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Abstract
We present a modified methodology for phase-resolved surface wave reconstruction from incoherent X-band marine radar 
images. The method is based on the linear wave theory and uses the linear dispersion relation to extract the valuable signals 
associated with gravity waves. A parameter optimization of the proposed modification is performed based on simulated 
synthetic radar images. The quantitative comparisons in the accuracy of the standard and modified reconstruction methods 
are made for both simulated and real radar images. The correlation coefficient between reconstructed and true wave eleva-
tions is improved up to 0.9–0.92 for the present modified method from 0.69 to 0.74 for the standard method for the simulated 
sea surfaces. The wave spectra reconstructed from the real X-band radar measurements are in good agreement with those 
obtained from the independent point measurement by Miros RangeFinder for both unimodal and bimodal seas.

Keywords X-band marine radar · Radar images · Phase-resolved wave reconstruction · Irregular ocean waves

1 Introduction

Ocean wave prediction is of critical importance in marine 
operations and maritime transport. It is essentially required 
in the development and application of advanced technologies 
that help significantly reduce the costs, increase the safety 
and thus enhance the operation envelop of a wide range of 
challenging operations under severe sea conditions. Statisti-
cal methods have played a vital role in modeling and pre-
dicting the sea state conditions. They provide the forecast of 
statistical parameters of ocean environments useful in rela-
tively long-term planning of marine activities and maritime 
transport. Without phase information, however, the statisti-
cal modeling cannot provide a quantitative prediction of the 
specific times and/or spatial locations on the occurrence of 
individual extreme events, such as rogue waves and ship 
capsizing. In practice, the marine operations are indeed lim-
ited by these extreme events that may cause structural dam-
ages and/or marine safety issues. In addition to the statistical 

modeling, phase-resolved methods have been developed to 
predict the spatial–temporal evolution of detailed sea surface 
elevation maps. The application of phase-resolved modeling 
enables one to obtain a deterministic forecast of individual 
large-amplitude waves and corresponding vessel/platform 
responses. The forecasted phase-resolved wave and struc-
ture motion information can be used to improve maneuver-
ability and control of vessel motion and operations, provide 
operational guidance for improved safety and performance, 
increase operational envelop and survivability in rough seas 
(e.g. lifting operations, helicopter landing, and landing of 
subsea modules into platform installation), and optimize 
ship deployment and multi-vessel cooperation (e.g. trans-
porting cargoes between ships or mobile platforms). In prac-
tical applications, a major challenge in phase-resolved wave 
prediction is to obtain reliable and accurate phase-resolved 
wave field measurements that can be used to initialize the 
phase-resolved wave model.

There is a great deal of research and development on the 
use of X-band marine radars for ocean wave measurements. 
Incoherent X-band marine radars are widely used on vessels 
to monitor the statistical parameters of the ocean waves and 
for navigation aids. Incoherent X-band marine radars can 
scan a sea surface area within a radius of 2–5 km continu-
ously in space and time with high resolution and produce 
backscatter images. However, the intensity images do not 
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represent the real sea surface wave shape since they are com-
plexly influenced by a number of physical factors includ-
ing hydrodynamic modulation, tilt modulation, shadowing, 
scanning range and direction, and wind and wave conditions. 
It has been shown on the basis of the linear gravity wave 
theory that the use of a three-dimensional (i.e. two dimen-
sions in space and one dimension in time) Fourier analysis 
of the radar intensity images could yield valuable informa-
tion on both ocean wave directionality and near surface cur-
rents (Young et al. 1985; Dankert and Rosenthal 2004; Nieto 
Borge et al. 1999; Nieto-Borge and Guedes-Soares 2000; 
Hessner et al. 2001). Nieto-Borge et al. (2004) proposed 
an extension of the existing inverse modeling technique to 
derive wave spectra from incoherent marine radar images. 
This algorithm accounts for the complex physical uncertain-
ties (such as tilt modulation and shadowing effects) by mul-
tiplying the wave spectra (directly obtained from the radar 
intensity images) by an empirically determined modulation 
transfer function (MTF). Independent wave measurements 
are needed to calibrate the reconstruction and determine the 
optimal values of the empirical parameters. Despite the chal-
lenge, significant advances have been achieved in the use of 
incoherent X-band marine radars to recover surface wave 
information (Nieto Borge et al. 2004; Blondel and Naaijen 
2012; Naaijen and Blondel 2012). Various schemes have 
been developed to improve the accuracy of the inversion 
schemes for the common marine radar, including the use of 
supplementary buoy measurements and coherent (Doppler) 
radars (e.g. Cornell et al. 2015). Since coherent radars pro-
vide the Doppler shift as well as the backscatter strength of 

the scatters and may operate at different polarizations, they 
offer more information to be included in any wave inversion 
scheme.

