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Abstract A method of estimating the highest storm surge at an arbitrary
position in the North Sea is described. A set of hydrodynamic equations has
been solved, by an electronic model, for an instantaneously applied uniform
wind field (constant speed) over the sea, and for an instantaneously applied
uniform pressure field (constant gradient) again over the sea, each having two
rectangular directions, i.e. four cases in all, The regional variations of
response time of the sea surface to the four cases have also been computed.
Each of these response times is combined with the reduction factor by which

an estimated hourly-mean wind speed can be converted into the speed for an
arbitrary averaging period, by assuming that the surge height at each position
in the sea becomes maximum when the averaging period is equal to the response
time. The results are summarised in four diagrams from which four parameters
can be obtained for an arbitrary position in the sea under a given hourly-mean
wind speed, so that the highest surge at this position can be obtained as a vector
sum, with additional simple calculations. As an example, a diagram for
estimating the highest surges for the whole area of the North Sea, under a
certain wind speed (a proposed extreme wind speed for the average

recurrence period of 50 years), together with wind directions, are shown with
comparisons with some special cases and a similar result obtained by another
method; and all the results are explained physically.

1. Introduction

The estimation of the highest surge in the North Sea, in conjunction with its wind-
generated waves and tides etc., has often been required for coastal or offshore
structures. Such a surge height depends on estimated extreme meteorological conditions
which are related to a position in the sea and a recurrence period considered, as well
as hydrodynamic relationships between the air and water in the sea.

The estimation of the highest surge is, therefore, often required for a different position
in the sea and different meteorological conditions. In order to meet these requirements,
a set of diagrams by which the highest surges at an arbitrary position in the North Sea
under a given wind speed and duration can be estimated have been made (Ishiguro, 1966).
This set has been used for answering individual inquiries (made to the 10S) on this problem,

and for 'Guidance on the design and construction of offshore installations' (Department of
Energy, 1974).

The above mentioned method offers a greater simplicity of use (an estimation can be made
in a minute), but some assumptions have to be accepted. Improvements of the method are
considered, in this paper, so that a large part of its assumptions can be removed, without

sacrificing too much of its simplicity of use. (The newly built model is expected to
remove most of the remaining assumptions).



2. An outline of the original method

Since the original paper (Ishiguro, 1966), on which this paper has been based, was in a
limited edition, it is outlined here.

A set of the equations of motion and continuity, including terms for the effect of the
earth’s rotation etc,, which is representing the hydrodynamic system of the North Sea,
has been solved by using the depth-mean single-layer two-dimensional electronic model.
The mixed grid sizes of 50km and 100km have been used, with no time increments (due
to this particular technique). The model boundaries to other seas (or an open sea) are
taken on the line between the Orkney Islands and Bergen (the northern boundary), and on
the line between Margate and Calais (the southern boundary). These boundaries are
terminated with conditions such that no reflections of long waves occur. The bottom
friction is linearised with the coefficient of 0. 24 cm/s.

A uniform and constant wind field is instantaneously applied to the whole sea surface of
the modelled area, in the northern direction (along the long axis of the sea;338° referred
to geographical north, at the centre of the sea), and in the easterly direction ( 68°). The
square-law relationship between the wind speed and water-surface stress, with the
coefficient of 2.5 x 10-3, has been applied.

A set of data representing the change of water surface height with time (continuous) at each
grid, and a series of water-surface contour maps (hourly intervals) for 40h, both in the
northerly and easterly components, have been obtained.

By taking the northerly and easterly components of water height on a particular grid and
at a particular time (say 5, 10 or 30h), the maximum surge height i s computed as a
vector quantity; i. e. in the terms of the water height (referred to an undisturbed surface)
and the direction of wind by which such a height is generated.

Some examples of the result are shown in Ref. 2. The procedure of using this set of
diagrams is as follows:

(1) choose an appropriate set of height and direction diagrams, according to a given
wind duration,

(2) choose a particular position in the sea for which an estimation of the highest
surge is required,

(3) read the value of water height on that position on the diagram, and multiply the
factor of (S/20)2 to this value for obtaining the highest surge, where S is the
wind speed in m/s, and

(4) read the value at the corresponding position on the direction diagram, for
obtaining the wind direction.

In this procedure, (3) is the only calculation required. Even all the contours can be con-
verted to a given wind speed, simply by multiplying this factor.

