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Abstract

This paper presents a study focused on sea state estimation along the route of an in-service container
ship. The paper is concerned with the wave buoy analogy in which wave-induced motions of the
ship are processed and analysed together with corresponding motion transfer function to give
the directional wave spectrum exactly at the point of operation. In this study, a simple and
inexpensive instrumentation of the vessel is considered, and wave spectrum estimation is based on
measurements from one motion response unit mounted close to the forward perpendicular of the
ship. The estimates by the wave buoy analogy are compared with two sets of results from third
generation spectral wave models, with one set provided by a commercial supplier and with another
set obtained from the Copernicus Climate Change Service Information. Motion measurements
from a seven-days voyage across the Pacific Ocean are studied, and it is shown that the wave buoy
analogy estimates wave conditions, in terms of sea state parameters, in good agreement with the
reports by the sets of ocean wave hindcasts. Along with the comparisons, the paper discusses some
of the inherent drawbacks of the wave buoy analogy, notably the fact that a ship acts as a low-pass

filter.
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1. Introduction

During ship operations, real-time and on-site estimation of sea state parameters can complement
the crew’s decisions to maintain high safety and fuel efficiency, since the estimate will be useful
for early detection of critical sailing situations and be a crucial input to motion control systems.
Similarly, attained knowledged of the sea state along the exact route of merchant ships can assist
shore-based performance analysis teams towards optimising vessel and fleet performance focused
on fuel consumption and environmental footprints. Moreover, estimates of wave conditions can be
used for virtual hull monitoring.

One means for the estimation of sea state parameters - in real time and at the precise geo-
graphical position of a ship - considers the ship itself as a (sailing) wave buoy. This particular
method is often referred to as the wave buoy analogy. The estimation principle of the wave buoy
analogy relies on the combination of measurements of wave-induced motions of the vessel and a
linear assumption, allowing the motion measurements to be modelled theoretically using transfer

functions and a wave (energy density) spectrum.

1.1. Scope, highlights, and objective

The present paper studies the wave buoy analogy when it is applied together with in-service
data from a larger container ship. Specifically, the estimation of sea state parameters has been made
using seven days of consecutive data obtained while the ship made an east-bound trip across the
Pacific Ocean with measurements from the Sea of Japan to off Graham Island (Canada). The data
is obtained from a simple and inexpensive instrumentation on the vessel, where one single motion
response unit, placed in a point off the centreline and close to the forward perpendicular, provides
the horizontal and vertical accelerations together with the pitching motion. The corresponding
motion transfer functions have been obtained from linear strip theory calculations. As a side note,
it should be mentioned that the motion measurements from the specific ship have recently been
used in a study about wave spectrum estimation (Nielsen and Dietz, 2020), where the sensitivity
to the vessel’s advance speed was investigated.

It is an inherent concern about the encountered sea state during in-service conditions that the
ground truth is never known. In this study, additional estimates of sea state parameters have
been obtained from spectral wave models where two sets of results are introduced; the one set is

made by a commercial provider and the other set has been generated using the Copernicus Climate

2



31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

Change Service Information (2020). Altogether, the highlights of the study can be referred to as
(a) estimation of wave spectra, i.e. sea states, using in-service data obtained from a simple sensor
instrumentation on a container vessel, and (b) a comprehensive comparison between results of the
wave buoy analogy and corresponding ones produced by spectral wave models; notably the use
of the freely available ERA5 data (Copernicus Climate Change Service Information, 2020) is an
attractive novelty for the community working with sea state estimation, either from ship motion
measurements or other means (e.g., buoys, remote sensing, wave radar systems), since the ERA5
data facilitates a comparative basis.

Despite the capabilities of the wave buoy analogy and its usefulness for (real-time and on-site)
sea state estimation, as widely reported about in the literature including this paper, the current
article also has as an objective to discuss some of the inherent drawbacks and problems connected

to the wave buoy analogy.

1.2. Composition

The paper is organised in the following way. In the next section, Section 2, the methodology
is covered and herein the fundamentals of the wave buoy analogy are outlined. The section also
includes a short description of the parameters forming the background of the comparison between
the results of the wave buoy analogy and the results from the spectral wave models. Section 3
presents the considered ship and its data, including the origin of the data and how it has been
processed. In a model-based approach, like studied in this paper, the motion transfer functions of
the vessel are of fundamental importance, and Section 4 includes a numerical examination. The
results and corresponding discussions of the study are presented in Section 5, while a summary of

the paper and some concluding remarks are given in Section 6.

2. Methodology

This section explains the basis of the wave buoy analogy and how Bayesian modelling, sometimes
referred to as the Bayesian technique, can be used to solve the mathematical problem connected
to the wave buoy analogy. The section also contains a description of the wave data made available
from spectral wave models. Finally, the section introduces the sea state parameters that form
the basis of the comparison between the wave buoy analogy and the results of the spectral wave

models.
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2.1. The wave buoy analogy - Bayesian Modelling

The assumptions and the equations governing the wave buoy analogy have been widely reported
in the literature, e.g., Iseki and Ohtsu (2000); Tannuri et al. (2003); Nielsen (2006); Pascoal et al.
(2007); Nielsen (2008a); Nielsen and Brodtkorb (2018). This section serves to indicate the most
important aspects, while the details can be found in Nielsen (2006, 2008a).

The central assumption of the wave buoy analogy builds on linearity between waves and the
wave-induced response of a vessel, and, in a frequency domain formulation, the combination with
an assumption about stationarity implies the following model in which the (unknown) directional

wave spectrum is E(we, i),

™

R;j (we) = H; (we, b+ B) Hj (we, b + B)E (we, 1) dpt + €55 (1)

-7

Herein, R;j(we) is the response spectrum for responses i, j, where 4 and j correspond to any set of
measured responses; say, the horizontal acceleration and the vertical acceleration, respectively, in
a specific point in the ship coordinate system. The corresponding theoretical response spectrum
is obtained as the product between the directional wave spectrum E(we, 1) and the multiplication
of the set of transfer functions H;(we, + p) and m for responses ¢ and j, with the
bar denoting the complex conjugate. The mean wave-encounter angle is S and the direction of
waves relative to this angle is p, while the encounter frequency is w.. The error between the
measured spectrum and the theoretically calculated one is ¢; ;, and it should be realised that the
error in principle includes errors from sensors, transfer functions, and the model itself. Errors
from sensors cannot (necessarily) be excluded, which is why fault detection techniques are relevant
to consider in case of (real-time) on-board systems (Nielsen et al., 2012). Errors in the transfer
functions and their influence on results can be investigated through sensitivity studies. Notably,
the linear assumption, imposed through the very use of transfer functions, is a crucial factor. In
this connection, reference can be made to the study by Mas-Soler and Simos (2019) addressing the
nonlinearity related inaccuracies in motion RAOs when the wave buoy analogy is applied for wave
spectrum estimation. The two types of errors from sensors and from the transfer functions are
beyond the scope of this paper, and the paper therefore implicitly focuses only on the modelling