Qi et  al. (2016) improved the reconstruction method 
based on concurrent phase-resolved wave field simulations. 
By maximizing the correlation between the reconstructed 
and simulated wave fields over time, optimal values of the 
reconstruction parameters are obtained. Despite the mean-
ingful improvements in the consistency and fidelity of the 
reconstruction, the optimal values of the parameters involved 
in this method vary with the wave conditions and sampling 
domain. Moreover, in practical applications, the radar return 
data may be degraded due to physical and nonphysical con-
ditions. In these cases, the optimized reconstruction param-
eters may not be easy to obtain and/or physically reasonable. 
Despite the attractiveness of using the incoherent marine 
radar for wave measurements, it remains a challenging task 
to develop an effective inversion algorithm (that is also con-
venient to be implemented in practical applications) for the 
reconstruction of the phase-resolved wave field from the 
radar return intensity data.

In this paper, we propose effective improvements to the 
standard reconstruction method (Young et al. 1985; Nieto-
Borge et al. 2004) for the wave inversion of incoherent X-band 
marine radar return data. The key modification to the existing 
method is to manipulate the radar return data by transforming 
the image intensity from the non-negative range (used in the 
standard method) to a “wave elevation”-like representation 
with a near zero mean. The optimized value of the parameter 
controlling the mean position is obtained by maximizing the 

Fig. 1  Illustration of the pro-
posed modification: the radar 
image intensity �(�, t) after 
range and azimuth correction 
(top) and its centered modifica-
tion 

∼
� (�, t) (bottom)
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consistency and fidelity of the reconstructed phase-resolved 
wave fields using the simulated synthetic radar images for a 
broad range of sea states. In addition, the use of zero-padding 
technique is employed to minimize the effect of spectral leak-
age associated with the non-periodicity in time and/or space 
of the radar return data in the Fourier analysis. Both synthetic 
and real radar data are used to verify the effectiveness and 
demonstrate the enhancements of the improved method verse 
the standard method in terms of the consistency and fidelity 
of the wave reconstruction.

The rest of the paper is organized as follows. In Sect. 2, 
we summarize the algorithms in the generation of simu-
lated multi-directional irregular linear wave field and the 
associated synthetic radar images. We briefly introduce the 
standard reconstruction method and describe the proposed 
modifications in Sect. 3. The verifications and comparisons 
of the performance of the improved method in the recon-
struction of phases-resolved wave fields and the associated 
spectra with the reference to the standard method are given 
in Sect. 4. Brief conclusions are drawn in Sect. 5.

2  Generation of synthetic radar image data

2.1  Numerical simulation of linear wave field

Assuming the linear wave model, the simulated sea surface 
elevation �(�, t) in the polar coordinate � = (r, �) and tempo-
ral coordinate t , is specified by N × L propagating spectral 
wave components, containing N frequencies �i, i = 1,… ,N 
and L propagation directions �j, j = 1,… , L:

where Φij are the random phases drawn from a uniform dis-
tribution on the interval [0, 2�] , � =

(
kx, ky

)
 is the wavenum-

ber vector related to the corresponding wave frequency by 
the dispersion relation for linear waves:

Here, H is the water depth, and g is the gravitational 
acceleration. The amplitudes of wave components (with 
frequency increment Δω and direction spreading incre-
ment Δθ) in (2) are obtained from a directional JONSWAP 
spectrum S�(�, �) . The directional spectrum S�(�, �) of 
the sea is modeled as the energy spectral density function 
multiplied by a normalized angular spreading function 
D(�) . There are many functional models in the literature 
to represent the directional spreading of the sea surface. 
Here, we model the directional distribution using a normal 

(1)�(�, t) =

N∑

i=1

L∑

j=1

a
(
�i, �j

)
cos

(
�
i
⋅ � − �it + Φij

)
,

(2)a2
(
�i, �j

)
= 2S�

(
�i, �j

)
Δ�Δ�,

(3)� =
√
g���tanh(���H)

frequency-independent spreading function of the following 
form (e.g. Sand 1984):

where A0 is a scaling parameter, �0 is the mean wave direc-
tion, � is the standard deviation. In this paper, the largest 
value of spreading we consider is � = 20° for wind-gener-
ated waves and � = 5° for swell.

2.2  Shadowing simulation model

In this paper, synthetic images are constructed by consider-
ing only the effect of geometric shadowing which is the main 
effect in radar mechanism. A simple geometric criterion is 
applied: a sea surface elevation at position r is visible by the 
radar if the radar ray, which scans the surface elevation at r, 
if it does not intersect any surface elevation at all distances 
less than r (e.g. Wijaya 2016). In obtaining synthetic radar 
image intensity �(�, t) (Qi 2012; Qi et al. 2016), we set the 
values of shadowing points equal to zero, change the range 
of not-shadowing points to a non-negative range and rescale 
the values into 256 Gy levels. Assuming that SAR image 
intensity fluctuations are proportional to the wave-height 
fluctuations (Vesecky et al. 1981) and the reconstruction 
algorithm consists of only linear operators and filters, the 
rescaling of the obtained non-negative values into 256 Gy 
levels will not affect the features of the result.

