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ABSTRACT A numerical mode! is used to derive the currents driven by a steady wind stress on the 
shelf seas around the British Isles. Water budgets for the North Sea and Celtic Sea are 
derived for varying wind directions and the dynamical significance of the derived 
circulations is discussed. 

Oceanol. Acta, 1980, 3, 2, 227-236. 

RÉSUMÉ Courants engendrés par un vent permanent 
sur le plateau continental entourant la Grande-Bretagne 

Un modèle numérique est utilisé pour déterminer les courants engendrés par un vent 
permanent sur le plateau continental autour de la Grande-Bretagne. Les bilans de masse 
d'eau pour la Mer du Nord et la Mer Celtique sont déduits pour des directions du vent 
variables et la signification dynamique des circulations trouvées est discutée. 

Oceanol. Acta, 1980, 3, 2, 227-236. 

INTRODUCTION 

A numerical mode! is used to derive the currents driven 
by a steady wind stress on the shelf seas around the 
British Isles (Fig. 1). The numerical grid for the area 
also includes the Skagerrak and Kattegat as these 
regions have a marked influence on the flow in the 
North Sea. The currents derived from the numerical 
mode! are the average values for the water column and 
will be most relevant during the winter when conditions 
are mostly weil rnixed. 

The vertically integrated equations of motion and 
continuity are conveniently expressed in vector form: 

• continuity 

oE at + V.Du=O, 

• momentum 

ou 
- + u.V u+2 fi ot 
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Figure 
Bottom topography of the N orth west European She/f. 
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where 

D=h+E. 

tB= p C0 1 u 1 u, 

(3) 

(4) 

(see Table 1 for the definition of the symbols used). 

Horizontal diffusion (KH ....... lü6 cm2 .Ç 1
) even for the 

smallest wave numbers and numerical averaging for 
the grid scale of this mode! are generally small compared 
with the other terms in the momentum equation and 
are excluded from the following discussion. 

These equatio:1s were transformed into spherical polar 
coordinates and used in finite difference form taking 
account of variations of the Coriolis parameter with 
latitude (see Flather and Davies, 1975) to determine 
both the tidal (Weare, 1975) and the wind driven currents 
(Ronday, 1972; Maier-Reimer, 1977) on the shelf sea 
around the British Isles. 

THE NUMERICAL MODEL 

Boundary conditions 

M eteorological 

A steady wind stress was imposed on a working mode! 
of the M2 tide on the north west European continental 
shelf. The wind stress, t", can be assumed to be related 
to the wind, w10 , at a height of 10 rn, by the relation 

tw= Pa Cto Wto 1 Wto 1. (5) 

Awindspeedof10mÇ 1 withavalueofC10 ....... l.3x lü- 3 

(sec Phillips, 1966) gives a wind stress of 

and this value was used in equation (2) for most of the 
computed values. The results are derived ilï terms of 
wind stress rather than wind velocity so that they are 
independent ofthe exact form of the relationship between 
the drag coefficient and the wind speed. Bowden (1956) 
inferred that the mean coefficient of wind stress might 
be as large as 4. 5 x 10- 3 from his study of the flow of 
water through the Strait of Dover. 

If the wind is assumed to be in an approximate geo
strophic balance with the atmospheric pressure, then 
the pressure field, P "' is also defined by the wind velocity 
through the geostrophic relation 

1 
2fi 1\ W10=-- V Pa. (6) 

Pa 

The relative dynamical importance of atmospheric 
pressure with respect to wind stress, which is propor
tional to the square ofwind speèd [see(5) ], thus decreases 
with increasing wind speed (Hunter, 1974). 