error in the later section where data and results are presented, cf. Section 5.
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It is noteworthy that Eq. (1) is usually formulated for three responses simultaneously which
leads to a set of nine independent equations'. However, the directional wave spectrum is typically
discretised into K directions and, if the 360-degrees interval is spaced by, say, 10 deg, this results
in K = 36 unknown spectral components for any given frequency. Consequently, Eq. (1) expresses
a highly underdetermined equation system that cannot be solved by minimising the error €, as the
corresponding least squares problem is ill-posed. Instead, Bayesian modelling can be applied to
solve the equation system. The main points of Bayesian modelling are presented below but, before
this, the effect of forward speed deserves special attention.

The equation system in (1) is formulated in the ’encounter domain’ as the spectral densities of
the wave spectrum depend on the encounter frequency w,, which itself is dependent on the vessel’s
forward speed and the wave encounter angle. As a consequence, the absolute frequency must be
used instead, and it is therefore necessary to introduce the Doppler Shift. Thus, the mapping of

the absolute frequency w (of a progressive wave) to the encountered frequency we is given by,

we:w—wQQCOSM (2)
(Y

when the ship moves with speed U and at an angle p relative to the progressive wave; g is the ac-
celeration of gravity. It is noteworthy that deep-water conditions have been assumed in the present
formulation. In practice, the inclusion of the Doppler Shift for problems related to general ship
motion dynamics is not without complications (Bhattacharyya, 1978; Beck et al., 1989; Lindgren
et al., 1999; Nielsen, 2017, 2018), but this is beyond the scope of the present paper. For wave
spectrum estimation, the problem has been solved, and this is indicated in the next paragraph.

In matrix notation, Eq. (1) can be written
b=Af(x)+w (3)

The vector function f (x) expresses the unknown values of the wave spectrum F (w, p) through
a non-negativity constraint f (x) = exp(x), so that x = In F'(w, ). It is noted that x contains
M x K entries, where M is the number of discrete - absolute - wave frequencies, while K was

defined previously as the number of discrete wave heading angles. w is a Gaussian white noise

!Cross spectral analysis on three discrete-time motion signals leads to 3 real-valued spectra and 6 (= 3x2)

complex-valued spectra with both real and imaginary parts.
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sequence vector with elements ¢; ; which are assumed to have zero mean and variance o%. The
vector b contains the elements of R;j(we), and the coefficient matrix A has elements according to
the multiplication between products of the complex-valued transfer functions and the frequency
derivatives ddTWe obtained from the Doppler shift in Eq. (2). It should be realised that the total
number of elements in b will be N x P, where N is the number of discrete encounter frequencies
and P is the number of (”fundamental”) equations derived from Eq. (1); in this case P =3+6 =9
as reported previously.

In principle, the wave spectrum can be estimated from the minimisation of g?(x)
9°(x) = | Af (x) — b|? (4)

where ||-|| represents the Lo norm. As mentioned above, Eq. (4) represents an ill-posed problem.
However, by introducing Bayesian modelling (Akaike, 1980) and thereby imposing prior constraints,

the wave spectrum - in terms of x - is basically estimated by minimising (Nielsen, 2008a)
h(x) = ||Af (x) — b|* + x” (v*H; + v*Ha)x (5)

where the hyperparameters u and v control the trade-off between the good fit to the data and the
prior distributions set by the matrices H; and Hs. In qualitative terms, the additional equations
imposed through Eq. (5) are established by assuming the directional wave spectrum to be a smooth
(piecewise continuous) function for variations with frequency and direction. Thus, the matrices,
H, and H,, are organised so that they ensure that the curvature of the wave spectrum is minimised
(Nielsen, 2006).

In the strict application of Bayesian modelling (Akaike, 1980) it is not Eq. (5) which is min-
imised but a certain criterion - a Bayesian Information Criterion - known as ABIC. In the specific

situation related to wave spectrum estimation, the criterion can be formulated (Nielsen, 2008a)

ABIC = PIn hypipn (x) — In| det(u*H; 4+ v*Hy)| +

In|det(ATA + v’H; + v?Hy)| + C (6)

The independent variables in ABIC are the hyperparameters and the minimisation problem is thus
highly nonlinear, not to mention that ABIC depends on the solution for which hA(x) is minimum.
The customary practice is to solve the convolved problem brute-force; that is, for each (manually)

selected combination of the hyperparameters, Eq. (5) is minimised. Obviously, this leads to

6
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a relatively high computational burden, since a range of hyperparameters must be covered for
both u and v, and for each combination of the two, Eq. (5) represents an equation system with
N x P equations from which K x M unknowns are solved. In the past, Sparano et al. (2008) and
Nielsen and Iseki (2010) came beyond the computational burden by suggesting to use a fixed set of
hyperparameters with no account for changing operational and/or environmental conditions. The
selection of the fixed set of hyperparameters must be made by trial and error; and should be made
in a situation when the true sea state is available, for instance using numerical simulations based
on a specified sea state. It is noteworthy that the resulting increase in computational efficiency
comes at the price of decreased accuracy from time to time. In a study, where large amount of
data is analysed retrospectively for the sole purpose of comparison with other means this cost is

considered acceptable.

2.2. Results from spectral wave models

Two sets of additional wave estimates, produced using third generation spectral wave models,
have been collected. The one set is from a commercial supplier mainly offering their service in
connection with tasks related to vessel and fleet performance analysis. The other set of result
has been generated using Copernicus Climate Change Service Information (2020), noting that the
dataset is a climate reanalysis, named ERA5 and based on ECMWE’s Earth System model TFS.
The name ERA refers to ’'ECMWEF ReAnalysis’, with ERA5 being the fifth major global reanalysis
produced by European Centre for Medium-Range Weather Forecasts (ECMWF). An overview is
given by ECMWF (2020).

As a practical remark, in this paper, the term hindcast is often used as a reference to the
estimate obtained from one of the spectral wave models.

Both sets of hindcasts comprise a number of integral wave parameters, cf. subsection 2.3,
which are available every 60 minutes on a discrete spatial grid spaced 0.5 degrees in the Earth
coordinates (latitude and longitude). Thus, the sets of hindcast results are (bi)linearly interpolated
to the exact geographic vessel positions, cf. Section 3, for the exact time stamps in Coordinated
Universal Time (UTC). The frequency and directional resolutions of the computations used by

the commercial supplier are not known to the authors?, and some additional concerns about the

2The ship data originates from April 2016, which was also the time when Maersk Line collected the wave data

from the commercial supplier. Maersk Line never received the raw data (i.e., the wave spectra).