Although a simplicity in use is a great advantage of this method, some errors due to the
omission of a pressure field (which always associates with a wind field) and the use of

constant values for wind speed and duration (which is a very approximate representation
of meteorological conditions) have to be accepted.



3. Improved method

An improved method, based on the method outlined in chapter 2, by which the highest
surge in the North Sea can be estimated is described here.

The main differences of the improved method, compared with the original one, are as
follows:

(a) A pressure field, which is omitted in the original method for simplicity of use, is
now taken into account. (Note that a single diagram representing both wind and pressure
fields cannot easily be generalised for an arbitrary wind speed, since their effects on a
surge are not linearly related).

(b) The estimation of duration of wind, which is necessary for the original method, is no
longer required.

(c) The regional variations of response time of the sea, which are not separately treated
in the original method, are introduced so that these are combined with the duration of wind
and pressure fields automatically.

(d) A set of four diagrams is used for estimating the highest surge for an arbitrary wind
speed in the improved method, and about 10 minutes are required to obtain the result for
an arbitrary position in the sea, with a conventional electronic pocket calculator with
memory, instead of only one minute by the original method.

The procedure of making the method is as follows:

(1) A set of hydrodynamic equations, representing the North Sea on which a uniform wind
field (constant speed) is applied instantaneously, and in two rectangular directions
separately, has been solved first. See Appendix 1 for the indication of directions
throughout this paper.

The results have been shown in Figs. 9, 10, 11 and 12 of Ref. 2. The height of wind-
generated surges in these results are for the wind speed of 20 m/s, and the wind-stress
coefficient of 2.5 x 10-3. From these data, a set of diagrams for estimating the height
of wind-generated surge for anarbitrary wind speed has been made, by converting the
unit used in the original diagrams into the unit of (surge height) / (wind speed)? ,

as shown in Fig 1 (in this paper). Let us call them the / u? and Sy VAl )? diagrams.

(2) From the same set of hydrodynamic equations, the regional variations of response
time (a period between the start of application of a wind or pressure field and time when
the surge height reaches 90% of its equilibrium value, or a peak value, if there is any
peak before the equilibrium value) of the sea have been computed, in both rectangular
directions.

The results have been shown in Fig. 54 of Ref. 4. Let us call them the T, and Tuy
diagrams.
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(3) A set of hydrodynamic equations, representing the North Sea on which a uniform

pressure field (constant gradient) is applied instantaneously, and in two rectangular
directions, has been solved.

The results  are shown in Figs. 2a and 2b. These are indicated by the unit of
(surge height)/(pressure gradient) so that the surge height for an arbitrary pressure
gradient can be obtained. Let us call them the §px %—) diagram and §py gyf') diagram.

(4) From the same set of hydrodynamic equations, the regional variations of response
time in the sea have been computed, in both rectangular directions.

The results are shown in Figs. 3a and 3b of Ref. 5. Let us call them the 7. and

px
Toy diagrams.

(3) Now let us consider meteorological data from which a surge h'eight in the North Sea
is estimated. Generally they are statistical data of wind speeds obtained for the North
Sea area, typically an extreme value for a certain recurring period, say 50 years. It
is important to know how data are derived, particularly the relationship between the
wind speed and its averaging period. It is also important to know the size of an area to
which such data can be applied. Note that the surge height at a particular position in
the sea depends on the pressure and wind fields over the whole sea, as well as those at
local area (generally the former is more important).

The data of an extreme wind speed in the North Sea (at the height of 10m above the sea
level) for the recurrence period of 50 years has been given by Shellard (1974). This

is indicated by a line of constant hourly wind speed in the sea, ranging from 32 m/s
(southern part) to 40 m/s (north of the Orkney Islands), with a set of factors by which

a wind speed can be converted into another averaging period, as shown in Appendix 2.
The relationship between the averaging period, ¢, (hours), and the conversion factor,
&, seems to be exponential, but according to the Meteorological Office, this is
'purely empirical'. Therefore, how far this relationship can be extended, in its speed-

averaging period and in the range of wind speeds, 1is: not known to the author, at the
moment.

The above mentioned relationship between wind-speed and conversion factor has been
interpolated and extended numerically, by the author. Then, this is treated as a
continuous function of time, @ (¢). Another function,[c¥(f)]?, has also been computed
numerically. The values of both the functions are shown in Appendix 2.

