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1. INTRODUCTION

This paper compares computed sea surface elevations and depth
mean currents for the period 4 November to 18 December 1973 from
a fine mesh two~dimensional hydrodynamic model of the North Sea
(DAVIES 1976a) with results for the same period computed by
FLATHER (1976a) using a model of the continental shelf (FLATHER
1976b). The North Sea model has a mesh resolution of 1/9°
latitude by 1/6° longitude compared with 1/3° latitude by 1/2°
longitude for the coarser shelf model. The finite difference
grids used in the two models are shown in Figures 1 and 2.

The resolution of the present North Sea model is considerably
finer than that used in earlier models of the North Sea
(DUUN-CHRISTENSEN 1971, HANSEN 1961), so that the shallow coastal
regions may be modelled mofe accurately than hitherto. The
continental shelf model, covers a sufficiently large sea area to
the north-west of Scotland, for the calculation of external surges,
generated by meteorological forces in this region (HEAPS 1969,
TIMMERMAN 1975) to be satisfactorily computed.

The M

and S, components of the tide are introduced along the

2 2
open boundaries of our North Sea model, together with storm surge
residual elevations computed by the shelf model, interpolated in
two dimensions onto the finer mesh of the North Sea model. Along
the northern open boundary of the model, observed residual
elevations at Wick are used to improve the values obtained from
the shelf model.

Comparing surge profiles calculated by the two models at various

ports, the effect of introducing observed residuals at Wick, on the



model's northern boundary, may be considered.

An improvement in computed surge elevation was obtained for a
number of surge periods, where boundary conditions were important,
although during other periods when meteorological effects were
dominant, little or no improvement occurred.

Contours of sea surface elevation, calculated by the model are
shown, and comparing these spatial distributions with those
computed by FLATHER (1976a) it is possible to illustrate the
differences arising from the more detailed representation of
bottomtopography within the finer mesh model, and the influence
of the shallow coastal regions upon the surge magnitude.

Storm surge depth-mean residual currents are also calculated,
and using an inverse Laplace transform (JELESNIANSKI 1970,
FORRISTALL 1974) the wind induced current profiles at a number

of selected points are determined.

2. NUMERICAL MODEL

The vertically integrated equations for storm surges, in polar
coordinates, incorporating a quadratic law of bottom friction
and including the non-linear advective terms are taken in the

form :

(i) Continuity

3 | a(dU) 4 2(dVeesd) =0
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(ii) U equation of motion
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(iii) V equation of motion
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where the notation is :

x)é east-longitude and latitude, respectively,

k time,

e elevation of sea surface above the undisturbed level,

h undigsturbed depth of water,
d=b+§tota1 depth of water,

R, radius of the Earth,



¢ angular speed of the Earth's rotation,
S} acceleration due to gravity,

) E}uv components of wind stress on sea surface to the east

and the north respectively,
FD atmospheric pressure at the sea surface,

L{) \/ components of depth mean current given by

2
U=_1 | udz 5 V= | viz)dz (4)
h+§l h h+§- n

U(Z)) V(Z) components of current in the directions of increasing

> respectively, at a depth £ below the

undisturbed sea surface,

ﬁi the coeificient of quadratic bottom friction.

We take ﬁ,: 0.0035 close to the Dutch coast and ﬁ_: 0.0025 away
from this sea region (DAVIES 1976a). In the shelf model,
ﬁ_: 0.0025 (FLATHER 1976b).

Equations (1), (2) and (3) are discretized in the time and space
domain, using a simple one-step forward time difference, and a
staggered spatial grid in which €; s LJ and \/ are calculated at
different grid points. Thisg grid scheme has been used previously
(FLATHER and DAVIES 1975, DAVIES 1976a) in discretizing the hydro-
dynamic equations.

The non-linear advective terms are incorporated using the 'angled-
derivative' method (ROBERTS and WEISS 1966), a computationally
stable technique used by a number of authors (FLATHER and HEAPS,

1975, FLATHER 1976a, DAVIES 1976a) in solving the non-linear hydro-



dynamic equations. The method centres the advective terms in the
time domain, effectively damping the high frequency waves generated
by the non-linearities,

In order to solve equations (1) to (3), it is necessary to specify
both initial conditions and boundary conditions, In the hindcagting
of gtorm surges, the calculation is usually started from a state of
rest, ; =(J=2V =20 , at least 36 hours before the period of
interest; this allows sufficient time for the meteorological forces
and friction to remove the influence of the initial conditions in
the solution, At land boundaries, the component of current normal
to the boundary i3 set to zero, and on open boundaries the sea
surface elevation is gpecified as a function of position and time,

given by :

@)= (4L E) + € (4,%,E) )
where €;1_, the tidal input along the open boundary given by :

e(4xD-24%) + S FH@X eos (Vg E+T-g4 %)) (@
Ll

where

2? is mean 3Jea level,
F}‘,IJ‘ nodal factors, which allow for the 18,6 year variation
in amplitude and phase,

the amplitude of constituent &4 ,

[ )

©

L

U;-. the speed of the constituent,
V&-

the phase of the corresponding equilibrium constituent
at time T = O, at Greenwich,

ai»the phase lag of the tidal constituent behind the

equilibrium constituent,



5 and 82 constituents are used in calculating tidal

input to the model, mean sea level Zo being set to zero. Nodal

Only the M

factors Fh and tJL are calculated for the firgt day of the 44
day period considered. Since these nodal factors are time
dependent, strictly they should be recalculated throughout the
period, however their variation over 44 days is negligible.

In any operational system they would be recalculated, probably
each month,

The change in sea surface elevation on the open boundaries
due to meteorological effects ;M(¢’ 'X} t) , are computed
using a two-dimensional linear interpolation technique, from
storm surge residuals derived from the continental shelf model
(FLATHER 1976a). Observed residuals at Wick are used in thisg
interpolation (DAVIES and FLATHER 1976) in an attempt to

correct errors in boundary data coming from the shelf model.

