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§1. Introduction

In this repor§%the effect of a storm in fthe southern part of the
North Sea and the Channel will be studied. The southern part of the
North Sea will be represented by a funnel-shaped region with a small

opening angle of the order of BOO. The Channel will be represented by
a simllar region with an equally small opening angle, see figure 1,
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Both regions may be represented in polar coordinates by resp.
ad¢rec¢oe , 0 ¢« 8@ ¢cotfor I and a'drice , O< @' ¢ o' for ITI. Since

of and o' are small the arcs r=a and r'=a' nearly coincide with the

Cross sectlon chg,and r=a, r'=a' may be consildered as To represent

the common boundary of both regions. We confine our attention to a
small part of tThe North Sea only so that the influence of the Coriolis
force may be neglected, at least for the short-term effects of a storm,
The dynamical equations of the motion of the North Sea are as follows
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u and v are the mean circular and radial velocity of the stream the
average beling Taken over a vertical secticon, U and V are the correspond-
ing components of the surface traction of the wind on the sea, & is the
elevation of the sea over the zero level.

The coefficient of damping N is taken a constant. Also the depth h is

a constant. Finally g and v are the constant of gravity and the dens-
1Ty,

, *. ¥ .
According to Weenink / we have for the surflace traction of the
wind on the sea
S 2

MU _ 3.5 w 1077 v 1,2
E) >

where VS 18 the velocity of the wind above sea level.
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2 WEenink,6Rapport K.N.M.I, Stormvloed 1 Febr.1953, 2% vervolg, Cct.
1955: P 1. '



We shall now introduce the followling unlits

u,v. , unit of wveloclty 18 C 1{m/l'lr* ,
r , unit of length 18 a kKm s
C, s unit of elevatlion 18 h m )
£ , unit of time is @ /¢ hr :

then we have

“%%L+-3ku +%‘%EL'M U
E}% + AV +,§§5 = V 1.3
%%34—%-%(1"\2') +?~5-—%~m ,
where >
~¢TF:333m 4.5 % 1077 £E§ , 1.4

W being the velocity of the wind 1n m/sec.
For the Channel region similar eguations are obtained but as 1In

the Channcl no wind will be considered the wind terms are absent. 1T
necessary the variables of the Channel region will be distilinguished

from those of the North Sea by a dash.
At the common section chg we have

e Yy o= V!
r = 1 r! = 't ! 1.5
¢ = & .

Alcong the Dutch coast: @= 0 we have approximately

Vliissingen r = 2.3
Hoek van Holland r = 3
Den Helder r =5 ,

In the following sections the maln stress will be laid upon the method
rather than on the numerical results. However, by way of illustration
we may consider the following numerical values which roughly correspond
to actual conditions ¢

A = 0.16 hr” n = 30 m

a = 00 km X = 30%

Thus the velocity of propagation of free waves becomes

|

c = 61.5 Lm/hl:”'.m
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%)Schalkwijk. A contribution to the study of storm surges on the
Dutch coast. 112«
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The unit of time becomes 0.98 hr.
Formula 1.4 becomes in particular

VUt = 2.4 « 1070 w2, 1.6

In order to allow a simple mathematical treatment a radial windfield
18 considered so that only two independent variables r and T occur in
the equationg,

In &2 also the friction A is left out of account,

For the combination North Sea plus Channel a number of different
models will be taken (see figure 2).

a a closed wedge,

b a closed wedge truncated at r=1,

C an open wedge Truncated at r=1 with an ocean condltion at r=1,
d a symmetric double wedge,

e a wedge plus a canal,

f an asymmetric double wedge.




(see figure 3)
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We have taken model

& e
A =0.16 hr .

has been computed, The result 1s glven in {figure 5, There 18 o

a2t r=3 f{or the gpecifilc wind-
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N =0,

appears about 1< hours later than the maximum intensity ¢f the

of the maximum elevatlion to about 40% of the original value

We note that in this case the maximum elevatlion at r=3

of' the Coriocolils force.
1.7 the effect of the Coriolis
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an estimation 1is made of the
model a with A =0 and tho

force upon the maximum eleva. coast 18 almost negligible, In
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van Holland) is of the order

lered the effect of the non-linear inertia terms.

> calculaticon has boen glven for model d with '\ =0 since
~g thne actual conditions. In order to reduce
lecations a somewhat different windfield intensity

3). In ordcecr to have some compensation for the
tion whicn is ief't out of account here the
18 chosen at one halt of that ot V., The non-
hyﬁwﬁ@ amical ecguaticns has been considcered

and a ﬁinglw tteration has bcen carried out.