(6) If the absolute value of hourly wind speed, U1 , 1s given, therefore, the function,
ULa(t)] or U, [a(t)}? can be obtained shown as in Fig. 3. It is reasonable to
assume that a surge whose time constant is T is developed by an external force (either
pressure gradient or wind stress on the water surface) is maximum at /1 = T , as also

shown in Fig. 3. U, [a(#)]  should be applied to the wind pressure, and U, [af(t)f
should be applied to the wind stress, here.



1
Typical response curve of 0.9 hrovrrernrerareneens
the water surface to an R(¢)
instantaneously applied
constant wind field o
s T i t—

Effective wind speed as a
function of its speed Ua(t)
-averaging period,?

Effective wind stress at
the water surface

Change of the surge height
with time, ¢ 2
< R(O[Ga(t)]

(4] =
Fig. 3 Relationships between the response time of the water surface and

the wind-speed averaging period, in relation to a surge generation.

(7) Since the value of «(f) depends on the type of external force, their direction, and the
position in the sea,

2 2 _ _

[a(r.)] = al, . [a(Twy)] = a’svy ) a'(rpx) = q, , CU(pr) = &,

should be applied to the x and y components of wind and pressure fields.

These values have been obtained by combining the relating values previously mentioned.

The results are shown in Figs. 4a, 4b, 5a and 5b. Let us call them the afvx diagram,
af\,y diagram, X diagram and @, diagram, respectively.

(8) By multiplying the value for a certain position in the gwx /u,(2 diagram and by that for a
corresponding position in the a2 diagram, we obtain the value of a’:xgw u: . By
applying this method to many positions in the sea, we obtain another diagram as shown in
Fig. 6a. Let us call thisthe @ ( [/ diagram. In the same way we obtain the

al (.| diagram, as shown in Fig. 6b. Similarly, we obtain the a’pxgpf/% diagram
and a, gm/%ﬁ diagram, as shown in Figs. 7a and 7b.
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(9) Now a wind field and pressure field must be related in such a manner that both the
fields satisfy a single meteorological condition. Among several possible ways of
relating them, a set of factors given by Dietrich et al (1952) would be the most
appropriate one for this application. They have found, from a large number of
observational data in the North Sea for 47 years, that the deflection of wind from the
direction of an atmospheric pressure gradient is 77°, and the pressure gradient of
1mb/100km produces the wind speed of 4. 5 m/s over most of the sea surface.

By using these data, the gradient,sp/sx and 2p/sy, and the direction of a pressure field
referred to that of the wind field, can be determined for a particular hourly wind speed,
U, . For example, '

1 b/10
Ko g orls R by ®
B = 77° 2)

(10) By using the four diagrams, Figs. 6a, 6b, 7a, and 7b, and a particular hourly
mean wind speed, U;, we obtain a set of components of a surge height for an
arbitrary position in the North Sea, as

L= (@ 80 /U2) - U
L= (a2, 0, /U}) U
L= (% 4, /25 ) 1/,
r,=(a2, ¢ /%) x/y

PY “py
A bar on each symbol here is used only for distinguishing it from similar symbols, and
does not have any mathematical meaning, such as 'average'. Each of them could have
a positive or negative value which represents water level above or below an undisturbed
surface.

(11) The height of a surge at an arbitrary position in the sea can now be obtained by
making a vector sum of these four values. Its highest value can also be estimated by
taking the maximum value of the vector sum, and the direction of the wind (or pressure
gradient) which generates such a height can be obtained from the same set of vector
equations,

Fig. 8 Vector relationships between
four components of a surge
height, at a particular
position in the sea.
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The vector relationships between the four components of a surge height, 5,,,, , §,}, , pr
and { y are shown in Fig. 8., (note that these four components do not have

horizontal directions on an actual sea surface), Where W is the vector of a wind
-generated surge height, whose wind d1rect1on is 0 P is the vector of a pressure
-generated surge height, whose direction is o'+ ,B and R is the vector of the
resultant surge height of Wand P, whose he1ght is represented by § Generally it
is convenient to use the direction of wind, 0 as an indicator of the whole system, when
this is referred to geographical north.

