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SUMMARY

The wave climate of the southern Baltic is rather mild, with a
mean energy flux of 5-6 kW/m. This is to be compared with the
average in the North Sea, which is 20-30 kW/m. The ratio of the
ten percentile of the mean energy flux to the mean over the
measuring period, is lower for the Baltic than for the North Sea
(3 compared to 5). This also indicates the mildness of waves of
the Southern Baltic.

A comparison is done between wave data from two measuring sites
in the southern Baltic. The comparison shows that south of Uland,
at "Ulands sddra grund", there is more energy in the waves than
at Hoburg at the south of Gotland. In fact there is 20% more
energy at "Ulands sddra grund". The measuring site at Hoburg fis,
however, somewhat affected by the island of Gotland. It would,
therefore, be of great interest to choose another measuring site
at Gotland. Presumably "Hoburgs bankar" would give a higher mean
wave energy.

Using wind statistics it is noticed that the wind energy flux is
20% higher at USG than at Hoburg. This indicates (regarding the
fetches) that the wind climate is stronger at USG. A1though'the
meteorologists at SMHI have their doubts about the va]idity of
the wind statistics, it is concluded that the 20% difference has
some significance.

A more thorough evaluation is performed on the wave climate of
USG. This evaluation includes mean average spectra and scatter
diagrams for the eight cardinal wind directions. The energy flux
versus its probability of occurrence is also presented.

The wave data used in this study is taken from two different
periods. In the comparison between Hoburg and USG, the data is
taken from the latter half year of 1981. In the analysis of USG
the data is taken from the period October 1978 to November 1980.
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1 THE SWEDISH WAVE MEASURING PROGRAMME

§ Bothnian _3

Bay
Bothnian
Sea
T Q of Fintand
» T T \\ 4 g »
% < (

wy” Alma- T
*  grundef ulf

2of |
/ Hoburg |

gat _¢ 7 Y Baltic
e~ ) Olands proper
Belt beJs grund
Sea L[
§ s

Figure 1.1 Wave measurements are carried out (with fixed
devices at the three lighthouses Almagrundet, Ulands
sodra grund and Trubaduren, and with a mobile device
at Hoburg and Vdaderdarna.

In order to evaluate the amount of wave energy in Swedish waters,
SMHI (Swedish Meteorological and Hydrological Institute, Norrko-
ping) has started wave measurements at three fixed automatic
measuring stations; Almagrundet and Ulands sddra grund in the
Baltic Sea and Trubaduren in the Kattegat. As a complement to
these fixed stations, equipped with inverted echo-sounders (see
Chap. 2), a wave-rider buoy has been deployed at Viderdarna in
the Skagerrak and at Hoburg in the Baltic.

The wave measurements were started in the autumn of 1978 and is
still going on. They are financed by the Swedish Energy Research
Commission (EFN) and 1is part of the evaluation of the technical
and economical possibilities for wave power plants in Swedish

coastal waters.
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Data from the different stations are received for the following

periods:

Almagrundet Oct. 1978 -

Ulands sddra grund Oct. 1978 -
Trubaduren Oct. 1978 -
Vaderodarna Apr. 1980 - Jan. 1981

Hoburg Jun. 1981 -



3
2 MEASURING DEVICES AND ANALYSIS

ALMAGRUNDET

Figure 2.1 The inverted echo-sounder is placed on the sea bed
at a depth of 25 m and about 100 m from the 1light-
house. (From Mattisson (1980))

In Mattisson (1980) the measuring devices and analyses are pre-
sented as follows.

The fixed wave measuring systems are located at three Tlight-
houses, where SMHI has automatic stations for collection of me-
teorological and oceanographical data. The mobile station,
usually, only measures wave properties and no other data.

The wave measurements are performed with two different devices;
inverted echo-sounders at the fixed stations and a wave-rider
buoy at the mobile station.

The inverted echo-sounders are placed at a depth of 20-25 metres.
A microcomputer, which is the central unit in the automatic sta-
tion, samples the wave record and computes the wave spectra and
some other characteristic wave data. The data are then trans-
mitted to SMHI once an hour by an automatic transmission system.
In the mobile system the water level variation is tape recorded
and subsequently taken to SMHI for evaluation.
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In figure 2.1 the measuring device second from the left is an
inverted echo-sounder. Principally, it works by sending out
pressure pulses from the sea-bed. These pulses are reflected at
the sea surface and are then recorded on the sea-bed by the
device. As the velocity of sound is nearly constant in water, if
there are no dispersed air-bubbles, it is possible to calculate
the distance which the pulse has travelled very precisely.

( START ;)

SANFLING 10 samples per second.

AL T et Plausibility test

CHECKING Interpolations

STCRIKG 2 samples per second are stored

|

<E}ww§9_~__<:j//// 128 samples 7
~
~
YES
Spectra
CALCULATION| Period (zero-crossing) T,
10 highest waves
Check parameters
~
NO
>\\\ 10 spectra ?
YES
) Averaging of spectra and T
CALCULATION Calculation of H_ from the®10 highest waves
i STORING Wave parameters and check parameters are

stored in an output buffer

( stop )

Figure 2.2  Generalized flow chart of the microprocessor pro-
gram. (Mattisson (1980))
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With a frequency of 13 Hz the transceiver send out short pulses
(pulse duration 56.107° s) of 710 kHz and the time difference
between the output and the input pulse (the reflected) is
measured and transformed to an' analog voltage which is propor-
tional to the distance between the transceiver and the water
surface (AM, Amplitude modulatede). The variation in this voltage
gives the wave record, that is to say, the water level as a func-
tion of time.

