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SUMMARY

The purpose of this work was to assess the ability of two
numerical wave models to estimate wave power characteristics at
deep water positions along the U.K. continental shelf.

The Meteorological Office and NORSWAM wave models were used
with the same input wind field continuously for one month. Model
results were compared with wave height and wave power estimates

derived from wave measurements at five stations.






1. INTRODUCTION

During the last few years two new numerical wave models
have been developed. The North Sea Wave Model (NORSWAM) group
have used a parametrical wave model to hindcast extreme value
wave heights for severe storms over a 1l0-year period (Ewing,
Weare and Worthington, 1979). At the same time, B.W. Golding
at the Meteorological Office had developed a source function
model for use in routine wave prediction and he has demonstrated
the use of this model in estimating average monthly wave power
levels (Golding, 1980 a).

The present study compares results from these two wave
models using the same input wind field for March 1980, determined
by the Meteorological Office, Bracknell. The model results have
been compared with wave statistics derived from spectral estimates
at five,deep water, stations, around the British Isles, namely
Brent B, Kinnaird's Head, South Uist, O0.W.S. Lima and DRBl.

Previous studizs of wave power around the British Isles
have mainly been based on wave measurements at a few stations
and have therefore concentrated on temporal variations in wave
power levels. A wave model which can give reliable estimates
of wave power would be of considerable use in estimating both
the spatial and temporal variability of power along the U.K.

continental shelf.

2. DESCRIPTION OF METEOROLOGICAL OFFICE MODEL

The operational wave prediction model used by the U.K.
Meteorological Office has a grid point representation of the
wave field. This is usually defined on a Polar Stereographic
projection of the earth's surface and it can be initialised with
any gridlength and any shape or size of ocean basin subject to
computer core storage constraints. It has a general nesting
capability permitting any model to obtain inflow boundary
conditions from any other. Operationally, two models are run.
One covers much of the Northern Hemisphere with a gridlength at

60°N of 300 kms. This provides boundary conditions for a 50 km



gridlength model of the Northwest European Continental Shelf.
Fig. 1 shows the region covered by that model together with adja-
cent gridpoints of the course mesh model used for boundary
conditions.

The wave field at each point is described by a discrete
spectrum. The spectral resolution is variable but at present
comprises 12 direction components (30° resolution) and 11 frequen-
cies (0.05, 0.06, 0.072, 0.086, 0.104, 0.124, 0.148, 0.178, 0.214,
0.256, 0.308 Hz ). Shallow water effects are included only in
the continental shelf model. They are calculated on a 2 metre
depth resolution and model the influence of variable group
velocity, refraction, and bottom friction. They have a significant
effect on the results in the North Sea and English Channel.

The model solves the energy balance equation (where E is

the directional wave spectrum and S the source function)

dE . S(€)

A,

dt

starting from initial conditions which may be zero or prescribed
by the results of the last integration; and subject to radiative
boundary conditions with zero inflow at coasts and prescribed

inflow at open sea boundaries. The balance equation is actually

solved in the following form
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Multiplicative splitting is used so that integration of
each numbered section uses the results of the previous section.
An attempt has been made above to indicate those parts which
operate on the uncoupled spectral components (E;~ ) and those
which operate on the whole spectrum (E). The degailed form of
each term is given below. A variable timestep is used in the
model. The basic timestep is equal to the time interval between
successive updates of the wind field. Divisors and multiples of

this timestep are used in section (i), (ii) such that the



stability criterion for each frequency component in the propa-
gation scheme is always satisfied. 1In practice this means that
the ratio of gridlength to timestep varies between about 0.4

and 0.8 of the deep water group velocity.
(i) Propagation 3 (E‘ V (C E--

This term is integrated using a modified Lax-Wendroff
integration scheme. For one dimensional propagation at
constant speed ¢ it takes the form

Ej?'/f . °‘5(€,-” + E;.) - /E(E: - E'n)
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where /&. cd /Ax,a 7 ( M ), }. signifies spatial
position and M the time level. For details of its derivation
see Gadd (1978) and for its application to the wave model see
Golding (1977).

(ii) Refraction ( J)s-a {(C Vg) }

The refraction scheme is based on Snell's law for optical
refraction and details of the derivation are given in Golding
(1977, 1978 a). The resultant form for €4 V0 nay be

written

e T
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-J —l[ - 33 “ tanh kH + kH snb‘k&-)

where '{ is water depth and k'is wave number. The numerical

scheme uses centred differences in 9 , the direction of the

wave component being operated on.