7
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integral wave parameters are present, as explained in subsection 2.4.2. On the other hand, a
condensed introduction to the ERA5 data is given by Hersbach et al. (2020), including ECMWF
(2017), while the interested reader should consult Komen et al. (1994) for a thorough description
of the equations and associated mathematical modelling related to spatio-temporal development
of ocean wave spectra; as used in connection with hindcasted (and forecasted) wave spectrum

estimation.

2.3. Sea state parameters

The statistics of ocean wave systems can be derived from the (directional) wave spectra char-
acterising the particular wave systems. However, for a large data set with many samples of wave
spectra, it is not practical to compare the spectra, one by one, and, besides, the actual wave
spectra are available only for the wave buoy analogy and the ERA5 data but not for the commer-
cial hindcast data, as the data supplied to Maersk Line contained integral wave parameters only.
Consequently, it is decided to focus the comparative study of the different estimation methods on
the basis of a set of integral wave parameters, also referred to by sea state parameters. On the
other hand, selected samples of (directional) wave spectra by the wave buoy analogy and ERAb5 are
studied in the discussion of results, cf. section 5, to point out the consequence(s) of the low-pass
filtering characteristics of a large ship, but a detailed comparison of the actual spectra remains as
a future task.

The two sets of hindcast data contain the following sea state parameters: the significant wave
height H,, the mean energy period T, and the mean wave direction Ds. In case of the wave buoy
analogy, which has a directional wave spectrum FE(w, i) as the main output, the parameters must

be calculated according to their mathematical definitions,

H, = 4y (7)

Tp = o=t (8)
mo
D, = arctan(d/c) 9)
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where
S /Ooow”F(w)dw n={~1,0} (10)
F@ = [ B (11)
¢ = [ | Bmsnode (12)
¢ = /_:/OOOE(ww)COS(u)dwdu (13)

It is noteworthy that Eq. (9) yields the mean wave direction l/?\s relative to the centreline of the
ship, in accordance with the definition of u, cf. Eq. (1) in Subsection 2.1. Thus, for the wave buoy

analogy, the estimate of the (absolute) mean wave direction Dy is given by

o~

DS,WBA =D, +

(1]

(14)

where Z is the heading of the ship; 0 deg is North, 90 deg is East, etc.

In order to distinguish the results of the estimation methods from each other, the following
notations will be used in connection with the comparisons of the sea state parameters, cf. Section
5: Results of the wave buoy analogy are referred to by "WBA’, the commercial hindcast data is

denoted by "HC’, and the Copernicus data is referred to by 'TERA5’.

2.4. Notes of concern

2.4.1. The wave buoy analogy

It is important to realise that, while the integration formulas above, i.e. Egs. (10)-(13),
are given in accordance with their exact mathematical definitions, the practical computations
associated with the wave buoy analogy ”suffer” from the fact that the lower and upper integration
limits only reflect the used cut-off frequencies as applied in the spectral calculations. This is
discussed further in later sections, but the central point to note is that results of the wave buoy
analogy, per se, are compromised because of two related reasons: (1) the (necessary) use of cut-off
frequencies in the spectral calculations, and (2) the fact that a ship acts as a low-pass filter. In
addition to these drawbacks, other issues can negatively affect results of the wave buoy analogy, as
already indicated in subsection 2.1, and the later sections of the paper elaborate on this together

with the comparisons of the hindcast studies (ERA5 and HC).



198

199

200

201

202

203

204

205

206

2.4.2. Hindcast by commercial supplier

As indicated in subsection 2.2, directional wave spectra from the commercial supplier are not
available. Unfortunately, it is another concern that the total wave system is decomposed into
partitions of integral parameters for swells and wind sea, respectively. For comparative reasons,
it is therefore necessary to calculate equivalent wave parameters of the total wave system. In this

case, the (total) significant wave height is obtained by

Hs,HC = \/Hf,wmd + HSQ,swell (15)

The "total mean” relative direction Dy yc is approximated by introducing a weighted average
considering the relative direction of the individual components (swell and wind sea) together with
their energy content represented by the significant wave height. In this calculation, special care
must be shown because directionality is circular - that is, defined on the interval [0,360[ deg,
where 0 deg and 360 deg correspond to the same point - and this must be accounted for in the
calculation. The weighting is according to ratios of the squared values of significant wave height

and, schematically, the definition of Dy ¢ is,

2 2
D o Hs,wind Hs,swell D
s,HC — 2 * Ds wind + 2 * s, swell (16)
s,tot s,tot

It is possible to approximate the "total mean” energy period Tk pc in a similar way, and the

calculation follows from

2 2
s,wind s,swell
Tene = —5—  Tewind + —75— " TE,swell (17)
H H
s,tot s,tot

Later, in the comparisons of the three sets of results (WBA, ERA5, HC) it must thus be kept in
mind that the HC estimates of Dy and T, in the strict sense, are not (fully) consistent with the

estimates by WBA and ERAS5.

3. Case ship and in-service data

The case ship is a 7,200 TEU container vessel. The vessel’s main particulars are listed in Table
1, and plan views of the vessel are shown in Figure 1.
Wave-induced motions of the ship have been measured with a motion sensor (XSENS, MTi-

30-6A5G4), and the recordings for the study were made on an east-bound route across the Pacific

10
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Table 1: Main particulars of the example ship.

Length between perpendiculars, L, 332 m
Breadth moulded, B,, 42.8 m
Design draught, T, 12.2 m
Deadweight (at Tq), 76,660 tonnes
Block coefficient, Cg 0.65

Ocean, see Figure 2. The motion sensor was mounted close to the bow, off the centreline, with the
exact position known by the authors. The particular sensor provides drift-free 3D orientation as
well as calibrated 3D acceleration, 3D rate of turn (rate gyro) and 3D earth-magnetic field data.
For the purpose of sea state estimation, the vessel’s pitching motion and the horizontal and vertical
accelerations have been used. The corresponding transfer functions have been calculated with an
in-house linear strip theory code based on Salvesen et al. (1970), see also Section 4. In the study,
the advance speed of the vessel is, as a reasonable approximation, assumed to be constant with a
value of U = 21.0 knots at all times in the seven-days sailing period. Figure 3 shows the logged
speed and, although smaller variations occur, it can be seen that it is indeed a fair assumption
to use exclusively a speed of 21 knots for all 30-minutes samples forming the data stream. It is
beyond the scope of the present paper, but Nielsen and Dietz (2020) discuss in detail the influence
of forward speed when the wave buoy analogy is applied for wave spectrum estimation. One

important finding from Nielsen and Dietz (2020) is noteworthy though; it is important to realise

332m

e Vg ! laremem J—

XSENS MTi-30-6A5G4 ——

Figure 1: Plan views of the vessel with the location of the motion sensor (XSENS) indicated.
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that the speed to use together with the wave buoy analogy must be the logged speed-through-water
(STW). This point induces itself some further discussions (Antola et al., 2017; Hasselaar and den
Hollander, 2017; Taudien and Bilén, 2018; Oikonomakis et al., 2019); how reliable is the logged
STW from in-service vessels(?) As already indicated, the detailed discussions about forward-speed
is out of the scope of this paper. Herein, reference is instead given to Nielsen and Dietz (2020) and,
at the same time, noting that as part of another study (Nielsen et al., 2019b) it has been validated
that the logged STW, cf. Figure 3, from the measurement period is reliable.