In large scale frictionless systems the atmospheric 
pressure gradient may drive a geostrophically balanced 
current. In smaller scale partially enclosed seas the 
sea surface slope can adjust to balance the atmospheric 
pressure gradient before a geostrophically balanced 
flow can develop. In the absence of wind stress, the 
steady state form of (2) then becomes 

(7) 

which also defines the open sea boundary conditions 
for the sea surface elevation, Ea, due to atmospheric 
pressure. The appropriateness of this inverted barometer 
boundary condition was tested by running the numerical 
mode! with the pressure gradient term in equation (2) 
defined by (6) above for a west wind of lü mÇ 1• 1t was 
confirmed that the residual currents generated solely 
from an applied pressure field in the absence of wind 
stress fall away to zero after a few tidal cycles provided 
condition (7) is applied at the open sea boundaries for 
the sea surface elevations. 
It is convenient therefore to subtract equation (7) 
from equation (2) thereby eliminating the atmospheric 
pressure term to give 

au ~ tw 
7 +u.Vu+2fi" u =-gVE--+-. (8) 
ot · pD pD 

The open sea boundary condition at the shelf break 

now becomes E = 0, and elsewhere E re fers to the 
steady state adjustment of the sea surface in the absence 
of effects due to atmospheric pressure. If coastal flooding 
is of interest then it is important to add the atmospheric 
contribution to the mean sea leve! [see equation (7)]. 
If upwelling is of interest then the derived sea leve! 
distributions will be more relevant, though of course 
a depth integrated mode! will provide no information 
on the vertical circulations that may develop. 

Tidal 

The tidal flow was driven by M2 tidal elevations specified 
at the edge of the continental shelf and these were 
obtained from records of moored gauges (Cartwright, 

· 1976; Flather, 1976). The derived M2 tidal elevations 
were accurate to about 5° in phase and lü cm in ampli
tude (standard deviation) using an optimum fiXed drag 
coefficient of Cv=0.0025. The M 2 tidal flow determines 
the friction for the wind driven currents where the M2 
tidal currents are larger than the wind driven residual 
flows. However there are sorne important regions (for 
example SW Ireland and Skagerrak) where the wind 
driven currents are much larger than the oscillating 
tidal flow and the advantages of first averaging the tidal 
solution noted by sorne authors is offset by the fact 
that in these areas the friction is determined by the wind 
driven currents. 
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At the coastline the normal velocity was set equal to 
zero. The numerical grid was 5' of latitude and 10' of 
longitude giving sorne 26 x 103 points of which about 
half were sea areas where currents and elevations were 
determined (Pingree, Griffiths, 1978). The mode! ran 
without numerical instability with a time step of 1 minute. 

Convergence 

Three time scales are involved in determining the steady 
state wind residuals. First, for convenience, the averaging 
period must be a complete tidal cycle, T, so as to remove 
:my oscillating tidal contribution from the residuals. 
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Figure 2 
The wind driven residual currents resulting from a uniform SW wind 
stress of 1.6 dynes cm- 2• The length of a current vector determines 
the strength of the current at its central point. The current arrows 
are slightly curved to conform with the direction of current flow. 
On/y about one tenth of the current vectors have been drawn and 
values less than 1.25 cm.s- 1 have been omitted. 
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Figure 4 

The wind driven residual currents re su/ting from a uniform SE wind 
stress of 1.6 dynes cm-•. (Arrows drawn as for Figure 2). 
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Figure 3 
The sea leve/ corresponding 
Figure 2 (cm). 
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Figure 6 

Increased resolution under SW wind conditions (see Fig. 2) showing 
flow through the Dover Strait from the English Channel into the 
Southern Bight of the North Sea. The arrows are centred as in Figure 2 
but not curved. 

f1' 

JI N 

sw S9" 

0 20 .00 

cm tee·• 

57. 

Figure 8 
Increased resolution under SW wind conditions (see Fig. 2) showing 
flow in the Skagerrak and Kattegat. Most of the flow entering the 
North Sea through the Dover Strait and the Fair Isle Channel passes 
around the Skagerrak and out along the Norwegian Trench. 

230 

N 
61" 

Figure·? 