The automatic measuring stations, at which the wave gauges are
placed, are equipped with microprocessors of the programmable
type, manufactured by ASEA, Sweden. The stations are integral
parts of SMHI's system for the automatic data acquisition of
meteorological and oceanographical data.

The wave record, which is available as a varying voltage at the
transceiver, is sampled with a frequency of 10 Hz during approxi-
mately 11 minutes each hour. During sampling, the wave record is
filtered through a Tow-pass filter with a 3 dB cut-off frequency
at 0.67 Hz.

A programme has been deviced for the automatic stations, which
performs a spectral analysis of the wave record with "Fast
Fourier Transform" (FFT) technique (Brigham (1974)).

Before proceeding with the spectral analysis the digital wave
data passes through a plausibility test. In this test the differ-
ence, H, in water Tlevel between two successive samples is not
allowed to exceed a certain value h. This value, h, is automati-
cally adjusted to the existing sea conditions. The adjustment is
based on knowledge of the wave period and how steep the wave can
be. In this way, false measurements caused by outer interference
with the nafura1 conditions, are eliminated. (This implies that
breaking waves or peak waves and other higher order phenomena
will be discarded).

Spectral analysis is done in ten steps with the FFT technique.
Each step involves the analysis of a digital wave record of 128
values from a time period of 64 seconds. When the 10 spectral
analyses have been made on a total of 1280 checked values, then
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the final result is computed as the average of the 10 energy
spectra. (It may seem too strange only to use 128 values, but the
averaging procedure will give a good spectral estimate, in fact
better than a uncritical use of one 1280 sample.)

During the whole measuring sequence the number of "zero down-
crossings" are counted and the ten largest waves registered. From
these data the mean period TZ (zero crossing period) and the sig-
nificant waveheight, Hs’ are obtained. (Note that these are the
parameters referred to as measured.)

The significant wave height is calculated (assuming Rayleigh
distributed wave heights) as

Ho = Hygl In N/10)" (2.1)

S 0

where H10 is the 10th highest wave and N is the total number of

waves.

The data obtained from the wave gauge programme and transmitted
to SMHI are as follows (Mattisson (1980)):

a) Wave parameters:

- 30 spectral densities. (These are the discrete fre-
quencies from 5 to 42 over 64 Hz. With the high fre-
quency tail Tumped, due to its low energy content.)

- The 5 highest waves.

- Significant wave height, calculated from the 10th
highest wave.

- Mean period, calculated from the number of "zero-down-
crossings".

b)  Check parameters:

- Total number of vrejected samples 1in the observed
time series.

- Average height of the rejected samples.

- Standard deviation of rejected samples.

- Number of rejected measuring periods.

- The average value of the calculated mean water levels.

- Standard deviation of mean water level.
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Some data about the wave measuring system:

Wave height measuring range:
A/D resolution:
Sampling interval:

Duration of sampling:
Total number of samples:

Number of lags:
Frequency interval:
Frequency range:
Wave period range:

0-10 m

12 bits

0.5s (0.1s before data plausibility
test)

10 x 64s = 11 minutes

1280 (6400 before data plausibility
test)

38

1/64 Hz

(5/64) - (42/64) = 0.08 - 0.66 Hz
12.8 - 1.5 s

ATl information from the measuring sites is stored in a computer

at SMHI in Norrkoping, and is available for use whenever needed.
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3 WAVE CLIMATE AT ULANDS SUDRA GRUND (USG)

3.1 General aspects

3.1.1 Monthly averaged energy fluxes

Wave measurements at Ulands sodra grund, USG (a shoal south of
the island of Uland), started in October 1978 and are still going
on.

Wave data measured at USG, were obtained from SMHI (Swedish
Meteorological Hydrological Institute) via SSPA (Swedish Maritime
Research Centre). These data had some missing values. Therefore
two continuous years were created out of the measured 25 months,
replacing missing values with values from periods with equivalent
weather conditions. The created years are shown in Figure 3.1 and
Table 3.1la and b, where the mean energy fluxes are averaged over
the actually measured values.

7810

P
pu

7901
7904
7907
7910
8001
8004
8007
8010
8012

Figure 3.1 Mean energy flux. The dashed line is from the ob-
tained (measured) series, and the solid line from
the created series.
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3.1a  Power means and number of hours each month.

Year Month P (kW/m) Number

1979 01 10.81 655
02 11.00 593
03 8.63 642
04 1.82 636
05 1.79 516
06 1.00 661
07 2.45 701
08 1.93 718
09 3.98 677
10 2.84 711
11 11.34 702
12 10.79 656

1980 01 5.75 733
02 4.05 635
03 6.20 710
04 2.21 682
05 1.12 695
06 1.46 665
07 2.27 691
08 3.00 604
09 3.44 670
10 9.25 484
11 4.99 511
12 12.15 668

The mean energy flux over the two years is

where

_ IPeN _
P = ‘”z‘:'N“‘ = 5,1 kW/m

P is the power means from Table 3.la and

N is their corresponding number of occurrences.
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The year of 1979 has a greater energy flux than 1980;

p

"

79 5.7 kW/m

P

i

80 4.6 kW/m

Here the energy flux is defined as the flux into a circular
cylinder of unit width and infinite in the vertical direction.