During the voyage, a total of 336 (= 7 x 48) 30-minutes motion samples were collected. After
the initial ("raw”) sampling at 100 Hz, the motion recordings were resampled to 5 Hz as the
vast majority of ocean waves are observed on the interval [0-0.5] Hz; at least the waves being of
importance to a +300 m container ship. Next, for each set of the 30-minutes motion samples,
the cross power spectral density spectrum of the pairs of motion components was calculated using
Welch’s averaged, modified periodogram method. The resulting set of nine (cross) spectra, as used
for wave spectrum estimation for a single motion sample, has been limited, i.e. low-pass filtered, to
the encounter-frequency interval [0.01-0.30] Hz, spaced 0.005 Hz, emphasising that no significant
(wave-induced) motion occurs outside this interval. Finally, for each 30-minutes motion sample,
the directional wave spectrum has been estimated, cf. Section 2.1, using a discretisation with
M = 30 absolute wave frequencies and K = 36 (relative) wave directions on the intervals w =

[0.01;0.30] Hz and pu = ]-180;180] deg, respectively; noting that, for the relative wave direction,

oé‘ 220

16p° . 0 E
O& 180" E 20

Figure 2: The analysed measurements have been recorded during an east-bound voyage across the Northern Pacific.
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Figure 3: Measurements of advance speed during the voyage, using an acoustic Doppler current profiler for speed-
through-water (STW), while GPS provides speed-over-ground (SOG). The plot includes also the logged (mean)
draught amidships. The time stamps are in format 'mm-dd-hh:mm’ (UTC).

300

g /

90

240 ‘

2

180

Figure 4: Directional wave spectrum estimated by the wave buoy analogy using a 30-minutes motion sample. The
directional and frequency-wise energy density is indicated by colours and the directions show the directions where
the energy goes to, noting that 0 deg is North, 90 deg is East, etc. In the given case, the equivalent mean wave

direction is 65 deg (= where the waves come from), consistent with the sign convention of ERA5 (ECMWF, 2020).
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equivalently wave encounter angle, = 180 deg is head sea, u = 0 deg is following sea, while
'+ and ’-’ are used to indicate if waves approach on the starboard or port side, respectively. An
example of an estimated directional wave spectrum is shown in Figure 4. While detailed discussions
are given later, in the given situation (sample 161) from 2016, April 4, UTC 08:00, the ship is on
an 80 degrees course, which means that the wave system is coming in on the bow at the port
side, i.e. bow-quartering sea. As a practical note, the solution is sensitive to the discretisation of
the ’spectral domain’ consisting of frequencies in the one dimension and wave heading angles in
the other dimension; that is, the solution depends conditionally on the values of K and M and
associated cut-off frequencies. Hereby is understood that if the discretisation is fine enough, the
solution is stable and does not change (significantly) for a finer discretisation. For the specific ship
and data, tests were made with K = 18 and K = 72 for selected cases leading to K = 36 as a good
compromise (CPU time vs. accuracy). On the other hand, no sensitivity study has been made
for M, and the cut-off frequencies, but based on the results in the next section, dealing with the

motion transfer functions, the selected discretisation is considered appropriate.

4. Motion transfer functions

The motion transfer functions are of fundamental importance to the results of the wave buoy
analogy. It is therefore useful to examine the behaviour of the transfer functions used for the
ship in study. Figure 5 shows the modula of the three specific motions considered in the present
study that uses pitch, vertical acceleration, and horizontal acceleration; repeating that the motion
response unit is placed in a point close to the forward perpendicular, slightly off the centreline. As
mentioned previously, the transfer functions have been computed with an in-house code, I-ship,
based on the linear strip theory formulation by Salvesen et al. (1970).

In Figure 5, the modula of the transfer functions are displayed for heading angles 0-330 deg,
spaced with 30 deg. In a linear theory, the assumption about rigid body motions® means that the
local lateral motion in an arbitrary point will be a (linear) coupling of sway, roll, and yaw, and
thus the lateral motion is a combination of asymmetric motion components exclusively which, in

turn, implies that the modulus of the local lateral motion is symmetric with respect to incoming

3Herein, the coordinate system is a standard right-handed with surge in the forward direction of the vessel, sway

to port side, and heave upwards.
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266 waves (port side vs. starboard side). On the other hand, the local vertical motion in any point will

267 be a coupling of heave (symmetric), roll (asymmetric), and pitch (symmetric) which means that
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Figure 5: Modula of the three motion transfer functions (pitch, vertical acceleration, horizontal acceleration). Note,

180 deg is head sea and 0 deg is following sea.
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the vertical motion is a combination of both symmetric motions and an asymmetric motion. In
turn, this implies that the modulus of the local vertical motion is itself asymmetric. Summarising,
the modula of all angular motions (roll, pitch, yaw) and all lateral local (translational) motions
and derivations thereof, such as the horizontal acceleration in an arbitrary but specific point, are
symmetric with respect to the direction of the incoming waves. However, vertical local motions
and derivations thereof, such as the vertical acceleration, in a point off the centreline, will be
asymmetric in both the argument and the modulus, as reflected by the middle plot in Figure 5.
This makes the use of the vertical acceleration (off the centreline, close to FP) advantageous, at
least in theory, because of the ability to distinguish between port and starboard incoming waves
not only by the argument but also by the modulus of the transfer function; emphasising that
(local) motions and other types of responses, such as wave-induced stresses (Nielsen et al., 2011;
Chen et al., 2019), measured in a point exactly on the centreline can be asymmetric only in the
argument.

