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Abstract

The article presents a study investigating the level of variation in sea state parameters encountered by sailing

ships crossing the oceans. The sea state parameters have been obtained from a reanalysis, in this case

the ERA5. The study is based on the use of different interpolation schemes to compute parameters in

geographical positions off the fixed grid. It is shown that the variation in sea state parameters can be

significant. Consequently, in case of sailing ships, covering relatively long distances in a short time (30-60

minutes), it is recommended to rely on bilinear interpolation rather than nearest neighbour. The variation in

the sea state parameters is, in fact, at a level which means that the normal assumption of a stationary seaway

in periods up to 3 hours likely is violated for ships sailing the typical service speed (15 – 20+ knots).
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1. Introduction

1.1. Context

The effect of waves and wind on design and operation of marine structures is undisputable, and over

time a vast number of studies have addressed the resulting importance to collect metocean data. In the

more recent years, global reanalyses resulting in ocean wave databases have become readily accessible to

both researches and commercial applications in, for instance, ship performance evaluations, addressing fuel

efficiency and environmental aspects as well as safety issues. One example of a global reanalysis is produced

by the Copernicus Climate Change Service funded by the EU [1]. This particular reanalysis is managed by

the European Centre for Medium-range Weather Forecasts (ECMWF) and is made using their wave model

ECWAM [2]. The outcome of the reanalysis is denoted by ERA5, as a short for ’ECMWF ReAnalysis’ and
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referring to the fifth major reanalysis [3]. It is essential to mention that the ERA5 is produced by running

atmospheric and ocean models in interaction, and obviously a relevant role is played by the wind forcing

derived as the atmospheric component in the models’ chain. That is, in order to have good wave data,

good winds are mandatory. The point of this study is, however, not to discuss the absolute accuracy of the

ERA5 database in a comparison with observations. As a result, the study contains no discussions about

atmospheric conditions but focuses on the wave conditions alone.

1.2. Motivation and research questions

The output of a reanalysis is connected to a pre-defined space-time grid, where geographical coordinates

describe the spatial variation of the output. In principle, the space-time grid can be refined to any resolution

but at the cost of large computational efforts thus leading to constraints for practical reasons; for instance,

the spatial distance can be 0.5-1.0 degrees (longitude and latitude) as often considered in normal practice.

In ship performance evaluations, the given ship navigates on a route from point A to point B. As the route

path only rarely is exactly on top of one of the fixed grid points, the wave conditions must for most part of

the route be estimated by interpolating between adjacent points, where one alternative is to use the wave

conditions at the nearest grid point as an approximation. Another condition of ship performance analyses

is the fact that the considered voyages are often several days in length as entire oceans are crossed. In the

specific analysis of a voyage, the (total) period in question is therefore segmented into a lot of 30-60 minutes

time windows within which the seaway is assumed to be stationary. In other words, the sea state and the

corresponding integral wave parameters are approximated as constant in the given time window. Note that

in this study integral wave parameters and sea state parameters are used interchangeably.

Having had the context and motivation set forth, three relevant research questions to consider are listed

below; all with attention to the situation of a mapped ship route curving through a large set of points on

a fixed grid. Furthermore, it should be kept in mind that cargo ships, like container ships, often sail with

speeds of more than 20 knots, thus travelling relatively long distances during aforementioned 30-60 minutes

time windows. The present study builds on the following questions: (1) Generally, what level of spatio-

temporal variation can be expected in sea state parameters when the proximate grid points are considered?

(2) What interpolation scheme is reasonable considering an arbitrary position; nearest neighbour, bilinear,

or bicubic interpolation? (3) To what extent is the seaway (truly) stationary?

It must be emphasised that the questions essentially have their mere relevance in a context where the

wave conditions, as modelled by the energy balance equation (see subsection 2.1), are computed in a discrete
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set of fixed points at discrete time-steps. The questions are therefore resulting due to practical constraints

in connection with spectral wave modelling that requires high computational power.

1.3. Scope and restrictions

This study investigates the spatio-temporal variation in sea state parameters obtained with the ERA5

data. In an application-oriented view, the study has relevance to problems concerned with ship performance

analyses, where interpolation to geographical points off the grid is necessary. Hence, the study considers

the implication of using different interpolation schemes aimed at the ERA5 data. As indicated, attention is

focused on wave conditions in terms of sea state parameters such as significant wave height, zero-crossing

period, and mean wave direction. On the other hand, it is well-known that the performance of ships, in

general, is affected by not only the waves, but of course also by winds and currents. In this sense, the

study considers only a subset of the metocean data that could be relevant to consider in a complete study.

Furthermore, and maybe more importantly, the study restricts itself to study the variation in wave conditions

solely; that is, the resulting consequence for subsequent analyses of ship performance with respect to, say,

wave-induced motions and added resistance in waves [4, 5] is not addressed. In an application context

regarding ship performance, the present work is therefore just considered as a first step towards a much

more extensive and complete study. Finally, it is noteworthy that the study is limited to consider results

of only the ERA5 wave database, resulting from the ECWAM, while estimates from similar models, e.g.

WAVEWATCH III [6, 7], are not included.