(iii) Growth and Decay %(E;j ), N‘rPE'J —A(E)



The o term initiates wave growth but is unimportant
thereafter. A simple form is used which removes the effects of

variable spectral resolution:

2 2
d' U . 3, cos (‘ ’*) for highest frequency if

od = T |6-ypl < 90°,

o ’ otherwise

where U ’ 4’ is the wind speed and direction.
The {J term gives exponential growth. It has a cut-off

for waves travelling faster than the wind.
p' Jﬂ{[Uc0$(9'¢)/V{—-l] i; Vto:é -2) 21
= ¢
/3 0 otherwise

where V{ 3 J/ZW-F is the deep water phase speed of the waves.
Dissipation is based on Hasselmann's white-capping model

( 4) -— .
197 ? A(E);A'{IEOstU

where E is the total spectral energy.

(iv) Non-linear interactions aE,j = P(E)
at

The wind sea part of the spectrum is first separated from
the rest. It is then assumed that the non-linear interactions
will act to transform this into a JONSWAP spectrum directionally
centred on the wind direction, with peak frequency and peak
enhancement uniquely related to the energy in the wind sea regime.
(Hasselmann et al. 1973). The spectrum is transformed to this
shape with the total energy conserved. The transformation is
immediate and couples all components with frequency greater than
0.8 of the peak, and direction within 90° of the wind. For a
detailed description see Golding (1980 b) .



(v) Bottom friction DE,J = —§(E)
at

This is based on Collins' formulation for quadratic bottom
friction (1972»

(). &, gk lg,l {ﬂg‘k € dodf]”
Zﬂf‘asln‘k” -f‘(at‘ *kn

Wind input is obtained from the operational numerical

atmospheric prediction system of the U.K. Met. Office. For

the diagnosis of the present sea state a number of sources of
information are used. The most recent forecast for the past
twelve hours forms the basis. This is corrected at the end of
the period by winds derived from the operational pressure
analysis. Finally, it is corrected ezery three hours by insertion
of wind observations using a two parameter orthogonal polynomial
analysis (see Golding 1978 b). Finally, the corrections are
applied in linearly decreasing amounts away from the observation
times. The forecast and analysis values of wind are obtained
from the 900 mb fields (ULUOAPQDQ ) by applying formulae derived
from Findlater et al. (1966),

U- aU o 1hU
\P‘ ‘bho"'d

where a, b, ¢, d are stability dependent constants. These

%00

equations provide 19.5 metre winds (U, d’). No corrections for

height are made to the observations.

3. DESCRIPTION OF THE NORSWAM MODEL

Results from the JONSWAP study (Hasselmann et al. 1973) have

shown that the non-linear wave-wave interactions, in conjunction
with the energy input from the atmosphere, have a shape stabilising
effect on the wind-sea part of the spectrum, thus giving rise

to the mean JONSWAP spectral shape. In addition, the dynamic

balance between the non-linear interactions and the atmospheric



input means that the direction of the wind-sea spectrum tends to
follow the wind direction (Hasselmann et al, 1976).
Under these conditions, the directionally integrated energy

balance equation (for deep water)

0 + v.VE . S
ot

where

Es E({) = energy density, fbeing frequency
\ 4 = directionally integrated group velocity
.S = Source function

can be projected into the JONSWAP parameter space as

da; + D, da; - T, (ie),-5)
(X1 ox

where
a, are the JONSWAP five free parameters

( {,..,“,7‘, o")a'b)
b‘.j is a generalised propagation velocity
1} is the projection of the source term.s .
(for further details, see Glnther et al,, 1979):

In this form, the normally complicated nonlinear interactions
take a simple theoretical form. The atmospheric input term is
based on a Miles (1957) formulation, adjusted to agree with
observations. In the NORSWAM model, only three parameters are
free; @, and ‘k are held fixed at their mean JONSWAP values.
it was found that the extra accuracy obtained from using the full
five parameters was negligible. The parametrical equations are
solved using a Lax-Wendroff finite difference scheme.

The above approach breaks down in the swell region of the
spectrum where the non-linear interactions are negligible; without
their shape stabilising influence the parametrical form of E no
longer applies and individual wave components become almost
completely decoupled. Swell is therefore treated using a characte-
ristic?*ray method, with swell energy being advected along pre-

defermined straight wave rays.



The overall model is thus hybrid, with energy being
transferred between swell and wind-sea fields as either swell
becomes absorbed by a growing wind-sea in a rising wind, or

energy from the wind-sea is lost to swell when the wind falls.