/ 
sw 

0 20 

cm sec-' 

"" \ \ .. 

rf' 

lncreased resolution under SW wind conditions (see Fig. 2) showing 
flow through the Fair Isle Channel into the Northern North Sea. 
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Figure 9 
Increased resolution under SW wind conditions (see Fig. 2) showing 
minimal flow through the St. Georges Channel and the wind driven 
circulations in the Irish Sea. 
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Increased resolution under SE wind conditions (see Fig. 4) showing 
flow through the Dover Strait from the English Channel into the 
Southern Bight of the North Se a. The arrows are centred as in Figure 4, 
but not curved. 
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Increased resolution under SE wind conditions (see Fig. 4) showing 
flow in the Skagerrak and Kattegat. 
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Figure 11 

lncreased resolution under SE wind conditions (see Fig. 4) showing 
flow through the Fair Isle Channel into the Northern North Sea. 
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Increased resolution under SE wind conditions (see Fig. 4) showing 
flow through the St. Georges Channel and the Irish Sea. 
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The time scales determining convergence of the numerical 
solutions are the dissipation time scale, T 0 , and the 
time, T L• taken for long waves to travel through the 
geographical extent, L, of the modelled region. These 
may be defined approximately as follo~s: 

h 50 x 102 

T0 .---"' "'T 
CoÛT 2.5x 10- 3 x50 

(9) 

and 

(10) 

These criteria guarantee rapid convergence after a few 
tidal cycles and are incidentally the reason why the 
tidal solution itself reaches reasonable convergence 
in a few tidal cycles. ln accordance with these considera
tions a steady wind stress was applied for only 5 tidal 
cycles starting from the tidal solution without wind 
residuals, although satisfactory convergence was generally 
achieved after three tidal cycles. Inertial oscillations 
with period T P = 2 rt/ f (f = 2 Q Sin <p) due to the sud
denly imposed wind stress also decay rapidly by virtue 
of (9) in shallow water. 

RESULTS 

A steady wind was blown for five tidal cycles after which 
time the sea levels and residual flows due to wind 
forcing were determined by averaging over a tidal 
cycle and then subtracting the tidal residuals. The results 
for a SW wind and a SE wind together with their corres
ponding changes in sea level are shown in Figures 2, 3, 
4, 5. More detailed flow patterns in individual passages, 
the Dover Strait, the Fair Isle channel (between the 
Orkney and Shetland Isles), the Skagerrak and the 
St. Georges Channel are illustrated in Figures 6, 7, 8, 9 
for a SW wind stress and Figures 10, 11, 12, 13 for a SE 
wind stress. 

The main difference between these results and previous 
results can be illustrated by comparing estimates for 
the transport of water through the Strait of Dover. 
Prandle ( 1978) and Oerleman ( 1978) give results differing 
by 25% for the transport through the Strait of Dover 

Figure 14 
A comparison of the transport through the Dover Strait with other 
mode/s for varying wind directions. 
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N 
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for the same wind stress for a similar modelled region 
of limited geographical extent. Whereas both Prandle 
and Oerleman give a maximum response for a wind 
from a direction 203° our results suggest a maximum 
response for a wind from 187° and also show considerably 
increased flow through the Dover Strait (Fig. 14). These 
discrepancies occur because sea level differences set up 
by the effect of the wind stress on the North Sea and the 
Celtic Sea are difficult to take into account when esti
mating the transport from reduced models and so for 
each computed steady flow, a correction must be applied 
for sea leve! differences set up in other regions. A complete 
shelfmodel accounts for sea leve! differences over a much 
increased region. The reduced value of 187° reflects 
the extended direction to the open sea of the median 
li ne of the North Sea. Of course these open sea boundary 
conditions are not fully eliminated here but simply 
removed further away from the regions of key interest. 
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Transport response functions for varying wind directions making 
up the total wind driven water budget for the North Sea; (a) through 
the Strait of Dover into the North Sea; (b) through the Fair Isle 
Channel (and Peruland Firth) into the North Sea; (c) out of the 
Northern North Sea across a section from the Shetland Isles to 
Norway. 

Similar difficulties (irrespective of the numerical scheme) 
have generally been experienced when estimating tidal 
residuals from models of limited geographical area. 
In addition to the wind transport there is a tidally 
induced residual flow through the Strait of Dover to 
the North Sea. Our value of 3 x 104 rn 3 • s- 1 is Jess th an 
half the value determined by Prandle (1978 a). The 
tidal residual was equally small through the Irish Sea 
(northwards)"' 2 x 104 m3

• ç 1
• 

A water budget for the North Sea can be made by consi
dering the transport of water through the Dover Strait, 
through the Fair Isle Channel and across a section 
from the Shetland Isles to the Norwegian coast, Figure 15. 