3  The standard reconstruction method 
and proposed modifications

For convenience in the application of FFT (Fast Fourier 
transform), we choose a rectangular subdomain D0 of inter-
est in the radar scanned area. We denote the image intensity 
in the subdomain as �(�, t) ( � ∈ D0 ), where � = (x, y) are the 
Cartesian coordinates in the horizontal plane. The image 
intensity �(�, t) at � = (x, y) is obtained by the coordinate 
transform form �(�, t) . The objective is to reconstruct the 
time-varying sea surface wave elevation in the selected rec-
tangular area D0 from the sequence of X-band marine radar 
images �(�, t).

3.1  Standard reconstruction method

The existing standard reconstruction method is based on the 
work of Young et al. (1985) and Nieto-Borge et al. (2004). 
The reconstruction process contains the following main 
steps of procedures.

(4)D(�) =
A0

�
√
2�

exp

�
−

�
� − �0

�2

2�2

�
,
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Step 1: Pre-filtering of radar image for correction of 
range and azimuth dependences For an incoherent radar, 
the radar image intensity �(r, �, t) generally decreases with 
increasing the range r due to the decay law of the received 
electromagnetic energy with the distance and increasing 
deviation between the azimuth � and the upwind direction 
�w (Qi 2012; Qi et al. 2016). To account for these effects, the 
radar image intensity �(r, �, t) is multiplied by a calibration 
function C(r, �):

In this study, the wave analysis is carried out in a set of 
rectangular windows near the up-wind or up-wave directions 
( � ≈ �w ) and the range of sample image-window center is 
not large ( r∕R < 0.5 , where R is the maximum radius in the 
original radar image sequence). Under these assumptions, 
according to Qi (2012), the calibration function (5) takes 
the form:

(5)C(r, �) = f1(r)f2
(||� − �w

||
)
.

(6)C(r, �) = f 1(r) = (r∕R)
� ,

where � is a positive parameter optimized by Qi (2012). We 
note that this step is not applied to the synthetic data.

Step 2: Extraction of wave-related signals from radar 
images The image sequence is transformed into a spectrum 
I
(
kx, ky,�

)
 by applying 3D FFT of C(r, �)�(�, t) . The wave-

related signal is extracted from the 3D image spectrum by 
the use of filtering. The high-pass filter is used to eliminate 
the long-range dependence modulation effects (Nieto-Borge 
et al. 2004):

where c is the reconstruction parameter, and Δ� is the angu-
lar frequency increment in the analysis. The reconstruction 
parameter c is determined empirically. The band-pass filter 
is applied to extract the wave-related components based on 
the linear dispersion relationship (3):

(7)I
(
kx, ky,𝜔

)
= 0, when 𝜔 < cΔ𝜔,

(8)
I
(
kx, ky,𝜔

)
= 0, when 𝜔 < 𝜔(�) − bΔ𝜔 or 𝜔 > 𝜔(�) + bΔ𝜔,

Table 1  Sea-state parameters 
used in the simulation of linear 
short-crested ocean waves

Case Wind sea Swell

Period, s Sign. wave 
height, m

Mean direction, 
degrees

Period, s Sign. wave 
height, m

Mean 
direction, 
degrees

1 10.0 2.0 0.0 – – –
2 10.0 2.0 0.0 15.0 0.5 180.0
3 10.0 2.0 0.0 15.0 0.5 25.0
4 7.0 2.0 0.0 15.0 0.5 25.0

Fig. 2  Sample frame of the simulated sea surface elevation �(�, t) (in meter) (left) and its corresponding radar image intensity �(�, t) (right)
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where b is also an empirical parameter and we use b = 2 in 
this study (Qi 2012).

Step 3: Multiplication of the modulation transfer func-
tion M(�) To minimize the complex non-physical effects 
inherent in the X-band radar measurements such as shad-
owing and tilt modulations, Nieto-Borge et al. (2004) 
proposed to multiply the resulting wave-related spec-
trum I

(
kx, ky,�

)
 by a simple modulation transfer function 

(MTF)

The empirical parameter q = 0.5 is chosen in this study 
based on the optimization proposed by Wijaya (2016).

Step 4: Production of phase-resolved sea surface To 
obtain the unscaled reconstructed phase-resolved sea sur-
face elevation 

∼
�
R(�, t) , the inverse 3D FFT is applied on 

(9)M(�) = |�|−q.

the filtered image spectrum. The calibrated (scaled) esti-
mation of the sea surface elevation �R(�, t) is then given 
by:

where the scaling factor c0 is defined by

with �∼
�
R

 being the standard deviation of the reconstructed 
wave elevation 

∼
�
R(�, t) . The significant wave height Hs could 

be derived from the signal-to-noise ratio of the radar back-
scatter (Nieto-Borge et al. 2004), or based on the shadowing 
statistics proposed by Wenzel (1990), or using independent 
wave measurements (e.g. point buoy measurements as used 
in the present study).