The height of the resultant surge is given by

{ = Jm cos2 @'+ nsin?@’ + g cos @' sin @' 3)

where 2 _ - '
m =wa + (5 cos f3 +§py sin[})2 + Zﬁmcosﬂ (pr cos f3 +ZpysinlB ) 4)

=§w2y + (fpy cos f§ -‘pr sinﬁ)‘2 + szy cosIB (Zpy cos/} - prsinﬁ ) (5)
q = 2[5 I +(§ L cos 3 +Zpy sin f3 )(Zpy cos f3 -vax sinﬁ)

WX wy

+§wxcosIB (Zpy cosf3 -pr sinf}) +Zwy cos 3 (gpx cos f3 +Zpysin B )] (6)

The value of ' which makes ﬁr maximum is denoted by orm » and this is given either

by 1A, 90°+ |Al , 180°+ Al ,» 270°+ Al , or 360°- |Al (See Appendix 3 for
method of determlmng the correct value), where

=1 -1 q 7
A =ltan —4_ (7)

Thus the maximum value of §r is given by
= Jm cos2 O;m +n sin? 9;m+ g cos Hr'msin 97{m (8)

Therefore § rm and 0’ for an arbitrary position in the North Sea for an arbitrary wind
speed, I, can be determined from § , §w , 5” and C , when 3 and Kk are
given. V4
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4. Applications

How this method would be applied is shown by an example.

Problem: Find the maximum surge height at a position, 54.0°N and 5.0 °E
(approximately 100km off the Wash in the North Sea), assuming that an extreme wind
over the sea is 36 m/s (hourly mean speed), and also find the wind direction which
generates such a surge height.

Solution: Only the four diagrams (Figs. 6a, 6b, 7a and 7b) are needed.

Since U, = 36 m/s, from Equation 1,

p _ ap _ =
Xy 36/4.5 = 8.00 mb/100km
From Fig. 6a, the value for the position is -0. 080 cm/(m/s)?
T = -0,080 x (36)2 = -103. 7cm

wx
From Fig. 6b, similarly,

lwy = 0.145x (36)2 =187.9cm

From Fig., 7a, the value for the position is -2.00 cm/(mb/100km)
Sox = -2.00x 8.00 = -16. Ocm

From Fig. 7b, similarly
{py = 4.40x8.00 =35,2cm

Taking f= 77°, cosf3= 0.225, and sinf3 = 0.974,
For Equations 4, 5, 6,

{mcosp= -16.0x 0.255 = -3.6 cm {, cosB= 35.2x0.225 = 7.9m
‘(’Px sinff= -16.0x 0.974 =-15. 6cm §py sin 3= 35.2x0.974 = 34.3cm

prcos;ﬁf+ g,,,sinﬁ = -3.6+34.3 = 30.7cm
.(Pycosﬁ- CxsinB = 794156 = 23.5cm

From Equations 4, 5, and 6,
m = (-103.7)% + (30, 7)2 +2(-103.7) x 0. 225 x 30.7 = 10264cm2
7 = (187.9)2 + (23.5)2 + 2(187.9) x 0. 225 x 23.5 = 37846cm>2
7 =2[(-103.7 x 187.9) + (30. 7 x 23.5) + (-103. 7 x 0. 225 x 23. 5) +(187. 9x 0. 225 x 30, 7))

= -36028cm2
From Equation 7,

A = 4tan-!

-36028 - 96,30
10264 - 37846

From Appendix 3, 6 = 90.0°+26.3° = 116.3°

For Equation 8, 2/ : ’ -@NA !
= . 6 2 = / = -
0s Gr 0.196, sin Hr 0.804, cos Or X s8in 07, 0.397

From Equation 8,

1 =V(10264 X 0.1964}H37846 x 0.804 )H{-36028 x -0.397) = 216.2 cm
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The value of B;m here is referred to the x and y axes of each grid of the model. In

order to convert this value into a wind direction, 97771" (the direction from which the
wind is blowing) referred to geographical north, the following equation must be used.

= 0 o

6,=6 - ¢€- 9 | (9)

where € 1is an angle specified for each grid, and -90° is a constant specified for the
system by which the polarities of water level and the direction of wind and pressure

gradient are related, throughout this paper. The value of € for the North Sea is shown
in Appendix 1.

The value of Or’m obtained in the above example is now converted by using Equation 9
and the value of € for this position, 22, 8°, as

Brm = 116.3° - 22, 8° - 90° = 3,50°

The final answer to the problem is therefore

"The highest surge at the given position will be 216 cm above a predicted
tidal level, and the direction of wind which generates such a surge will be
3.5° (approximately N), referred to geographical north. '

The calculations shown in this example have been carried out by a pocket calculator with
memory, taking about 10 minutes. Approximate calculations for this can be done by a
simplified way, or by graphical calculations, using a similar graph to Fig. 8. Note
that calculations of the angle in Equation 7 should be accurate, otherwise an error will
be introduced at this stage.