3. THE METEOROLOGICAL DATA

In order to solve equations (1), (2) and (3), it is necessary
to calculate atmospheric pressure gradients and sea surface wind
stresses at each grid point of the sea model, throughout the time
period of interest. These forcing functions are calculated from
hourly values of the geopotential height H, of the 1000 mb surface.
The height data H is obtained from hours 6 to 18 of the twice
daily routine weather forecasts produced by the 10-level numerical
model of atmosphere (BENWELL et al 1971) at the Meteorological
Office, Bracknell. Hence the computed pressure gradients and wind
stresses are truly predicted quantities with associated errors.

Using the geostrophic balance equations, the geostrophic wind is



calculated from the geopotential height data. Surface winds are
calculated from the geostrophic winds using the formula of HASSE
and WAGNER (1971) with a cross-isobar angle (the angle between
the directions of surface wind and geostrophic wind) of 20°,

The cross-isobar angle, however, depends on air sSsea temperature
differences (FINDLATER et al 1966, HASSE 1975) and it is
important to take its variation into account (DUUN-CHRISTENSEN
1975). Unfortunately for the period considered here this data
was not available, although in future work its variation will

be considered. Details of the techniques involved in calculating
surface winds and wind stresses are given in FLATHER and DAVIES

(1975).

4., CALCULATION OF THE VERTICAL PROFILE OF STORM SURGE CURRENT
Since equations (1), (2)~and (3) are formulated in terms of
depth mean currents, their solution through time, though yielding
information on the transport of water under the influence of the
wind field, gives no information about the current structure
through depth., However, the magnitude and direction of currents
induced by wind fields, can change substantially with depth, as
shown for example in the classic Ekman spiral, and in order to
calculate such current profiles, a number of three-dimensional
numerical modelling techniques have been published in the
literature. LEENDERTSE (1973) has developed a finite-difference
"grid box" method, in which values of the two components of
horizontal current are calculated at grid points in the vertical.
A method of determining the vertical profile of current, by using

an analytic transform, for both linear and non-linear problems



has been given by HEAPS (1971, 1976), while DAVIES (1976b, 1976c)
has developed a method using spline functions to represent the
vertical profile of current. All these methods involve the
computation of the full three-dimensional current distribution
through time, necessary information in studying wind-induced
circulation, although for problems in which the primary
requirement is the current profile at a few points in the space
domain, for a small number of selected moments in time, these
methods are expensive in computer time.

However, using a Laplace transform technique (JELESNIANSKI
1970) it is possible to extract the current profile at a limited
number of points in space and time from gradients of sea surface
elevation computed by a two-dimensional model, overcoming the
problem of solving the full three-~-dimensional problem, In
calculating the maximum stress on off-shore structures, the
current profile at the structure during the period of maximum
storm has to be determined, and FORRISTALL (1974) has applied
the method of JELESNIANSKI (1970) in this situation.

The details of the application of the Laplace transform method
have been given by JELESNIANSKI (1970) and FORRISTALL (1974) for
a linear, cartesian coordinate system, A brief indication of
the method is given here, and the assumptions made in applying
it to results calculated by the present model are discussed.

Using a cartesian coordinate system, with € increasing
eastward, &P northward, and &£ a normalised vertical
coordinate, with & = -1 at the sea bed, 2= 0 at the sea surface,

neglecting non-linear terms, and horizontal eddy viscosity, the



two equations of horizontal motion can be written using complex

notation as :

oW -_-,-_-ZPW +ﬂ3f_ﬂ (7)
> +CL R 3z°

where

w=U+cv

=al3 z.a_&}
1 31[3:%*‘ 3y
E} = acceleration due to gravity,

Ag)bg gradients of sea surface elevation to the east and
L2 3& the noxrth respectively,

U) V east and north c;omponents of current at depth Z ,
F Cariolis parameter,

A/ coefficient of vertical eddy viscosity,

}L undisturbed depth of water.

The total flow can be considered as the linear combination of that
produced by the wind stress on the surface, a drift flow, and
that produced by the gradient of sea surface elevation, induced
by the wind field.

For a drift flow, gq = 0 :

_B_V_*/_ :—l:.FW +ﬂ.¥ﬂ (8)
d ht 322
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with boundary conditions

w(-LE)=0 y N .&&l = F(E) > Mn =0 for all N (9)
“ h oz Yk
250

k=0
where,

2 is in the domain -l¢<2< 0 , a no slip bottom
condition is used, and F(E)= (Fs(b)+". G-s(t))/P is
the wind stress acting on the surface.
Using the Laplace transform technique, equation (8) can be solved

subject to boundary conditions (9) giving :

- L
W(z,L) = %’%ocos[(n-}*)ﬂz],‘(f(t—t) exp (-6, T)dT (4,

where e’—l=LF+an3.
with Pn. = (n+£)1T/h

From equation (10) it is possible to determine the drift current
contribution to {4 and Y at any time E ana depth Z , at any
grid point in the horizontal domain of the numerical model provided

the time history of the surface wind stress F(t’t) is known.

For a slope current W ,

. a
%!tl :-LIFW +_th%_zb£ +$ (11)
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with boundary conditions

wi-LE)=0 , 3w|= , QW | =0 forall N (12)
22 AL"
Zx0

k=0

The solution of (11) subject to boundary conditions (12) gives :

W(zk) = _ﬁ_ é

< Pn_ cos[(m#)'n'z] I 1,(1:-1:) exp (- t)dz (13)

In order to evaluate W from.equation (13) it is necessary to
compute a time history of sea surface slopes produced by the wind
field. This time history is here calculated by the numerical two
dimensional model described previously.

Although the evaluation of W given by equations (10) and (13)
in theory involves an infinite number of terms Il , and a
complete time series of both surface slopes and wind stresgses, in
practice the solution converges rapidly requiring only 20 terms
in M, and values of sea surface slope and wind stress for a 10
hour period. The necessary sea surface slopes were computed from
elevations calculated by the two-dimensional polar model, trans-
formed into Cartesian coordinates.

