation of the visibility function for harmonic waves is
carried out for each ray. For harmonic long crested waves, the
cross section on each ray is again a 1D harmonic wave with the
same amplitude but with wave length that depends on the look
direction. The visibility at a fixed position can be derived by
determining the percentage of the wavelength that the waves are
visible during the shifting over one wave length. Consider part of
the wave in between two successive crests of which we call the
crest near the radar as the first crest while the other as the second
crest. We define ξl as the (small) distance from the first crest to the
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Fig. 3. The extreme shadowing characteristics for a harmonic profile by a radar at
height Hr. The top plot is the configuration to find ξl whereas ξr can be derived from
the bottom plot that results after shifting the profile of the top figure.
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point where the critical radar ray is tangent to wave slope, and ξr
as the distance from the second crest to the intersection point
between the wave with the critical ray (see Fig. 3).

The visibility at distance r for harmonic waves with amplitude
A and wave length λ is then expressed by (see Appendix A)

visharðrÞ ¼
ξlðrÞþξrðrÞ

λ
; if r4

λHr

2πA

1; if rr λHr

2πA

8>><
>>:

ð8Þ

Fig. 4shows the visibility of harmonic waves with a period of 9 s
above 50 m depth for different values h¼5 and h¼10 using Eq. (7)
and the exact result of Eq. (8). To produce the result of Eq. (7) we
used M¼1400 images.

3.3. Visibility of irregular waves

For the uni-modal sea that will be used in Section 5 as one of the
test cases, that propagates from the North, the visibility for case h¼5 is
shown by way of example in Fig. 5. Observe that, besides the
dependence on the distance from the radar, the visibility also depends
on the angle look direction. Fig. 5a shows that, as expected, the lowest
visibility occurs near the Northward direction, which corresponds to
the opposite direction of the wind waves; the highest visibility is in
directions almost perpendicular to the Northward direction. We will
call the direction for which the lowest visibility occurs the Minimal
Visibility Direction (MiViDi). The way how to detect the MiViDi will be
discussed in Section 4. The visibility along rays in MiViDi and 45° to
the right of MiViDi are shown in Fig. 5b. We observe that these visi-
bility curves are rather wiggly due to the randomness of the sea, even
when 720 images are used as in Fig. 5. Removing the randomness will
make the dependence of the visibility on the physical sea parameters
more clear. The averaged visibility AV, that should be independent of
randomness, is approximated by performing Monte Carlo simulations.
The various steps in this procedure can be summarized as follows:

1. Given a frequency spectrum and a directional spreading func-
tion, construct the sea surface elevations using Eq. (2) with a
random set of phases and directions.
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2. Given the radar height Hr, apply the shadowing process.
3. Compute the visibility function from the synthetic radar images

using Eq. (7).
4. Repeat the process from steps 1 to 3 a number m of times for

newly determined set of random variables, to produce m visi-
bility functions.

5. The AV is obtained by taking the average of the m visibility
functions.

To study the dependence of AV on the physical parameters, we
consider variations of the parameters of the uni-modal sea
described in Section 5, and show the results in Fig. 6. Each subplot
shows the visibility as function of normalized radar distance in the
direction of the MiViDi, the Northward direction. The AVs are
obtained by averaging over m¼100 visibility functions. Since the
images have a blind area of radius rin indicated by the region ρo4
for the case described in Section 5, the results are plotted for ρZ4.
The different subplots indicate how the AV changes for changes in
one of the various physical parameters. This dependence will be
used essentially in the next section to detect the unknown wave
height of a given sea spectrum. The dependence on the various
parameters will now be described:

1. Ratio h¼Hr=Hs: The shadowing increases for increasing Hs at
given radar height, corresponding to smaller values of h. This is
shown in Fig. 6a for seas with fixed values of the peak period
Tp¼9, spreading factor s¼10, peak enhancement factor in the
Jonswap spectrum γ ¼ 3, for various values h¼ 2;6;10;14;18.
All plots drawn by solid lines in the other subplots in Fig. 6 have
these same parameters.