3.1.2 HS-Tz scatter diagrams

In the following scatter diagrams the number of hours for differ-
ent seastates are presented as functions of HS and Tz‘

Here HS and TZ are defined as, assuming a Rayleigh distribution

1 42 1
HS = 4 m, = 4(.§ Si Aw) (3.1)
i=h
and
42
m T S"i Aw
- _0yz . =5 3
TZ = TZ 2T (mz) 2m ( ) ; )
b w; SiAm
i=b
where

Si is the spectral density
w; s the angular frequencies (Chapter 2)
Aw = 27/64 rad/s.

Figure 3.2 contains scatterdiagrams for all data 1979-1980. In
Figures 3.3-3.5 the scatterdiagrams for each month are splitted
on the eight cardinal wind directions. The direction of propaga-
tion of waves is considered to be the same as the wind direction.
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Scatterdiagrams for all wind directions.

Fig. 3 .2
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3.1.3 HS-=Tz relation

Performing a regression analysis (equivalent to that in Chapter
4.3) and assuming the following relation

H. = C TZ (3.3)

The best fit is when

_ 2
C = ? Hsi/ LT (3.4)

1

The correlation coefficient from Eq. (4.11) is

4
L Hsi Tzi N
R = ( )¢ (3.5)
P T 5 HE,
iozi s

An analysis of the wave data gives the results shown in Table

3.2. The results indicate quite a good correlation between HS and
2

Tz .

Comparing C with the value for a FAS stated by the PM-spectrum

for which CPM=O.103, indicates that the sea state is very seldom

near fully arisen. (Compare Figure 4.13.)

Table 3.2 does not imply any major correlation between C and the
geographical fetch. There is a tendency, though, that C is some-
what smaller in the northwestern direction.

As an average relation between HS and TZ the following expression

can be used.

(3.6)

This equation can be used in comparing it with equivalent expres-
sions for other ocean areas. Then it can give an indication of
the probability of a FAS condition to occur.
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Table 3.2 Regression analysis results (Eqs. 3.3-3.5).

Year Dir. C R Hours

1979 N 0.052 0.87 400
NE 0.064 0.76 806
E 0.071 0.86 982
SE 0.058 0.87 921
S 0.058 0.85 991
SW 0.064 0.87 1782
W 0.060 0.91 1526
NW 0.048 0.89 434
A1 0.062 0.86 78472

1980 N 0.059 0.90 722
NE 0.061 0.85 1395
E 0.057 0.88 811
SE 0.059 0.86 745
S 0.050 0.82 732
SW 0.066 0.88 1530
W 0.063 0.90 1227
NW 0.058 0.90 584
A1l 0.060 0.87 7746

Both N 0.057 0.90 1122
NE 0.062 0.86 2201
E 0.066 0.84 1793
SE 0.059 0.87 1666
S 0.055 0.84 1723
SW 0.065 0.88 3312
W 0.062 0.91 2753
NW 0.054 0.89 1018
A11 0.061 0.87 15588

3.2 Energy flux

3.2.1 Energy flux probability

The mean energy flux for the two years is 5.1 kW/m. This value is

exceeded with a probability of 25%. Other fractiles of interest

are

50%: P
10%: P

1

1.5 kW/m
14.0 kW/m

i
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Energy flux
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Figure 3.6 Wave energy flux versus probability of occurrence.
The solid Tine is the average and the dashed 1lines
are minimum and maximum. (Wave data from U.S.G.)

The maximum and minimum Tines in Figure 3.6 are for easterly and
northerly directions, respectively. As the power exceeds 3.4 kW/m,
these start to differ from the average. Below this 1imit there
are very small differences.

2 .
3.2.2 ?«HS TZ relation

Two methods can be used when calculating the wave power; the
spectrum method and the wave parameter method, which both are
presented below.

Spectrum method:
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Here S(fi) is the spectral density as a discrete function of
the frequency, f

p = 1005 kg/m3; water density
g=  9.81 m/s?

The used spectral density and frequency discretization are ac-
counted for in Chapter 2.

If only HS and TZ are available (the most common case) then the
wave parameter method should be used.

T (3.8)

Inserting Eq. (3.7) into Eq. (3.8) and using values for USG,
gives

A = 520 20 W/ms

which gives the equation to be used

P = 0.5 HSZ T (kil/m) (3.9)

A performed sensitivity analysis indicated that A was uncorre-
lated to both the mean wind speed and the wind direction.

The values of A has been investigated for the Norwegian North Sea
coast by Gran (1977). The North Sea waves gave

Ao = 550 +40 W/ms

NS

which is slightly higher than for USG. This indicates a higher
amount of Tower frequency waves in the North Sea.

For theoretical standard spectra A ranges between 500-590 w/m3s.
For a PM spectrum the value of A is

Aoy = 580 W/mSs
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3.2.3 Accumulated wave energy distributions

Although the wave parameter method appears to be a good approxi-
mation the spectral method should be used if there are some
spectral data available. As far as this, the discussions have
only included power averages and variances. If it shall be poss-
ible to estimate the distribution in the frequency domain, power

spectra must be used.

One way to describe the Tongterm distribution of the energy 1in
the frequency domain, is presented in Figure 3.7. These are the
distribution of the accumulated energy distributions as functions
of direction and frequency.

The mean wave period over a year is 7.7 s and the tendency is
that with increasing spectrum peak values the peak frequency de-

creases.

Major energy contents are in the easterly and southwesterly di-
rections. Here the easterly spectra contain more energy in the
Tow frequency.

If the accumulated wave spectra are to be used when comparing
different wave energy devices, it shall be noticed that some kind
of accumulated energy transfer function has to be used. Or as-

suming the device to be linear in its energy conversion.