4. CONDUCT OF THE NUMERICAL EXPERIMENT

The object of the experiment was to compare the two wave
models in a real time forecasting environment. 1In order to achieve
this, the NORSWAM model was modified so that it would run on the
same geographical grid and use the same wind input and boundary
conditions as the Met. Office model. The finite difference grid
of the NORSWAM model was given the same resolution and coastline
definition as that shown in Fig 1. For the characteristic rays,
a spacing of one gridlength in the coordinate directions was
maintained except for remote corners of the area where a two
gridlength spacing was used. The swell bins of the NORSWAM model
were defined to have the same spectral resolution as those used
in the Met. Office model up to afrequency of 0.178 Hz. The
input of boundary conditions was achieved by assigning incoming
spectral energies to the swell bins. The model itself then
computed the appropriate transfer to the wind sea. Both at this
stage and in the output, units of spectral energy were converted
between Inl in NORSWAM and mJ (Hz:rad)‘1 in the Met. Office
model.

Although the intention was to run the NORSWAM model in
real time alongside the Met. Office model, operational difficulties
and a desire to perform the comparison on a winter month caused
this to be abandoned. 1Instead, the wind fields and boundary
conditions for March 1980 were copied to magnetic tape in real
time and the model run later. A small number of losses of data
occurred during this process. They are listed, together with the
action taken, in Table 1. During the month, results of the Met.
Office model were stored at six-hourly intervals in a compact
form used for routine archiving. In this form, each spectral
energy component is stored in integer form, rounded to the

nearest m (Hz rad)—l. This is unimportant near the spectral



peak but introduces a low bias in high frequency components which
affects the computation of high order moments of the spectrum.
Results from the NORSWAM model were stored in full at 24hr
intervals. At 6 hr intervals they were first converted to the
same form as output from the Met. Office model. This was done

by evaluating the JONSWAP spectrum describing the parametrical
wind-sea at the frequencies and directions of the discrete
spectrum and adding energy from the swell bins to the appropriate
components. These results were then stored in the same compact
form as the Met. Office model output. Standard programs were
then available both for output of the results in chart form, and
for extracting the time series at specific locations from which

the analysis in section 7 was made.

5. GENERAL WEATHER SITUATION FOR MARCH 1980

The weather of March 1980 began with an anticyclone just
west of the British Isles and strong northerly winds over the
North Sea, particularly on the 2nd at Brent B. On the 3rd and
4th this high pressure area moved south-eastwards and a new anti-
cyclone established itself over the Azores where it remained
until .the 14th. During this period a succession of vigorous
North Atlantic depressions and fronts crossed the British Isles
bringing extremely unsettled weather and frequent strong gales
(see OWS Lima, in Fig. 2 for example).

On the 6th and 7th a particularly deep depression moved
south-eastwards across the British Isles giving rise to strong
north~-westerly gales at OWS Lima and DBl (see Fig.2). For the
next eight days a low pressure area was positioned between
Greenland and Iceland whilst further small cyclones, and fronts,
crossed northern parts of the British Isles. |

The 1llth was an especially active day, when the strongest
winds of the month were recorded at Brent B and OWS Lima, and both
Kinnaird$ Head and South Uist experienced near-maximum winds for
this month.

Between the 14th and 16th there was a significant change
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in the general weather pattern as the Azores anticyclone moved
north-west to establish a general area of high pressure over
Greenland for most of the month remaining. Also by the 1l6th a
ridge of high pressure had extended from Scandinavia to cover most
of the British Isles, and this change brought a guiet spell to

all but the more western areas such as South Uist and OWS Lima.

On the 17th, however, a weak cyclone formed over the British
Isles which drifted to the south during the next two days leaving
a strong easterly flow over the North Sea and western sea areas.
On the 21st another cyclone began to develop over the British
Isles and the following day saw strong south-easterly winds over
much of the North Sea with Kinnaird$s Head recording its highest
values for this month, whilst the other stations remained largely
unaffected. By the 23rd the depression had become a large feature
just west of Ireland and it remained in this position until the
25th, accompanied by moderate but settled wind conditions.

On the 26th the area of low pressure moved northwards to
become a weaker feature and during the next two days an area of
slack pressure prevailed north-west of the British Isles which
produced settled calm winds in this area (see Fig. 2, OWS Lima,
South Uist). However, further south the situation was mobile, with
small mid-Atlantic depressions crossing southern parts of the
British Isles until a dominant cyclone reached the British Isles
by the 31st bringing stronger winds once more to most parts. 1In
particular,the strongest winds of the month were recorded at South
Uist on the last day.

Table 2 shows the number of days during which a specified
wind speed was exceeded at the five stations for which wave measure-

ments were available.