2. Peak period Tp: Fig. 6b shows that for higher period the AV is
smaller; the AV curves for higher period are depicted by
dashed lines. The other parameters are the same as for the
solid line.

3. Spreading factor s: The smaller the spreading factor s, the shorter
the crests will be, which will give a better visibility far away.
As a result, the shadowing is less severe for smaller s as
can be observed in Fig. 6c. The differences are larger for higher
h.

4. Peak enhancement factor γ in Jonswap spectrum: The peak
enhancement γ has only a slight effect on the AV for small h;
Fig. 6d shows the comparison of the AV for γ ¼ 1;2;3.
4. Hs estimation method

In this section we describe a method to estimate the significant
wave height from a sequence of synthetic radar images. The idea
of the method is based on the observation that the AV depends
strongly on the significant wave height Hs, i.e. on the ratio h.
Hence, if the normalized spectrum, or some physical parameters of
the observed normalized sea spectrum, are known, we are able to
construct the AV for various ratios h. Then, from the images of the
observed sea, the visibility will be calculated, after which the AVs
will be used as a database with which the visibility of the observed
sea can be compared and the ratio h of the observed sea can be
determined. Knowing the radar height Hr in advance, the sig-
nificant wave height Hs is obtained from h¼Hr=Hs.

Since a 2D visibility database requires substantial memory and
computation time mainly in the construction of the full circular
short-crested seas, we design a 1D database that corresponds to a
cross section of the 2D visibility database in the direction of
MiViDi. Hence, the short-crested seas needed for the database
construction are generated only at the MiViDi direction. This can
be done by calculating ηðr;θMVD; tÞ in Eq. (2). Therefore this section
will begin with the detection of the MiViDi, and then the way to
construct the database in the next two subsections. The compar-
ison of the visibility with the database will be done by curve fitting
as described in the last subsection.

4.1. Minimal visibility direction

The detection of the MiViDi is needed to construct the visibility
database in that direction. Let visðr;θÞ be the visibility from a given
sequence of radar images. Then, the corresponding direction
MiViDi, θMVD, can be obtained as the direction where the integral
over distance of the squared visibility is minimal, i.e. the solution
of the minimization problem

θMVDAmin
θ

Jvisðr;θÞJ2½rin ;rout �≔min
θ

Z rout

rin
vis2ðr;θÞ dr ð9Þ

Here, rin and rout are the inner and the outer radius of the radar
images, respectively.

The MiViDi will vary somewhat for different simulations and
for different number of images, caused by the randomness in the
visibility. For a uni-modal sea, the MiViDi will be in the vicinity of
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the main direction of the waves; for a multi-modal sea it depends
on the direction and energy density of the constituent waves.

4.2. Design of database using model spectrum

In this subsection we consider the case that the database is
made using a model spectrum, for instance a Jonswap spectrum
with directional function (1). Because the model spectrum will
differ in general from the spectrum of an actually observed sea, we
call this construction of a database a Model-Spectrum method. For
given depth and given physical parameters the peak period Tp, the
peak enhancement factor γ, the spreading factor s, and the main
direction of the waves, we synthesize the normalized sea (Hs¼1).
Since we only design the database in the direction of MiViDi, the
sea surface elevations in that direction ηðr;θMVD; tÞ are calculated
using Eq. (2). The visibility database is obtained following the
same procedure as described in Section 3.3 to construct the AV for
several ratios hi averaging over 100 visibility functions. The
averaged visibility from the database at the dimensionless position
ρ for ratio hi is denoted as Vðρ;hiÞ.