The model used to calculate the current profile, however,is not
strictly compatible with the two-dimensional model, in that the
former is linear, with a no slip bottom boundary condition, the
latter being non-linear with a bottom slip condition. The
difference produc2d by the non-linear terms will certainly be

small except in shallow water, where these terms become important
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(BRETTSCHNEIDER 1967), and differences produced by the use of a slip
and a no slip bottom boundary condition are an inherent limitation

of the method.

5. THE STORM SURGE PERIOD OF 4 NOVEMBER TO 18 DECEMBER 1973

5.1 COMPARISONS OF RESULTS AT VARIOUS COASTAL GAUGES

The period 4 November to 18 December 1973 was particularly stormy,
and to ascertain how well the North Sea model would perform with
respect to stability and accuracy when run in an operational mode
on a routine basis, the complete 44 days were simulated by the
model, starting from a state of rest some 36 hours before the
beginning of the period. The model was also run for over 44 days
with M2 and S2 boundary tides as the only input, in order to obtain
a tidal regime which was subtracted from the field of surge plus
tide values to yield the storm surge residualg.

The period contained some large positive and negative storm
surges, occurring during days 6-7 November, 12-13 November,

15-20 November, 5-8 December, 12-15 December and 15-18 December,
and the meteorological charts for these periods are shown in
Figures 3a to 3g.

Plots of computed storm surge residuals against available
observations are given in Figures 4a-4‘2, for both continental
and east coast English ports. Input residuals on the open
boundaries of the model were obtained from a continental shelf
model (FLATHER 1976a) these input residuals being modified by
observed residuals at Wick. Residuals from the shelf model are
interpolated in two dimensions on to the grid of the North Sea

model. The difference between the observed residual at Wick
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and that obtained from the shelf model, the error, being determined.
This error is linearly interpolated along the line between Wick and
the northern boundary grid point (59°20'N, 0°0'W), at which the
error is assumed to be zero, and the interpolated residuals from
the shelf model, along this section of boundary adjusted using the
interpolated error.

Comparing present results with those of FLATHER (1976a), the
effect of introducing the Wick residuals upon the magnitude of the
computed surge, particularly along the east coast of England, and
the influence on surge heights of shallow water areas close to the
Dutch, German and Danish coasts, represented in the present model,
but not in the shelf model, can be studied.

Results for the positive surge of 6 November are very similar in
both models. The major difference being at Cuxhaven where the
North Sea model calculated the maximum of the surge approximately
0.4m higher than the shelf model, which gave near perfect agreement.
At Terschelling, Cuxhaven and Esbjerg residual elevations computed
by the North Sea model for the surge of 13-14 November are the
order of 0,3m higher than the corresponding residual elevations
calculated by the shelf model, producing an improvement in the
calculated result, although the computed maximum still under-
estimates the observed. The maximum of this surge at Terschelling
and Cuxhaven is gplit into an initial high peak, and a small second
peak. This structure is present in the results from the fine mesh
model (Figure 4b), although the shelf model produces two peaks of
near equal intensity (FLATHER 1976b Figure 9b). The improvement in

the finer detail presumably being due to a better representation
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of tide surge interaction in the shallow coastal regions.

The consistent increase in the magnitude of the computed storm
surge, above that obtained by the shelf model, in this region
must be due to the ability of the finer mesh model to resolve
the coastal shallow regions, which are particularly important,
in producing a local intensification of the magnitude of the
surge.

The negative surge of 12 November, is underestimated in both
models by approximately O0.4m at Southend, suggesting some
deficiency in the meteorological data. This negative surge is
aggociated with strong off shore winds, and the passage of a
front over southern England at approximately 1200 on 12/11/73
(Figure 3b).

The effect of introducing observations at Wick, is clearly
demonstrated by the surge of 19-20 November. The shelf model
being in error by approximately 0.25m at Wick at the surge peak,
this error propagates into the North Sea, intensifying, and
producing a surge peak error at Southend of over O,5m, The
effect of introducing observations at Wick into the North Sea
model is to effectively remove this error, obtaining near perfect
agreement between the calculated and the observed maximum of the
surge, along the east coast of England. The improvement in
redults suggests that, at least over this period, the difference
between observed residuals and those calculated by the shelf model,
is aggociated with errors occurring on or near the shelf edge to
the north-west of Scotland, which propagate into the North Sea,

rather than local errors in the computed wind field associated
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with a front moving across the region,

A similar improvement in results occurs (compare Figure 4h, with
FLATHER (1976a) Figure 12a) for the positive surge of 7 December,
where introducing observations at Wick, produces a marked
improvement in the computed storm surge at Southend.

The magnitude of the negative surge of 12-13 November, is
accurately computed by both models at Immingham and Inner Dowsing,
although the models underestimate by 0.5m its magnitude at
Southend, This deficiency in both results presumably stems from
errors in the meteorological data. The meteorological situation
igs shown in Figure 3f,.

A gslight improvement of the megative surge of 15-16 December
at north-east English coastal ports is obtained by introducing
observational data at Wick, although the major effect producing
this surge is the off shore wind system in the Southern Bight,
Figure 3g, and results at Southend, dominated by these winds
are nearly identical in both models, and in excellent agreement
with observation,.

The positive surge of the 17 December is severely overestimated
by both models, although observations introduced at Wick help to
reduce this error, originating one supposes from the meteorologi-
cal data.

The performance of the model over each 10 day period, and the
four day period 14-18 December, may be determined from Table I,
where the root mean square error for each port is given. Errors
for the four ten-day periods, at ports along the north-east coast

of England being approximately 5 cm lower than those of the shelf
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model (FLATHER 1976a), an improvement produced by introducing
rediduals at Wick. During these periods results computed by the
shelf model at Wick were good, however for the period 14-18
December, the shelf model overestimated the surge at Wick by up
to 40 cm, An improvement of the order of 20 cm in the root mean
square error is obtained in the North Sea model, by inclusion of
the Wick residuals.