3.2  Proposed modifications

To increase the reconstruction accuracy, we propose the fol-
lowing manipulation with the radar image intensity �(�, t) . 
Right before starting Step 2 of the procedure, we replace the 
original image intensity �(�, t) in the visible region by the 
modified image intensity 

∼
� (�, t) that takes the form:

Here � is the empirically estimated parameter; s(x, y, t) 
is the shadowing function that is equal to 0 (or 1) if the 
point (x, y) is shadowed (or visible). In the shadowed region, 
∼
� (�, t) = �(�, t) = 0 . The subtraction of β �0 from �(�, t) in 
(12) is applied to center the image data around the zero mean 

(10)�R(�, t) = c0

∼
�
R(�, t),

(11)c0 =
Hs

4�∼
�
R

,

(12)
∼
� (�, t) = �(�, t) − ��0s(�, t),

(13)�0 = mean{�(�, t)},∀(�, t) ∈ I,

(14)I = {(�, t) ∶ �(�, t) ≠ 0}.

Fig. 3  Variation of the average correlation coefficient Corrmean with 
respect to the reconstruction parameter �

Fig. 4  Comparisons of the spec-
tral densities of shadowed wave 
field �(x, y, t) ⋅ s(x, y, t) (yellow 
line), shadowed sea level uplift 
a ⋅ s(x, y, t) (black line), and 
original wave field �(x, y, t) (red 
line) for Case 3 (with a sample 
value of a = 1) (color figure 
online)
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and to transform the radar image intensity from non-nega-
tive range [0, A] to a “wave elevation”-like representation 
(Fig. 1). Thus, the zero level of 

∼
� (�, t) closely corresponds 

to the mean sea level of the original wave elevation �(�, t) . 
The optimal value of � is determined based on the optimiza-
tion of reconstruction accuracy for the synthetic radar data, 

as described in Sect. 4.1. It is important to emphasize that 
the modification of radar image intensity in (12) is applied 
to �(�, t) in the visible region only, but not in the shallowed 
region.

Performing FFT in a discrete finite domain for a non-inte-
ger number of periods of a signal introduces artificial effects 

Fig. 5  Comparisons of the wave profile (along the y-axis at x = 900 m 
and t = 20Δt ) of the reconstructed wave fields by the standard 
method (with � = 0 ), the modified method (with optimal � = 0.85 ), 
and the benchmark original wave field (“Original”, blue line) after 

applying: a, b high-pass filtering only; c, d high-pass and band-pass 
filters; e, f high- and band-pass filters and MTF in reconstruction. The 
results are for Case 3 (color figure online)

Fig. 6  Comparisons of the instantaneous three-dimensional wave surfaces of the reconstructed (with � = 0 and 0.85) and original wave fields. 
The results are for Case 3 at time t = 20Δt



103Journal of Ocean Engineering and Marine Energy (2021) 7:97–114 

1 3

such as spectral leakage when the ’power’ of the original 
frequencies will ’leak’ into a number of different frequency 
bins (Bracewell 1986). In this case, the Discrete Fourier 
Transform (DFT) assumes that its input is one period of an 
infinitely periodic function and, if the values at the oppo-
site edges are not the same, then these edge discontinuities 
introduce spurious frequencies into the spectrum. When we 
consider a finite sequence of radar images, the spectral leak-
age in the frequency domain occurs due to the truncation 
of the infinitely long signal to a finite one. Spectral leakage 
cannot be eliminated but it can be reduced using window 
functions or zero padding. In this study, we shall demon-
strate the effectiveness of using zero padding for reconstruc-
tion accuracy improvement. In the zero-padding algorithm, 
the sequence of Nt images is extended by adding ‘zero’-
images (zero-padded) before it is transformed by the DFT. 
Zero-padding a signal in time domain does not increase the 
amount of information that is contained in the signal. But it 
shows an interpolation effect on the spectrum and allows to 
apply filtering more accurately since reducing the spacing 

between bins may put a bin closer to the true frequency and 
give a better estimation of the amplitudes and frequencies.

Generally, spectral leakage occurs in both time and space 
domains. In this study, zero-padding is applied only in the 
time domain, but not in the space domain since the observed 
edge effect (e.g. reconstruction error near the border of the 
domain) in the space domain is not as severe as in the time 
domain. This is due to the fact that with the use of the large 
spatial domain, the wavenumber resolution is sufficient for 
the reconstruction methods. In the case of relatively small 
spatial domains, apparent edge effects have been observed to 
propagate in the main wave direction. The use of windowing 
function (or zero-padding) technique can remove such edge 
effects in the spatial domain (Naaijen and Blondel-Couprie 
2012).