L
rat-order correction <%3 upon the elevation G
negative., Thus the non-linearity tends

o o
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shall now distinguish the following cases (sce fig.2)

a9 A ¢closed

b a closed truncated wedge
at

11 = v=0,

s with an




NeXtT we shall consilder the combination North Sea + Channel.,
1" the windfield is absent in the Channel we have respectively

{ ¢(or) - & K (or) | |

B Ko(pp').

A

North Ses = —

Channel Ch =

ol <l o<

The conditions 1.5 give

h

¢ (p) - & K, (p) = - B K_(a'D)

1+ ¢'(p) - A K (p) =B K (a'p),
so that A = tf(p)Ko(a'p)+{i1+qﬂ(p)} “ole'®) 2.1
K (p)K ' (a'p) + K '(p) K (a'p)

The following cases will be consgidered.

al o~

In this case we may replace Ko(a'p) and KO‘(a*p) approximately by

Ko(p) and-:% Kor(p) respectively. This gilives

a .
!
A“E@QJWW‘%‘@I*WLW il 2. 1%
o\ P a+a’ K '(p)

For Tthe elevation we have accordingly

TH

f a'l e« 1,
- g 49 ! 0

a+af

We end this section with the following remark.
I'ne case e with a sectorial sea and a Channel in the form of a canal
wlith parallel sides gives the same sglution as a sectorial sea in the

form of an open truncated wedge alone with the following boundary
condition applied at the open Channel end



r = 7 v o= - & 2.18

This follows easily from 2.7 if the condition 2,18 i.e. e péim‘v'is
appllied there,.
§3. A particular numerical case, A=0,
We shall consider the following model of a windfileld
U =0 V = -0.01 T°(1- %) 3.1

where T = t/24 (see figure 3).

For the illustrative example of the introduction this corresponds to a
storm which extends over two days and which has a2 maximum intensity of
16 m/sec. This maximum 1s reached for t=32. We are interested in the
value of &(r,t) at r=3 and 24 ¢ £ ¢ 48, It will become clear that under
these conditions the original & may be obtained from the expansion of

L, , its Laplace transform for small p.
The varilous cases of the previous section will be considered next.

a From 2.8 and 2.5 we obtalin

>~ \Y w e .
Ca*“b"{?“pf"“o(p)gs 3.
SO that approximately for large €
T
éa(r’,t) = ---g-—- 5 V(iT)dTt + r V(t).
G

I 3.1 is substituted into this expression we f{ind

c

10 & (r,t) = 47w 22(1- 2 T) - r TT(1 - 3T). 3.

o

For r=3 we obtain for the elevation (see figure 4)

T = 1.0 G, = 0.064 n
1.2 0.102
1.4 0.146
1.6 0.191
1.8 0.228
2.0 0.251
2.2 0.249

Thus we have a shift in the extremum of the elevation wilth respect to
the extremum of the storm of about 8 units of time.

b Trom 2.9 we obtain

A V ' (p)+1
C\b :---m éwa + "5' Ko(pr’)



~5

= C, +pV§g(ln%:+af)+O(plnp)}. 3.4

In view of

y + 1np

—-——;—?———-—-—— = - Tint + €
+ 1np
|

we find for large €t approximately

L= & T4 e 1 28 L L 45 2t
N - + 4.5 ¢ 10 t 1n = 32t 1n y . 3.5
d
ST &
Hor T = 24 we  find db - da == 2.6 3 /10“4
t = 48 Cp - G = 3.1 % 40“4,
which shows that the contribution of the "reflection” g:gaégliﬂ~Ko(pr)
1s entirely nesltigible, Ko (p)
Thus we may safely take
&b(r*,,‘i:) = Ca(r,t). 3.0
¢ From 2,70 we obtain for small p
Z - HE i*(r*‘/\>p --Elnr‘ L +O(‘I“"""‘p )g 3.7
< B = In 72* +3/ np
We have The Laplace pailr
]
S m - 11
11"z’ ,.....-.......(E'E.X)m j 2c du 3.8
o™ 9 ..g_. + = .y 7 (u+)
For large t and T>»m we have approxlmately
Homop (2e 4 )" (5 -7 -t)
w(é.) i - du = ~7 . 3.9
ey U (u+1) m! 1n(2e " t)
Thus we have from
-
— 1 - L
&, =~ (r-1) T - 0.0 ———-——-2-7‘“1“(" --——-—75-/‘ ) 2
- 2 gﬁ. 16D ln-% + )
‘1approximately f'or large €
” , a
& (r,t) = - 0.01 T° {(r-—-—’l)(’lm Ly ¢ inp 2220-03.3 T 4+ H.72 TO g *
= In T + 3.29