1.4. Related literature

Numerous publications address the importance to collect weather and wave data for purposes connected

to marine design and operation, not to mention the huge special literature about means (e.g., buoys, remote

sensing, wave radar) for actual observations and numerical prediction models such as third generation spec-

tral wave models, possibly including data assimilation. In this paper, there is no intention to review the large

literature, but a few publications can benefit reading, in addition to the references already mentioned in the

preceding. A general overview and review related to in-situ observations of sea states has been given by

[8] and another reference on ocean wave measurements techniques is [9], noting that in-situ observations

can be supplemented with estimates along the route of a ship using the wave buoy analogy [10, 11], where

the ship itself acts as a wave sensor. General references on ocean waves physics, measurements and mod-

elling are, for instance, [12–14]. Validation of predictions of metocean data has been conducted by, e.g.,
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[15–17], while dedicated applications of the ERA5 data together with the use of wave forecasting for wave-

ship response assessment through weather routing can be found in for instance [18–25]. The current study

has some resemblance to the work presented in [26] that looks at the impact of weather source selection

on time-and-place specific vessel response predictions. However, the aforementioned study [26] does not

consider the impact (i.e. variation) related to positional interpolation along the route path of a vessel, and

as presented above this is the objective of the present paper. Another important study to mention within the

set scope is [27] that discusses the effect of intrinsic and sampling variability on wave parameters and wave

statistics. Thus, it is concluded ”that the length of a wave record is critical for evaluating stable parameters

as far as possible in varying sea states”. As will be seen later, the present study support this point but it also

becomes evident that the statistics of wave conditions generally vary quite a lot in space and time.

1.5. Composition

After the introduction, Section 2 outlines the fundamentals and the methodology of the study, including

the basics of spectral wave modelling together with remarks about the calculation of (interpolated) sea state

parameters. Section 3 presents the results of the work, specifically the section considers and discusses

the variation and uncertainty in sea state parameters as observed from sailing ships operating on realistic

shipping routes. Finally, concluding remarks are given in Section 4.

2. Fundamentals and methodology

2.1. Basics of reanalyses and ERA5

Essentially, atmospheric reanalyses provide estimations of coherent records of global air-sea-land circu-

lation [28, 29]. Focusing on sea surface conditions, the spatio-temporal development of ocean wave systems

can be described by the energy balance equation [6, 30–32]. Specifically, using third generation spectral

wave models, the time- and position-dependent wave spectrum is computed by integration of the energy

balance equation, without any prior restriction on the spectrum shape. In addition, observations of wind and

waves are assimilated.

The ERA5 hourly ocean wave data on single levels [33], as used in this study, is available on a regular

latitude-longitude grid at 0.5◦ × 0.5◦ resolution with updates every 60 minutes. A complete list of avail-

able ocean and sea state parameters can be found in [2]. In the present study, only three of the standard

parameters used within naval architecture are considered, and their definitions follow in subsection 2.3.
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The ERA5 dataset includes 4D-Var assimilation [34], which takes account of the exact timing of the

observations and model evolution within the assimilation window. The assimilation system is able to esti-

mate biases between observations and to sift good-quality data from poor data. At the same time, the laws

of physics allow for estimates at locations where data coverage is low.

2.2. Motivation of study revisited

With due account to the basics of reanalyses, a more scientifically sound motivation of the study can now

be formulated: In realistic conditions, analytical solutions for the wave energy balance equation do not exist.

Hence, it is necessary to adopt numerical approaches that mandatorily require discretisation on a space-time

grid, or as an alternative, spectral grids based on sets of orthogonal functions, e.g. Fourier series. In this

framework, in order to attain a high level of detail, a very fine space-time grid is needed. Consequently,

computational constraints come in by imposing limits on the maximum number of space-time grid points,

i.e. on the attainable level of space-time resolution. Finally, when archiving and/or disseminating the output

data from forecast models, data archiving and data transmission constraints may further limit the resolution,

by imposing data decimation protocols. Typically, while the computational time-step of wave models is of

the order of minutes, the output is on an hourly (or three, or six hourly) basis. As a consequence of all of

this, the final user of wave model output data needs to adopt some sort of interpolation in space and/or in

time, if the available model resolution is not sufficient for the particular application.

2.3. Integral wave parameters

The statistics of ocean wave systems can be derived from the directional wave spectra characterising the

particular wave systems. It is not practical, however, to compare wave spectra, one by one. Consequently, it

is decided to compare integral wave parameters, also referred to by sea state parameters. In the comparisons

made later, the following parameters are considered: significant wave heightHs, zero-upcrossing period Tz ,

and mean wave direction Dm; all derived from the directional wave spectrum E(ω, µ),

Hs = 4
√
m0 (1)

Tz = 2π

√
m0

m2
(2)

Dm = atan(d/c) (3)

(4)
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where

mn =

∫ ∞
0

ωnF (ω) dω n = {0, 2} (5)

F (ω) =

∫ π

−π
E (ω, µ) dµ (6)

d =

∫ π

−π

∫ ∞
0

E (ω, µ) sin(µ)dωdµ (7)

c =

∫ π

−π

∫ ∞
0

E (ω, µ) cos(µ)dωdµ (8)

with ω as the circular frequency in [rad/s] along the wave direction µ.

2.4. Interpolation schemes

As explained by [36], the ERA5 data is produced and archived on a reduced Gaussian grid which is a

series of evenly spaced data points on each ’spherical circle’ (latitude), and parallels (longitude) spaced at

quasi-regular intervals, cf. Figure 1. All gridded data is made available in decimal degrees, with latitude

values in the range [-90;+90] referenced to the equator and longitude values in the range [0;360) referenced

to the Greenwich Prime Meridian.

Figure 2 illustrates a situation when a ship, en-route, is in the proximity of four neighboring grid points.

The situation reflects an exact point in time at which the ERA5 data is available; that is, the instant coincides

with the hourly update produced by the ERA5. In this case, the sea state parameters, at the position of

the ship, can be obtained by interpolation, where ’nearest neighbour’ and bilinear interpolation are the

two simplest interpolation schemes. Alternatively, bicubic interpolation can be made but, in contrast to

bilinear interpolation which considers 4 points in total, cubic interpolation requires four grid points in each

dimension giving a total of 16 points.

Figure 1: Illustration of (part of) the Gaussian grid used for ERA5. [35]
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Figure 2: The instant when a ship en-route is in the vicinity of four neighboring grid points. The single grid point is

indexed by the pair (i, j), where i refers to latitude and j refers to longitude. The distance between point (i, j) and the

ship is given by the Euclidian distance using dlat and dlon, neglecting the Earth’s curvature due to the short distance

between consecutive waypoints.