See Fig. 9 for the diagram which has been obtained by applying this method of
calculation to the whole area of the North Sea for a proposed extreme wind speed for
the average recurrence period of 50 years.
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5. Comparisons of results

The highest surge in the whole area of the North Sea, under a certain wind speed,
estimated by the same procedure as the example in Chapter 4, is described here, in
comparison with some special cases and a similar estimation obtained by the orignal
method (outlined in Chapter 2).

Fig. 9 shows the result of the estimated highest surge in the North Sea, by the
improved method, for the hourly-mean wind speed of 38 m/s over the sea, and the
direction of wind which generates such a surge. Note that the estimated values can-
not be extended to other wind speeds, since their relationships are not linear in this
method. An area in which the surge height is minimum under any direction of wind
field (and that of its associate pressure field) appears in the centre of the sea, as
this has been described in earlier paper (Ishiguro, 1966). The minimum here,
however, is not zero due to the pressure field being taken into account, The maxi-
mum value of the highest surge throughout the North Sea appears in the Wash under
the wind direction of 360°, and in the German Bite under the wind direction of 280°.

5.1 Effect of the pressure field in a high wind speed

In order to examine the contribution of the pressure field to the generation of the
highest surge at an arbitrary position in the sea, the same computations as for Fig.
9, but without the pressure terms, have been carried out, The result obtained is so
similar to Fig. 9 that any difference can hardly be recognised from their contour
maps (the diagram for the former is, therefore, omitted from this paper). The
difference between the computations with and without the pressure field can be
expressed by

ab=1l - NI2+ 12

AB

and

/ -1/ 7 7
6, — tan”'({ /<)
(see Procedure 10and Equation 8 for the notations of symbols).

Fig. 10 ashows a contour map of AZ , Fig. 10b shows Aﬁ—/zmand Fig. 10c showsA@.
We understand, from these diagrams, that the effect of a pressure field on the
generation of the highest surge is significant only in the south-eastern part of the
North Sea (approximately a quarter of the whole sea area). The pressure field
increases the maximum surge height of 120cm in this area by 17cm, or 15%. In
the rest of the North Sea, the pressure field changes the surge height within + 2%,
The effect of the pressure field on the wind direction, Grm’ is not significant
throughout most of the North Sea.

This suggests that a set of simplified calculations

I o~ JIZ .12
Som = N b + g‘W)'

Or/m ~ tan""($  / §wx)

wy

which takes less than one minute using a pocket calculator, is sufficient for most
applications.
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The reasons why the pressure field does not significantly affect an estimated surge
height in the North Sea, with a high wind speed, can be explained as follows.

(1) The effect of the pressure field on the surge is proportional to its gradient, which
is proportional to the wind speed, while the effect of the wind field is proportional
to the square of its speed.

(2) The directional effect of a wind field and that of a pressure field on the general
patterns of a surge in the North Sea are similar, if each field is applied
separately, since the patterns are mainly determined by the bottom topography of
the sea (compare Fig. 1. and Fig, 2). In fact, the directions of the two fields are
considerably different (77° in this example), therefore when the wind field is in
the most effective direction for surge generation, its associated pressure field is
not in an effective direction.

5.2 Effect of the pressure field in a low wind speed

The relationships between the pressure field and its associated wind field, described
in the previous paragraph, would be somewhat changed when the wind speed is low
(say 10 m/s).

Table 1 shows an example of this situation, although the degree of the change depends
on the value of the wind speed and the position in the sea. For this example, the same
position in the sea as that for the example in Chapter 4 is used.