The transports, Q, due to both wind and tide, in units 
of 1010 cm3

• s- 1 can be summarised in terms of the· 
direction of the wind, 0, and the magnitude of the wind 
stress, tw, in dynes.cm- 2

, as follows: 

Eastward through the English Channel into the North 
Sea and 

Q= -4+33 Cos (0-202°) 1 t.,l 

through the Fair Isle Channel into the North Sea to give 

Q=45 Cos (0-199°) 1 tw 1 

across a section from the Shetland Isles to Norway. 

The transport northwards through the Irish Sea (Fig. 16) 
of 

Q=2+ 10 Cos (0-140°) 1 tw 1 

together with the flow through the Strait of Dover 
gives the transport 

Q=6+20 Cos (0-166°) 1 tw 1 

across the Celtic Sea. 

These relationships are valid for steady winds from 
a constant direction over the whole of the modelled 
region. Although such conditions may rarely be met 
in nature it is of interest to examine the resulting distri
butions of currents and elevations from a physical 
point of view and these aspects are examined in more 
detail in the next section. It is of course possible to derive 
from the model the time varying transports with real 
winds over the modelled region and application of 
numerical models to storm surge predictions have been 
described by Flather and Davies (1975). 

The derived steady distributions of currents and sea 
surface elevations will be important in establishing the 
residual wind driven circulations for the North West 
European continental shelf. The numerical results show 
that the wind driven currents are nearly linear with 
respect to the applied wind stress (see later). The actual 
long term residual flows will then be approximately 
represented by the model results using the long term 
residual wind stress. The residual wind stress is not 
accurately known but expected to be about SW and 
reasonably spatially uniform. 

DISCUSSION 

Dynamic considerations 

Linearity 

Consider a wind driven component with frequency, cr, 
and wave number, k. Then as steady state conditions 
are approached the frequency ratio, cr/ J, tends to 
zero and it is possible to neglect accelerations arising 
from the term, du/ dt, with respect to the Coriolis accele
ration provided the Rossby Number, R 0, is also small, 
where 

u.Vu l/ R0 = . "'k 1 u f. 
20 AU 

(11) 
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Figure 16 
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Transport responsefunctionsfor varying wind directions; (a) through 
the St. Georges Channel and into the Irish Sea. (b) northwards across 
a section of the Norwegian Trench at 59"30' N. 

For maximum values of R0 with wave number say of 

order 0. 1 km- 1 and residual currents, -;;, as large as 
100 cm. ç 1 R 0 "' 1 and so non-linear effects, due to 
the advection of momentum, are often small even for 
quite large wind stresses. 

Since, in addition, the bottom friction term is either 
small or essentially linear then the equation describing 
the steady state wind residuals is also linear. Linearisa
tion of the quadratic form of bottom friction will be 
a good approximation provided the tidal stream ampli-

tude, Ûn is large compared with the residual current 

due to the wind, u (HuEter, 1975; Heaps, 1978). The 

mean bottom friction, ta, defined as 

(12) 

is then approximately linear 

-
ta"' pKu, (13) 

This linearity, for these wind stresses, implies that it is 
generally only necessary to · compute distributions of 
residual currents and sea levels for two wind directions 
(see Figs. 2, 3, 4, 5) to determine the approxima te response 
for a wind from any other direction. It is also clear that 
m sorne regions like the Skagerrak where the tidal 
currents are very small and where the wind residuals 
can be very large that frictional effects cannot be linear. 
In the results presented here bottom friction was used 
in the quadratic form and ali non-linear terms were 
retained. · 
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Balance of forces 

The steady state balance of forces neglecti::lg advection 
can be written as: 

C.F. 
Coriolis 
Force 

- P.G. -B.F. + W.S. 
Pressure Bottom 
Gradient Friction 

Wind 
Stress 

The ratio Ek> where 

(14) 

(15) 

determines the relative sizes of the force due to bottom 
friction with respect to the Coriolis force in the balance 
of forces. Thus using (13) with tidal currents, ÛT, typically 
ÛT ,.., 50 cm. Ç 1, gives Ek > 1 on! y for water depths 
less than about ,.., 10 m. Alternatively if the tidal currents 
are negligible in comparison with the wind driven 
currents then the wind driven current would have to be 
as large as one knot (in water depths - 10 rn) for the 
magnitude of the force due to bottom friction to equal 
the Coriolis force. In ail but the shallowest waters then 
Coriolis forces will be larger than bottom friction. 