Interpolation in significant wave height Hs and in zero-upcrossing period Tz is straightforward. In

contrast, mean wave direction is circular, leading to the ambiguity that Dm = 0 deg and Dm = 360 deg are

equivalent. As a result, bilinear or bicubic interpolation in mean wave direction, based on values from more

than one grid point, may be distorted, and so can a comparison between a corresponding pair of interpolants,

e.g., nearest neighbour vs. bilinear. The interpolation in wave direction is therefore based on the Cartesian

vector components of the particular directions that enter the interpolation. To account for any variation in

significant wave height from grid point to grid point, the interpolation is weighted by Hs. Consequently,

interpolation in (mean) wave direction is based on a new set of parameters (A,B) calculated for all grid

points (i, j), with:

A(i, j) = Hs(i, j) · cos(Dm(i, j)) (9)

B(i, j) = Hs(i, j) · sin(Dm(i, j)) (10)

In this case, interpolation at an arbitrary point off the grid can be made in both A and B using the required

interpolation scheme, for instance, bilinear interpolation, cf. Figure 2. The mean wave direction at the

considered geographical point, corresponding to any given time and position represented by index k is

subsequently calculated as,

Dm,k = atan2(Bk, Ak) (11)

where Bk, Ak are the interpolated Cartesian vector components based on Eq. (9) at the considered time-
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position instants k = 1, 2, ...,K.

As introduced, directional ambiguity also implies that a comparison between a corresponding pair of

wave directions is slightly delicate, and this is discussed below in subsection 2.5.

Section 3 presents the results of the work, where focus is on the spatio-temporal variation in sea state

parameters as encountered along virtual shipping routes. It should be noted, however, that it is in fact merely

the influence of spatial interpolation which is investigated. That is, the study does investigate how sea state

parameters vary with time, but it does not attempt to make a sophisticated temporal interpolation, other than

using nearest neighbour. This is more clearly explained in section 3.

2.5. Statistics of absolute values and deviations

The spatio-temporal variation of sea state parameters and the influence of a specific interpolation method

will be based on a set of statistical metrics using both absolute measures and (relative) deviations. The

calculation of absolute statistics, such as mean value and standard deviation, is straightforward for Hs and

Tz . Similarly, the statistics of deviations between a corresponding pair of estimates are easily calculated

from the following measures, showing the relative deviations of Hs and Tz

εk,Hs(α vs. β) =
|H(α)

s,k −H
(β)
s,k |

H
(β)
s,k

(12)

εk,Tz(α vs. β) =
|T (α)
z,k − T

(β)
z,k |

T
(β)
z,k

(13)

noting that | · | is the L2 norm, and index k refers to any one specific point in time, and thus space, with a

corresponding pair of estimates (α, β) from two different interpolation schemes α and β, for instance ”α =

nearest neighbour” and ”β = bilinear interpolation”.

The circularity of wave direction implies that the mean value Dm,mean of a sequence of mean wave

directions at arbitrary geographic points must be based on the Cartesian vector components of the mean

wave direction in the particular geographical points; equivalent to how interpolation in wave direction was

made, cf. Eqs. (9) and (11), but without the Hs-based weighting. In quantitative terms, the formula

becomes,

Dm,mean = atan2(B̄, Ā), (14)

Ā =
1

K

K∑
k=1

Ak, B̄ =
1

K

K∑
k=1

Bk (15)
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The corresponding standard deviation σ is calculated in line with the mathematical definition of standard

deviation. Specifically, it is obtained by

σ2 =
1

K

K∑
k=1

(min
abs
{Dm,k −Dm,mean})2. (16)

where the minimization function minabs{·} is applied to ensure that it is always the minimum difference,

in absolute terms, which is computed, i.e. (Dm,k −Dm,mean) < 180 deg always, thus addressing that wave

direction is circular.

The statistics of the deviation between a corresponding pair of estimates of mean wave directions are

obtained from the following measure

εk,Dm(α vs. β) =|min
abs
{D(α)

m,k −D
(β)
m,k}| (17)

emphasising that the deviation, in this case, is kept in dimensional form, as wave direction is circular, and,

again, that the minimization function minabs{·} ensures that the deviation between the pair of estimates is

less than 180 deg.

3. Results and discussions

In the following, the attention is on the spatial variation of sea state parameters, in terms of Hs, Tz , and

Dm, cf. Eqs. (1), (2), and (3), as experienced from sailing ships. The considered wave data along the virtual

shipping routes is obtained from the ERA5 dataset [33].

3.1. Virtual shipping routes

The study builds on the situation of ships sailing on particular routes crossing the larger oceans. The

studied data has its background in real voyages, as four realistic ship routes are simulated. The considered

routes are illustrated in Figure 3, and it is noted that all routes are specified as great circle paths for simplic-

ity; thus, the land-points at Newfoundland, passed on the route Le Havre to Halifax, are simply discarded.

In realistic situations, cargo ships normally sail at speeds from 10 to more than 20 knots on ocean crossings,

obviously depending on ship type and environmental conditions. In this study, the ship speed is fixed to a

constant value, but neglecting the influence of weather and waves on operations, and each ship route has

been simulated with speeds 15, 20, and 25 knots.

As indicated earlier, wave-induce response analyses and fuel performance evaluations of ships often

assume that the sea state remains stationary in periods of about half an hour up to a few hours. Hence, it is
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decided to estimate the sea state parameters along the particular vessel routes with 30 minutes updates. In

principle, such an updating frequency requires a (delicate) temporal interpolation, in addition to the spatial

interpolation, since the ERA5 data comes with estimates only every 60 minutes. In this study, the temporal

interpolation is based on nearest neighbour. This means that every second site-specific update coincides

with the regular ERA5 temporal update, say, at time tk, while the site-specific update in between the regular

ERA5 updates is based on the (same) time tk, but taking into account the change in ship position due to

the distance covered in 30 minutes. In the remaining part of the paper, it is always given that the temporal

interpolation is based on nearest neighbour.