We remark that the success of using the radar intensity 
images for phase-resolved wave field reconstruction has 
been demonstrated in a number of studies, the robust appli-
cation of this approach under general conditions remains 
challenging. A major fundamental and technical issue 
with this approach is the complexity associated with the 

Fig. 7  a Correlation coefficient Corr(t) : standard reconstruction 
method (black), modified reconstruction method without zero-pad-
ding (blue) and modified reconstruction method with zero-padding 

with N0 = 5 (red). b The effect of zero-padding on the average cor-
relation coefficient Corrmean (color figure online)

Table 2  Comparisons of 
the maximum and average 
correlation coefficients by 
the standard method and the 
modified method with and 
without zero-padding for the 
four simulated sea states

Case Corrmax 
standard 
method

Corrmax 
modified 
method

Corrmax modi-
fied + zero-pad-
ding

Corrmean 
standard 
method

Corrmean 
modified 
method

Corrmax 
modified + zero-
padding

1 0.7 0.91 0.92 0.67 0.88 0.9
2 0.69 0.91 0.91 0.66 0.87 0.9
3 0.72 0.91 0.92 0.66 0.87 0.9
4 0.74 0.9 0.9 0.74 0.85 0.89
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parameterization of the empirical MTF used in Step 3, which 
depends on a large number of factors, ranging from wind/
wave conditions and radar parameters to selected analysis 
domain parameters, such as range, azimuth and domain 
size. There have been some efforts on improving the radar 
technology on wave measurements such as the application 
of Doppler radar, with which one obtains the motion of an 
area of sea surface and thus avoids the use of MTF (e.g. 
Connell et al. 2015; Støle-Hentschel et al. 2018). The pur-
pose of the present study is to develop an improved data 
processing algorithm that can reduce the non-physical effect 

associated with the shallowing factor. This would reduce the 
sensitivity of MTF on the range parameter in wave recon-
struction. Another important technical issue is related to the 
fact that the radar backscatter modulations depend on the 
look direction relative to the wave propagation (e.g. Lund 
et al. 2014). This makes it a challenge to accurately recon-
struct a complex wave field with wave components propa-
gating in orthogonal directions with the use of a single rec-
tangular analysis domain, as adopted in this study. In this 
case, multiple analysis domains corresponding to different 
dominant wave/viewing directions may need to be selected 

Fig. 8  Point-to-point reconstruction error �(�, t) calculated for the simulated wave field Case 2: (left)—standard reconstruction method, (mid-
dle)—modified reconstruction method, and (right)—modified reconstruction method with zero-padding
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and combined to obtain a wave reconstruction with reason-
able accuracy. One other solution is to use the polar Fourier 
transform method in which each spectral component is esti-
mated from an angular region centered on that component 
(Lyzenga 2017).

4  Performance comparisons 
between the standard and the improved 
methods

4.1  Wave field reconstruction from synthetic radar 
images

Synthetic linear wave fields have been generated in polar 
coordinates with a spatial ( Δr = 3.5 m) and temporal ( Δt 
= 2.0 s) resolution and domain size that is realistic for wave 
radar systems. The considered wave conditions are classical 

Fig. 9  Point-to-point reconstruction error �(�, t) calculated for the simulated wave field Case 4: (left)—standard reconstruction method, (mid-
dle)—modified reconstruction method, and (right)—modified reconstruction method with zero-padding
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North-sea conditions according to NORA10 (Norwegian 
ReAnalysis 10 km) data for the period from September 1957 
to September 2016. We consider one case of unimodal (wind 
waves) and three cases of bimodal sea state in which a com-
bination of swell and wind-waves is present within the same 
area of observation. The sea-state parameters used in the gen-
eration of simulated wave fields are summarized in Table 1. 
For the radar height, we take as example Hr = 30 m above the 
still water level, which is a reasonable value for large ships 
as oil and gas tankers (Van Groesen et al. 2017). Figure 2 
shows a sample frame of the simulated wave elevation �(�, t) 
and the corresponding synthetic radar image. Since the radar 
image intensity is non-negative, the non-shadowing values of 

�(�, t) have been scaled to a positive range while the values 
of shadowing points have been set equal to zero.

A rectangular subdomain of 1500 × 1500  m2 in the domi-
nant up-wave directions of swell and sea is selected from 
Nt = 32 sequential simulated radar images. Since the exam-
ples considered are for the bi-modal seas with relatively 
small angles between dominant directions of swell and sea, 
satisfactory wave field reconstructions are obtained by the 
use of a single large analysis region. The intensity values at 
equally spaced Nx × Ny = 512 × 512 Cartesian grid points 
in the selected subdomain are obtained from the values at 
the equally spaced polar grids using the linear interpolation 
method.