4.3. Design of database using an observed spectrum

Instead of using a model spectrum, a database can also be
designed using the normalized sea spectrum as it is retrieved from
the radar images of an actually observed sea. An estimate of the
directional sea spectrum from radar images was proposed using
the 3DFFT method in Young et al. (1985). The estimated spectrum
from the radar images might not be accurate because of sha-
dowing. In this paper we calculate the normalized spectrum by
applying 3DFFT from a deterministic reconstruction of the surface
elevation from the radar images as described in Wijaya et al.
(2015). The method produced the reconstructed sea with a cor-
relation of approximately 95% in a circular area around the radar
with 500 m radius for the severe case of h¼5. The 3DFFT of a
reconstructed sea state in a square area centered at the radar
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location yields a frequency–wavenumber spectrum S3ðω; kx; kyÞ.
The 2D wavenumber spectrum S2ðkx; kyÞ can be obtained by inte-
grating S3ðω; kx; kyÞwith respect toω coordinate. By using this way
the resulting spectrum is symmetric about kx ¼ ky ¼ 0 and makes
an ambiguity of the wave direction. In order to obtain the spec-
trum S2ðkx; kyÞ with the wavenumber components representing
the wave direction, ω40 is used in the integration of the spec-
trum S3ðω; kx; kyÞ (Young et al., 1985). The 2D frequency spectrum
is then obtained as

S2ðω;θÞ ¼ S2ðk;θÞ
dk
dω

¼ S2ðkx; kyÞk
dk
dω

ð10Þ

with k¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þk2y

q
and θ¼ arctanðky=kxÞ. The 1D frequency spec-

trum EðωÞ and the directional function DðθÞ are then obtained as

EðωÞ ¼
Z 2π

0
S2ðω;θÞ dθ ð11Þ

DðθÞ ¼
Z ωmax

0
S2ðω;θÞ dω ð12Þ

From this information Eq. (2) can be used to synthesize the nor-
malized sea. The database is then obtained by using the same
procedure to construct the AV obtained by averaging over 100
visibility functions. Constructing a database using the estimated
spectrum of the actual sea will be called the Observed-Spectrum
method.

4.4. Curve-fitting to estimate Hs

To estimate the significant wave height from the 2D radar
images, we use the same idea as described above and proposed
already in Wijaya and van Groesen (2014) for the 1D case, namely
that the AV for given h determines the visibility. And reversely, an
observed visibility can be compared with the database that has
been constructed with sufficiently realistic values of the other
physical parameters. The visibility curve from the observed sea can
then be fitted into the database and a ‘best match’ for varying h
determines the approximate Hs. Linear combinations of con-
secutive curves in the database βVðρ;hiÞþð1�βÞVðρ;hiþ1Þ; 0rβ
r1; 8 i will be used to fit the visibility curve with β and index i the
quantities to be optimized.

The practical fact that randomness is involved in the determi-
nation of MiViDi makes a single estimation less reliable. To over-
come this problem, in the fitting procedure, we consider the vis-
ibility curve in a small sector deviating less than 10o from the
direction of MiViDi. As described in Section 3.3, the visibility in
other look direction needs a scaling of the wave length. Therefore
we add one variable in the optimization process, denoted as a,
which makes it possible that the visibility in different look direc-
tions has the correct scaling of the wave length. Taken together,
the curve fitting between the visibility and the database is a
minimization problem over 3 variables: β; i; a. In a look direction θ,
this can be expressed as

fâθ ; β̂θ ; ÎθgAmin
a;β;i

JβVðρ;hiÞþð1�βÞVðρ;hiþ1Þ�visða � ρ;θÞJ2I ð13Þ

Here, J f ðxÞJ2I ≔
RmaxI
minI f ðxÞ2 dx and I is the largest interval of the

intersection between ρ and a � ρ. The estimated ratio, hθ , at look
direction θ is given by

hθ ¼ β̂θðhÎθ
�hÎθ þ1ÞþhÎθ þ1 ð14Þ

The ratio hest of the radar height and Hs of the observed sea is then
taken to be the average over the considered look directions:

hest ¼meanfhθg; ð15Þ
leading to the estimate of the significant wave height of the
observed sea as Hr=hest .
5. Case studies

In this section we report about the results of two study cases
that were also considered in Wijaya et al. (2015): wind waves only
and a combination of wind and swell. We start to describe the
numerical and sea parameters for the construction of the sea
states, the visibility of the observed sea and the AV as a database.
The results for the Hs estimation for the study cases are presented
in the last section.