In order to achieve statistically reliable results, it is decided to simulate a number of voyages on each

route, cf. Figure 3. Thus, letting a ship depart on each and every day over a whole year, a total of 366

(=365+1) voyages are simulated on each route at each speed, selected as 15, 20, or 25 knots. Specifically,

(a) Le Havre to Halifax, distance = 4,585 km. (b) Cadiz to Paramaribo, distance = 6,000 km.

(c) Yokohama to Los Angeles, distance = 8,825 km. (d) Panama City to Auckland, distance = 11,700 km.

Figure 3: The great circle paths of the virtual shipping routes.
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the year 2016 is chosen with the first voyage departing on 01 January and with the last on 31 December;

noting that the particular year is selected for no special reasons.

3.2. Comparison of interpolation schemes

As illustrated in Figure 2 it is necessary to interpolate among the available grid points to obtain the sea

state parameters at the actual position of the vessel; simply because the ship with very little chance is exactly

on top of a grid point, exactly at the time when the ERA5 update is available. The two simplest interpolation

schemes are nearest neighbour and bilinear interpolation. It should be realised that, for a grid spacing of 0.5

deg, the maximum distance between a ship and one of the ERA5-grid points is less than 28 km at any point

in time. This is at the equator, while the distance reduces the farther north, or south, of it. Hence, with little

need to say, if the sea state were to change only slowly and over substantial distance (+100 km), there were

to be an almost perfect agreement between the integral wave parameters obtained by the two interpolation

schemes. For the specific voyages, the comparison of the results can be seen in Figures 4-6, presenting

the outcome for significant wave height, zero-crossing period, and mean wave direction, respectively, and

with all figures applicable for a speed of 20 knots. Specifically, any plot from Figures 4-6 shows the direct

comparison between corresponding pairs of interpolants, i.e. nearest neighbour vs. bilinear. Based on

the comparisons, some immediate observations and remarks are noteworthy: (1) Generally, the scattering

around the line of identity, considering all three parameters, is merely an indication of the effect to be

positioned in a point off the fixed grid; that is, the scattering is simply a measure of the spatial variation in

the sea state parameter(s). (2) The ambiguity in wave direction occurring at 0 deg and 360 deg is what makes

the plots for Dm slightly dispersed around the line of identity at the zones in the vicinity of 0 deg and 360

deg; realising that, apparently, in a few cases the wave direction at the nearest grid point of the ship is closer

to 360 deg from below (Dm < 360 deg), while interpolation among the proximate four grid points yields

a wave direction closer to 0 deg from above (Dm > 0 deg), and/or vice versa. Obviously, in the specific

cases, the calculation of the associated deviation between the corresponding pair of estimates must account

for this circular behaviour of direction, cf. Eq. (17). (3) There appears to be no trends or tendencies in the

comparisons, and generally the agreement, equivalently correlation, between the interpolants is assessed to

be in line with expectation.

The plots in Figures 4-6 contain, as additional text-legends, the quantification of the agreement between

the interpolation methods. Thus, the plots present the coefficient of determination R2 (or ”R-squared”),

the root mean squared error (RMSE), and the 95-percentile, where the latter is the number ’p95’ indicating
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that 95% of corresponding pairs have a deviation less than the value p95. Extracts of the detailed statistics

are also presented in Table 1, noting that the table presents both absolute statistics and statistics of the

deviations. The absolute statistics show the mean (’Mean’), the standard deviation (’StD’) and the maximum

value (’Max’) of the studied sea state parameters (Hs, Tz , Dm), as observed during all voyages made in the

particular year. As expected, it can be seen that the absolute ”yearly-based average” statistics essentially do

not depend on the interpolation method, including bicubic interpolation. Besides, it is noted that the routes

Le Havre to Halifax, crossing the North Atlantic, and Yokohama to Los Angeles, crossing the Northern

Pacific, have the most severe wave conditions with an almost identical significant wave height.

(a) Route: Le Havre to Halifax. (b) Route: Cadiz to Paramaribo.

(c) Route: Yokohama to Los Angeles. (d) Route: Panama City to Auckland.

Figure 4: Comparison between results for significant wave height obtained using nearest neighbour and bilinear

interpolation. Ship speed is 20 knots. Note: R2 is the coefficient of determination, RMSE is the root mean square

error, p95 is the 95-percentile, where the ”error” measure is based on Eq. (12).
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The statistics of the deviations can be used to investigate the spatial variation of the sea state parame-

ters, and to assess the effect of the selected interpolation method. As noted, Table 1 contains two sets of

comparative results: ’Nearest neighbour vs Bilinear interpolation’ and ’Bilinear vs. bicubic interpolation’,

comparing the effect of the chosen interpolation method. The comparison between nearest neighbour and

bilinear interpolation is a direct measure of the spatial variation of the studied sea state parameter. For the

significant wave height, it is observed that the (relative) variation can be up to as high as about 35-55%, but

in the majority of cases the variation is less than approximately 5%. Specifically, to take the route Le Havre

to Halifax as an example, the average variation with respect to Hs is 3.6%, taken as the RMSE value, and

(a) Route: Le Havre to Halifax. (b) Route: Cadiz to Paramaribo.

(c) Route: Yokohama to Los Angeles. (d) Route: Panama City to Auckland.

Figure 5: Comparison between results for zero-crossing period obtained using nearest neighbour and bilinear inter-

polation. Ship speed is 20 knots. Note: R2 is the coefficient of determination, RMSE is the root mean square error,

p95 is the 95-percentile, where the ”error” measure is based on Eq. (13).
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the 95-percentile is 4.8%, which means that the (relative) variation is less than 4.8% in 95% of the cases.