When using the cardinal directions, it shall be noticed, that the
dispersive directionality of the sea must be considered, this can

decrease the efficiency of unidirectional wave energy absorbers.
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4 GEOGRAPHICAL DISTRIBUTION OF WAVE ENERGY

4.1 Introduction

Sweden has no ocean coast and therefore the heights and periods
of the waves are rather limited. Maximum zero upcrossing periods
are about Tz=10 s and maximum significant heights, HS=5 m. The
mean wave energy flux in Swedish water are less than 6 kW/m, to
be compared with the Scottish Atlantic coast, where the mean is
50 kW/m.

Swedish waters with the most wave energy are the Southern Baltic
and the Skagerrak. In these waters the mean energy flux is about

6 kW/m.

v, . J Bothnion_4
Boy
e
~&)
= Bothnion |
“;’ Y Sen ~_ 7
Ly ~ o~ Lol
/3 N Q 73~o1 Enlond
, " _&»-——=’ ‘t
~7 % Sweden . {p
g = 0f |
Skoger rok ﬁ R 4 Rigd
ﬂ-’ t’cH Hc:)ur s |
Lot o § m USSR
<’ R
Co 6 Olands
| belt s. grund
S‘n vv""
GDR Poland

Figure 4.1 Measuring sites in the southern Baltic, at Ulands
sodra grund and Hoburg.
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The measuring sites of interest when dealing with the Southern
Baltic, are: Ulands sOGdra grund (south of the island of Uland)
and Hoburg (south of the island of Gotland), see Figure 4.1.

Looking at the map (Figure 4.1) one would expect that there
should be more wave energy at Hoburg than at Ulands stdra grund
(0SG) and this was the belief when starting this investigation.

Hindcasts (calculations of waves out of winds) done for one year
period (Rylander (1978)) show that there would be more energy at
Hoburg.

SMHI's measurements indicated the opposite. According to these
measurements, there is about 30% more energy at USG than at Ho-
burg, for a period from June 1981 to February 1982. This fact
arouses the question: Is there ordinarily more energy at USG?

The following paragraphs 4.2-4.3 give possible explanations for
the difference between the two measuring locations.

4.2 Wave generation aspects

4.2.1 Wind climate

One reason why there is Tess wave energy at Hoburg, is that the

mean wind speed is lower, see Figure 4.2.

Average wind speeds are, at

0SG: DlO 8.32 m/s

Hoburg: DlO = 7.09 m/s

Another reason is that the average fetch available, due to the
limiting coasts of the Baltic, is Jjust about equal for both
places, and not larger at Hoburg. The average fetches due to geo-
graphical Timitations are, at

160 km
145 km

A

USG: F
FA

Hoburg:
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Figure 4.2a The probability, p, of Figure 4.2b Cumulated probability
the occurrence of wind versus wind speed.
speeds, U.
(Source: Wind data from lighthouses at Ulands sddra udde and

Hoburg. Measured by SMHI 1961-1975.)

Directionality of the wind is an important parameter. The main
wind direction in this area is south-west. It is possible to
derive the directional distribution of the wind at the two 1ight-
houses, Table 4.1, from the wind data for the years 1961-1975,

10 — N
% Hoburg
b
u
—p ) : —
m/s o 50 100

vo

Yo
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Table 4.1 Mean wind speeds, Un, for stations Ulands sGdra udde
and Hoburg. (Years: 1961-1975)

OLANDS SUDRA UDDE

0 u2 u3 1/U 1/0°
Dir. m/s mz/s2 m3/53 s/m 52/m2
N 7.10 65.0 714, 0.204 0.066
NE 7.96 77.4 862. 0.174 0.049
E 7.74 74.1 828. 0.179 0.051
SE 7.52 72.8 826. 0.200 0.067
S 7.48 72.9 842. 0.206 0.072
SW 9.51 109. 1420. 0.145 0.036
W 0.38 106. 1380. 0.145 0.035
NW 7.33 69.1 782. 0.199 0.064

HOBURG

0 u? u3 1/U 1/0°
Dir. m/s mz/s2 m3/s3 s/m 52/m2
N 7.02 70.9 886. 0.253 0.110
NE 6.17. 54.5 587. 0.283 0.131
E 6.47 56.8 595, 0.254 0.108
SE 6.78 64.1 731. 0.255 0.111
S 6.78 65.2 762. 0.258 0.113
SW 7.97 83.3 1020. 0.205 0.076
W 7.68 78.7 960. 0.215 0.083
NW 6.62 63.5 766. 0.265 0.118

The energy flux in the wind fields is, as an approximation, pro-
portional to the wind speed cubed.

U (4.1)
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In Figure 4.3 the directional distribution of the mean wind speed
and the mean wind power are graphed as wind roses. The south-
westerly domination is cleraly pronounced for the energy flux,
especially for USG.

Figure 4.3  The directional distribution of the average wind
velocity and the average wind energy flux, according
to beTe 4.1. (0SG - solid 1ine, Hoburg - dashed
Tine

Comparing USG and Hoburg gives that the mean wind power is about
30% greater at USG. The average of the cubed wind speed is, at;

USG: U3, = 1080 m*/s>
Hoburg: U3y = 826 m”/s°

4.,2.2 Efficient fetches

This far, the only thing considered is the wind speed. It is also
of interest if the sea can be regarded as fetch-limited or not.
In Hasselmann et al (1973), where the JONSWAP spectrum is pre-
sented, Phillips constant o is expressed using only the fetch, F,
and wind speed, UlO’ at the 10 m level above sea surface.