5.1. Preparation for the visibility

5.1.1. Numerical and sea parameters
The seas are constructed in a full circular area with an outer

radius of 2000 m above a depth of 50 m. We use spatial step
dr¼7.5 m and dθ¼ 0:31. The time step dt¼2 s is used and corre-
sponds to the radar rotation time as in Wijaya et al. (2015). We
construct 720 images corresponding to a radar rotation time
dt¼2 s at a time interval of 24 min. The radar is positioned at the
origin r¼0 with fixed height Hr¼15 m above the meanwater level.
The synthetic radar images are created having an inner radius of
500 m and an outer radius of 2000 m.

We describe the sea parameters separately for wind waves and
swell; the parameters for wind waves and swell are indicated by
superscript W and S, respectively. The wind waves propagate from
North to South, the main direction is αW

0 ¼ 2701 (counter-clock-
wise from the positive x-axis), with spreading factor sW¼10. The
spectrum of the wind waves is a Jonswap spectrum with peak
enhancement factor γW ¼ 3, peak period TW

p ¼ 9 s and significant
wave height HW

s ¼ 3 m.
To construct the multi-modal sea, swell is added to the wind

waves. The swell is from the South-East (αS
0 ¼ 1351) with spread-

ing factor sS¼50, and is constructed from a Jonswap spectrum
with peak enhancement factor γS ¼ 9, peak period TS

p ¼ 16 s and
significant wave height HS

s ¼ 1 m. As a result, the significant wave
height for the multi-modal seas is Hs ¼

ffiffiffiffiffiffiffiffiffiffiffi
9þ1

p
� 3:15 m.

Fig. 7a shows the uni-modal wind sea and Fig. 7b the multi-
modal sea. Applying the shadowing effect as described in Section
2.2 yields the synthetic radar images as shown in Fig. 7c and d
respectively. From a sequence of synthetic radar images for uni-
modal seas the visibility functions in Fig. 5 were produced.

5.1.2. Detection of the MiViDi direction
After the synthetic radar images have been constructed, the

visibility is calculated using Eq. (7). The MiViDi should be deter-
mined first before the curve fitting process is conducted. Fig. 8
shows the normalized squared norm of the visibility for the uni-
and multi-modal cases over all angle look directions. This figure
shows that the visibility is symmetric and there are two MiViDi
values; we take the MiViDi in the upper half plane. For the uni-
and multi-modal cases, the MiViDi is approximately 90.2° and
90.9° (averaged over 15 visibility functions) respectively; for both
cases, the MiViDi is close to the opposite direction of the
wind waves.

5.2. Preparation of the visibility database

The seas in the direction of the MiViDi ηðr;θMVD; tÞ are calcu-
lated on [0,2000] m above the depth of 50 m. We use spatial step
dr¼7.5 m, time step dt¼2 s and 24 min of time interval. The two



Fig. 7. Images of the resulting synthetic data in the study cases. Image (a) shows the uni-modal sea propagating from the North and (b) the multi-modal seas of wind waves
from the North and swell from the South-East. Images (c) and (d) show the shadowed waves of image (a) and (b) respectively at the same instance.
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Fig. 8. The normalized squared norm of the visibility over all angle look directions
(here, the angles are counterclockwise from the positive x-axis). The red dashed-
line is for the uni-modal sea and the blue solid-line is for the multi-modal sea. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
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ways to obtain the normalized sea spectrum as described in Sec-
tions 4.2 and 4.3 will be used to generate the visibility database.

First, we use the Model-Spectrum method with the normalized
sea spectrum, i.e. the Jonswap spectrum and the directional
function as described in Eq. (1) are given with Hs¼1 m and with
the other parameters that are the same as the parameters to
generate the wind waves (for uni-modal case) and swell (for bi-
modal case); see Fig. 10 for the shape of the wave spectrum.

Second, we use the Observed-Spectrum method. Using the
method to reconstruct the sea as in Wijaya et al. (2015), the nor-
malized sea spectrum is calculated using 3DFFT method applied
on the reconstructed sea as described in Section 4.3. Since the
waves are not fully recovered far away from the radar, the square
area ½�1000;1000�2 of the reconstructed sea is taken to calculate
the spectrum. Moreover, 256 images are used in the 3DFFT
method.