In general, contributions from ali terms in the balance 
of forces will be important in determining the wind 
driven residual currents. It is however instructive to 
examine the balance between a pair of opposing forces. 

• Wasserstau or slope adjustment, PG=W.S. 
A sea surface slope will readily develop to balance the 
wind stress if the sea or bay is essentially blocked at 
one end and the wind is directed into or out of the 
region of interest. For example, with a SE wind (or 
preferably a wind from the SSE) blowing across the 
North Sea (see Figs. 4 and 5) the sea surface slope, V E, 
will adjust to balance the wind stress with 

. t 
VE=-w. 

pgh 
(16) 

Consider as an example the region in the southern North 
Sea between the Dogger Bank and the Frisian Isles 
where the wind residuals are small. The water depth, h, 
is about 40 rn which gives V E - 4 x 10- 7 as is indeed 
observed. It should be remembered that small deviations 
from this result will occur in the real sea due to the 
vertical circulations induced by the wind stress. Such 
effects can be examined with a 3-dimensional approach 
(Heaps, 1974). 

• Wind drift C.F. = W.S. 
Under more open sea conditions, for example, · the 
southern regions of the Celtic Sea and the northem 
parts of the North Sea, pressure gradients will not 
always be able to develop and so the vertically integrated 
transports will be to the right of the wind direction 
(see Figs. 2 and 4). 

The vertically integrated component of flow at right 
angles to the wind direction is given by balancing the 
wind stress against the Coriolis force 

- t k 1\ U ,..,_w_ 
pfh 

(17) 
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(where k is a unit vector in the vertical direction) which 

in water depths h,.., lOO rn gives ~,.., 1.5 cm.s- 1
• ln 

accordar.ce with these considerations a SSW wind (see 
Figs. 2 and 7) will marginally assist in driving a flow 
through the Fair Isle Passage whereas a S.E. wind directs 
more flow into the Celtic Sea and through the Irish Sea 
via the St. Georges Channel (Figs. 4 and 13). 

Flow to the right of the wind also occurs over the Dogger 
Bank with a SE wind (Fig. 4). Although there is an 
approximate balance between pressure gradient and 
wind stress in the North Sea under these conditions 
(see previous section) the wind stress cannot maintain 
an increased sea surface slope locally over the shallower 
Dogger Bank so a flow to the right of the wind develops. 
In this shallow region bottom friction also plays a role 
and the angle il between the current flow and the wind 
stress depends on the relative sizes of the Coriolis force 
and bottom friction, thus 

il - tan-
1 

( ~J "' 68° (18) 

(using ÛT- 30 cm. s- 1 and h"' 17 rn for the shallowest 
parts of the Bank) which approximates to the maximum 
modelled deviation of about WO. 

As the flow passes over the Dogger Bank into deeper 
water continuity requires that the currents decrease. 
Vorticity will be associated with the water depth varia
tions (see la ter) and such an effect can be observed betweer. 
the shallow Dogger Bank and the deeper water regions 
nearer the East Coast of England where a counter 
clockwise circulation can be observed. 

• Approximate Geostrophic Balance C.F. ,.., - P.G. 