-0.22

o = 0.076 Fo (4.2)

where
B 2
FO = gF/UlO (4.3)
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If the sea is a FAS (fully arisen sea) Phillips constant is

-3

= 8.1 10 (4.4)

%FAS

or less.

With Eqs. (4.3) and (4.4) substituted into Eq. (4.2) it is poss-
ible to calculate the fetch required for a FAS, FFAS’ with the
wind speed as the only parameter.

2
o U
_ fas -4 .55 10
Fens = ( oo7s ) 5 (4.5)
or 2
Frpg = 2680 Upg (4.6)

As the available fetches for the two wave measuring sites are
known, it is possible to calculate whether the average wind
creates a fetch 1imited sea or not, see Table 4.2.

Table 4.2 Directional distribution of the average efficient
fetch, for wind data from Table 4.1.

In the table F, is the mean available fetch and F

is the eff1c1eé¥ fetch. S 15 calculated from Eq.
3.7. Fetches denoted wf%% asterisk (*) are
1imited by the surrounding shores of the Baltic.
OLANDS SUDRA GRUND HOBURG
F u, 2 F Fono/Fy F FooU 2 F Fepo/Fy F
A 10 FAS "FAS"'A 'E A 10 FAS "FAS" A 'E
Dir. | km mz/s2 km % km | km mz/s2 km % km
N 75 65.0 174 232 75*% | 60 70.9 190 315 60*
NE 185 77.4 207 112 185*% | 10 54.5 145 1450 10*
E 280 . 74.1 200 71 200 | 145 56.8 150 105  145*
SE 230 72.8 195 85 195 | 240 64.1 173 72 173
S 175 72.9 195 85 175* | 250 65.2 173 70 175
SW 170 109. 290 172 170* | 230 83.3 225 97 225
W 85 106. 285 334 85% | 75 78.7 210 280 75%*
NW 25 69.1 185 741 25% | 85 63.5 170 200 85*
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The fetches that are used in the wave generation by the mean wind
speed are called the efficient fetches and are calculated in
Table 4.2 and graphed in Figure 4.4,

{ Bothnion 3

‘ Boy
&
~» bothnion Bothnion
Seo A Seo N4,
\ ey o Thutf 7: o~ bult
R Q >~ of Fintond =~ of Finlond
Y e ™ — =7 % e 2 i N I -
7’ A}
‘,':mt N N

Figure 4.4a Mean efficient fetch Figure 4.4b Mean efficient fetch for
for the wave generation the wave generation at
at Hoburg. U0lands sddra grund.

In both figures the cross lined area is fetch Timited, and the
rest is for a FAS, as in Table 4.2,

As can be seen in Figure 4.4a the fetches in southerly directions
are not limited for Hoburg. The unlimited fetches for USG is in
the easterly to south-easterly directions. The efficient fetch
area is larger for USG in prevailing wind directions.

This Tlarger efficient fetch area together with the greater wind
energy flux indicates that there should be more wave energy at’
USG. This is discussed in the following chapters (4.3-4.6), which
are dealing with the wave measurings.
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4.3 Wave climate evaluation

4.3.1 General aspects

In June 1981 a wave rider buoy was placed outside Hoburg, and
then there were two wave measuring sites in the southern Baltic.
This made it possible to evaluate the wave energy distribution
somewhat and not just discuss it from the wind point of view.

As can be seen in Figure 4.5 for USG, there are two main direc-
tions of wave energy flux; east to south-west and north. Hoburg's
main directions of wave energy flux are from south-west to south
and east.

Scale:

]2 m/s
1 om= {2 KW/

Figure 4.5 Directional distribution of the average wind speed
(dashed 1ine) and average wave power (solid line).

In the following, when discussing measured waves, the period of
time referred to is from July 1, 1981 to January 23, 1982. This
is 207 days. The waves are sampled in a time series, with an

| equidistant time of three hours, which makes eight data a day and
a total of 1656 samples for each site.
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The wave energy flux, P was approximately calculated using Eq.
(3.9) as

_ 2
P=20.5 Hs TZ (kW/m) (4.7)

where
HS is the significant waveheight and
Tz is the zero upcrossing period.

This gives a big difference in the mean wave power at the two
sites. The mean wave powers are at

0SG: P
Hoburg: P

5.1 kW/m
3.8 kW/m

i

Thus there s about 30% more wave energy at USG than at Hoburg.

P
KW/m
20 |}
‘
\‘
\
10 o
D
0 o
0 %

Figure 4.6  Wave power, P versus its frequency of exceedance,
during the 207 days of measurements.

(USG - solid 1ine, Hoburg - dashed line)
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There is more wave energy at USG for wave powers greater than
2 kW/m, as can be seen in Figure 4.6.

Most of the energy is in the power range from 2 kW/m to 10 kW/m.
Wave powers for USG are more frequent in that range and therefore

the mean wave energy is greater.

The fluctuations of the wave power and the wind speed and direc-
tion are presented in Figure 4.7a (folded page). It is obvious
that the wave power fluctuates quite rapidly. In ten hours the

wave power can increase from zero up to 10 kW/m.

Due to fetch Timitations, there sometimes are great differences
in the wave power at the two sites even when the wind speed is
equal. This occurs at the periods;

August 28-29, week 8, northerly winds
November 4-9, week 18, northerly winds
December 2, week 22, north-westerly wind
December 18, week 24, north-westerly winds.