Overall, it can be seen from Figure 5 that the entire set of transfer functions, considering all
three responses, should be useful for ’sensing’ of waves on the frequency interval [0.03-0.20] Hz,
corresponding to waves with a period from about 30 s down to about 5 s. However, it is noteworthy
that cases of following sea to stern-quartering sea, i.e. § ~ 0 — 45 deg (including incoming waves
on either side of the vessel), do generally not impose large motions, in relative terms, which means
that estimation and corresponding integral wave parameters in those cases will be of a larger
uncertainty (Montazeri et al., 2015; de Souza, 2019) compared to estimations obtained when the
incoming waves approach with a mean heading 5 ~ 45 — 180 deg from either side of the vessel.

As a final remark, due to the importance of the transfer functions in connection with the wave
buoy analogy, it should be relevant to study the sensitivity to uncertainties in input parameters
such as the loading condition. However, as already discussed in Section 2, this task is left as a future
exercise, and the results presented in the next section are produced by taking the transfer functions
to be perfect. In any future sensitivity studies, a number of existing works are noteworthy, e.g.
Tannuri et al. (2003); Montazeri et al. (2016); Nielsen et al. (2018); Mas-Soler and Simos (2019);
Nielsen and Dietz (2020).
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5. Results and discussions

5.1. Comparisons of absolute values of sea state parameters

As explained in Section 2, sea state parameters, equivalently integral wave parameters, have
been derived from the directional wave spectrum of the wave buoy analogy, and corresponding
estimates have also been collected from two sets of hindcast data. Comparisons of all the obtained
estimates are presented in Figure 6. In the plots, each point represents the result of a 30-minutes
period, and from the number of chronologically-ordered sample indices (x-axis) it can be seen
that data covers a seven-days consecutive period corresponding to the sailing time and traveled
distance, cf. Figures 2 and 3. Generally, reasonable agreements are found between the different
estimation methods (WBA vs. HC vs. ERAD5), which is a finding that applies to all three sea state
parameters; that is, significant wave height H, (upper plot), mean energy period T (middle plot),
and mean wave direction Dy (lower plot).

It is noteworthy that the commercial hindcast data (HC) has no parameters in a 5-hours period
around samples 182-192. While the exact reason is unknown, since the authors do not hold the
raw data themselves, a likely explanation could be related to the crossing of the date line. Similar
observations can be found in the beginning of the date stream (samples 20 to 30), where there
also appears to be a few values missing for the HC data provided by the commercial supplier. In
this case, the explanation is likely because land points are not properly treated; noting that the
vessel is close to land (the island of Hokkaido) during the particular time stamps.* While values of
the wave buoy analogy are not missing at any instants, there are, however, observations of sudden
jumps in the data. This is primarily observed for the mean wave direction, and is likely a result of
modelling errors. In fact, previous reports of the wave buoy analogy have reported about problems
to estimate the (mean) wave direction, and it has often been found that, among the sea state
parameters, the largest inaccuracies are connected to the estimation of the directional distribution
of energy density (cf. Figure 4), equivalently the wave direction. The reason for this has been
studied and discussed by Iseki and Nielsen (2015); Hong et al. (2018, 2019), and it is considered
that short-term variability, due to aleatory uncertainty, in the actual wave elevation sequences is
responsible for the problems associated with (incorrect) estimation of the wave direction from time

to time. The explanation is that short-term variability severely affects the phase difference between

4Thanks to an anonymous reviewer to point out the problems with the date line and land points.
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Figure 6: Estimated sea state parameters as obtained from the wave buoy analogy (WBA), the commercial hindcast
(HC), and the Copernicus Climate Change Service (ERA5). The upper plot shows the result for significant wave
height (Hs), the middle shows mean energy period (Tg), and the lower plot shows the mean wave direction Ds

(where the waves come from).
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the wave-induced motion components, such as heave and roll, and, thus, short-term variability is
harmful for the estimation of the directional distribution of energy density. This is so because
it is the phase difference between the motion components that gives the cross spectra used in
the governing equation, cf. Eq. (1), and it is in turn the cross spectra that facilitate (accurate)
estimation of wave direction.

One particular observation deserves additional comments: When the data around samples 216-
240 is studied, there appears to be something looking almost like a ”time shift” in the estimates
of Hg; comparing WBA with both sets of hindcasts. However, it is believed that the apparent
time shift is simply a coincidence, since it has not been possible to find any explanation related
to a mismatch in time/position. In addition, the ”time shift” is not observable in the estimates of
Tg and Dg, them being neither worse nor better. On the other hand, somewhat remarkable, the
behaviour ("time shift”) occurs as the wave system gradually changes from propagating from a
northerly (360 deg) to propagating from a westerly (270 deg) direction, which means that, relatively,
the vessel goes from being in beam sea to being in following sea, noting that the ship sails East (cf.
the route map in Figure 2). The change in wave direction leads to changes in the motion dynamics
of the vessel, and the effect(s) of 'wave filtering’ by the wave buoy analogy is therefore the likely
cause for the particular observation resembling a ”time shift” in H.

The agreement between the estimation methods is visualised in Figure 7 that shows correlation-
types of plots and, thus, can be used to directly evaluate the methods against each other. Not
surprisingly, the best agreement is observed between the two sets of hindcast data; noting that the
hindcast results are based on the same kind of modelling using the full energy balance equation
(Komen et al., 1994). Generally, the deviations between the two sets of hindcasts (ERA5 vs HC) are
small, notwithstanding it is believed that the more significant deviations are due to the calculation
of equivalent total integral wave parameters for the data by the commercial supplier, cf. subsection
2.4.2. The results of the wave buoy analogy agree reasonably well with the hindcast data when the
significant wave height is considered, and there appears to be no particular trend as the scatter is
random for the range of wave heights from about 0.5 m to about 4.5 m. Having a focus on the
wave period, i.e. Tg, it is evident that the results from the wave buoy analogy and from the sets of
hindcast are less consistent. Notably, it can be seen that the wave buoy analogy tends to produce

(too) high periods, except from a few cases around samples 85-120 (see later). This observation is
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35 (again) a consequence of the fact that any ship acts as a low-pass wave filter, since the resulting

356 wave-induced motions of a ship depend on its size relative to the wave length. In practice, this
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Figure 7: Direct comparisons between the estimation methods for significant wave height (top), mean energy period
(middle), and mean wave direction (bottom). The pairwise comparisons are indicated by the legends, where the
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on the y-axis.

