CHAPTER 140

Wave Energy Distribution in an Estuary

by
Volker Barthel *

Abstract

A field investigation program on waves in the Weser Estuaty, German
Bight of the North Sea,was started to learn about the complex wave
climate in this region. The comparison of results in the various
locations shows that most of the wave energy is transferred from deep
water across the reef region to the wadden area. The comparison of
spectra in the different sites and the parametrization of these multi-
peak-spectra gives another feasibility to describe estuarine waves.

Introduction

Waves coming from deep water and entering an estuary generate a very
complex wave climate.

In addition to the influence of wind and shoaling water (refraction,
diffraction etc.) nonlinear wave-to-wave-interactions occur.
Therefore it is very difficult to find a reasonable prediction method
as a basis for the design of all structures and for shipping purposes
in the region in question. A field investigation which for economical
reasons has to be restricted to a few locations in a strongly divided
area of an estuary normally can only give a limited view. But with a
sophisticated choice of the sites the comparison of the results can
give valuable references of the behaviour of waves in this area.

In 1976 a field investigation program on waves was started in the
Weser Estuary (German Bight of the North Sea) (Fig. 1).
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The measurements were carried out by the German Federal Waterways
Administration which is part of the Federal Ministry of Transportation.
They were supported by the German Coastal Engineering Board (KFKI).

Fig. 2 gives a better view of the investigation area with the single
sites. The location ST lies at a water depth of about 20 m below MLW
and is to registrate the waves coming from the open sea. RSW lies on
the edge of the deep shipping channel '"Neue Weser'.:
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The water depth is 10 m below MLW., RSO lies behind the bar "Roter
Grund",where the water depth is 7 - 8 m below MLW,

Finally the location TPW on the edge of the shipping channel is to
record the change in wave height and period in the interior estuary
in front of the wadden area. On most of these locations waverider
buoys were installed,the radio-signals of which were received. and
recorded on a light-house in the near-by wadden area.

Though a lot & records with nearly all winddirections and - velocities
could be gathered +the following analysis was only worked out for

a series of records with strong winds from WNW during a minor storm
surge. Previous measurements had shown that already slight changes in
wind-direction in this area very promptly exercise an influence on
wave parameters.

Three of the main ideas of this program were:

a) to find a reasonable site for a permanent measuring station,
which could lead to predictions for the whole estuary,
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b) to find out wether long waves could penetrate the estuary
causing a possible danger for deep-drawing ships

c) to express multi-peak-spectra by parameters, which can be
correlated with different influence factors.

Loss of Wave Height or Energy on the Reef

Fig. 3 shows the significant wave height Hg (H1/3) versus the wind-
velocity as an example for the location RSW., The distinctions between
ebb - or flood - currents were not regarded in this case.

The results of a lot of measurements as far as this correlation is
concerned made it possible to complete the plot of the variations of
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wave heights and periods on all locations though the technical
equipment allowed a 20 - minutes - record every 80 minutes only.
Fig. 4 shows the variations of wave parameters of 4 locations on
April 27th and .30th, 1979. While in the left part only minor wind-
velocities occur they rise up to 20 m/s on April 30th. In accordance
with this and the mean waterdepth over the reef between RSO and ST
the significant and maximum wave height Hg and Hpax and the peak-
period Tgy react.

The first task was to find interdependencies between the wave para-
meters of the different regions of the estuary. In this study the
significant wave height Hg was looked at in detail. The waves coming
from the open sea and entering the estuary at location ST are hardly
affected by the sea bottom if they aren't too high under severe
storm conditions.
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First influences are to be expected in the reef region and were to
be recorded at the locations RSW and RSO. We expected to find a con-
siderable loss of wave-enery and therefore wave - height in the reef
region.
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Fig. 5: a Hg versus Hg

Fig. 5 shows the difference of the significant wave heightaHy between
ST and RSW respectively ST and RSO as a function of Hg at ST. With no
reference to the water depth on the reef this is an accumulation of
single points,which can be delimited by curves. These boundary lines
weren't transgressed after the evaluation of a lot of additional
records with the same wind-direction either. Though the slope of the
curve ST - RSO is a little bit steeper the difference between RSW and
RSO is smaller than expected.

Regarding the further course of waves into the inner estuary we found
out a fairly good dependency between RSW resp. TPW.