3.10

For r = 3 we obtaln for tb (see figure 4)



T = 1.0 (. = 0.015 h
1.2 0.02
1.4 0.035
1.6 0.048
1.8 0.059
2.0 0.068
2.2 0.074

Thus values are obtained which are about 1/4 of those obtained in the
cagse of a cloged sectorial sea.

d According to 2.14 we have
C\@(r’:t) = 3 { %(szt} T é*c(r‘_,t)IS 5 31

sO0 that from a2 and ¢ the following table may be derived (see figure 4)

T = 1.0 cid - 0.040 n
1.2 0.063
1.4 0.09"
1.6 0.120
1.0 O.144
2,0 0.160
D, D 0.162

e According to 2.15 we have for small p approximately

- r/2 K (pr)

_ ¢ e Bo\PE
ﬁe = 5 + ; V. 3,12

1-p 1n %r~p

rweapowainlly,

= -] -
Since for O £p <1 the term -p 1n %m-p has 18 maximum 2e€ ! Hﬁm 0.41 at

p:2@“1*3rm0.41, only a small error is made 1f we take

AV,
St

& = & gi(ln Eg-+3’):ﬁ. 3.173

G a

The original can be found easily. We need the following pairs

A - 3 2
-—‘-——;-3-—'— - = -—2- t ll"lt + I[.- t 9
I 11,3
———-——E—)—Ir_—— = e ':é" t lnt ’I‘ '3'6‘ t »
We f'ind
B 2 T r 3 11
C'E'i‘ = C‘a + 00,0157 T % (/]“ “é*) 1n IRT T (*é- — —/T?T) }

and for r

|

3 (see fig, 4)



T = 1.0 &, = 0.051 h

1.9 0.084

1.4 0.124

1.6 0.166

1.8 0.203

2.0 0.230

2,2 0.229

The following approximation of (ie

- res ) -
&‘e == (:a -+ 2] V Ko(pr’) 3"15

admits an interesting interpretation. It represents the elevation at
r In a wedge where at the origin a sink is placed of intensity

f = C,a(o,t). 3.16
By a sink of intensity f 1s meant herc
7 O(T
lim e rv df = - £(t). 3.7
P — O o H A _

This corresponds to

o

r — O wamp'flnr‘

SO0 That the elevation at r may be represcented by

L

&= - ¢(pr) - p £ K_(pr)

T <

g

Since Cia(O) = m'%-g;we have [ = dxa(O) which proves the assertion,

84. The influence of X

We shall consider the simplest case of the elevation in a closed wedge.

The equations are

from which -

where a° = plp+ ™). 4.3

The solution becomes for a closed wedge



we obtaln for large t

i S

C‘H(ti A) - 7w

g
v

iy,

o

O

For G (3 ,t, A ) with A =0.16 we Tind (sece figure 5)

AN =0,16 A= O
0.040 0.004
0,057 0.102
0.077 0. 146 0.5
0.0Q4 0.191 0.52
0. 104 0.2286

@

+~ T

&
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uetion factor which
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Thus the influence of A becomes apparent in a red

decreases with time. The maximum elevation 1is reduced by the factor

approximately. The friction & also effects a shift In the maximun
(cr figure 2).

In this case the reduction factor might be represented approximately

Dy the expression Y\t

'd ;

m o Q (j K .9:3' - W v
I ZTe

The 2quations 1.1 and 1.3 have been glven under the assumption that the
rotation of the earth has no appreciapnle Inllucnce on the behaviour of
the sea 1In a small scctorial reglon,

2

If', however, the coefficient LL of Coriolis 1s taken into account 1.3

should be replaced by

2
A




5.3

with the boundary conditions

Q:m*D:@( 7, o in radlials).

L

possible o construct a solution

#nlch approximately satisfies
the equations, at least in the regicn of importance i.e. rovi,
LT we take

v
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For r=3 and 8 =0 we have

C.., = Cﬁ(Bgt) + 0,04

where T=t/21.
The maximum disturbance is 00,0022 which
the values of 5%@ glven in § 3.a.

Thus we may éxpwmﬁ the i1nfluence of

of the order of 1%.

f§6. The inf'luence of the non-linearity

nationsof

Tne eqguatiors 1.3 may be considered as linear approxi:

following non-linear equations

the non-linear

In order to obtain any information about the
inertia terms we shall congsider the model d of section two,

o———

I A =0 the eguations reduce o
V’bv %_Ew v

— == t sE

’D | L 5 o S
; >

P G A

F o (PV> T Mo

' ., - :., " % oy . " ] o ?ﬂb . _ o T " e oo e gt s o el iy ’ oy et _ . ERS s o B b A . . = ,
Provided the effect of the non-linecar fterm is smatl, and this is cer-

1
tainly true if V is small, an avpproximate solution of 6.2 may be ob-
talned by means of a single s+rerallion starting from the solution of
the linearised equations.