20



357 means that, when the wave buoy analogy is applied with larger ships, there is a tendency that the
358 higher-frequency wave components of a wave spectrum are "filtered away”, and the result is that

359 the tail of the wave spectrum is cut short.
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Figure 8: Examples of 1-D wave spectra to illustrate the (low-pass) filtering aspects of the wave buoy analogy
compared to ERA5. The spectra correspond to samples 137, 161, and 233. The plots include comparisons to a
standard spectral shape of a Bretschneider spectrum (Bret) with identical wave parameters Hs and T}, as produced

by the WBA.
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This particular finding can easily be observed from plots of (1-D) wave spectra, and Figure
8 illustrates a few (arbitrarily) selected cases from the considered data of this study. The plots
contain comparisons between WBA and ERAS® shown together with a Bretschneider spectrum
(Beck et al., 1989) produced with identical wave parameters as estimated by the WBA. From
the plots in Figure 8 it is noted that the specific vessel does not really respond to waves with a
frequency higher than about 0.20 Hz (for any wave heading) resulting in a tail on the WBA spectra
which is cut short at this frequency. This ”cut-off” frequency is confirmed by inspection of the
motion transfer functions referring to Figure 5. In the shown cases in Figure 8, the ERA5 spectra
are seen to have tails that match well the Bretschneider shape. It is thus an inherent problem of
the wave buoy analogy that it produces wave spectrum estimates where the characteristic wave
frequency (respectively wave period), tends to be on the lower side (respectively higher side).
The particular disadvantage will be the most pronounced in developing wave systems where the
waves are relatively short compared to vessel size. In this context it is important to mention that
techniques against the low-pass filtering characteristics of ships in connection with the wave buoy
analogy have been studied (Nielsen, 2008b; de Souza et al., 2018). The idea is to use other types
of responses than merely global wave-induced motions but, as this requires additional sensors not
installed on the specific ship of this study, no further attention is given to the topic. It is noteworthy
that all the shown WBA 1D wave spectra in Figure 8 have a single and distinct peak, although the
Bayesian technique, as indicated in Section 2, allows several peaks in the solution, frequency-wise
as well as directional-wise, corresponding to a mixed sea consisting of both swell(s) and wind waves
from multiple directions. However, in the particular cases in Figure 8, the Bayesian technique -
apparently - 'prescribes’ a (unimodal) sea consisting of wind waves exclusively. On the other hand,
the middle 1D spectrum (sample 161) in Figure 8 is the integrated version of the directional wave
spectrum shown in Figure 4, where it can be seen that two (distinct) spectral peaks exist at different
directions but at the same frequency, indicating that, indeed, it is a mixed sea with waves from two
different directions. In fact, the two other cases of 1D spectra in Figure 8 also represent sea states
with waves coming from more than just one direction. Based on the preceding discussion about

filtering (and the possibility to estimate multi-modal wave spectra with the Bayesian technique), it

5Tt should be acknowledged that the authors were kindly supplemented the (directional) ERA5 spectra by an

anonymous reviewer.
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would obviously be interesting to study the actual wave spectra obtained from the hindcast studies,
and subsection 5.3 contains preliminary results in this direction. To finish the discussion about
Tg - and the tendency to overestimate - it should be noted that there is a sequence of samples
(~ 85 — 120) where T is consistently underestimated, thus contradicting the above discussion.
It has not been possible to properly explain this observation, especially since there appears to be
noting peculiar in the estimates of the two other parameters (Hs; and D). On the other hand,
the ”inconsistency” coincides exactly with a period, i.e. samples 85-120, where the mean wave
direction, as reported by ERA5 and the HC result, initially drops a little bit and then remains to
be fairly constant around 45 deg, corresponding to waves coming from northeast. Having the ship’s
course in mind (sailing eastwards), the underestimation of T is therefore happening in cases of
bow-quartering waves on port side. The data does, unfortunately, not include cases corresponding
to bow-quartering waves on starboard side, so it is left as a future work, by analysing data from
other voyages, to study if there is any relation between the underestimation of Tr and the vessel
being in bow-quartering waves.

Returning to Figure 7, the plot at the bottom shows the agreement between the wave buoy
analogy and the hindcast data when the mean wave direction is considered. Despite the apparent
scatter, the agreement is fair for most of the data, as directional ambiguity implies that wave
directions 0 deg and 360 deg are identical; both values represent waves propagating from North.
On the other hand, a mismatch is observed for the cluster of points located within the green-dashed
ellipse. It is seen that, for this cluster, the wave buoy analogy estimates wave directions primarily
in the range 90-135 deg, i.e. coming from east-southeast, while the hindcast data reports wave
directions in a quite narrow range around 180 deg. It is noteworthy that the particular cluster of
points corresponds roughly to samples 300-336, and the disagreement is seen easily also in Figure 6
in the bottom plot. Similarly, in Figure 7, there is a cluster of points, located within the magenta-
dashed ellipse, where the agreement between the wave buoy analogy and the hindcast data is poor.
In this case, the wave buoy analogy makes estimates of (mean) wave directions mainly in the
range 225-270 deg, i.e. waves coming from west-southwest, while the hindcast data reports wave
directions around 45-150 deg; that is, a 180 deg mismatch in some cases. In fact, for the magenta-
dashed ellipse and with the ship’s route in mind, cf. Figure 2, the estimates by the wave buoy

analogy represent following to stern-quartering waves, whereas the reports from the hindcast data
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Table 2: Mean value and standard deviation of the absolute errors, cf. Eq. (18), between the sea state parameters

estimated by the different estimation methods, when compared pairwise.

AH; [m] ATg [¢] AD; [deg]
Error Mean Std Mean Std Mean Std
WBA vs. HC 0.00 0.36 0.84 0.98 3.6 59

WBA vs. ERA5 0.06 043 0.66 1.05 15 52
HC vs. ERAS -0.05 017 014 036 -3.4 27

correspond to head to bow-quartering waves. The disagreement of the magenta-dashed cluster of
points in Figure 7 is observed as well from Figure 6 where the particular cluster of points roughly
corresponds to samples 1-30. The discussed disagreements in the wave heading has been indicated
(already) in connection with the examination of the motion transfer functions, cf. Section 4, where
it was reported that the vessel, according to the motion transfer functions, sees relatively little

response around wave headings from following to stern-quartering waves.

5.2. Error statistics of comparisons

The comparative study of the estimation methods has been summarised in Table 2, where the
statistics of the errors between corresponding sea state parameters are shown. In the table, the
mean value and the standard deviation of the absolute errors between different estimation methods
1 and j are presented; noting that errors are calculated between the pairs of methods "WBA vs.
HC’, "WBA vs. ERA5’, and "HC vs. ERA5’. Thus, the single error € between a pair of estimates,

i vs. j, for a given parameter «, for time sample k is defined by

{a}

{i vs. 5} _
€ =ay

o —a | a={H,Tp, D}, k=1:N, (18)
The mean values and standard deviations of the error are obtained by summing up over all time
samples; Ny = 336 is the total number of 30-minutes time samples in the data (seven days). It is
decided to focus on absolute errors rather than normalised ones. Moreover, it is noteworthy that
the ambiguity in wave direction is accounted for by subtracting or adding 360 degrees if the error is
larger or smaller, respectively, than 180 degrees. The basis of the ’'summarising numbers’ in Table
2 is presented in Figure 9 that shows the complete sets of normalised errors relative to the ERA5
data; additional comments are given later.