In this study, we use the 2D correlation coefficient and 
normalized point-to-point absolute error as a performance 

Fig. 10  Comparisons of the instantaneous three-dimensional wave surfaces of the reconstructed and original wave fields. The results are for Case 
2
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criterion to examine the similarity between the original 
�(�, t) and the reconstructed �R(�, t) wave elevation. The cor-
relation coefficient of each individual image in the sequence 
of Nt images is defined by

Here 
−
�
(
ti
)
 and 

−
�
R

(
ti
)
 represent the means of the original 

wave elevation �
(
�, ti

)
 and the reconstructed wave elevation 

�R
(
�, ti

)
 , respectively, at time ti , i = 1, ...,Nt . The maximum 

and average correlation coefficients for the sequence of Nt 
images are defined by

The normalized point-to-point reconstruction error is 
defined as follows:

(15)

Corr
�
ti

�
=

∑
�

�
�
�
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−
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�
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� .

(16)Corrmax = max
{
Corr

(
ti
)}

, i = 1, ...,Nt,

(17)Corrmean =
1

Nt

Nt∑

i=1

Corr
(
ti
)
.

(18)�(�, t) =
||�(�, t) − �R(�, t)

||
Hs

.

Figure 3 shows the variation of the average correlation 
coefficient Corrmean with respect to the parameter � . We 
can see that Corrmean gradually increases with increasing � , 
and reaches its maximum at � ≈ 0.87 and then decreases. 
The value � = 0 corresponds to the standard reconstruc-
tion method. At � = 0.87 , the zero level of the modified 
radar image intensity (12) approximately corresponds to 
the sea level of the original waves. The fact that the cor-
relation coefficient reaches its maximum at 𝛽 < 1 could 
be explained by the fact that the average image intensity 
�0 obtained from (13)–(14) does not consider the effects of 
unknown shadowed points. It turns out that the inclusion of 
the sea level information to the radar return data is found to 
significantly improve the consistency and fidelity of wave 
field reconstruction.

To assist in understanding the fundamental effect of 
shifting the mean level of radar return intensity on the 
wave field reconstruction, we illustrate the influence of the 
shadowing function s(x, y, t) that is introduced in Sect. 3.2. 
The radar return signal corresponds to the surface eleva-
tion given by [ �(x, y, t) + a]s(x, y, t) where the constant 
a = min{�(x, y, t) ⋅ s(x, y, t)} . Among the radar return sig-
nal, the term �(x, y, t) ⋅ s(x, y, t) contains the wave infor-
mation while the term a ⋅ s(x, y, t) contains the shadowing 
effect irrelevant to the waves. As an illustration, Fig. 4 
compares the spectral densities of �(x, y, t) ⋅ s(x, y, t) and 
a ⋅ s(x, y, t) as well as the benchmark wave field �(x, y, t) 
for Case 3. It is seen that the spectrum of the shadowing 

Fig. 11  Comparisons of the instantaneous three-dimensional wave surfaces of the reconstructed and original wave fields. The results are for Case 
4
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function s(x, y, t) also contains the wave components that 
satisfy the dispersion relation, which are actually non-
physical. Depending on the value of a , these non-physical 
wave components may be comparable or even larger in 
magnitude than those physical wave components contained 
in �(x, y, t) ⋅ s(x, y, t) . The wave field reconstructed by the 
standard method, based on the direct radar intensity data 
[ �(x, y, t) + a]s(x, y, t) , would consist of the wave compo-
nents from both the physical effect of �(x, y, t) ⋅ s(x, y, t) 
and the non-physical effect of a ⋅ s(x, y, t) . By lowering the 
radar return intensity in visible regions by β �0 in (12), 
the modified method minimizes the non-physical effect 
of the shadowing term a ⋅ s(x, y, t) . As a result, the modi-
fied method can achieve a much-improved accuracy and 

fidelity of wave reconstruction. We note that since the 
shadowing depends on the range and wave conditions, the 
modified method may be further improved by consider-
ing the parameter β as a function of the range or the per-
centage of shadowed area in the wave field. This is under 
investigation.

In Figs. 5 and 6, we compare the reconstructed wave 
fields by the standard method (with � = 0 ), the modi-
fied method (with the optimal value of � = 0.85 ), and the 
benchmark original wave field for the sample wave profiles 
and surface at the different stages of wave reconstruction. 
The results shown are obtained for Case 3. The recon-
structed wave fields by the modified method at all stages 
of reconstruction agree better with the original wave field 

Fig. 12  Comparisons of the wave profiles (along the y-axis at 
x = 900  m) of the reconstructed wave fields by the standard method 
(with � = 0 ), the modified method (with optimal � = 0.85 ), and the 

modified method (with optimal � = 0.85 ) and zero-padding, and the 
benchmark original wave field (“Original”). The results are for Case 2



109Journal of Ocean Engineering and Marine Energy (2021) 7:97–114 

1 3

than those by the standard method. The comparisons in 
Figs. 5 and 6 demonstrate the improvement of accuracy in 
wave reconstruction by the modified method. 