The listed maximum relative deviation for significant wave height corresponds to the dimensional values

0.76 m (37%), 0.62 m (44%), 1.2 m (52%), and 0.72 m (35%) for the four routes LH, CP, YL, and, PA,

respectively, when interpolation by nearest neighbour is compared against bilinear interpolation. In more

general terms, including zero-crossing period and mean wave direction, it is evident that the spatial varia-

tion in sea state parameters can be significant. In an application-oriented context, having a focus on, say,

ship performance analyses with respect to wave-induced motions and ship resistance, this finding indicates

that it can be influential to select the sea state parameters by bilinear interpolation, i.e. at the actual point

(a) Route: Le Havre to Halifax. (b) Route: Cadiz to Paramaribo.

(c) Route: Yokohama to Los Angeles. (d) Route: Panama City to Auckland.

Figure 6: Comparison between results for mean wave direction obtained using nearest neighbour and bilinear inter-

polation. Ship speed is 20 knots. Note: R2 is the coefficient of determination, RMSE is the root mean square error,

p95 is the 95-percentile, where the ”error” measure is based on Eq. (17).
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Table 1: Statistics of the sea state parameters depending on the interpolation methods. LH: Le Havre to Halifax. CP:

Cadiz to Paramaribo. YL: Yokohama to Los Angeles. PA: Panama City to Auckland. Ship speed is U = 20 knots.

The statistics of the parameters and of the deviations are based on the formulas in subsection 2.5.

Hs [m] Tz [s] Dm [deg]

LH CP YL PA LH CP YL PA LH CP YL PA

Absolute statistics
Nearest neighbour:
Mean 2.93 2.06 2.93 2.35 6.38 5.98 6.50 6.69 268 27 269 193
StD 1.48 0.64 1.52 0.81 1.44 1.23 1.45 1.35 72 48 70 60
Max 12.3 6.51 11.3 8.19 11.7 12.7 13.5 13.2 N/A N/A N/A N/A

Bilinear interpolation (actual point):
Mean 2.93 2.06 2.95 2.37 6.37 5.98 6.51 6.69 268 28 269 193
StD 1.48 0.63 1.52 0.80 1.43 1.22 1.45 1.34 72 47 70 60
Max 12.2 6.43 11.2 8.01 11.8 12.7 13.5 13.2 N/A N/A N/A N/A

Bicubic interpolation (actual point):
Mean 2.99 2.08 3.01 2.39 6.44 6.02 6.52 6.71 269 28 268 193
StD 1.48 0.62 1.53 0.79 1.42 1.22 1.44 1.33 70 45 68 59
Max 12.2 6.44 11.2 8.02 11.8 12.8 13.4 13.2 N/A N/A N/A N/A

Statistics of deviations
Nearest neighb. vs. Bilinear interpolation:
R2 0.998 0.997 0.999 0.999 0.996 0.996 0.997 0.997 0.998 1.000 0.999 0.997
RMSE 0.06 0.04 0.05 0.03 0.10 0.08 0.08 0.08 4 2 3 3
RMSE* 3.6% 2.7% 3.2% 2.0% 4.0% 3.3% 3.1% 3.0% N/A N/A N/A N/A
Max 0.76 0.62 1.22 0.72 1.49 1.45 1.35 1.12 163 86 170 178
Max* 37% 44% 52% 35% 26% 20% 30% 18% N/A N/A N/A N/A
p95 0.13 0.07 0.11 0.06 0.19 0.17 0.16 0.16 6 3 5 4
p95* 4.8% 3.5% 3.6% 2.4% 3.2% 2.8% 2.5% 2.4% N/A N/A N/A N/A

Bilinear vs. bicubic interpolation:
R2 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
RMSE 0.01 0.01 0.01 0.00 0.02 0.02 0.01 0.02 0 0 0 1
RMSE* 1.0% 1.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% N/A N/A N/A N/A
Max 0.26 0.14 0.22 0.13 0.32 0.25 0.13 0.35 45 20 32 53
Max* 6.0% 4.4% 5.5% 9.0% 4.8% 3.9% 2.5% 8.0% N/A N/A N/A N/A
p95 0.02 0.01 0.01 0.01 0.03 0.03 0.03 0.03 1 0 1 1
p95* 1.0% 1.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% N/A N/A N/A N/A

*Relative deviation; applicable to Hs and Tz only.

of operation, in contrast to selecting the parameters at the nearest available grid point. On the other hand,

the results in Table 1 indicate that it makes little difference to interpolate using bilinear and bicubic inter-

polation, as the obtained estimates are essentially the same. Thus, it is seen that both the RMSE and the

p95 values are insignificant for all integral wave parameters (Hs, Tz , Dm); it is just on the maximum values

that notable variations can be found. However, it is important to emphasise that confirmative conclusions in

these directions cannot be made before a specific study has been conducted. This will require a sensitivity
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analysis of ship performance indicators with regards to the evaluated distribution of the discrepancies be-

tween the results of the different interpolation approaches. Moreover, it would be interesting to search for

a numerical quantification of the threshold discrepancies in metocean parameters variability beyond which

ship performance indicator variations are not negligible. These limits could be dependent on each different

ship and specific performance indicator, and on the ship service operational environment under study. Only

after such analyses, based on careful and comprehensive numerical evaluations, there will be justified evi-

dence with respect to the importance of interpolation schemes. As a final comment to the statistics shown

in Table 1, it is interesting to note that, although the physical distance in kilometres between grid points

is the smallest for the route Le Havre to Halifax, this route still has the largest (average) variation in the

sea state parameters, when measuring from the actual point to the nearest grid point. This observation is

not unexpected and can be considered as a kind of evidence that the North Atlantic generally is one of the

harshest oceans to sail in, and conditions can quickly change.

As mentioned previously, the four virtual routes were also simulated at two other speeds, i.e. U = 15

knots and U = 25 knots, but results are not shown as the statistics of the absolute parameters and of the

deviations are very similar, compared to the results for U = 20 knots. This is so for the comparison of

interpolation methods, but for the short-term variation of the sea state parameters at consecutive waypoints,

a dedicated study is necessary, and this is presented in the next subsection.