Congistent errors in the models performance, can be detected

using a simple linear regression formula of the form

'—"C, ; "'Co (14)
observed predicted

Consistent non zero values of c:o , indicate a possible datum
error, values of Ci varying from unity indicate the degree to
which the model is consistently overestimating or underestimating
the surge. Table Il gives results for the five storm surge
periods, for each port. Values of C' fluctuate above and below
unity not only for an individual port, for each surge period, but
from port to port, and no statistically meaningful variation of

C, is evident,

For Co s, however, a consistent value of the order of +20 cm is
apparent at Ostende, and -20 cm at Helgoland. This could
represent errors in datum in computing the observed storm surge
residuals, or deficiencies within the numerical model. Simple
consistent differences of this type can easily be removed in an

operational system, by applying a simple correction to the model

results,
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Comparing computed results for the major storm surges of the
period, obtained by the two models, a number of effects which
produce errors can be distinguished.

For surges generated in the area to the north-west of the
North Sea, which subsequently propagate into the North Sea,
increasing in magnitude, any small errors produced in the
shelf model, in the area to the north-west of Scotland lead
generally to large errors in the Southern Bight. Introducing
observational data along the boundaries of the North Sea model,
appears at present to be the only means of removing this error.
For internal storm surges, particularly in the Southern Bight,
both models appear to give very similar results. This suggests
that the dominant effect is meteorological. FLATHER (1976a)
has shown for the negative storm surge of 4 April 1973, that
an improvement of the order of 0.5m in computed results is
obtained by changing the cross-isobar angle from 0° to 20°.

The variation of crosgs-isobar angle with air-sea temperature
difference is well known (DUUN-CHRISTENSEN 1975, HASSE 1975).
In the present calculation both models used surface winds
derived from geostrophic winds with a constant cross-isobar
angle of 200, and the use of this constant angle may introduce
an appreciable error into the surface wind field. Errors in
the wind field introduced by the simple differencing technique
used to derive pressure gradients, and the unavoidable
smoothing produced in interpolation from atmospheric sea model
points are other sources of meteorological error which must be

present in addition to any deficiencies within the meteorological
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model itself.

Deficiencies in representing the complex shallow water area,
close to Cuxhaven, lead, despite the high coefficient of
friction in this region, to a slight overestimation of the
magnitude of the computed surge, However, as can be seen
from Figure 6c, the contours of sea surface elevation during
the maximum of a storm surge are particularly close, and in
the shallow coastal waters, a change of over 50 cm can occur

between adjacent grid boxes of the fine mesh model.

5.2 THE NEGATIVE SURGE OF 12 NOVEMBER

The meteorological situation which existed during this
storm is shown in Figure 3b, and Figures 5a - 5g, show
contours of storm surge residual elevation (cm.), and
associated depth mean currents (cm/sec), plotted at every
third model grid point, at 6 hourly intervals,

The meteorological situation from OOh 12 November to 12h
13 November is characterised by two low pressure systems
passing to the north of Scotland, moving in an easterly
direction across the north of the North Sea and over Sweden.

Between OOh and O6h on 12 November a depression near
Iceland moved into a position to the north of Scotland,
producing off-shore winds of the order of 30 knots along the
east coast of Scotland and off-shore winds along the south
west coast of England; on-shore winds on the continental
coast were light, Figures 5a, 5b and 5c show the progress
ofvthe external negative surge down the east coast of England.

The external surge increases in magnitude during this period,
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enhanced by the increasing magnitude of the off shore winds within
the Southern Bight. On the continental coast residual elevations
produced by the positive external surge of 11 November continue to
decline.

At 12h on 12 November strong off shore winds, in the vicinity of
the Wash, produced a negative surge in this region of over 100 cm
(Figure 5c¢c). The dominant wind field over the North Sea, at this
time, was in a westerly direction in the Southern Bight, with
north-west winds blowing along the English coast and local south-
west winds close to the Norwegian coast. These conditions
produced a southward flow along the Scottish coast, a strong north
east flow from the Southern Bight into the Skagerrak, and a flow
out of the North Sea, in the central region of the northern
boundary, outward flow close to the Norwegian coast being inhibited
by the northerly winds (Figure 5c).

By 18h the depression had moved over Sweden, and a north westerly
airstream dominated the northern part of the North Sea, producing
an inflow of water along the east coast of England, and an
associated positive surge. During this period, there were strong
westerly winds along the continental coast, producing the positive
surge of over 150 cm at Cuxhaven. Subsequently the strong westerly
and north westerly winds reduced, as the system of depressions
moved eastward over Sweden. Current magnitudes over the North Sea
diminished, and residual elevations in the Cuxhaven region,
decreased in magritude as the water flowed along the Danish coast
(Figures 5e, 5f), and into the Skagerrak. The flow into the

Skagerrak along the Danish coast is particularly high (up to 75
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cm/sec). However, clevations in the Skagerrak did not increase
appreciably, presumably due to the large volume flow out of this

region, in the Norwegian trench.

5.3 THE STORM SURGE OF 06h 19 NOVEMBER TO 18h 20 NOVEMBER

A depression passing to the north of the Shetlands in the early
hours of 19 November, produced a change in direction of the wind
to the north of Scotland from westerly to north-westerly,
producing a positive surge, which progressed down the east coast
of England, with increasing magnitude. A residual elevation of
over 125 cm occurred in the Wash (Figure 6a).

South-easterly going depth mean residual currents of magnitude
up to 50 cm/sec occurred in the central region of the North Sea,
and residual depth mean easterly flows of the order of 75 cm/sec
were present close to the German coast (Figure 6a). This flow
of water into the North Sea produced residual elevations in the
Southern Bight in excess of 175 cm (Figure 6c¢), though in the
channel they remained at 25 cm. The associated pressure gradient
producing a flow through the Straits of Dover up to 100 cm/sec
(Figure 6c).