If (iO,v are the solution of 6.2

O
Eo G sl v v,

O “1 O

without the non-linear term we put




where &4 and v, represent the 'perturbations"” from the non-linear
term.

The "perturbations' satisfy the equations

bvq B¢1 oV
4 = - v =
® T o r O o I 6.3

in region I as well as 1n region II. The boundary conditions at r=1,
the narrowest part of the Channel, are again the continulty of both

£,

4 and vq,

The Laplace transform of the solution of 6.2 without the non-
linear term may be approximated by (cf 2.15, 3.2, 3.6, 3.7)

- 7 PPk, (pr) } T Inr

“o= - 5‘1'10(9?)“5 Koip)( )Ku:( “)Iﬁ)— - 1mp)- 08

— v ! LF P/5hg AP w V

Vo= - =1 -1~ ‘(pr)+-f-m~m_wrm7mwmm V- s . 6.5
> Eji ¢ ) B, P } Hr pT1lnp

For V we take the following formula

= = G 1Inp B g
V-—-—V/lw—-""""g'—""g’(/l 71"6'5): 6.6
24 D
corresponding to the original
e
v, = - S L (- D) moar - 002 (’l--o.68T)§ 6.7

This type of windfield, very similar to that considered in section 3,
may appear somewhat artificial but it has the advantage that the

approximation for v becomes very simple as irom

_— O ’ |
Vo - —5 —= (1~ --6-—-)
- 18° rp 1P
Che following original results
V " “6/)\rc f;;!l‘" (/\""' wzmT)u 6:8

10

Thus the disturbance tcrm in ©.3 becomes

Jv - 2.2
O 36 T L8

-V e o 2 YT
o 3 r P3

3 2
(1= 55 T) . 6.9

Next an approximative solution will be derived for the system

— G -3

PV T3y TR 6. 10
407 _ -~ “
?w(PV)'{‘pc\:ﬂoj

Nwniemy

holding in both regiorns T ard TT with continuity of v and C, at the




common arc r=r'=-,
Obviously we have for & the same formula in I and IT

C = 2 IO(pr) S K (p ¢ )e-"Bde + 2K (pr) g I (pe )Q“Bde -AK (pr).
r . l
The continulity of v at r=1 gives %F-m s, SO That
t * _..3
. -1+2p Io (p)*gKb(pe)Q d e
o K ' (p)

.

For small p we have the fairly good approximation A »»1, so that &
may be approximated Dby

~ lnpr d
Coon - (““E§.+ ;lg) — (1m-j2)IUun?+-1npr
r 20 r
or G o
2
I
Thus for large t we have the approximatlion
— 2 ,
187 T S 3 2
G, - —— T (1- 55 T)°. 6.1

In the following table the non-lincar disturbance ‘iq 1s compared tTO
the elevation C’o from the linearised system.

Cb<rm3) Cq(PmB)
> > 3
T = 1.6 .20 G 10 0.4k cZ 40
1.8 0.25 C 402 0.78 02 107
)
>0 5. 28 © 10° 5 10 C° 10°

We shall Take the particular value

Co= 0.0025

which gives a fairly good rcprecentation of actual windfield intensity
and elevation. A graph of the intensity of the windfieldv1 with this

value of C has been given in fig.3. The maximum intensity of'Vq 18
about half that of V. This may be congidered as some compensatlon for
the influence of the friction ¢« which has been left out of consider-
atlion here.

Thus the windfields V anc'j'\f,l
In the following table a picture is given of the situation at r=3
(Hoek van Holland). The linear elevation C:o and the first non-linear

may be considered roughly aequivalent,

correction & are given relative to h. The linear velocity'vo 18 glven

]
relatlve to c t?e velocity of propagation of free;ygvaS. Next the non-
\Y
llnear term v, A ? is compavrcd to the linear term ’Di? . 1T appears

that at the time of maximum elevation these two Terms are of tThe same
order so that the influence of the non-linearity upon the maximum
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are rather rough and the values obtainec
as rough approximations only. Yet the
quantitative effect of the non-linearity which
5-10% (see figure 0),
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0.016 -
0.025 -
0.037 -
0.050 -0 .00
0 .06 -0.003
0.070 ~0.005
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The influence of the non-linearity upon the elevation at r=3 due to
windfield V
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