The new parameter � is used to bring the mean level 
of radar return intensity down to the realistic mean sea 
level to reduce the non-physical shadowing effect in wave 
reconstruction. From the concern of this purpose, we think 
it should be more effective to consider � as a function of 
the percentage of shadowed area in the wave field, instead 
of multiple parameters such as range, significant wave 
height, radar position etc.

In the implementation of the zero-padding technique for 
the reduction of spectral leakage associated with the finite-
time truncation of the infinitely long time signal, the input 
data of 3D DFT takes the size of Nx × Ny × (Nt + N0) , where 
N0 is the number of extended zero images. Figure 7a com-
pares the correlation coefficients in the reconstruction of 
wave fields for a duration of 64 s (with 32 radar images) 
obtained by the standard method, and the modified method 
with and without zero-padding. Much lower values of the 
correlation coefficient are seen near the beginning and end-
ing time of signal for all four cases considered. The use of 
zero-padding is shown to be quite effective in removing the 
edge effect in all the cases. Figure 7b shows the variation of 
the mean value of correlation coefficient Corrmean with the 
number of zero-padding images. It is seen that the minimum 

required length of zero-padding is about N0 = 5 for all the 
synthetic wave fields tested.

Table 2 summarizes the results of maximum and average 
correlation coefficients in the reconstruction of the four syn-
thetic sea states by the standard method and presents modi-
fied method with and without zero-padding. Figure 8 dis-
plays the point-to-point reconstruction errors in the selected 
rectangular analysis domain at three representative instants 
(corresponding to the initial, middle, and end time of the 
image data) for Case 2, which are obtained by the stand-
ard method and present modified method with and without 
zero-padding. The similar results for Case 4 are shown in 
Fig. 9. The comparisons between the results by the differ-
ent methods show that the modified method significantly 
improves the accuracy of the phase-resolved wave field 
reconstruction from X-band radar images from the standard 
method. In addition, the employment of the zero-padding 
technique effectively removes the spectral leakage associated 
with the endpoint discontinuity. To examine edge effects, 
the two-dimensional images of the input wave fields for 
selected frames are presented in Figs. 10 and 11 along with 
the estimated wave fields for the cases shown in Figs. 8 and 
9. The examples of one-dimensional plots versus range cor-
responding to the initial and middle time of the image data 
are shown in Figs. 12 and 13.

Fig. 13  Comparisons of the wave profile (along the y-axis at 
x = 900  m) of the reconstructed wave fields by the standard method 
(with � = 0 ), the modified method (with optimal � = 0.85 ), and the 

modified method (with optimal � = 0.85 ) and zero-padding, and the 
benchmark original wave field (“Original”). The results are for Case 4
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4.2  Wave field reconstruction from real radar 
images

All data used for the comparison in this case were collected 
at Solstad IMR subsea construction vessel Normand Ocean, 
operated by DeepOcean. At Normand Ocean, a Furuno 
X-band radar is mounted at a height of 20 m above the sur-
face. The radar has a slightly more than 180° unobstructed 
view in the forward direction. Close to the radar, Miros 
RangeFinder is mounted looking downwards right ahead of 
the bulb of the ship. This gives an independent measurement 
of the incoming waves and mitigates the uncertainties in the 
significant wave height estimation.

We consider a radar image sequence generated when the 
radar is working in short pulse. Figure 14a–d displays one 
representative frame of the raw radar images for each of the 

four different sea states measured. In these figures, the color 
scale indicates the strength of radar image intensity, and 
Hm0 denotes the significant wave height evaluated from the 
spectrum of the measured waves.

After estimating the directional spectra, the images were 
rotated to have the main energy propagation along the posi-
tive y-direction. The region with the distance to the radar 
(set as the origin) less than 600 m is the blind area where the 
radar backscatter is too high to be useful due to specular scat-
tering from the sea surface. The upper border of the probe 
area is chosen to be 1000 m from the origin. Then we obtain 
a time series of consecutive radar images in the rectangular 
subdomain of 1500 × 1500  m2 with Nx = Ny = 512 nodes in 
the x- and y-directions. For better accuracy in wave recon-
struction, the rectangular analysis domain is chosen to face 
the dominant up-wave direction. The sampling time in the 

Fig. 14  Radar intensity images from the real sea surface measurements: a Data from 04 April 2019, Hm0 = 2.87 m; b Data from 11 April 2019, 
Hm0 = 1.2 m; c Data from 20 April 2019, Hm0 = 2.7 m; d Data from 16 September 2019, Hm0 = 4.1 m



111Journal of Ocean Engineering and Marine Energy (2021) 7:97–114 

1 3

time series was assumed to be 2.5 s (the antenna rotational 
period was varied from 2.47 to 2.53 s). The optimal value of 
β = 0.85 is used for the modified method in the construction 
of wave fields based on these realistic radar intensity data. 
In the application of 3D FFT, the radar intensity image in 
the rectangular subdomain is assumed to correspond to the 
snapshot of sea surface. In practice, the intensity image is 
produced by scanning while the radar’s antenna continuously 
rotates. With the antenna rotational period of about 2.5 s, 
the snapshot assumption would lead to a maximum of about 
0.3 s time difference in the time-varying phase of waves in 

the subdomain, which is not expected to significantly affect 
the accuracy of wave reconstruction.