Residual sea surface elevations in the shallow region near
Cuxhaven rose rapidly during this period, and residual elevations
along a number of conastal areas exceeded 3.5m. Results of
residual sea surface elevation given by FLATHER (1976, Figure 14h)
are similar to those given in Figure 6c¢, except in the region close
to Cuxhaven, where residual elevation increases rapidly due to the
inclusion of the shallow coastal waters within the present model,.

A gsimilar distribution of residual currents is produced by both
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models, though with a marked difference close to the Danish coast,
where the shelf model (FLATHER 1976a, Figure 14h) computed a
strong northward flow, in contrast to the small southerly flow
depicted in Figure 6c, though a strong north flow can be observed
along the north-west Danish coast. The importance of the
Skagerrak and Kattegat upon the magnitude of this flow has been
described by FISCHER (1959). A closed boundary across the
entrance to the Skagerrak would not appear to be physically
realistic. The radiation condition used by FLATHER (1976) though
producing at times a higher flow than that obtained in the North
Sea model, does give a realistic representation of the flow in
this region.

At OOh on the 20 November the positive surge travelling down
the east coast of England reached Southend, giving a residual
elevation of over 170 cm,

During the early hours of 20 November, the depression moved
into the Baltic; winds over the North Sea diminishing in
magnitude. Residual sea surface elevations decreased and
current directions within the North Sea changed from a southward
(Figure 6c) to a northward flow (Figure 6e)), though with a
continuing flow of up to 50 cm/sec through the Straits of Dover,
despite the low wind field in the Southern Bight.

Figures 6f and 6g, show the return of residual sea surface
elevations to near -zero. The current distribution in Figure 6f,
is very similar to that computed by FLATHER (1976a, Figure l4k),
showing a strong southward flow close to the west coast of Denmark,

turning west in the German Bight, and flowing northward out of the
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North Sea, along a line approximating to the zero elevation contour,.
At this time the wind field over the North Sea was particularly
light.

Using the method of JELESNIANSKI (1970), described previously, it
igs possgible to determine the variation of residual current structure
with depth, by solving equations (10) and (13). A coefficient of
vertical eddy viscosity N = 650 cmz/sec being used (HEAPS 1971).
Figures 7a, 7Tb and 7c, give the change in the U and \/ components
of current (in cm/sec), with a normalised depth going from sea
surface to sea bed, at three points along the line of latitude from
the Inner Dowsing to the continental coast at time 12h 19/11/73.

The exact positions of the points being (53°10'N, 1°0'E),
(53°10'N, 2°'E), (53°10'N, 3°30'E).

These three plots show a near linear variation in current
magnitude with depth, the maximum current occurring at the sea
surface where the wind has the greatest effect. The v component
of current (Figure 7b) having a maximum value at the surface of
111 cm/sec, compared with a depth mean value of approximately
50 cm/sec, emphasising the inability of a two-dimensional model
to calculate maximum currents, A more complex distribution of
current with depth is shown in Figure 7d, for a point just south
of the southern tip of Norway (57°40'N, 7°0'E): showing a south-
ward surface flow in the VY component of current, and a northward
bottom flow of current. The wind field in this region is not
particularly strong but the water is very deep. Any change in
surface wind field, producing a response in the surface current,

though having little effect upon the current at greater depth, in
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contrast to the previous points, where the positions lie in much
shallower water, in a region of much stronger winds, where the

influence of the wind field can extend much closer to the sea bed.

CONCLUDING REMARKS

Results obtained by running the North Sea model in conjunction
with the shelf model, for a 44 day period, clearly demonstrate
that the models are stable and do not suffer from any accumulation
of error. By introducing observational data into the fine mesh
model, errors propagating into the North Sea, from the region to
the north-west of Scotland can be reduced. In some instances no
improvement is obtained by the introduction of observational data,
both shelf and North Sea model exhibiting errors of similar
magnitude. In these cases we conclude that the major source of
error is in the meteorological data.

The use of a constant cross isobar angle, must contribute to
errors in determining the direction of the surface wind, and
work is presently in progress to take account of variations in
this parameter with air sea temperature difference. The present
method of obtaining derivatives of the pressure field, by
differencing over the meteorological grid, introduces a high
degree of smoothing, and a better method being considered is to
to fit in two dimensions,. spline functions to the pressure field,
and differentiate analytically these functions, yielding the
pressure gradients at any desired point.,

The ability of the North Sea model to resolve the shallow
coastal regions produces the major differences between the two

models in the Cuxhaven - Esbjerg region, where there is a large
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expanse of shallow water. Despite the higher coefficient of
friction in this region residual elevations at Cuxhaven are
too high,

When tidal data becomes available from the JONSDAP '76 exercise,
more tidal constituents can be used along the open boundaries of
the model, giving a better representation of tide surge inter-
action,

By using observed residuals at Wick, and any off-shore residuals
from data-buoys or off-shore structures in the northern part of
the North Sea, as input to the model, a real time operational
system would be feasible using this model, giving up to a 12 hour

forecast.
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CAPTIONS

Figure 1 ¢ Finite difference grid for the North Sea and
continental shelf, |

Figure 2 ¢ Finite difference grid of the North Sea model.

Weather chart for 0600h 6/11/73 with the track
cof the depression (- x - - x -); crosses

Figure 3a

indicate the position of the low every 12 hours,

Weather charts for 0600h 12 and 13/11/73.

Figure 3b

Weather charts for 15- 17/11/73,

Figure 3c

Weather charts for 17 - 20/11/73.

oe

Figure 3d

Weather charts for 5-8/12/73,

oe

Figure 3e

Weather charts for 12-15/12/73,

Figure 3f

Weather charts for 15- 18/12/73,

oe

Figure 3g

oe

Comparisons of computed (—e—e—e—e—) and
cbserved (M ®» » » P ) storm surges at a

Figures 4a-4£

rumber of ports.

Figures 5a-5g : Contours of surface elevation (cm) and current
vectors for the gtorm surge 12- 13/11/73,

Figures 6a-6g : Contours of surface elevation (cm) and current
vectors for the storm surge 19/11/73 - 20/11/73.