Fig, 6 shows that the damping of wave height resp. the loss of wave
energy between RSW and TPW decreases with increasing Hg at RSW.
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That seems to be an indication for the direct connection between both
locations in the deep channel, which becomes better with increasing
wave height. That is not so evident with RSO and TPW where the slope
is nearly linear.

A certain correlation with the inclusion of the waterdepth over the
reef resp. the water level in this area was only to be found between
ST and TPW directly? The scattering of values may be due to the
oscillating tide currents, the influence of which is to be recognized
at TPW predominantly. Tidal currents in this region can have a
velocity up to 2.0 m/s. The following table gives a view of some of
the results of the measurements:

Table of significant wave height Hg and water depth d over the reef

1 2 3 A Depth

ST RSW RSO TPW d

2.42 2,20 1.92 0.90 5.75
2.81 2.31 2,12 0.95 5.20
2.89 2,80 2,43 1.12 5.30
2,65 2,57 2,84 1.37 6.40
3.17 2.92 3.38 1.5k 7.40
3.94 3.31 3.77 1.80 8.30
3.80 3.20 341 1.79 8.50
3.47 3.27 3.39 1.76 8,60
3.35 2.80 3.00 1.51 8.10
3.66 2.49 2.29 1.32 6.80
3.6k 2,62 2,47 1,12 5.90
2.56 2.40 2.27 0.78 5.30
3.12 2.55 2.59 0.96 5.30

Hy and d in (m)
Results of the correlation:

Hs1 _ Hs 0.66 (Rxy = 0.59)
T 1.07 42+ (Rxy 59
Hsa . 5,47 Hs , 0,17 (Rxy = 0.69)
H53 d
Hsa | 5.45 Hs1 - 0,15 (Rxy = 0.88)
Hgs d

*Fig.7
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The three equations at the bottom of the table show once more that
there is a poor correlation between ST, RSW and RSO - in other words:
water depth over the reef or the reef itself doesn't play an important
part for the decrease of height or energy.

To summarize the results of the investigations concerning loss of
energy resp. damping of wave height Fig. 8 shows the mean proportional

10000 20000 o SKN

SKELETON OIAGRAM
w5y OF YHE BOTTOM PROFILE
dtm} FG. &

Fig. 8: Mean proportional decrease of
wave height Hg and Hp,x

decrease of wave height Hg and Hmax. It is shown that waves having
travelled across the reef or via the deep channel still have 86 -87%
of the original height. Only when having arrived at TPW there was
another decrease of 38 - 45 %. (The lower part of the graph shows a
skeleton diagram of the bottom profiles in the different routes.)
This means that the maximum part of wave energy isn't lost in the
reef region, as one could have expected especially for higher waves.
More than 40 % are lost on the way between the reef region and the
wadden area. That is an important conclusion for planning and design
of all structures.

Discussion of Spectra

Normally the records were evaluated statistically and with the Fast-
Fourier-Transformation of COOLEY and TUKEY a power spectrum was
calculated. The comparison of a series of plotted energy spectra

in Fig. 9, 10 and 11 gives an indication of the alteration of waves
more obviously:




Arengsqg Jesep oUj3 ul eayoeds LBasug :6 614

L 70 z0 . ™ ] o ™ a0 4] [ i zo ]
P M WP . R - P W VS T R S VUl VO SR
;
i
i _u _
Fsi ko St .
: —
i
“ wYss ¥00
i sewdgsEgrey *0Y3
Foe ot L MN-Mm/8 ONIM ot
S L2 seg TPV s> g2 ez "™y TSWIBLBLTOE Wi 3 wi- 6461 7 0E
9 “Md 100 St 0Sy7007 T MSYH 007 €8 187207
) i
L
s ﬁlmu =S7 S
(ouiseaiag (0L S WY Q[ Wty
™ 70 z0 o ™ [} ™ 70 e [
il 4 " It i 1 } +
T TSN