Table L. Examples of the effect of the pressure field on the estimated highest
surge, under different wind speeds, at a certain position of the North
Sea (54. 0°N, 5. 0°E).

|
Hourly-mean wind speed m/s | 10 20 36
Highest surge estimated by the cm 17.5 67.3 216. 2
full computations
The same, but without a pressure cm 16.1 66. 2 214. 6
field
Difference, referred to the full cm 0.9 1.1 1.6
computations % 5.1 1.6 0.7
Wind direction, estimated by the deg. -12, 26 0.71 3. 50
full computations
The same, but without a pressure deg. 6. 09 6. 09 6. 09
field
Difference, referred to the full deg. -16. 35 -5.38 -2.59
computations
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5.3 Effect of the pressure field in the south-eastern part of the North Sea

In Figs. 10a and 10b, a relatively significant effect of the pressure field on the
surge height can be seen in the south-eastern part of the North Sea. This can be
explained as follows:

(1) The maximum value of A{ appears off Esbjerg (in Fig. 10a), and its
corresponding Orm at this position is 240° (in Fig. 9b). When the pressure
field is omitted from the computation, this value reduces to 236° The direction
of the pressure field which is associated with this value is 169°. For a pressure
field in such a direction, the maximum surge generated solely by it is
coincidentally off Esbjerg (see the 248° diagram and 278°diagram in Fig. 4 of
Ref. 5).

(2) The maximum of A/ Zrm appears about 150km west of Esbjerg, because the
gradient of {  toward the continental coast is greater than that of A

Although the irregularity of AC in the rest of the North Sea can be explained in
a similar way, its magnitude is not significant.

5.4 Highest pressure-generated surge

This has been discussed in another paper (Ishiguro, 1976) by using the original
method. The same treatment, but by the improved method, is carried out here, in
order to examine the difference with a pressure field alone. Such a condition can
be obtained by computing

me =V Cox + S

Gj;m tan™' (_gpy/ §px)

Fig. 11 shows the result. This diagram should be compared with Fig. 5 of the
previously mentioned paper. Although they are similar, a significant difference
can be seen in an area bounded by the 0° (or 360°) line and 340° line. The area
bounded by the 0° line and 320° line is considerably compressed, and the area
bounded by the 320° line and 340° line is expanded, while these areas are almost
uniformly divided in the result from the other paper.

The reason for this can be explained as follows. In the improved method, the
height of a peak, which appears before the equilibrium value and is higher than it
is detected as the highest surge value. In the original method, the highest surge
value at a particular instant (the 10th hour for this example) is regarded as the
highest surge. Obviously the former is correct.
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5.5 Comparisons with the original method

The highest surge in the North Sea estimated by the improved method and that by the
original method are compared here, under similar conditions (exactly the same
conditions cannot be given to the two methods, because their required conditions are
not the same).

For an example of estimation by the original method, the wind speed of 36 m/s and the
wind duration of 10 hours are given. These values are related to the hourly
-mean wind speed of 38 m/s and a speed reduction factor of 0. 885 for the speed
-averaging period of 10 hours. Figs. 12a and 12b show the results, where §

indicates surge height, 9 the direction of wind generatingsuch a surge. These values
are compared with the correspondmg values to these in Figs. 9a and 9b, i.e. § rm

and 6, , by taking § §O and 9 0 respectively, as shown in
Figs. 13a and 13b.

In Fig. 13a, the valueof { - { = is positive throughout the North Sea, with an

average value of approximately 20cm, the maximum value being 140cm along the Dutch
coast. This considerable difference is not due to the omission of a pressure field from
the original method (because these do not appear in Fig. 10a), but due to the introduction
of Ct’jx and a@y , (see Fig. 4) into the improved method. By using these terms,

a combined effect of the response time of the sea surface and the wind-speed averaging
period, which determines the highest surge more precisely than the original method,

can be taken into account,

In Fig. 13b, the value of 0 9 is zero along a line passing the centre of the sea

in north-south direction approx1mately The value is negative on the British side of

this line, and positive on the continental side. The difference is within 120 degrees.

Although this is still small compared with 360°, it is significantly greater than the

difference in Fig. 10c. This difference is, therefore, again due to the introduction of
@l ~ and afvy into the improved method.



24

>
Hmu)w
« K
SeEEE s
+ - U O
O > g
H 0 [T RS
] ~ 0
® O [
O W T o
=} Vg W
T 3 < bo
[V~ B ()
U Orp =T
Q4 »n
[/ = " - PR TR o]
') H oA
Mg -~ g w
[SH BRI VRN
o W E T
2 3= =]
@) [«
LS geH R
wn O o
uuuuu Yo
= - g 0T
o W - o (]
H O g e
S%H 000 0w
g Q' ou
Y e~ g O W
L 8 0 O u L g
Y] v W
HHHHH bn
bn < o o
oS HP uwoown
o = 3 o
L HTY NV
o O [l =N ol )}
EZ 0WH + + W
ol - [
wwwwwwww
mmmmmmmm
[ TR Vo]
WV A
> U 0
O Ev~ww o
ko B B =l o
wwwwwwwwwww
o o
mmmmmmmm
TR T I o] S 3 0
---------
mmmmmmmm
A s O > > =
[q\]
ol
o
Ry