Figures T7a-7d ¢ Vertical profiles of storm surge induced currents,



60°N

50°N -

10°E

OO

0°w

REVISED FINITE DIFFERENCE GRID FOR THE NORTH SEA AND CONTINENTAL SHELF ;

100 FATHOM DEPTH CONTOUR.

FIGURE |



i ' fg;
| ti H
59°N — 2 L
1]
NI
p~" ] /
T Y i
4 ¢ t -
! I 8
A ) ll |
S Rasaan -
] f I
57N — / T ’Ir 1 .
4 ANREEREEREN
7 T e =
s EED [] y
BN 54 g BEBN C 8 i
psAT age g
T ANEAEEERESHNN e SSsaks )
55°N —| D i e o IS O A r1- + -t . -4 s / - -
o hEnh Bl
T Al ' ERSAERENES BENES N <
K e seas! S SHHT H = AV S
SRS s ezecei
i (St ] - ‘ L
- X T in
TN Ny
1 o
53°N 1] . ans |
A
P -
: = P
sien— S . = 5 NORTH SEA MODEL B
w T FINITE DIFFERENCE GRID
- ¢ L
P
\ R
I9*N [ T T T lr T I T ] T T T I T T T
aew 2w o* 2°E 4°E 6°E 8°E 10°E 12°E
FIGURE 2: FINITE DIFFERENCE GRID OF NORTH SEA MODEL



"SYNOH 21 AY3A3 MO
3H1 dO NOILISOd 3HL 3ILVIIANI SISSOYD ! ( X——eX——3¢) NOISS3dd3qa

JHL 40 MOVHL 3HL HLIM €4/11/9 Y0090 HOd4 LMVHO MIHIVIM D¢ 3IHNOIS

Yava:




4\

g 1016
\ 1020
\ 1024 _

1028__

|

12711773

0600h

0600Nh 13/11/73

FIGURE 3b' WEATHER CHARTS FOR O600h 12 & I13/11/73



0600h 17/11/73 K

I80Oh 15/11/73

IBOOh 16711773

WEATHER CHARTS FOR I5-17/11/73

FIGURE 3c¢



iy

. 1016

/.

NN
A\

1800h 19/11/73 |

- ,,

FIGURE 3d:

WEATHER CHARTS FOR 17-20/11/73




\IOZB\

102
2 g
L : ; » | 1000 V
® 1904
o l0f4 /
1800h 7/12/73 | 0600h 8/12/73 | N

FIGURE 3e: WEATHER CHARTS FOR 5-8/12/73




FIGURE 3f: WEATHER CHARTS FOR 12-15/12/73



{

\:
i

0600h 17/12/73

L/

1016
102Q
4
0600h 16/12/73 ‘7
(
976 N
2 Y4

1800h 17/12/73 |

Vod S

FIGURE 3g:

WEATHER CHARTS FOR 15-18/12/73




o o o
o & ©o M o O

| HICK

ABERDEEN

NORTH SHIELDS

IMHINGHAM

INNER DOWSING

LOWESTOFT

WALTON ON NRZE

SOUTHEND

OOVER

I 1 i % | !
4711773 1 5/11773 1 6711773

|

4 + B [ N U N
T/1/73 0 B/11/73 0 911773 10701773 0 11 1173 12718773 3711773 114711773

FIGURE 4a: COMPARISON OF COMPUTED ( —e—e—e—=) AND
OBSERVED ( » » » » ) STORM SURGES AT A NUMBER OF
PORTS



EL/T1/¥1  EL/11/EL, EL/11/21  EL/IL/1L  EL/1L/00 ) EL/11/6 | EL/11/8 | EL/1M/L  EL/11/8 | EL/IL/S | EL/LL/V
T i T L T T T T 1 T 1

3
e B

e,
e e

9y3rgs3 r

NIAHHXN] T

—_—

ONITI3HISY5L

N3QINWr1

30ON3LSO r

FIGURE 4b



S a2 ® N o O

o o o

TN I { : ol m ] T g e T, ;,_ M — HICK

RBERDEEN

NORTH SHIELOS

IMNMINGHRM

INNER DOWSING

LOWESTOFT

WALTON ON NAZE

SOUTHEND

DOVER

| 4 1 : ] J | 1
"1ar11/73 1511793 Tie/11773 119711473 V18711773 118711773 12011773 121711773

] l |
Y20/11/73 123711773 ' 24711773

FIGURE 4c¢c



9¥3res3

NIABHXND

ONITTIHISYHAL

N3GINWrI

3JON31S0

EL/11/12 | EL/11/02, EL/LL/6T EL/11/81, EL/LY/LY, EL/11/8T,

EL/11/ST
+

EL/11/¥T

EL/11/%2 | EL/11/EC | EL/LL/ 2GS
T ¥

T

+

1+

T

T

FIGURE 4d



0780

Y3IONHAYLS

THONBW -

309341

ONET0913H

ONYTT0H NHA M3O0H

eEL/11/va rmh\ﬁﬁ\mw_ EL/11/72¢ rmr\ﬁﬁ\ﬁm~ mh\ﬁﬁ\ow_ mh\ﬁﬁ\mﬁ_ €L/11/81 _m>\ﬁﬁ\b~_ mh\ﬁﬁ\mﬁ_ mb\Hﬁ\mH_ EL/TT/V1
L AL4: Lrit/ge | EL/LL/TG ) EL/T L/11/61 | EL/11/81 ) EL/LL/L 1/ L/L1/e L7117y
T I T T T T T I R T 1
N AR TR - \.k%r..# AR . ‘
nA \()}
VACRVAIRE VY

B T e ]

Y W R R

[\
.
-

o o
o~

FIGURE 4e



N o

o o o

o 2 @

- ]
SR A ¥ A P agiCe . ™ o _ Ol |
[L | J | [l i | } { I }
24711773 ' 25/11/773' 26711773 | 27/11/73 1 28/11/73 1 29/11/93 130711793 ¥ 1712793 1 2715733 1 3/12/73 ' 4/12/73

FIGURE 4f

WICK

RBERDEEN

NORTH SHIELOS

IMMINGHRH

INNER DOWSING

LOWESTOFT

HALTON ON NAZE

SOUTHENO

OOVER



oy3rgs3

NIAHHXND

ONITI3HISY3L

N3QIAkCT

J0ON3LS0

EL/CL/Y

|

EL/21/E | EL/21/C

]

€L/21/1

|

EL/11/0€
1

EL/11/62  EL/11/82 | EL/11/LE

t

EL/11/92 (EL//11/82
I T

EL/LL/VE
|

!