The 2D frequency normalized spectra of the Model- and the
Observed-Spectrum method for the multi-modal sea are shown in
Fig. 9a and b respectively. Although the shape of the observed
spectrum looks very cluttered, the main direction of the wind waves
and the swell can be captured very well. The quality of the spectrum
reconstruction can be analyzed better by looking at the 1D spectrum.
The model spectrum and the observed spectrum are shown in Fig. 10.
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Fig. 9. The 2D frequency normalized spectrum of (a) the Model- and (b) the Observed-Spectrum method for the multi-modal sea.

0 0.5 1 1.5
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

ω

E
(ω

)

180 200 220 240 260 280 300 320 340 360
0

0.5

1

1.5

2

2.5

look direction α [deg]

D
( α

)

0 0.5 1 1.5
0

0.5

1

1.5

2

2.5

3

3.5

4

ω

E
(ω

)

0 50 100 150 200 250 300 350
0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

look direction α [deg]

D
( α

)

Fig. 10. Ingredients of the model spectrum (solid blue), and the spectra of the reconstructed seas for a square area ½�1000;1000�2 (dashed red) and for area ½�500;500�2
(dashed-dotted black): the 1D frequency spectrum (left plots) and the directional spreading function (right plots) for the uni-modal (upper plots) and the multi-modal case
(lower plots). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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Table 1
Hs estimation results from 50 simulations for uni- and bi-modal sea indicated by
letter ‘W’ and ‘WS’ respectively using Model- and Observed-Spectrum method.

Data type & method Average Hs Standard deviation Average error (%)

W Model-Spectrum 2.976 0.016 0.84
W Observed-Spectrum 2.993 0.038 1.05
WS Model-Spectrum 3.137 0.014 0.79
WS Observed-Spectrum 3.153 0.056 1.49
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Fig. 12. Same as Fig. 11 now for the multi-modal sea.
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The observed spectrum yields a good approximation for the wave
period and the main wave direction; 8.98 s and 15.5 s peak period of
the wind waves and swell respectively, and 270° and 135.6° main
direction of the wind waves and swell, respectively.

The spectrum of the reconstructed sea in a smaller area
½�500;500�2 is also given in Fig. 10. Although the reconstructed
sea has a correlation of approximately 95% in the circular area of
radius 500 m around the radar, the reconstructed spectrum has
considerable deviations from the model spectrum. This is due to
the fact that in that area, there are only a few waves which lead to
a poor resolution in the Fourier analysis. This is also the reason
why the swell spectrum is not estimated very well; the swell
components are even fewer in the area ½�1000;1000�2. Since the
shadowing effect led to a small but noticeable amount of energy in
the low frequency area, a high pass filter with cutoff frequency
ωcut ¼ 0:1 has been applied. For both methods, for h¼ 4;6;8, we
averaged 100 visibility functions to obtain the AV as the database
using the same procedure described in Section 3.3.

5.3. Estimation of Hs

In this subsection we present the result of the Hs estimation for
both study cases, using two different ways of constructing the
database. Using the Model-Spectrum method and the Observed-
Spectrum method to construct the database, the results for 50
realizations of the uni-modal sea are depicted in Fig. 11 by the blue
squared, and the red circular boxes respectively. The numerical
results are listed in Table 1. For the Model-Spectrum and the
Observed-Spectrum method the average value that estimates Hs is
2.976 and 2.993, respectively; both have an average relative error
below 1.05%.

In the same way, the results for the multi-modal sea are
depicted in Fig. 12 and in Table 1. Now the estimates with the two
methods for Hs are 3.137 and 3.153 with average relative error of
0.79% and 1.49% for the Model-Spectrum and the Observed-
Spectrum methods, respectively.