25

*sa9a189p

UT 9DUSISFFTP 9Y3} ST (g) UT 3anJea auTT pue ‘wd ur
3Y31oy 98INS UT I0UIISFJIP Y} ST (B) UT aNTBA SUTT]
‘poyjau TeurStio pue poylsw pasoxdur syl Aq pajewrisas
®3S U3lIoN au3l utr adans 31saydTy 2y3) usamjiaq uostieduo)

:

el

d

0 o o
-0 8.@/ Q,M n:tm : 7
./!/,.@,.
N7 \\\\\\|| . 0%
ﬂ 025 .
A
Ny
o0 ) S~
. . o -
_ o8 :
U‘ e ”V | (1
P A oy | N
MWW .MWW \\\\\\\ 2%

<



26

6. Conclusions

A practical method of estimating the highest storm surge in the North Sea under a given
wind speed has been made. Two sets of hydrodynamic computations for wind-generated
surge and pressure-generated surge, each having two rectangular directions (i. e. four
cases in all), are made in the form of 'equal-value line' maps (Figs. 6 and 7). Four
parameters are selected from them for a position in the sea, for which an estimation

is required, and each of the values are adjusted for the given wind speed. The maximum
value of their vector sum gives the highest surge and the direction of wind by which such
a surge is generated. The full vector calculations take about 10 minutes using a pocket
calculator, and the simplified calculations which still have a fairly reasonable accuracy
for most applications take less than one minute.

In this method, the response time of the sea surface (which varies with a position in
the sea and the direction of an external force) and the wind-speed factor (which reduces
with its speed-averaging period) are combined so that the highest surge can be
determined from the hourly-mean wind speed, without being affected by an estimated
duration of wind.

As an example, a diagram indicating the highest surge for the whole area of the
North Sea under a certain wind speed (a proposed extreme wind speed for the
average recurrence period of 50 years) has been made. This diagram has been
analysed by comparing with some special cases, such as that without a pressure
field, and a similar diagram obtained by another method (Ishiguro, 1966). The
analysis shows:

(1) For a high wind speed (say 38 m/s in hourly-mean value), the error, in the
estimated surge height, due to the omission of a pressure generated surge is
generally negligible, except for a particular part of the North Sea.

(2) For a low wind speed (say 10 m/s), the effect of a pressure field becomes more
significant (say 15% in height, and 16° in wind direction), depending on a position in
the sea.

(3) The maximum surge height, under a constant wind speed of any direction, reduces
toward the centre of the North Sea, where the surge height is minimum, although not
zero. Note that another computation without pressure field (Ref. 2) shows a similar
area in the centre of the sea, but with zero height.

(4) Even in a high wind speed, the effect of a pressure field is noticable, in the south
-eastern part of the North Sea (maximum 14% in height, and £8° in wind direction).
The pressure field contributes in reducing the highest surge around the Scottish coast,
but increasing it in the rest of the North Sea. The pressure field generally has little
effect on the wind direction by which such a surge is generated.

(5) New factors, &, etc., introduced into this method detect the highest surge,
in relation to the response time of the sea and wind-speed averaging period, as well
as its equilibrium value; for example a peak which appears before it.
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The accuracy of this method mainly depends on that of the two sets of hydro-
dynamic computations from which the basic four parameters are derived, as
well as the accuracy of estimated meteorological conditions. All the dynamic
computations used in this paper have been computed by the electronic model,
whose accuracy has been proved to be reasonable by comparing its output with
observational data of tides and storm surges in the North Sea (ref. 4).

Although the highest surge estimated by this method should also be compared
with observational data in the sea, the history of observations is very short,
particularly those for offshore, compared with the recurrent period of an
extreme value in question (say 50 years).

Nevertheless, this paper hopefully gives some information on the characteristics
of the highest surge in the North Sea, in addition to its estimated values.