3.3. Variation in sea state parameters at consecutive waypoints

The previous subsection studied the variation in sea state parameters observed because of different

spatial positions. In this sense, for frozen time, the consequence of being at two different but fairly close

positions was considered. As a slight modification, the current part of the study investigates what level

of variation in sea state that occurs as a result of evolvement in both space and time. That is, the idea

is to compare the sea state parameters observed from a ship at a waypoint at time tk with the parameters

observed at a waypoint at a later time tk + ∆t, emphasising that in this case any variation results because

of the evolvement ∆t in time, and because the ship moves a distance ∆s = U ·∆t dependent on the ship’s

speed U . In the study, two situations are considered: 1) Consecutive waypoints are spaced by the sailing

distance during ∆t = 1h (= 60 minutes), 2) Consecutive waypoints are spaced by the sailing distance

during ∆t = 3h. Thus, in the given situation, the statistical metrics established in subsection 2.5 can be

used to compare the sea state parameters at consecutive waypoints. However, for this sub-study, bilinear

interpolation is used throughout, i.e. ”α ≡ β” in Eqs. (12)-(17), since it has just been found that this
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interpolation scheme can be used with a reasonable accuracy for arbitrary points off the grid. The formulas

of the (relative) difference1 therefore reads, intentionally using Diff( ) to use another symbol than used with

Eqs. (12)-(17),

Diff(Hs,k) =
|Hs,k −Hs,k+m|

Hs,k
(18)

Diff(Tz,k) =
|Tz,k − Tz,k+m|

Tz,k
(19)

Diff(Dm,k) =|min
abs
{Dm,k −Dm,k+m}| (20)

where index k+m represent a waypoint at a time later than the waypoint represented by index k; the value

of m is set in accordance with ∆t = 1h or ∆t = 3h.

To have an overview of the general level of variation that can be expected when navigating the four

routes, it is useful to study Figure 7. The figure shows the encountered distributions of sea state parameters

on the four routes; with the parameters (Hs, Tz, Dm) on a given route oriented horizontally (row-wise).

Specifically, the single plots show the probability density functions (PDF) of the parameters, obtaining the

PDF by considering the data collected from all voyages on the given routes in the studied year (2016),

keeping in mind that a new voyage is started on each and every day of the year. The empirical distributions

of Hs and Tz are shown together with some of the standard PDFs, and it is observed that the Gumbel

distribution is the best fit, in agreement with what can be anticipated from ocean wave statistics of annual

extreme values, e.g. [37, 38]. Moreover, it is confirmed, as also reported in connection with the absolute

statistics presented in Table 1, that the North Atlantic (Le Havre to Halifax) is the harshest of the ocean areas

considered, although the PDFs of the Northern Pacific are quite similar.2 In particular, it can be seen that

these routes are dominated by waves coming from a westerly direction (270 deg). As the main observation

from the set of PDFs, taking note also of the distances of the routes, generally the largest and most rapid

variation in sea state parameters is anticipated on the route Le Havre to Halifax. Hence, it is decided to

focus primarily on the route Le Havre to Halifax in the following.

Table 2 presents the overall statistical results of the analysis, while the detailed statistics can be observed

from Figures 8 and 9 showing the PDFs of the computed differences, cf. Eqs. (18)-(20). It is noted that

results are shown for the three different vessel speeds (15, 20, and 25 knots). The statistical parameters in

Table 2 are in their definitions the same as those studied in the previous sub-study, cf. Table 1, albeit the

1Note that difference is used, as this term is considered more appropriate than deviation used in the previous sub-study.
2Strictly speaking, the finding applies to the particular routes in study; and not to the ocean(s) as a whole.
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coefficient of determination is left out. Based on the numbers in Table 2 it is seen that substantial variation in

the sea state parameters can occur. The main observations are the following: (1) The statistics (RMSE, Max,

p95) and thus variation depend on ship speed, naturally encountering more variation as the speed increases;

(2) Similarly, the variation increases significantly when the distance between waypoints is based on updates

Figure 7: Probability density functions of encountered sea state parameters along the four studied routes.
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every 3h compared to 1h updates; (3) The variation in significant wave height is more pronounced than for

zero-upcrossing period, but it is evident that all sea state parameters, including mean wave direction, tend

to vary a lot in just one hour of sailing. Especially, the maximum difference in a parameter, as obtained at

two consecutive waypoints, can be large, but also the majority of cases, as represented by the 95-percentile,

will show relatively large differences. For instance, it is seen that for 5% of the cases, the differences at two

consecutive waypoints, spaced by a distance equivalent to 1h of sailing, are larger than 9.7%, 7.0%, and 17

deg in, respectively, Hs, Tz , and Dm; even at the lowest speed (15 knots).

Graphical illustrations of the statistics are given by the PDFs shown in Figures 8 and 9 applicable to

∆ = 1h and ∆ = 3h, respectively. It can be seen that the empirical PDFs are fitted with two parametric

PDFs; the normal and the t location-scale distributions, where the latter is also sometimes known as the

Skewed Student t-distribution [39, 40]. By nature, the normal distribution could be expected to be a good

Table 2: Variation in sea state parameters at positions spaced by 1h and 3h sailing distances at speeds 15, 20, and

25 knots on the route from Le Havre to Halifax. The statistics of the deviations are based on the formulas in Eqs

(18)-(20).