Note that USG has a shorter fetch in the norht-westerly direction
and Hoburg in the northern direction, as can be seen in Table
4.2. Difference due to isobaric curvature are discussed in Chap-
ter 4.4,

Fluctuations in the monthly average of wave power are consider-
able over the period and it varies from 2 kW/m to 15 kW/m. The
mean wind speed varies between 5 m/s and 10 m/s.

Extreme values for the shown period is at

a

171 kW/m 910 23.9 m/s

63 kW/m U10 =21 m/s

i
i

0SG:
Hoburg:

i






40

i/ A Uy
15 s
15 =
10 10 =
5 5
N t
0 +—H——F—+—+— —& 0 LU S S S S P
> s o 9 - o o month = o S g - o o month
— N o0 P
o) 0 @

Figure 4.7b Monthly averaged wave power, P and wind speed, DlO“

(0SG - solid Tine, Hoburg - dashed Tine)

4.3.2 Extreme month

November 1981 is a month of great interest. During November there
were severe storms all over northern Europe, causing great
damages. Due to rise of the sea level large areas were flooded by

sea water.

During November the highest waves ever recorded in Swedish water
occurred at USG. The maximum values of HS was at

-

USG: HS = 6.2 m

Hoburg: HS 4.1 m

both recorded the night between November 24 and 25. The measured
zero upcrossing periods for these occasions were about Tzf13 S.
The wind direction was from west.
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Figure 4.8 Daily averaged wave energy flux (P) at USG and
Hoburg in November 1981.

(USG - solid, Hoburg - dashed)

In Figure 4.9 directional generalized scatterdiagrams are pre-
sented. The generalization distinguishes which fetch directions

that creates certain sea states.

During this month, November 1981, there were higher and longer
waves at USG than at Hoburg, and obviously winds from west and

south generated the high waves.
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Figure 4.9  Directional generalization of the scatterdiagrams of
November 1981, for USG and Hoburg. (Direction trafs-
Tation: Norr-North, Syd-South, Vist-West, and "alla
riktningar" - all direction.)

4.3.3 Wave parameters and scatterdiagrams

[t is convenient to define the sea state at the two sites as
probability distributions of the wave parameters HS and TZ. A
comparison is made in the figures below. (The step in TZ is 0.4 s
and in HS it is 0.8 m.)

(s)
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Figure 4.10a Probability distribu-  Figure 4.10b Probability distribution
tion of Tz‘ of Hs'

(0SG - Solid line, Hoburg - dashed line.)

The probability distributions for the two measuring sites are
quite equal, especially for Hs' Average values of HS and TZ are
nevertheless greater at USG than at Hoburg. With the use of
scatter diagrams the correlation between HS and TZ can be re-
garded.
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Figure 4.12 Scatter diagrams for USG.
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Using the method of least squares and assuming that the signifi-
cant wave height HS is proportional to TZ squared, it is possible
to derive the most probable relation between HS and TZ as follows.

The function is
H =¢C TZ (4.8)

where C is the regression-coefficient. C is derived by fitting
the function Eq (4.8) to the scattered values in the sense of the

least square method, which give the least variance, as is

2

= THG/ T T, (4.9)

1 1

The correlation between HS and TZ2 is expressed with the correla-
tion coefficient, and it is

HTH
GTOH

R = (4.10)

where 02 and u are the variance and covariance between the re-
gressed line and the scattered points. These functions are de-
fined as follows

2 _1 U .4
o7 =W E Ty (4.11)
i=1
2 1 "4
oy = N-.§ Hsi (4.12)
i=1
and
P 4
by C or (4.13)
If Hs and TZZ are perfectly correlated then
RS = 1 (4.14a)

and if there is no correlation
R=20 (4.14b)
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The analyzed results show a better correlation, between HS and

TZZ, for USG than for Hoburg. In Table 4.3 the results of the

regression analysis are shown.

Table 4.3 Regression results.
Location Regr.coeff. Corr.coeff. Numbers
C R N
0SG 0.074 0.83 1526
Hoburg 0.073 0.73 1524
USG + Hoburg 0.073 0.79 3050

These derived relations can be of interest when discussing long
term characteristics of the wave climate at the Tlocations.
Finally, the regression curves for the two locations are almost

equal, why one can expect similar wave generation conditions.

It shall be noticed that the regression curves do not specify
where the scattered values are placed along the curve.

Figure 4.13 Summarized scatterdiagram for Hoburg and Ulands sod-
ra grund, schematically. The solid curve is the
upper 1imit for a PM-spectrum, and the dotted curve
is the most probable relation between H_ and T  for
the scattered values. s z
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The maximum of C is obtained in a fully arisen sea (FAS) condi-
tion. With the use of a PM-spectrum it is specified to be C=0.103.
This function is plotted as a solid line in Figure 4.13.

Comparing the results of the regression analysis with equivalent-
ly analyzed scatter diagrams from Utsira off Stavanger indicates
that USG and Hoburg have a Tlarger amount of more developed sea.
(Station Utsira's regression coefficient C=0.053.)

4.4 Curvature of isobars
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Figure 4.14 1Isolines of relative significant wave height for

slow-moving hurricane. (From Shore Protection Manual
(1984))
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Differences in the mean wind and in the geographical fetches have
already been discussed. Viewing the wave energy time series
(Figure 4.7), there are some situations when it is hard to ex-
plain the differences between the two sites. These situations
have equivalent and high wind speeds but big differences in wave
energy flux.

Apart from the coastline limitations there is one main source of
inaccuracy. It is the curvature of the isobars. This is an im-
portant parameter when the wind speed exceeds 10-15 m/s at the

measuring sites.