6. MEASURED WAVE DATA

Measured wave data at five stations were used to compare with
the model predictions. Table 3 gives details of the positions of
the stations and of the wave recorders used to obtain the data.

For Brent B the significant wave height, hs, and mean zero-

crossing period'ri were obtained from a processor which derived
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these quantities directly from the analogue signal.

In the case of the other four stations, wave spectral
information were available and the estimation of significant wave
height, zero-crossing period and wave power, P, were derived from

calculations of the moments of the spectrum E(f), namely

hS S ‘}d;;; (?ﬂ)
T3 = V(mo/m,) (see.)
P=785m_ CkW/m)

where the moments of the spectrum were computed from

4
'ﬁlﬂ,Z.Fu E({)A“ , with wave frequency, f, in

{=-05 Hyg

Hz.
The upper limit of summation depends on the reliability
of high frequency information from a given wave recorder and this

was chosen as

0.25 Hz for SBWR
fl = 0.42 Hz for DB 1
0.68 Hz for Waverider

In the calculation of the wave spectrum, standard
analysis methods using the Fast Fourier Transform were employed.

In all cases A-F:O’Oﬂh; degrees of freedom of spectral estimates
were 20 for the waverider measurements and 24 for DBI.

For the shipborne wave recorder (SBWR) the heave and
pressure signals were recorded separately. The pressure signal was
then transformed to a sensor at a depth of 2.5 times the actual
depth (1.84 m) of the transducer. Finally the heave and modified
pressure were combined to give an estimate of wave height. (E.G.
Pitt; personal communication).

7. MODEL WAVE DATA

The model wave data were output on magnetic tape in the

form of variance elements associated with a given frequency and
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and direction. After integration over direction, the spectral
energy densities, E(f), from both models were available at

eleven frequencies centred at 0.05, 0.06, 0.072, 0.086, 0.104,
0.124, 0.148, 0.178, 0.214, 0.256 and 0.308Hz respectively. The
bandwidths associated with these frequencies vary from4{= 0.01Hz
at the lowest frequency to Af = 0.052 Hz at the highest

frequency.

Moments of the spectrum were computed as in Section 6

but with upper limits of 4, = 0.214 Hz (Met. Office) and
f, = 0.308 Hz (NORSWAM).

Model grid points do not coincide with the measurement
stations. It was therefore decided to average the results from
the two nearest grid points to compare with each measurement
station. However, in the case of OWS Lima the nearest grid point
was used since this was less than 12 km away from the measurement

station.

8. RESULTS OF THE COMPARISONS

Comparison of the wave model results with wave measurements
are shown in the form of time series (Figs. 3-7) and in the form
of graphs (Figs 8-12) showing the correlations of model with
measured values. In the case of wave power a logarithmic scale,
starting at 10 kW/m, was used to eliminate uninteresting low levels

of wave power.

Table 4 gives values of the least squares fit of parameters
relating model and measured values of wave height and wave power;
the least squares fit is constrained to pass through the origin.
Table 5 shows the results for a general least squares fit thus

giving both gradient and intercept of the fitted straight line.

There was very poor correspondence between both models and
measured estimates of wave period (see Figs. 8-12) and the
variation of Tz throughout the month has therefore been omitted

from the time series plots. (Parameters of a least squares fit
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for wave period are also not included in Tables 4 and 5). To
some extent this lack of agreement between estimates of wave
period is due to the influence of the high frequency tail in the
wave spectrum and depends on the truncation frequency 4& (see,

for example, Rye (1977)).

(a) Brent B.

Both models agree quite well with measured significant
wave heights throughout the month, as shown in Fig. 3 (Wave power
estimates were not available at this station). For the period
1-13 March the Met. Office model gives results close to the
measurements while NORSWAM tends to overpredict the values of
significant wave height.

For the remainder of the month both models exhibit
similar close agreement with the measurements. The high wave
heights on 3 and 12 March are well predicted by both models.

The correlation diagram (Fig. 8) confirms the good
agreement between model and measured significant wave height.
Values of the standard error of residuals given in Tables 4 and
5 indicate a marginally better agreement with the measurements
for the Met. Office model than NORSWAM for significant wave
height.

(b) Kinnaird's Head.

The Met. Office model agrees well with measured signifi-
cant wave height and power (Fig. 4) except for a short period on
2 and 3 March. The NORSWAM model tends to underestimate wave
heights and power during the two periods 12-15 March and
25-28 March. Both models correctly predict the high wave heights
and power on 22 March. The standard errors in Tables 4 and 5
are smaller for the Met. Office model than for NORSWAM.