Figure 15 shows the comparisons of the spectral density 
functions as a function of wave frequency obtained by the 
standard and modified reconstruction methods for the four 
real sea states. The spectral density functions by the standard 
and modified reconstruction methods are based on a 160 s of 
radar measurements on a large spatial area. The integration 
of the 2D wavenumber spectrum obtained from reconstruc-
tion gives the 1D frequency-dependent spectral density func-
tion. The result from the independent Miros sensor measure-
ment at a single space point (vessel position) is also shown 

Fig. 15  Normalized spectral density functions: a Data from 04 April 2019, Hm0 = 2.87 m; b Data from 11 April 2019, Hm0 = 1.2 m; c Data 
from 20 April 2019, Hm0 = 2.7 m; and d Data from 16 September 2019, Hm0 = 4.1 m
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for comparison. The total duration of the measurement is 
1024 s with sampling time Δt = 1 s. The Miros spectrum 
is obtained by the average of FFT outputs of time-varying 
elevation Miros data in 800 overlapping time windows. Each 
window spans over a period of 200 s with 200 data points.

Limited by the time resolution of X-band radar meas-
urement with ~ 2.5 s time interval per radar image, the 
reconstruction methods are unable to capture short waves 
with periods smaller than 4–5 s. Compared to the standard 
method, the modified method shows a significant improve-
ment in reconstruction of wave spectra with relatively 
broader bandwidth, as the comparisons in Fig. 15a, d indi-
cate. Also, the modified reconstruction method shows a 
much better agreement with the independent Miros point 

measurement for the bimodal sea state, as in Fig. 15b, 
which contains a combination of wind-sea and swell. In 
this case, the standard method largely overestimates the 
amplitudes of swell components. For the sea state from 20 
April 2019 (Fig. 15c), when the frequency band is rela-
tively narrow, the shape of the reconstructed wave spec-
trum by the standard method matches that by the modified 
method, both of which compare well with the independent 
Miros point measurement.

Figures 16, 17, 18 and 19 display one sample frame of 
the raw data image and its corresponding reconstructed 
wave elevation in the selected subdomain for the four real 
measured sea states. Unfortunately, it is not possible to esti-
mate the reconstruction accuracy for individual waves from 

Fig. 16  Considered radar image subdomain (left) and its reconstructed wave elevation (right). Data from 04 April 2019, Hm0 = 2.87 m

Fig. 17  Considered radar image subdomain (left) and its reconstructed wave elevation (right). Data from 11 April 2019, Hm0 = 1.2 m
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Figures 16, 17, 18 and 19 because full-scale experiments 
involving actual surface geometries are quite involved and 
costly, both in terms of preparation and measurements. How-
ever, the reconstruction accuracy of wave components could 
be verified by an indirect method, for example, in terms of 
the comparisons of the predicted and measured waves (e.g. 
Lund et al. 2014) and/or ship motions downstream (Al-Ani 
et al. 2020).

5  Conclusions

In this study, we develop and verify an improved phase-
resolved wave inversion method for the reconstruction 
of wave elevation map and its spectral components from 
incoherent X-band marine radar images. The method 
extracts the gravity wave signals that satisfy the linearized 
dispersion relation. The key modification to the existing 
standard method is based on the radar image intensity 
transformation from the non-negative range to a “wave 
elevation”-like representation by centering the intensity 
data around the zero mean. A parameter optimization of 
the proposed modification is performed using the simu-
lated synthetic radar images. The quantitative comparisons 

Fig. 18  Considered radar image subdomain (left) and its reconstructed wave elevation (right). Data from 20 April 2019, Hm0 = 2.7 m

Fig. 19  Considered radar image subdomain (left) and its reconstructed wave elevation (right). Data from 16 September 2019, Hm0 = 4.1 m
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of phase-resolved wave reconstruction by the standard 
and modified methods are made for both simulated and 
real radar wave data. The correlation between the recon-
structed and the true wave elevation by the present modi-
fied method is enhanced to the range of 0.9–0.92 for the 
simulated radar data compared to the value of about 0.7 by 
the existing standard method. The wave spectra obtained 
from the real radar images of sea surface by the modified 
method are in good agreement with that from the inde-
pendent Miros RangeFinder point measurement in both 
unimodal and bimodal sea states. In particular, the modi-
fied method is capable of obtaining an accurate recon-
struction of wave spectra of broad-banded and bimodal 
seas while the stand method seems to be effective only for 
relatively narrow-banded unimodal seas.
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