4.4.1 Theoretic wind speeds

At high wind speeds the wind to be analyzed cannot be regarded as
geostrophic. Instead the gradient wind should be used. (Mértens-
son (1983))

The gradient wind speed can be calculated as

UZ
= _gr
Ugr UgS 7 (4.15)
Here Ugs is the geostrophic wind
-1 2 (4.16)

Ygs T 5F, 7

dp/on is the horizontal pressure gradient perpendicualr to the
isobars

b is the density of the air; = 1.25 kg/m

4 <in e rad/s

f. is the Coriolis parameter; = 1.454:107
where 8 is the latitude

r is the radius of the isobars.
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The minus sign in Eq. (4.15) is used for cyclones (lowpressures)
and the plus sign is used for anticyclones. Note that for
straight isobars the wind is geostrophic.

Solving Eq. (4.15) for a low pressure gives with Eq. (4.16)

Ugp = -4 rf_ + ((3 rfc)2 " ég,)% (4.18)

where Ap is the pressure difference between a point at the dis-
tance r from the Tlowpressure centre and the pressure in the
centre.

The gradient wind is proportional to both the radius and the
pressure difference.

4.4,2 Isobaric fetch limitations

A typical length scale of the fetches available at the two sites
is 200 kilometres. If the isobars are considered to be circular,
a deviation of more than 45 degrees from the average fetch direc-
tion will give a critical radius of 300 kilometres.

Using these assumptions in Eq. (4.18) gives the gradient wind

Ugr < -21.8 + (476 + 0.8 ap)? (4.19)

The inequality is plotted in Figure 4.15 below.

In Figure 4.15 any measured quantity (Ugr’Ap)’ that is below the
curve, can have a limited fetch due to the curvature of the iso-
bars.
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Figure 4.15 The gradient wind speed versus the pressure differ-
ence to the low pressure centre, assuming a critical
radius of 300 kilometres. In the cross-lined area,
fetch limitations due to isobaric curvature are to
be expected.

Examining synoptic charts from the later part of 1981 gives that
the wind speed must be greater than 10-15 m/s before there will
be any significant curvature of the isobars. Furthermore they
show an extremely good agreement between calculated (from air
pressure) and measured wind speeds, when there are more or less
circular isobars.

These two restrictions (Ugr>10 m/s and Eq. 4.19) on Ugr and Ap
combine into an area where fetch Tlimitations due to dsobaric
curvature are to be expected. In Figure 4.15 this is the cross-

Tined area.

There are other reasons why isobars can curve, the ones to be
considered are

- cold and warm weather fronts and

- when more than one low pressure centre are of major influ-
ence.

But for high wind speeds Eq. (4.19) is a good estimation.
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It should thus, according to the above reasons, be noted that
when calculating extreme wave conditions from wind data the iso-
baric curvature must be considered.

4.5 Shoaling effects at USG

Effects that can be important, but have not been considered here,
are

- shoaling

- focusing

- diffraction and reflection from the Tighthouse.

We will here explain why the shoaling effects can be neglected.

The measuring site at USG is located on a submérine ridge at a
depth of 23 metres. Obviously the measured waves should be de-
formed due to shoaling.

Using linear wave theory it is possible to evaluate the error in
the measured wave energy compared with that outside the submarine
ridge.

Because of the conservation of energy, a wave travelling from
infinite depth into water at finite depth will change in height
from HO to H. The governing equation is

H = KS HO (4.20)
with
K = ( EQ.(l 2 kd ))”% (4.21)
S k sinh 2kd )
Here
k = 2n/L is the wave number

the wave length

Q.
i

the water depth.

The wave Tlength 1is changing while travelling into shallower
water.
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E 16°40"

N 56°05"

Measuring site.

Figure 4.16 Bottom contours of Ulands sddra grund (0SG). Outer
contour at 20 m, and the rest with an equidistance
of 5 metres. (Scale 1:1000000)

The two parameters, wave number and angular frequency (w=2xf),
are dispersively related as

W2 = gk tanh (kd) (4.22)

Assuming that the wave height is twice the amplitude it is poss-
ible to derive the change in energy content in the waves. This is
shown in Figuré 4.16 for three various depths. These depths are

representative for:

i

45 m: depth of the surrounding ocean

i

23 m: depth of the measuring site
14 m: depth at the shallowest part of the ridge.

When comparing with infinite depth, the error in the estimated

wave energy is

31 a2
! 4
AE = 28 § 5 = 0.03 (4.23)
i=4 aoi

which is of the same scale as other errors in the analysis, and

is therefore neglected.
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Figure 4.17 Normalized wave energy (to deep water energy) versus
frequency. The frequency is discretized between 4
and 31 times the frequency step (1/64 Hz), as from
Chapter 2.

The surrounding ocean has an average depth of 45 metres, shoaling
effects at the measuring site should therefore be compared with
this depth. This gives an error that is even samller, AE=0.005.

Errors due to wave breaking, while passing the shallowest part of
the ridge, are neglected. This occurs for easterly waves.
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LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviations

AM Amplitude Modulated

EFN Swedish Energy Research Commission

FAS Fully Arisen Sea

FFT Fast Fourier Transform

JONSWAP Joint North Sea Wave Project

NS North Sea

PM Pierson-Moskowitz

SMH1 Swedish Meteorological and Hydrological Institute

USG6 Ulands sodra grund (Shoal south of the island of Uland)

Symbols

A Regression coefficient between wave energy flux and the
product of HS squared and Tz'

a Wave amplitude

a, Wave amplitude at infinite water depth

C Regression coefficient between HS and Tz squared

d Water depth

E Wave energy

F Fetch

Fa Available fetch (geographically)

FE Efficient fetch, i.e. the actually used fetch in wave
generation

FFAS Fetch required for a FAS

F Normalized fetch
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Wave frequency

Coriolis parameter

Acceleration of gravity

Wave height

Significant wave height

Wave height at infinite water depth

The tenth highest wave

Shoaling coefficient

Wave number

Wave number at infinite water depth

Wave spectral moment of zeroth order

Wave spectral moment of second order

Number of waves, occurrence etc.