Diff(Hs) [m] Diff(Tz) [s] Diff(Dm) [deg]

∆t 1h 3h 1h 3h 1h 3h

Speed = 15 knots:
RMSE 0.15 0.41 0.21 0.57 15 26
RMSE* 4.8% 14% 3.3% 8.8% N/A N/A
Max 1.8 3.7 1.6 3.5 180 180
Max* 60% 170% 23% 51% N/A N/A
p95 0.32 0.89 0.44 1.2 17 50
p95* 9.7% 28% 7.0% 19% N/A N/A

Speed = 20 knots:
RMSE 0.17 0.47 0.24 0.64 17 29
RMSE* 5.6% 16% 3.8% 9.9% N/A N/A
Max 1.9 4.8 1.8 3.5 180 180
Max* 57% 157% 24% 63% N/A N/A
p95 0.36 1.0 0.51 1.3 20 60
p95* 11% 32% 8.0% 21% N/A N/A

Speed = 25 knots:
RMSE 0.19 0.52 0.28 0.71 18 31
RMSE* 6.4% 18% 4.3% 11% N/A N/A
Max 2.2 4.3 2.1 3.9 180 180
Max* 57% 162% 27% 79% N/A N/A
p95 0.41 1.1 0.58 1.5 24 68
p95* 13% 37% 9.2% 23% N/A N/A

*Relative difference; applicable to Hs and Tz only.
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fit, but it is seen that it is not; in particular in case of the difference in mean wave direction. On the

other hand, the t location-scale distribution fits nicely in almost all cases. The t location-scale distribution

is useful for modeling data distributions with heavier tails than the normal distribution and, as its name

indicates, it can model skewed distributions [41]. The distribution is controlled by the probability density

function

ft(x|µ̂, σ̂, ν) =
Γ
(
ν+1
2

)
σ̂
√
νπΓ

(
ν
2

)
ν +

(
x−µ̂
σ̂

)2
ν


−( ν+1

2 )

(21)

where Γ(·) is the gamma function, µ̂ is the location parameter, σ̂ is the scale parameter, and ν is the shape

parameter. It is noted that, generally, the location and scale parameters are dimensional, while the shape

parameter is dimensionless. The PDF approaches the normal distribution as ν approaches infinity, and

smaller values of ν yield heavier tails. The mean and the variance of the t location-scale distribution are

mean = µ̂ (22)

var = σ̂2
ν

ν − 2
(23)

The variance is only defined for values of ν > 2; otherwise the variance is undefined.

It is noteworthy that, although not shown, the t location-scale distribution is also a good fit - and a much

better fit than the normal distribution - in the cases of all the other routes, all speeds (15, 20, 25 knots) and

both update intervals (∆t = 1h and 3h) included. The descriptive ”fitting” parameters of the PDFs for all the

cases are given in Table 3, noting that the parameters for significant wave height and zero-upcrossing period

apply to the relative differences, cf. Eqs. (18) and (19), and, as consequence, are dimensionless. The general

observations from Table 3 are: (1) The location parameter µ̂ is positive for the difference in significant wave

height in all cases. This is a coincidence but it is a reflection of the prevailing wind and wave systems in the

studied ocean areas. Based on the definition, Eq. (18), the tendency thus is to observe smaller significant

wave height as a voyage progresses; (2) The shape parameter ν takes relatively small values in all cases,

and the observation from Figures 8 and 9 thus holds; that is, the t location-scale distribution, being a good

fit to the data, is quite different from the normal distribution, and the normal distribution is in itself a poor

fit in most of the cases. (3) The values of the scale parameter σ̂, being comparable to standard deviation in

qualitative terms, confirm that the largest variation in sea state parameters is encountered on the route Le
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Havre to Halifax.

3.4. General remarks

The preceding subsections have shown that the spatio-temporal variation in sea state parameters along

shipping routes can be significant; emphasising that the ERA5 data at the fixed grid points is taken as the

ground truth. Moreover, the results are based on simulated shipping routes, where the ship speed, somewhat

unrealistically, has been kept constant throughout, with no account for severe wave conditions. As such,

the ”observed simulated” variation may not necessarily reflect the reality, not to say that the real variation

is smaller. Another fact which should be mentioned in relation to real shipping and navigation is the use of

weather routing, the role of which is to make ships avoid the worst sea states [42] by making the route path

Figure 8: Probability density functions of the difference in sea state parameters, cf. Eqs. (18)-(20), when a sailing

distance between consecutive waypoints equivalent to ∆t = 1h is considered.
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different as compared to the great circle path. Obviously, in reality, this could also influence the variation

of sea state parameters encountered from ships.

From the last part of the study, considering the variation in sea state parameters encountered at con-

secutive waypoints spaced by the sailing distance in time ∆t, it is evident that conditions can change a

lot between 3-hour updates. In fact, the large variation in sea state parameters implies that the seaway, as

encountered by a sailing ship during, say, 60 minutes up to 3h, in many cases is not the realisation of a sta-

tionary process, as normally assumed for ocean waves and the wave-induced load processes [43, 44]. Care

should therefore be exercised in these cases if/when computing statistics of the wave-induced responses.

The study has been focused on variations in the sea state parameters, i.e. the integral wave parameters,

Figure 9: Probability density functions of the difference in sea state parameters, cf. Eqs. (18)-(20), when a sailing

distance between consecutive waypoints equivalent to ∆t = 3h is considered.
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Table 3: Fit parameters used to establish the t-location scale PDF of the differences as calculated by Eqs. (18)-

(20). Note that µ̂ is the location parameter (equivalent to mean value), σ̂ is the scale parameters (equivalent to scaled

standard deviation), and ν is the shape parameter.