(c) South Uist,

Both models overestimate wave height and power levels
especially during the three periods 1-4, 11-14 and 28-30 March
when the wave heights are greatest (Fig. 5). This discrepancy
is probably due to the closeness of the nearest grid point to

land where the coastal boundary is not adequately defined on a
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50 km mesh. Although the Met. Office model includes both
dissipation and refraction for shallow water'these influences

do not appear to be important at South Uist (where the depth at the
measurement station is 42 m) since the NORSWAM results agree
closely with the Met. Office output for these two periods. This

is confirmed by values of the parameters in Tables 4 and 5.

(d) O.W.S. Lima.

Unfortunately, the most interesting period for comparison
(9-15 March) is missing from the measurements (see Fig. 6).

The high wave heights and power levels during the first
eight days of March are well predicted by the NORSWAM model;
the Met. Office model underpredicts the values during the period
7-9 March. For the remainder of the month (16-31 March) both
models agree reasonably well with the measurements although the
rapid decrease in measured wave power on 17-18 March is not ade-
quately followed by either model.

Tables 4 and 5 and Fig. 11 indicate that the NORSWAM
results are closer to a 1:1 linear relation than the Met. Office
model which has an intercept of about 2 m for the two parameter
fit.

(e) DB1,

Both models agree quite well with measured significant
wave height and power throughout the month although the NORSWAM
model overpredicts some values during the period 5-13 and 23-25
March (Fig. 7).

The high wave heights and power levels on 7 March (12% m
and 1000 kW/m respectively) from both models are in close agreement
with the measurements.

Tables 4 and 5 confirm the better agreement from the Met.
Office model compared with NORSWAM.

9. CONCLUSIONS

In general, both models agree quite well with the measured
wave data with the exception of comparisons at South Uist. At
South Uist the proximity of the coastline and the coarse mesh size

of 50 km. appears to be the reason for the discrepancies of both
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models compared with measurements. Both models also share the same
boundary values derived from the coarse mesh model on a 300 km grid.
Errors in the specification of swell in particular would propagate
from the boundaries and contaminate both model results. The poor
performance of both models at South Uist on some occasions may be
due to this effect,

In many cases both models give very similar results showing
that one of the main factors influencing wave prediction is an
accurate specification of the wind field. At Brent B and Kinnaird's
Head, the waves are generated by local winds with little extraneous
swell present; in this situation there is generally good agreement
with the measurements. At the open ocean stations, we would expect
the wind fields to be better represented for oceanic conditions
west of DBl than at OWS Lima due to the greater number of selected
ship reports near the former position. There is some indication
that this is the case from estimates of the gradient of the line
in the two-parameter regression (Table 5),

The highest wave heights and wave power values (in one case
in excess of 12 m. and 1200 kW/m respectively) are well-predicted
by both models.

The standard errors of model estimates vary from 0.6 m at
Kinnaird's Head (in the North Sea) to about 1.4 m at DB1 (in the
Western Approaches). Corresponding values of wave power are about
20 kW/m and 140 kW/m at these two stations.
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TABLE 1

Data losses during wave model calculations

(1) Data of 12 8 on 1 March 1980 and for 6 % on 10 March 1980
are missing from the NORSWAM wave model data set.

(2) On four occasions the boundary data set or wind data set
was lost. Remedial action taken was to use the most

recent previous data as a substitute.

Boundaries missing: 002 - 03% on 15 March (3 hr. data sets)
06% - 09% on 15 March.

Winds missing: 00% - 068 on 4 March (6 hr. data sets)
188 - 248 on 24 March

(3) The wind data sets for 068%-128, 12%-18% on 18 March were

interchanged.
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TABLE 2

Table of days in March 1980 when specified wind speed was

exceeded
M/S Brent B Kinnairds Hd. S. Uist OWS Lima DB1
25 0 0 0 2 0
20 3 0 0 4 2
15 9 2 2 11 9
10 22 9 13 26 23
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TABLE 3

Wave model validation data

Station Position Wave Length Analysis Source
Recorder of method of data
record
Brent B 61°04'N, [averider 20 min. Wave Shell U.K.
1°43'E processor | Exploration
& Production
Kinnaird's 57059'N, [Waverider
Head 1°59'w
South Uist 57218'N, Waverider %175 min.| Spectral I.0.S.,
7°38'N analysis Taunton
0.W.S. Lima 57°N, 20%| sBwr
DBl 48242'N, Datawell 20 min. | Spectral UKOOA
8758'w sensors analysis
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