In order to test the reliability of the proposed method we
perform the Hs estimation for other parameters. We consider
wind-swell (WS) seas with parameters as stated in Section 5.1.1,
except for one parameter that is changed: (1) depth d¼10 m,
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Fig. 11. The estimated significant wave height over 50 realizations for the uni-
modal sea; the blue squares give the results using the Model-Spectrum method to
construct the database, the red circles using the Observed-Spectrum method. (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
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Fig. 13. The estimated significant wave height over 50 realizations for the multi-
modal sea using the Observed-Spectrum method with changing one parameter; (1)
d¼10 (red crosses), (2) sW¼5 (black diamonds), and (3) γW ¼ 1 (blue triangles). (For
interpretation of the references to color in this figure caption, the reader is referred
to the web version of this paper.)
(2) spreading coefficient sW¼5, (3) parameter γW ¼ 1. As shown in
Fig. 6, changing those parameters yields different visibility. We
present results for the Observed-Spectrum method in Fig. 13. The
mean (standard deviation; averaged error) of the estimated Hs for
d¼10, sW¼5, and γW ¼ 1 are 3.099 (0.024;1.98%), 3.106
(0.050;2.03%), and 3.171 (0.051;1.27%), respectively. Note that the
higher errors for case d¼10 m and sW¼5 are caused by the more
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complex cases to reconstruct the sea surface elevation by the DAES
method; the shallower depth results in less visible waves due to
the shorter wavelength and the smaller spreading factor makes
the detection of the main evolution direction for bi-modal seas
somewhat less accurate, see Wijaya et al. (2015).
6. Conclusion and remarks

The method to estimate the significant wave height described
in this paper uses the difference of shadowing with distance.
Essential for the success of the proposed method is the use of the
dimensionless quantities in the horizontal and vertical directions.
The test cases showed that Hs can be found with very high accu-
racy. Below we will contemplate on two aspects for the practical
usefulness of the methods: the application to real radar images
including the effect of possible perturbations, and the time needed
to perform simulations in operational conditions.

All the presented results are based on images that are
obtained from a constructed synthetic linear sea using only the
effect of shadowing into account. The question is if the proposed
method is also useful when dealing with real radar images. In the
introduction we already commented and gave references on the
matter whether shadowing is the main effect observed in real
radar images. Even if other effects, for instance, partial shadow-
ing, will determine the characteristics of the real images, the
method can be adjusted. Using the property of distance depen-
dence, and preparing a database based on the same mechanism
as observed in the real images, the above described methods can
be used. A different matter is if the assumptions made above that
the seas can be constructed and evolved in a linear way, and that
the effect of wind can be neglected, is a reasonable assumption.
This will be left for further research in the study of nonlinear seas
and the perturbing effects of especially local winds near
the radar.

Concerning simulation times, we observed the following
simulation times on a machine having a 8-core processor i7-
3630QM CPU at 2.40 GHz. When using a (prepared) model-data-
base, the only time needed is to calculate the visibility curve of the
observed sea; from 720 images (correspond to 24 min sea-obser-
vation) this took approximately 1 min computation time. Produ-
cing the database from an observed spectrum, to reconstruct the
images using the DAES method described in Wijaya et al. (2015)
required approximately 8.5 min computation time, using 300
images (correspond to 10 min sea-observation). This information
indicates that even in quickly changing sea states, an update of Hs

is almost instant, taking into account that an approximate Hs will
be known, so that only the AV in the database needs to be con-
structed for neighboring values of the estimated value. Moreover,
the number of the Monte Carlo simulations used in this
paper seems too excessive for the practical purposes; already 10–
20 Monte Carlo simulations are enough to produce acceptable
results.
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Appendix A. The component of harmonic visibility ξl and ξr

We consider a harmonic wave profile of amplitude A and
wavelength λ : ηðrÞ ¼ A cos 2π

λ r�r0þξl
� �� �

(see Fig. 3). If ξlZλ
4, the

harmonic wave will be visible over one wavelength. The length ξl
is obtained by solving the following equation

2π
λ
r0 sin

2π
λ
ξl

	 

¼Hr

A
� cos

2π
λ
ξl

	 

; 8r04

λHr

2πA
ð16Þ

The critical value r0 ¼ λHr
2πA is related to the length ξl ¼ λ

4. The value of
ξr depends on the shift length ξ (as depicted in the bottom plot of
Fig. 3). Two equations for ξ and ξr can be obtained by equalizing
the slope at r1 with the gradient of the radar ray connecting two
pairs of different points ðr0; r1Þ and ðr0;0Þ; 8r04 λHr

2πA, as follows:
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