If the sea surface slope is much larger than the value 
determined by equation (16) then Coriolis forces are 
likely to be important. This happens when the land 
boundaries are unable to contain a balanced sea surface 
slope. Such an example occurs on a large scale with 
a SW wind which drives the flow across the North Sea 
toward the Danish Coast·(Fig. 2). The pressure gradient 
will be unable to balance the wind stress as the flow 
can leave the Danish Coast by flowing around the 
Skagerrak and then along the Norwegian Trench. The 
currents in the Skagerrak and Norwegian Trench can be 
estimated from the sea surface elevations (Fig. 3) using 
the geostrophic relation 

- VE 
k 1\ u =-g-

g f . (19) 

Geostrophic flow uu tends to follow water depth 
contours since V" of equation (19) implies that 

(20) 

and using continuity 

(21) 

gives 

(22) 



which states that u9 and V h are perpendicular. The 
tendency for the flow to be constrained by topography 
due to Earth's rotation can result in increased flow where 
water depth contours converge as in deeper water 
regions near the entrance to the Skagerrak (Fig. 2). 

Whilst the Coriolis force and the pressure gradient 
may be comparable in size, bottom friction and wind 
stress still largely determine the flow. For example the 
wind may accelerate a flow along a coastline until 
a balance 

B.F. "' W.S., (23) 

is achieved if there are no boundaries in the direction 
of flow for the water to pile up against [although there 
may be a transverse pressure gradient given approxi
mately by equation (19)]. With bottom friction in the 
approximate form of (13) gives 

(24) 

whereas if quadratic friction is more applicable then 

(25) 

The appropriateness of (25) under SW wind conditions 
in the shallow waters of the Skagerrak near the Danish 
Coast (Fig. 8) where the tidal streams are much smaller 

than the wind residual currents (ÛT ~- ~) can be exarnined 
by substituting the values of tw=1.6dynescm- 2 and 
C0 = 0. 0025 in (25) to give u "' 26 cm. ç 1

. This is close 
to that actually determined (,..,., 30 cm. s- 1

) and suggests 
a local balance between wind stress and bottom friction 
in this shallow region. With double the wind stress the 
flow within 20 n.m. of the Danish Coast in the Skagerrak 

increases by about fias expected by the form of (25). 
This local nonlinearity, however, has little effect on 
the outflow in the Norwegian Trench a~ 59°30'N which 
increases from 1 to 2 Sverdrups (from 0. 97 to 
1. 94 106 m3

• s - 1
) as the wind stress is doubled. This 

implies that although most of the water flowing out 
along the Norwegian Trench has passed through the 
Skagerrak it is not driven locally by the wind stress in 
this region but determined by conditions in the North 
Sea as a whole where the model is essentially linear. 
The response of the flow along the Norwegian Trench 
at 59°30'N for different wind directions is illustrated 
in Figure 16 showing that a maximum response occurs. 
for a wind from 228°. 

W ater depth variations 

If the sea region is essentially enclosed and the water 
depth is approximately constant then the sea surface 
slope will adjust to a value where it just balances the 
wind stress and the vertically integrated residual flow 
falls to zero. This, however, is not possible if water 
depth variations perpendicular to the wind direction 
are significant, as they are generally between near shore 
and offshore regions when the wind direction is along 
the shore. The wind sets up larger pressure gradients 
in the shallower waters which cannot be maintained 
in the deeper offshore regions and so circulations develop 
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with the flow in the direction of the wind near the shore 
with reduced or return flow in deeper water. Many 
examples of these shallow water circulations occur in 
small ba ys and similar larger scale effects can be observed 
in Figures 2 and 4, for example, in the northern Irish 
Sea with a SE wind or the Irish Sea, Celtic Sea and 
western English Channel with a SW wind. A further 
effect of water depth variations occurs along the shallow 
waters off the Danish west coast with a SE wind. 

Coriolis forces associated with these circulations will 
modify the sea surface elevations set up by the wind. 
lt is convenient therefore to analyse these circulations 
in terms of vorticity thereby eliminating the pressure 
gradient term (see § wind stress torque below). 