Further improvements of the method, including treatments of so-called external

surges which are omitted from this paper, are expected by using the newly built
electronic model.
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Appendix 1 Indication of directions

The wind direction is customarily specified as that direction from which the wind
is blowing. When this is indicated by an angle, it increases clockwise, referred to
geographical north. This system is used, in this paper, for indicating a wind
direction, and the direction of a pressure gradient (toward its low pressure), for
convenience in treating their surge generations. T

For a mathematical expression, the right-hand rectangular cartesian co-ordinate
system, in which an angle increase anticlockwise, referred to its positive x-axis

is used in this paper, the x and y components of each grid of the model being
referred.

Each axis of model grids covering a large area has a different angle referred to
geographical north. The angle of the y-axis referred to geographical north is
denoted by €, and the variations of this value in the North Sea are shown in the
left diagram.

The indication of directions is also related to the system by which the polarities
of water level and the directions of wind and pressure gradient are related.

Equation 9 has been derived from these conditions.

N
) |so
) ~EF
vy vl
& \' \\. x
90° | Il
7 —= E
W,,/” \0 270°
\
[\
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!
)
0° is taken in
S-direction, in
order to indicate
a wind direction

in the same manner
as other factors.
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)/ 22 degrees
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Appendix 2 Values of @ and @? in Procedure 7 (Page 8)

Table1 Original value of &, Table 3 Expanded values of a?
by Shellard (1974) by the author
Wind-speed Factor a’ ! hours
Averaging period
1.00 1.0
t hours (04 0.99 1.
8.98 1.3
1 1.00 +J1 1.2
3 0.96 0.96 1.7
1g 8,33: 0.9% 2.0
.87 0.94 2.3
24 0.80 0.93 2.7
0‘;92 3.1
0.91 3.6
0.90 4.1
0089 406
0.88 5.1
0.87 56
Table 2 Expanded values of a, 0.86 6.2
by the author 0.85. 6.7
0.84 Ta2
0.83 T.8
o t hours g:gi g.;
1.00 1.0 008@' 9.4
0.99’ l-4 0.79 1000‘
0098 1 07 0078 10’&6
0.97 243 0.77 11.X
0.96 3.0 0.76 11.T
0.95 4.0 0.7% 12,2
0.94 5.0 0.74 13.3
0.92 7.0 0.72 15.0
0091 709 00‘71 15"9
0.90 8.9 070 16.
0.89 9.9 0.69 17.3
0.88 10.9 0.68 19,9
0.87 11.0 0.67 20.0
0.86 13.3 0.66 21.0
085 14.8 0.65 22,
0.84 16.3 0.64 23.2’
0.83 18.0 0.63 26,0
0082 2000 0062 28.0
0.81 22.3 0.61 31.0
0080 2408‘ 0.60 3 .
0.79 27.8 0.59 43.(?)
0.78 31.0 0.60 34..9
0.77 375 0.59 42,0




Appendix 3 Value of H;m as a function of A given by Equation 7

7 7 7 7 !/
q m-—n lgwxl Igwyl gwx gwy Hrm
(degrees)
< + + 1Al
+ + _ _ 180 + IAl
S - +
n — 1Al
+ i 90 - Al
S — —
+ - + - 270 - JAl
2 + + 90 - Al
+ +
< ~ + 90 + |Al
- - + - 270 + Al
+ —
= - + on + 1Al
< ~ + 180~ Al
< " —
+ + 360 - IAI
~ N 180 - Al

Although this table does not give all possible
mathematical combinations of variables, it covers a
sufficient range of combinations for all practical
applications.



Appendix 4 Definition of the highest surge and its indication.

The highest surge at a certain position in the North Sea is defined
in this paper as the maximum value of surge height génerated by a
uniform wind field and its associated pressure field, over the sea,
whose intensities are constant but directions are arbitrary.

The concept of this definition and a method of indicating the
highest surge, in this paper, are illustrated below, although
the actual computations are not carried out in this manner.

All the discussions in this paper, such as the effect of a pressure
field on surge generation, should be applied only to the highest
surge in this definition, e.g. a part shown by the thick line in
each of (1) to (n), or the whole part of (X).

Contour maps of a surge
in each wind direction.

Thick line crossing
contours of each diagram
shows the line along
which highest surge
throughout all the wind
MAX directions occurs.

\ The maximum surge through-
out the sea area under
each wind direction

(shown by MAX) occurs in

a certain part of the sea,
but not necessarily the
same part as the above
mentioned line.

Synthesized diagram
showing the highest surge
at each position in the
sea, and the direction of
wind by which such a surge
is generated.

Actual examples:
Figs. 9, 11 and 12.
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