T

-

T

1

T

T

FIGURE 4g



o o o

1

|

4

| WICK
1’ RBERDEEN
|

—] NORTH SHIELDS
|

—] IMMINGHAH

jl INNER DOWSING
_i LOWESTOFT
{ WALTON ON NAZE
|

— SOUTHEND
|

— DOVER

J | |

4/12/73 )

]
5/12/73

6/12/73 '

T

J
7/12/73 ' B/12/73 ' 9/12/73 ' 10/12/73 1

FIGURE 4h

1 ] |
11712773 112712773 V13712773 ' 14712773



N3IAHHXND

ONITT3IHISY3L

N30INWrT

3JON3iS0

€L/ZL/¥1

EL/CI/EL EL/sel/sel EL/C1/1L EL/21/01 EL/Z1/B | €L/21/8

EL/2T/L

| EL/21/9

l

EL/C1/S

|
I

EL/CL/Y

|
1

T

T

1

T

1

+

T

T

-

[T o B

FIGURE 4i



€L/21/%1 | EL/ZV/EV | €L/21/21 | €L/21/11 | EL/21/01 | €L/21/6 | €L/21/8 | €L/TV/L | €L/ZV/9 | EL/Z1/S | EL/Z1/¥
T T I H I I | I LR

1

071s0

43IONHAYLS

THONYW - 300341

ONYT0973H

FIGURE 4]

ONHTT0H NHA Y30H




o o o

o & O N O O

| WICK

ABERDEEN

NORTH SHIELDS

ITMMINGHAM

INNER DOWSING

LOWESTOFT

WALTON ON NRZE

SOUTHEND

} | |

|
14

/12/73 ' 15/12/73 V16712773

17/12/73 ' 18/12/73

0OVER

FIGURE 4k



o o o

Q & O N o O

| OSTENDE

| IJMUIDEN

| TERSCHELLING

T

14/12/73

T

|

—r

15/12/73

|
i

16/12/73

[ B
"17/12/73 V18712773

CUXHAVEN

ESBJERG

FIGURE 41



eL/11/7€1-21 394NS WHOLS ¥0d4 SHOLO3IA LN3IHYND
NV ('wo) NOILVAITI 30V44¥NS 40 SHNOLNOD :D0g 34N9id

S/WO00|
S/WDG) =

YW 0 —

€l/11/21 0000

S/WI G2 —e v
SJ0J09A JO 8|DIG c e
e o 0 6
a o o s 0
e v o 0
- % b b o
a2 b 40
.1/.‘-
oc.\\o\’///
A'\\o\tlr//aﬂ
-\\c\o".\wnxﬁ
\\o\ov\o\\\‘a
kr‘.\\\\\\\
e oA PPYPILIYPPIAYS
Cev P ay
LI A Y B B B O B}
Aty ey
L N N N I I B N )
¢« s Qe e q —
’)4\'s00?

NE ) \f - e a0 s




E-L_p/l ¢ b N———SS N Y .

»

1 '/ v‘-ﬂ\—o“\o\\\‘.-o N ha
[ Y rp,.ﬁ\—o-c\\\—q\ﬂ\\\\w
/ p\w\‘-.a-c\\\\,a/c\ ~~

}7\ - u\\w\\\\sw*n—o\\\

r » e o e+ ™ % % % VN w e e~
2 o o o % % v WM b N s e o
A e o o v % W 4 o4 oae
o . [ ] » - \\\ &s; -

« 9 - « » % N 4
\\'\ . -
N 1

.g.‘...

M
N~
>
S
o

o]
4V O

0

= / O

50{

FIGURE 5b



u °G JHN9I4

eL/11/¢21 002l

LA AL
A A AN &
CNPPPPLPL AP NP
S Lt T el
Sl o A L s
AN/ AL L LA
WAV AR

\\\\\\\\0.‘(///(.

r/”

\&“%\\\\\\\\\livr/rg
RN N ot
A A ARG
LA P ANt P Ny pppmew N

T~_a \'\”/‘/Oﬂ \\.‘drrrr\
.Anl.\o\\\o\il—lab’[bﬁ\-\-\-hlrrfrr—/g

)/’\ ‘/1\\_’&/\\\ P A ( AmN
s ~.b\//ﬁ/)-.d¢/ //




- \-rlo/cld
foos PG 34N9I4

il - B
el/11/721 008l

- »

— o

,"—rrur«fﬂffvjﬁ/¢v¢4_.r
-//f?//
7

——r—e e P

“ o ] N R A
137 ~7 TR
Dn.-\‘ ’0-\\h

7




\

’\\
.—\'

c/v/.\\ .

1\\*.
o

{

{

{

{

4

7
O v .

-—

VP

- /; -~
/5’,

\

Pl et

j,

‘

d

o

v

v -
—
/

C\x/////
w\‘,////

N

N

AY

//N

NN

/777 \
\

/

~~ e /
\....\.I\ﬁ..l/ b “,“d/,.N/
'IQ\/ ‘/ é o‘///

/I//

SRR
\\traauv(///
q ‘-\‘ AQ .K)

7

9G 3JdNOId / 0] /a
€L/11/€1 0000 Gom
Of Hgz-
g s
G2l | i
fﬁ j %
(
W\gese
0Ol
\
0 GL




e
&

L
- =
AT

/((o—o-v\ol

A -]
s
v

F" -\\QJ

\_‘\h\‘\.\-\.j
KN JA—r -

e
\: ﬁwﬁw..