Table 2 (and Figure 9) confirm the previous findings reported together with Figures 6 and 7.

Specifically, it is observed that, on average, the wave buoy analogy yields estimates of significant
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wave height in good agreement with the two sets of hindcasts (HC and ERA5) with mean values

on the errors at 0.0012 m and 0.06 m. However, the two sets of hindcast data are generally more

consistent in their estimates with a smaller standard deviation on the error being 0.17 m. It is also

evident from the numbers in Table 2 that the two sets of hindcast results (HC vs. ERAB) are in

better agreement when estimates of mean energy periods and mean wave directions are considered

as the mean values of the errors are 0.14 s and -3.4 deg, respectively, on T and Ds. When

results from the wave buoy analogy are compared to the hindcast results on these parameters,

it is interesting to observe that the mean values of the errors, i.e., WBA vs.

ERAS, are at a reasonable level with values 0.84 s and 0.66 s on
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Figure 9: Illustration of the relative error between results of the wave buoy analogy and the ERA5 data (WBA vs.

ERAS), and between results of the two sets of hindcasts (HC vs. ERA5). The relative wave direction Dy, gras is

computed similar to Eq. (14).

25



443

444

445

446

447

448

449

450

451

452

454

455

456

457

458

459

460

461

462

464

465

466

468

469

470

471

472

Dg. On the other hand, the results are less consistent resulting in larger standard deviations. The
reason for this observation is primarily related to the two clusters of data marked by the green and
magenta-dashed ovals in connection with the bottom plot of Figure 7.

As mentioned previously, Figure 9 presents plots of the single errors used for the production
of Table 2. Specifically, plots are shown for the normalised errors of Hy (top row) and T (middle
row), using the ERA5 data as basis, and for the absolute errors of Dy (bottom row); in all cases as
function of the ERA5. The left-side column of plots shows the errors as function of the significant
wave height, while the middle column of plots shows the errors as function of the mean energy
period. The right-side column of plots shows the errors as function of the relative wave direction,
where 180 deg represents head waves and 0 deg is following waves, with + and - to distinguish
between waves approaching on the starboard side and port side, respectively. It can be seen that
the only notable trend, as discussed earlier, is observed for errors in the mean energy period, where
it is evident that the wave buoy analogy, due to filtering characteristics of the motion transfer
functions, cf. Section 4, produces results higher than the ERA5 data, when the wave period is low.
Moreover, it can be observed that cases, where WBA overestimates the most the Tp parameter,
correspond not only to low wave periods, but also to low significant wave heights (left middle plot).
Somewhat peculiar it can be seen that the wave buoy analogy and also the commercial hindcast
yield a mean wave energy period which is lower than the estimate from the ERA5 data for the
higher wave periods; or, in other words, the ERA5 mean energy period might be slightly on the

larger side, when the wave period is high(er).

5.3. Additional discussions about the effect of wave filtering

It is evident that wave filtering affects the estimates by the wave buoy analogy. The effect is an
inherent concern that results because of the motion characteristic of the given vessel, cf. section
4. As such, different vessels of different dimension will not imply the same ”deterioration”, and
estimates are typically better/worse depending on the relative size of the vessel compared to wave
length (Nielsen et al., 2019a). In general, it is difficult to evaluate exactly to which degree the
estimates by the wave buoy analogy are (negatively) affected by filtering. However, by use of the
ERA5 data it is possible to get an indication.

In the preceding, the integral parameters associated with the ERAS spectra were obtained

per download, directly from the (CDS) data store, noting that the parameters are pre-computed
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(in the CDS) by integrating over the full frequency range, i.e. up to 0.55 Hz, for the given the
spectra (ECMWF, 2017). As an alternative, the ERA5 parameters can be obtained by limiting the
integration up to 0.2 Hz; corresponding to imposing a cut-off frequency approximately equivalent
to the "filtering-induced” cut-off frequency used with the WBA. The results of these computations
are shown in Figure 10 with curves for the significant wave height and the mean energy period,
where it is observed that the cut-off frequency, by nature, implies an increase in Hg and a decrease
in Tg. It is observed that the impact seems mostly on the mean wave period, while the impact on
significant wave height is less pronounced. The consequence of this finding, in relation to the wave
buoy analogy, is illustrated in Figure 11. In the plots, results are included for both sets of the ERA5
parameters; i.e. the normal integration over the full frequency range and the integration limited
to an upper cut-off frequency of 0.2 Hz. By visual inspection, it is clear that the agreement in H
reduces slightly ("normal” vs. ”limited integration”), while the agreement in Tg improves. The
agreement can be quantified by calculating normalised root mean squared (RMS) errors, making
the error relative to the true ERA5 parameter obtained from integration over the full frequency
range. The results are RMSys = 0.14 (normal) and RMS},;, = 0.18 (limited) for significant wave
height, and RMSp, = 0.15 (normal) and RMS?,, = 0.09 (limited) for mean energy period. Thus,
Figure 11 supports the previous findings in the sense that the main concern with the wave buoy

analogy is the, at times, inconsistent distribution of energy densities.
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Figure 10: The effect on ERA5 Hs and Tg by imposing a cut-off frequency at 0.2 Hz.

27



491

492

493

494

495

496

497

499

500

501

502

503

504

505

506

507

508

6 T T T » 12
7 Energy mean per.
7 * Normal
45} s ] 9l Freq < 0.2Hz
+ s e e
— AL ¢ —
E St @
—_ w0 e R TS
© RN ;,’ 33 2
< 3 g’ z 6
i T [ o
s fist: . u .
T s i — s
52364 3
+ 3 * .7
15¢ .*tﬁff’/‘{,i b Sig. wave height | 3r 7]
3/3{ +  Normal 7
PRATI + Freq. <0.2Hz e
0 . : L 0 . . |
0 15 3 4.5 6 0 3 6 9 12
Hswea (m] Tewea [s]

Figure 11: Comparisons between sea state parameters by the wave buoy analogy (WBA) and by ERA5 with two
different sets of parameters for ERAS5.