Normal direction

Wave energy flux

Wind energy flux

Mean wave energy flux in 1979

Mean wave energy flux in 1980

Probability of occurrence

Air pressure
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R Correlation coefficient

r Radial distance to Tow pressure centre
S Wave spectral density

T Wave period

TZ Wave zero-upcrossing period

U Wind speed

Ugr Gradient wind speed

UgS Geostrophic wind speed

U10 Wind speed at 10 metres height above the surface
o Phillips constant (for a wave spectrum)
ornc Phillips constant for FAS

A Increment of variable

0 Infinitesimal increment

© Latitude

u Mean value

p Density of either water or air

o Standard deviation

w Wave angular frequency

Extreme value

Average value
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LIST OF FIGURES

Figure 1.1  Wave measurements are carried out

at Hoburg and Vdderoarna.

Figure 2.1  The inverted echo-sounder is placed on the sea bed
at a depth of 25 m and about 100 m from the light-

house. (From Mattisson (1980))

Figure 2.2  Generalized flow chart of the microprocessor pro-

gram. (Mattisson (1980))

Figure 3.1 Mean energy flux. The dashed line is from the ob-
tained (measured) series, and the solid Tine from

the created series.
Figure 3.2  Scatterdiagrams for all wind directions.
Figure 3.3a Scatterdiagram (1979) for wind direction
Figure 3.3b Scatterdiagram (1979) for wind direction
Figure 3.3c Scatterdiagram (1979) for wind direction
Figure 3.3d Scatterdiagram (1979) for wind direction
Figure 3.4a Scatterdiagram (1980) for wind direction
Figure 3.4b Scatterdiagram (1980) for wind direction

1980) for wind direction

(

Figure 3.4¢c Scatterdiagram (1980) for wind direction
Figure 3.4d Scatterdiagram (
(

Figure 3.5a Scatterdiagram
NE

Figure 3.5b Scatterdiagram (1979-1980) for wind direction E and

SE

Figure 3.5¢c Scatterdiagram (1979-1980) for wind direction S and

SW

Figure 3.5d Scatterdiagram (1979-1980) for wind direction W and

NW

Figure 3.6 Wave energy flux versus probability of occurrence.
The solid line is the average and the dashed lines

S
W

and
and
and
and
and
and
and

and

(with fixed
devices at the three lighthouses Almagrundet, Ulands
sodra grund and Trubaduren, and with a mobile device

NE
SE
SW
NW
NE
SE
SW
NW

are minimum and maximum. (Wave data from U.S.G.)

Figure 3.7 Accumulated energy distribution versus propagation
direction and frequency (mean of the eighth cardinal
direction). The distributions are for the created

years.

Figure 4.1 Measuring sites in the southern Baltic,

sodra grund and Hoburg.

at Olands
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The probability, p, of the occurrence of wind
speeds, U.

Cumulated probability versus wind speed.

The directional distribution of the average wind
velocity and the average wind energy flux, according
to Table 4.1. (USG - solid line, Hoburg - dashed
Tine)

Mean efficient fetch for the wave generation at Ho-
burg.

Mean efficient fetch for the wave generation at
Ulands sodra grund.

Directional distribution of the average wind speed
(dashed Tine) and average wave power (solid Tine).

Wave power, P versus its frequency of exceedance,
during the 207 days of measurements.

Wave power, wind speed and direction versus time (in
weeks from 1 July, 1981) (USG and Hoburg)

Monthly averaged wave power, P and wind speed, UlO'

Daily averages wave energy flux (P) at USG and
Hoburg in November 1981.

Diredtional generalization of the scatterdiagrams of
November 1981, for USG and Hoburg. (Direction trans-
lation: Norr-North, Syd-South, Viast-West, and "alla
riktningar" - all direction.)

Probability distribution of TZ.
Probability distribution of HS.

Scatter diagrams for Hoburg.
A1l directions.

In NNE direction.

In ESE direction.

In SSW direction.

In WNW direction.

Scatter diagrams for USG.

A11 directions.

In NNE direction.
In ESE direction.
In SSW direction.
In WNW direction.

Summarized scatterdiagram for Hoburg and Ulands sod-
ra grund, schematically. The solid curve 1is the
upper limit for a PM-spectrum, and the dotted curve
is the most probable relation between H_ and T_ for
the scattered values. S z
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Isolines of relative significant wave height for
slow-moving hurricane. (From Shore Protection Manual
(1984))

The gradient wind speed versus the pressure differ-
ence to the low pressure centre, assuming a critical
radius of 300 kilometres. In the cross-lined area,
fetch Timitations due to isobaric curvature are to
be expected. :

Bottom contours of Ulands s@dra grund (USG). Outer
contour at 20 m, and the rest with an equidistance
of 5 metres. (Scale 1:1000000)

Normalized wave energy (to deep water energy) versus
frequency. The frequency is discretized between 4
and 31 times the frequency step (1/64 Hz), as from
Chapter 2.
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