-V o ”~ o e a
L
-
“ 4t
. .
. .

////'h‘(

///// v oo
\JI(//JJ«

- v ¢ o ¢ o

‘l‘\.\l‘////ru
dp.odr/ruxx

'I\O/i [} A\‘//

als\u /IA\J- )

//1\ é”v/jl‘l.(//
\\\’\."—\sv
ﬂI‘PD\!\\

L/

1
l
d
‘
L 4

S 3MN9I4 . g
€./11/€1 9000 SJ o

00l




PR
./\iw.uu.u\u vl

r \.c'»////-.'
\\N\\\Hl“»hri//vd-

*\\//VVGQJJ(JJ

\1/{/.5‘(/1(
“ﬂ/({l(dtd(/

\lllo//((au»

>
%\\‘-\GJJJ/I‘.‘J(rb
\lo/l-/:‘:odl—r
22017 ~
\\4\\0(/rwk\\r
/l‘ll\\\vlo\v/’\l\ca\lo//w\\vd/
/

ST RN TN 7

AN
/—!4/ \\\)Q.‘lv'//c/
/ﬂj"-\‘\ukl.

/.’v—uv—/'oni

bg 34N9I4

eL/11/¢!

2100




€L/11/02-61 394NS WHOLS JFHL ¥O4 SHOLOIA 1IN3YHND
ANV ("Wd) NOILVAITI 3IOV44NS 40 SHNOLNOD : DP9 JHN9|4

€L/11/61 0090

<7 ¢
0N
///MN/ \ %

N S
4/.//.///W XV///.
lxé/zm/.// N
\\/“//.// /ﬂ./ N//// RN

7
'y

o
-
N

> V\Hn”///../“//af/«v/a,// > NN R
JARBER AN N S AR R S SN
“Mm&\ ‘o AR N ﬂ‘/ p
N e 4 e MANNNN, Zv i
\LLH_L’,IvPr; T-\\//////.//.///% /
A / N s s NEY A
# -~

.‘\J{il/d!;//.tit k
Jm:ﬂ PRECRNE N A

-

e

SN NN

L 4

~
e

7




ooooo

q9 3dnold
el/11/6l 002!

ST NNNNNNN AN

pea’ e T e ONNNNNSINAN //3\, /

e SSNNARS-S AN
«p \/ol//ll-////
7




/_
!
Nwoqe Ny, f
N )
ﬁ\\\\"l/ /ll\\-\\ﬁw\(a

I/////\b P Q Bl
_ NN\ A
§\\ wh:////ﬂ. sy

N\ Py
RN L e
RN,

\

.
\8\\

A\

r

99 34N9I4
008l

eL/1/6l




l

" N 4 e e
~ b~ 4

ST e

\\l\ﬂ!///d\h

P9 34NOI4 0G Gc
¢,/11702 0000 =




v —
\\c\ cd
L -

o'd
: Torrran
LR
> SShG ﬂé‘f
DR
Wx;w. _,f,, N
s
Ay VAN
\I\ \\1/4 ' J
e |

0
29 34N9I4 N s
¢,/11702 0090

o5 WM m-g-
Ol & Y

Gl

.

Dmh 08 &<
G2~ \Kr{
= //J




49 3dN9I4
¢l/11/0¢ 00<Zl

)
RN
S ARG ,R/w\\* 3
e
e A\A\\17 1) //.,.
2N

Hb//»; F—I = ./VV/./
N /; NURIISR
NS RSNSI N s

3y c‘,,,ﬁ,ix,,,

N~

e e AL
o~ J“\\!.\f N . - \\\

'y
/ é e v d *—e o
YU AET AN M

) AN RO D )
B e 2 A



L] ® % v

s v @ v O

o O
L2
bdoo
c\.\\\”//'o‘
\\\Q\\ono/l/\
k\..o\\‘l‘//\’-'(

\.l\b\\\l‘//l eveo ol

ot
'
)i
Qwo o\\b\\‘.‘/l(lll-t

-\/ \'\0\;11///\
!\/\/F\A‘-‘\r?\ol//// v

o//'lo".“"}‘n'sc(/n
d

//v/..

. <)
. “\\NH// ,
AT AN I

—— -f//f//\o
O Y I

Dlﬁ/\ ~A .~ Jd nnvL.lx

Ge-
Bg 3u4n9r4 mm-‘

€./11/02 008l
Ge- )]

@N le.

0 , GZ Q 0
s |
A o, .




uccnse)

-100 0.
|

10.
L

20.
I

0.
L

40.
l

v(Ccn/8)
-‘0- -30. -20- -10- 0.
| l | i ]
i L R T 1

I

T

VERTICAL PROFILES OF STORM SURGE INDUCED CURRENTS

FIGURE 7a:



ucn/s)

-10. Q.
L

10.
i

!o.
|

s0.
}

‘00
I

{

T

—p—
-v-
-
vicn/8)
-120--110--100.-90- “0- "’0- -000 "SOG "‘OO -30- -200 '100 0-
i d ) 4 i I\ l l l l | d }
4 1 0 L T L] A s T 1 T 1
i
——

FIGURE 7b

1

I



uicnse)

~10. 0. 10. 20. 3%0. 40.
L '} L ' i
! L LB ¥ |}

vicn/8)

-80- -400 -”c ":00 "100 00

J | 4 4

I

L

L R R

FIGURE 7c




uen/e)
"100"‘“o"‘u'.‘“--’”o"uﬂ'“oi"”o-.o -20. -70. -00. -80. -40. -%30. -20. =10, 0.

[ 1 1 4 Il 1 -y y 4 Al 4 1 . |
T T .1 T | S| 1 LR | LR T L
L o
L o
-
ham
vicnse)
-70. -20. -80. -40. -90. -20. -10. 0. 10. 20.
| 'l A 1 i L L J
1 ] L ¥ LB LB ] 1
-~

FIGURE 7d