As mentioned in subsection 2.3, it will be left as a future task to make the detailed comparison
between the directional wave spectra by the wave buoy analogy and the corresponding ones from
ERA5. However, Figure 12 contains a few glimpses of arbitrarily selected examples; albeit the
selected ones correspond to the three cases shown in Figure 8 and one additional case from the end
of the data stream (sample 313). For completeness, the 1D spectra are included, although subfigures
(a)-(c) are similar to the plots in Figure 8. Suffice it here to say that the (comparisons of the)
directional spectra reveal an agreement of the detailed energy density distribution, somewhat in
line with what can be expected for estimates not from the exact same physical position (nor time
stamp); see further below. It is noted that the modal frequency of the directional spectra (ERA5 vs.
WBA) to some degree matches; with the exception of sample 313 (subfigure d) which is an outlier in
this respect. In further works, it should be attempted to study what the causes are for the observed
inconsistencies. One explanation could be due to nonlinear effects (wave-ship interactions), which
are not considered because of the use of (linear) transfer functions in the wave buoy analogy.
However, it is also important to realise that it has not been attempted to interpolate the ERA5
spectra to the actual coordinates of the ship®. This means that the ERA5 wave spectra apply to
the fixed grid points used in the ECMWF spectral wave model, and, therefore, the sole difference
in physical location might be responsible for the (smaller) inconsistencies in the directional energy

density distribution. The implication of (spatial) distance between estimates of directional wave

5Such an interpolation algorithm would require consideration of effects from wave dispersion, current, wind, etc.
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so0  spectra is also observed by, for instance, Stredulinsky (2010), where it can be seen that, albeit the

si0 mean wave direction agrees fairly well, notable differences may exist in the peak wave direction,
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(a) Sample 137 (UTC: 2016-04-03-20:00). (b) Sample 161 (UTC: 2016-04-04-08:00).
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(c) Sample 233 (UTC: 2016-04-05-20:00). (d) Sample 313 (UTC: 2016-04-07-12:00).

Figure 12: Examples of wave spectra with comparisons between the wave buoy analogy (WBA) and ERAS5, both 2D

and 1D spectra. Note, in the plots of 2D spectra, the directions are giving the directions where the energy is going.
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when estimates by two wave buoys are compared; noting that the buoys are spaced only a few
kilometers (2-40 km) apart. In some of the presented cases (Stredulinsky, 2010), the two buoys
disagree up to 90 deg in the location of the peak.

5.4. Remarks about validation of sea state estimates

As indicated several times already, the comparison of ocean wave conditions is difficult, since
the ground truth is not available; although measurements from real wave buoys are often considered
close to. Nonetheless, in the preceding, the ERA5 was used as basis and, by all means, it seems
reasonable to assume that results of (third generation) spectral wave models are generally closer to
the ground truth than estimates by the wave buoy analogy. In this line, it seems relevant to mention
that different types of validation of the ERA5 data have been made by Hersbach et al. (2020) to
justify the use of ERADb as basis. As a related comment, use of satellite data, i.e. space-borne SAR,
could also be interesting to look at for comparisons in future studies. In fact, satellite data was
used in the study by Nielsen (2006) that revealed a fair agreement. It is important, however, to
keep in mind that, like the wave buoy analogy, space-borne SAR cannot retrieve properly integral
wave parameters corresponding to the complete frequency range, since SAR observes only part of

the low frequency wave spectrum.

6. Conclusions and final words

In this paper, the wave buoy analogy has been applied to estimate the sea states encountered
by a container ship during a seven-days crossing of the Pacific Ocean. The basis for the estimation
was measurements from a motion response unit placed at a point off the centreline and close to the
forward perpendicular together with motion transfer functions calculated by strip theory. Thus,
instrumentation and necessary software are simple and inexpensive compared to the alternative
technology for real-time and on-site wave estimation from (in-service) ships; namely wave radar
systems (Nieto-Borge et al., 1999). The main conclusions of the study are listed below, and some
further works are suggested in addition to the future studies already discussed at various occasions
in the paper.

In the study, the sea state estimates - in terms of integral wave parameters - by the wave buoy
analogy were compared to two corresponding sets of estimates obtained from third generation

spectral wave models. The results of the spectral wave models were referred to by hindcasts,
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and in the study the hindcasts collected from a commercial supplier and from the Copernicus
Climate Change Service Information were considered. Generally, good agreement exists among
the estimates, however, with the best correlation between the two sets of hindcast data; noting
that this is expected as the two sets are based on the same kind of modelling using the full energy
balance equation. From the quantified comparison between the wave buoy analogy and the two
sets of hindcast data, it was clear that the wave buoy analogy often produces directional wave
spectrum estimates having the same total amount of energy, given in terms of the significant wave
height (H,), and with no particular trend. On the other hand, the estimation of the distribution
of energy (density), reflected by the mean energy period (Tg) and the mean wave direction (Dy),
is made with a reduced agreement, when results by the wave buoy analogy are compared to results
produced by hindcasts. The reason for this observation is mainly because of the filtering effect of
a ship; leading to a cut-off of the tail of the wave spectrum. Consequently, future studies on the
wave buoy analogy should try to address this problem. In this relation, existing work (Nielsen,
2007; de Souza et al., 2018; Nielsen et al., 2019a) focused on the use of different sensors and using
multiple size-varying ships could be further studied. Alternatively, in the same context, it could be
a possible solution to make a (mathematical) fit of the tail of the wave spectrum; emphasising that
the fitting should be made just for the (higher) frequencies where there generally is no significant
motion response in accordance with the transfer functions. This approach would be somewhat
consistent and similar to what is done in the spectral wave models that assume a high-frequency
tail above the last resolved frequency (0.55 Hz for ERA5).

In contrast to new developments directly focused on the wave buoy analogy, it would be of
interest to study how much variation the hindcast results, such as the ERA5 data, shows between
the single, discretised (geographical) coordinates in which the data is referred to. Herein, it is
understood that hindcast data, strictly speaking, is valid only in the points of the geographical
grid, in this study spaced by 0.5 degrees (longitudes and latitudes), while the hindcast estimate
at an arbitrary point, as an approximation, has been obtained by bilinear interpolation. This
approximation should be tested further by examining the hindcast estimates in several neighboring
grid points, and, in addition, by studying if the agreement between the wave buoy analogy and the
hindcast result(s) depends on the distance to the grid points. In fact, preliminary studies in this

direction have been initiated (Nielsen and Holt, 2020). As a somewhat related remark, it is noted
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that when a ship advances with a speed of more than 20 knots, the distance covered in, say, 30
minutes is about 20 km. Obviously, the assumption about stationary conditions can be questioned;
despite a constant ship speed and heading, the seaway itself can change. It should therefore be
worthwhile to focus attention towards (higher order) spectral analysis methods applicable during

nonstationary conditions (Iseki and Terada, 2003; Iseki, 2010, 2012; Takami et al., 2020).
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