COASTAL ENGINEERING-1980

2350

swo e8'ELL *MWig

9 -Mdl 001

1
\orispeaag

I
*vom . 0w #vom
5 w2887 REC 3

s -0SY¥ 207

L0ht ...,.a_.i

sun g0r6Ly "OWig

- msY o0

OV sy

.%oy woa
ACEN AL R |
bos MN-M/U-6°ONM
wBl- BLBLLT

€4-15. 201

Loviswdlig

l-os




2351

WAVE ENERGY DISTRIBUTION

10

wO0SY ¥0T
5,3 7072062 W3

$72 187001

wos§ 0@
T CEEAAS TOWIY
MN-M 78t-91: ONIM
w0l - 6L6170€
" 15207

Lxenysy a9sepm ayjz ut wvajzoads LBasuyg :01 *B1d
™ "w 20 0 w0 o
A h ,
sge/egy. e s seaeri
4L
o2 =07
o7 oY b
£ 92 7409 *O%3 s 14E 7069 O3 s £95299E O3
97 “Mdl 201 47~ 0S¥:°201 9 -MS ¥ 207
] +o9 +-09
a3 D3 ot swara
zH <_d n._o o M 4.a n_d 0
seee il syy sl Toe i
o *h
: > f I -0z oz
< !
o L
SuaTTUTY 43 TNI06 SEESY "W e S Cies Ty o
v - Mdl 300 : € - 254300 Ty - MSH 01
To o9 los
Ov{s;waPas (OF ! 0> 3 LR L]

ta

o

(Oriwwoii3

(Orivws iy

oz

oy




COASTAL ENGINEERING-1980

2352

Axenysy J9soM 9]

ut exyoads ABasuyg :11 °BT4g

™ 70 o o = 20 z0 0 0 0 ¢ = v zo [
L n : . o . : T Y M G PN
SeESSY st szt 50 8+ At ) : :
N1 Sy
Fou Foi =04 0L
i
w 0SS ¥0Q
spud L. gesoi OWg
roz oz 2 MN-M/SL ONIm -0z
S,w1 6279222 swagrtryrz T™h | 50987502 0 «02- 6461 70¢€
- oMdi 27 1o0sy o0 7 MSY D0 i - 187001
i ‘
bvom 3 —0E ot
(ovis)iy N _JE_.L D15 w3 1 3¢ oviswa b
2 70 20 Ll ’0 70 zo . I 10 20 2
. +— + = , ) — i I - 4
507 $87 sii gl \ e T =i
W Yy
|
oz ~0z -0z
I
“wd 200
su0087LESL 2 f
. <ous ko7 . 07 —or MN-M 1591 ONIM ]
S eLR2ZZ 0 5w s5270e "3 LR R 1A S F ] . w6l - BL61°Y 0F P
2 Md1700 1L -OS ¥°301 J 0L - MSH¥I01 65 1§79 i
[o}]
j
09 09 +os ro
O[Sy NoRC XIS

oriswsad

R



WAVE ENERGY DISTRIBUTION 2353

Fig. 9: On loc. ST the spectrum shows energy shares of higher
frequencies with a peak at 7.3 s, With low wind-velocities a max.
height of 2.5 m arises. Waves with longer periods penetrate the
estuary and are to be found with a small increase of the peak-

period Tfoe. The spectral shape varies strongly and shows the

presence of more than one wave system. The spectra of April 30th, 7.00,
show a normal shape at ST and energy shares of the locally arisen sea
at RSW and RSO. At TPW the maximum of energy density lies in the
region of higher frequencies, but the penetrating long-period-waves
with Tfo = 8.3 s can be recognized clearly.

Fig. 10 shows two additional series of energy spectra with higher
wind-velocities, still increasing. This time one can see a typical
spectral shape at loc. TPW. This - as we called it - 3-peak-spectrum
shows the complexity and variety of waves in an estuary.

This shape could be detected again and again at this location.
Among others it points out that waves with longer periods penetrate
the estuary without remarkable alteration of period or length.

This is important knowledge for ships with only a small underkeel-
clearance,which enter the narrow channels of an estuary.

The two additional systems at this location can be explained by
locally arisen sea and reflexion or refraction.

Fig. 11 shows another two series of energy spectra with decreasing
wind-velocity and the 3-peak-shape at loc. TPW again. There is a lot
of additional information in this graph,which can be extracted either
by further discussion or computer analysis.

Though the frequencies of the long-period-waves don't change very much
while penetrating the estuary the energy contents within certain
frequency ranges can shift.