100·Diff(Hs) [-] 100·Diff(Tz) [-] Diff(Dm) [deg]*

Speed µ̂ σ̂ ν µ̂ σ̂ ν µ̂ σ̂ ν

Le Havre to Halifax
∆t = 1h:
15knots .342 3.40 3.75 -.261 2.32 3.50 -.602 2.00 1.23
20knots .348 3.97 3.76 -.284 2.65 3.46 -.671 2.37 1.23
25knots .347 4.58 3.81 -.306 3.05 3.57 -.749 2.79 1.24

∆t = 3h:
15knots 1.00 9.15 3.34 -.629 6.76 4.56 -1.80 6.17 1.31
20knots 1.02 10.6 3.38 -.654 7.70 4.71 -2.00 7.26 1.31
25knots 1.06 12.0 3.24 -.666 8.78 5.13 -2.23 8.61 1.35

Cadiz to Paramaribo
∆t = 1h:
15knots .269 .995 1.68 .011 .905 1.95 -.374 .706 1.11
20knots .297 1.09 1.55 .047 .989 1.91 -.491 .859 1.10
25knots .332 1.22 1.56 .073 1.10 1.83 -.599 1.01 1.12

∆t = 3h:
15knots .741 2.86 1.85 .039 2.47 2.06 -1.11 2.13 1.20
20knots .807 3.13 1.76 .132 2.70 2.05 -1.47 2.62 1.24
25knots .929 3.51 1.82 .208 2.97 1.99 -1.79 3.07 1.27

Yokohama to Los Angeles
∆t = 1h:
15knots .244 1.60 2.45 -.205 1.19 2.53 -.208 1.12 1.17
20knots .164 2.09 2.81 -.186 1.38 2.35 -.160 1.46 1.22
25knots .139 2.11 2.48 -.217 1.38 2.25 -.149 1.57 1.20

∆t = 3h:
15knots .593 4.54 2.76 -.546 3.39 2.89 -.626 3.38 1.22
20knots .491 5.14 2.71 -.547 3.58 2.72 -.538 4.02 1.25
25knots .263 6.01 2.87 -.602 3.96 2.72 -.461 4.78 1.31

Panama City to Auckland
∆t = 1h:
15knots .120 1.34 1.96 .045 1.42 2.69 .426 1.14 1.18
20knots .136 1.64 2.20 .039 1.66 2.96 .544 1.37 1.24
25knots .133 1.83 2.11 .066 1.88 2.87 .634 1.60 1.23

∆t = 3h:
15knots .465 4.04 2.33 .182 4.12 3.27 1.36 3.50 1.24
20knots .457 4.69 2.37 .159 4.58 2.97 1.64 4.11 1.24
25knots .458 5.27 2.32 .248 5.20 2.97 1.92 4.81 1.24

*The shape parameter ν is dimensionless.

and hence the results only partly reflect the variation in the more detailed wave conditions in terms of
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directional wave spectra. With the ultimate goal to consider the consequence of the spatio-temporal variation

of wave conditions in relation to analyses of ship safety and fuel performance, it could be interesting to

investigate the spatio-temporal variation in the details of the directional wave spectrum, when it is required

in a position off the (ERA5) grid. In this case, however, it would be far from trivial how to make the

interpolation, since wave dispersion, sea current, wind friction, etc. in principle have to be accounted for

when the wave spectrum in a point off the fixed grid is wanted. Obviously, various approximations could

lead the way, where the most simple one would be to simply interpolate in the single spectral components,

frequency by frequency, using bilinear interpolation.

This study has focused solely on sea state parameters, emphasising that these include wave parameters

only, while the implication and consequence in relation to practical applications in naval architecture and in

ship performance evaluations, as mentioned, are left as work for the future. As such, the two points raised

above, with respect to non-stationarity and the directional wave spectrum, introduce another concern related

to spectral analysis and associated data processing, noting that relatively long time series sequences are

necessary for, say, Fast Fourier Transformation to be reliable. For this type of future work, the dependency

of the results on the discretisation could be investigated by repeating the analysis with datasets having a

significantly lower or higher spatial and temporal resolution. Moreover, other metocean variables, notably

wind, should be further included to have more clear and definitive conclusions on the consequence in regards

to applications within naval architecture and ship performance monitoring.

4. Summary and main findings

Metocean data, notably integral wave parameters, or sea state parameters, are essential in studies related

to evaluations of safety and fuel efficiency of marine designs and operations. Third generation spectral

wave models formulated in terms of the energy balance equation and coupled with assimilation can provide

this type of data, considering both temporal and spatial variations on a global scale. However, due to

high computational efforts, results are computed in a discrete set of geographical points on a fixed grid,

necessitating some sort of interpolation if positions off the grid are considered.

This paper has studied the variation in sea state parameters obtained from the ERA5 database [33],

when special attention is given to mapped ship routes covered by ships sailing the typical service speed

(15 – 20+ knots). Based on the study, the following findings are noteworthy in relation to applications

within naval architecture and ship performance monitoring: (1) The level of spatial variation, for frozen
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time, in the single sea state parameter, like significant wave height, zero-crossing period, and mean wave

direction, can be substantial when the fixed grid points are considered; which in this study are spaced by

0.5 deg (longitude, latitude). (2) As a consequence of (1), it is not recommended to rely on interpolation

using nearest neighbour but instead use bilinear interpolation, when sea state parameters are requested in

a position off the grid considering a sailing ship. (3) The variation in sea state parameters at consecutive

waypoints, spatio-temporally spaced by the sailing distance during the time ∆t, can be large; especially,

when ∆t = 3h, but even for ∆t = 1h, it will in many cases be questionable if the encountered seaway is

the representation of a stationary process.

If the above findings are addressed in a perspective of practical applications concerned with, say, ship

performance evaluations of efficiency and safety, finding (2) regarding interpolation scheme is trivial to

introduce. On the other hand, findings (1) and (3) are nontrivial. In the strict sense, the finding (3) suggests

that spectral analysis of wave-induced response recordings should be based on other means than Fast Fourier

transformation that requires (sufficiently) long time windows to allow reliable estimation of the response

spectra. In addition to the already mentioned (necessary) future work, e.g. subsections 3.2 and 3.4, future

researches could therefore be dedicated to further development and analysis of spectral methods applicable

in non-stationary conditions [45–50]. One particular application that would benefit by (improved) spectral

methods for non-stationary data is the wave buoy analogy [10, 11] that facilitates realtime and on-site

wave spectrum estimation using ship response measurements. Although the wave buoy analogy, generally,

has been found to perform well, it would be interesting to investigate if improved estimation of sea state

parameters was achieved in case of elaborate spectral calculations.
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