Vorticity 

• Geostrophic Vorticity 

The geostrophic vorticity, mg= V 1\ ug can be found by 
applying the operator V. to equation (19) (neglecting 
variations of Coriolis parameter with latitude) to give 

(26) 

(27) 

The flow in the Skagerrak entrance with a SW wind is 
roughly geostrophic and reference to Figure 3 shows 
that a trough of low pressure occurs near this region. 
V 2E is positive at a trough so this region will be asso
ciated with positive (cyclonic) relative vorticity, as is 
indeed observed in Figure 2. 
• Wind stress torque 

tw v 1\-. 
pD 

By applying the operator V 1\ to equation (2) and 
omitting effects due to advecting and stretching relative 
vorticity and planetary vorticity the steady state vorticity 
equation reduces to: 

0 
ts tw 

=-V A -+V A-. 
pD pD 

(28) 

Then expanding equation (28) and for simplicity using 
constant linear friction gives 

K Ku tw 
0=--rok-- A Vh+-A Vh h h2 ph2 • 

(29) 

The first term on the right hand side of (29) represents 
dissipation of vorticity due to friction, the second term 
is a term due to the effects of bottom friction in variable 
water depths and the third term represents the pro
duction of vorticity due to the wind stress acting on 
water columns of variable depth, h. In general the 
second and third terms will not balance and so an 
estimate for the vorticity due to wind stress becomes 

(30) 
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CONCLUSIONS 

A numerical model is used to derive the currents driven 
by a steady wind stress on the shelf seas around the 
British Isles. The wind is superimposed on an accurate 
working model of the M2 tide. The M2 tidal flow is in 
general oflarger amplitude than the wind driven residuals 
and so largely determines the friction in the model. 
The wind driven residuals are therefore nearly Iinear 
with respect to an applied wind stress. This linearity 
implies that had both M2 and S2 tidal constituents 
been included in the model then the wind driven 
residuals would be greater at neap tides and smaller 
at spring tides-a result which is in contrast to the 
tidally induced residual flows. 

Linearity means that it is only necessary to derive the 
wind driven currents and sea surface elevations for 
two wind directions to determine the response for a 
uniform realistic wind stress applied in any direction. 
Water budgets for the North Sea and the Celtic Sea 
are determined under steady wind stress conditions. 
A small correction to these estimates may be necessary 
due to the effects of the wind stress outside the modelled 
region. Although uniform steady wind conditions may be 
rarely realised in nature a SW or WSW wind stress 
approximates to winter conditions on the NW European 
shelf. Estima tes for the win ter transport of water through 
the Strait of Dover (Prandle, 1978 b) are comparable 
with the transport of "' 20 x 104 m3

• s- 1 for the SW 
wind stress illustrated in Figure 2 and so this distribution 
of wind driven residuals will approximate to the winter 
pattern of residual flows around the British Isles. The 
more local circulations will be valid even if the wind 
stress is not uniform over the whole region provided 
the wind stress is reasonably uniform over the region 
of local interest. 
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Table 1 
Symbols used in the text. 

t, time coordinate; 
x, y, horizontal spatial coordinates: x east; y north latitude; 
E, surface elevation; 
h, undisturbed water depth; 
D = h + E, total water depth; 
Pa, atmospheric pressure; 
u, horizontal velocity; 
w10, wind velocity at a height of 10 rn; 
!1· horizontal residual velocity due to wind stress; 
uT, maximum amplitude of the M2 tidal streams; 
C0 , drag coefficient for bottom stress= 0. 0025; 
K 11, horizontal coefficient of diffusion; 
C 10, drag coefficient for wind stress ~ 1. 3 x 10- 3 ; 

Q, vertically integrated volume transport; 
g, acceleration due to gravit y; 
f, Coriolis parameter; 
T, M 2 tidal period; 
q>, latitude; 
n, angular velocity of the Earth's rotation; 
e, wind direction, positive clockwise; 
cr, angular frequency; 
k, wave number; 
t 8 , bottom stress; 
tw, wind stress; 
p, density of sea water; 
Pa• density of air; 
1 1 magnitude of; 

overbar denotes time average over one complete tidal cycle; 
j) j) 

V=-i+-j; 
èx iJy 

iJ2 iJ2 
V2 =V.V or-+-; 

èx 2 oy 2 

wk=V 1\ ;= (~i+ ~j) 1\ ;; 
èx oy 

i, unit vector in the x direction; 
j, unit vector in the y direction; 
k, unit vector in the vertical direction. 