Fig. 12.shows the proportional shares of the spectral energy

mo = j E(f)df for three frequency ranges. The situation is presented
for a) minor wind-velocity (increasing), b) high wind velocity (still
increasing) and c) high wind-velocity (decreasing). It can be recog-
nized that with minor wind velocities the spectral energy is concen-
trated within the frequencies o,1 - 0,25 1/s with a drecreasing
tendency into the inner estuary. Increasing wind-velocities generate
longer waves with an increasing share into the inner estuary. With
decreasing high wind-velocities this development has a downward
movement with a high percentage of waves with periods 4 - 10 s in
the interior estuary.

Parametrization of Spectra in Estuaries

The above mentioned analysis or discussion is very largescale as far
as the evaluation of energy-shares and the description of spectral
shape is concerned. But there is of course a possibility to have that
done by a computeg. To express the alteration of energy spectra or

to describe them in a simple way we have the possibility of
parametrization,



2354 COASTAL ENGINEERING-1980

% 1% % % ~10s
274.79 - 18%2
WIND: 910 m/s
4-10s
3074 —={<is
RSW RSO’ TPW'
OUTER ESTUARY REEF REGION INTERIOR ESTUARY
>10s
0.4.79- 1502
WIND: 18.5ms
WNW
Hg =3.47-1.66 56% | 4-10s
ST-»TPW
kW=
A = is
ST RSW RSO’ TPW'
OUTER ESTUARY REEF REGION INTERIOR ESTUARY

Fig. 12: Proportional energy shares for three
frequency ranges.

Examples for that are given by the BRETSCHNEIDER-Spectrum, the
PIERSON-MOSKOWITZ-Spectrum or the JONSWAP-Spectrum, which is

expressed by the equation:

._(EAEQQZ
- - -4 T2
Sgey = tq(2m) ™ f S'exp(‘g?%) )&% e
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Several attempts to express an estuary-spectrum in the JONSWAP-form
were very unsuccessful because there was no possibility to register
more than one peak. So we tried to divide a two-peak-spectrum into
two parts, to approximate the measured (Hamming-smoothed) partial
spectra to the JONSWAP-form and to superpose them again. One gets

a 10-parameter-spectrum then:

fk (p) =  SPECTRAL FUNKTION

S(f)p = PARAMETRIZED SPECTRUM

S(f)y =  "HAMMING" - SMOOTHED SPECTRUM

K(p) = S(£)p - S(g)g ~* CONSTRAINT MINIMUM SEARCH

MIN. Z({‘K(m)z

MiN. Z_ <FKLP+AP>

TWO - PEAK - SPECTRUM

S(p) = Salfou %05 gn 5 8apy ) + S (for; s )51)%2)

Fig. 13 shows the results of a first attempt for three spectra.
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But this solution wasn't sufficient yet because of the shifting

of the peak-frequencies ¥o4 and §;2 during the calculation resp.
the approximation process.

Because of the inadequacies we defined the peak frequencies and
gave them a fixed value after looking at the Hamming-smoothed
spectrum, So we got a spectrum with 8 parameters which can describe
a two-peak-spectrum in a sufficient way.

Fig. 14 shows 3 examples with a fairly good correspondence between
measured and calculated spectra.
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Fig. 1k4:
8-Parameter-Spectra in the
Weser-Estuary
(the continuous line shows the
superposed spectrum whereas
the dotted line gives the
measured (Hamming—smoothed)
spectrum)
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It is possible either to combine JONSWAP- and PM-Spectra in case
of the parameter § < 1 or to superpose more than two partial spectra
if necessary.

Conclusions

The evaluation of a lot of wave records in the Weser Estuary gives

a basis for a sufficient prediction system. With a permanent
reference location it would be possible to predict wave heights and
periods for the various regions of the estuary. The comparison of
the height of waves in the exterior and interior estuary and the
energy loss on the way prove that there is hardly any shelter by
the submerged bars in the reef region so that the high waves can get
to the wadden area. This fact has to be taken into account for
nautical purposes too.

The wave-energy loss together with the tidal currents in this region
cause a high amount of sand transport. Fig. 16 gives an idea of the
morphological changes in the area of TPW and TPO. The erosion rate
within one year per km2 is 260.000 m3 resp. 120.000 m3 (Fig. 16).

The parametrization of estuary-wave-spectra has to be developed and
tested for another series of more difficult cases. The description
of a complicated multi-peak-spectrum by a couple of parameters and
their correlation with the factors of influence is another step for
the analysis of the complex wave climate in an estuary.
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