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ABSTRACT 

Storm surge situations along the western cosst of Norway between 62" N and 68" N 
are examined. The observations show that large storm surges are caused by strong 
south westerly winds acting along a large section of the coast. This situation occurs 
when an intense low pressure center moves relatively close to the coast and in a 
direction nearly parallel to it. A model of surge generation by propagating wind fields 
acting along a straight coast is studied. Analytical solutions for the surge amplitude 
along the coast are obtained and discussed. The theory is applied to storm surge situa- 
tions along the western coast of Norway, and it shows that the wind stress in thc direc- 
tion along the coast and the Coriolis force are important forces for the generation of 
large surges. The wind stress component normal to  the coast (i.e. north westerly 
winds) and the changes in the atmospheric pressure contribute less to the surge. 

1. Introduction 

The effect of wind and atmospheric pressure 
on the sea level has been observed and studied 
for ages in order to be able to foresee the oc- 
currence of catastrophic surges. References to 
the efforts in this field in various regions of 
the world is given in the survey articles by 
Welander (1961) and Bretschneider (1967). 

Also along the coasts of Norway storm surges 
occasionally cause extensive damage to coastal 
constructions and ships, and some time even 
the death of people. Tales of catastrophic surges 
a t  Grip, a small island on the western coast of 
Norway, are reported by Helland (1911). About 
1650 most of the population of the island of 
Grip (at that time about 50 people) were killed 
during a storm associated by an exceptional 
storm surge. Also in 1797 a storm surge swept 
the island. This time the inhabitants took ref- 
uge in the church which was situated a t  the 
highest point on the island, which is approxi- 
mately 10 m above the sea level. Some people 
were, however, killed, and the damage to piers 
and houses were severe. 

Catastrophic surges have also occurred a t  
Ona, another low island on the western coast 
of Norway. In  the spring of 1670, 48 of a popu- 
lation of 50 people are reported to be killed 

during a storm which obviously has flooded the 
island (Stiftsboken for Nidaros bisped~mme, 20 
August 1749). 

It is well known that along the western coast 
of Norway, between 62" N and 66" N, extreme 
surge conditions usually occur during south 
westerly winds, i.e. with wind direction parallel 
to the coast. Severe damage occurs, however, 
only if the storm generates high seas. This 
situation usually happens if the south westerly 
wind shifts to a strong westerly wind before 
the amplitude of the surge has decayed. 

Except for a study by Johansen (1959) of 
surges along the south eastern coast of Norway, 
little has been done to analyse extreme surge 
conditions and to develop methods of forecast- 
ing damaging events in these waters. In  this 
study we will examine in detail some storm 
surge conditions along a section of the western 
coast of Norway, from 62" N to 68"N, and 
based on some very simplified models of wind 
generated surges, we shall propose methods of 
forecasting surges in these regions. 

The generation of large storm surges is a 
complicated phenomenon which is caused both 
by the drag on the sea exerted by the wind, and 
by the changes in atmospheric pressure. The 
surge might also be amplified by the topography 
of the coast line. Hence storm surges a t  a cer- 
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Pig. 1. Map of the Norwegian coast with depth contours in meters. 
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Pig. 2 a .  Weather map from 2-11-1971, 15 GMT. 

tain location might be generated under different 
meteorological conditions. 

During special astronomical situations the 
moon and the sun attain their minimum dis- 
tance from the Earth. When this happens the 
tidal forces become considerably larger than 
usual, and therefore cause a large tide. It is 
evidenced that catastrophic surges along the 
western coast of Norway most often occur dur- 
ing such astronomical situations (E. Jensen, 
private communication, 1973). Special meteoro- 
logical conditions are, however, required for 
the generation of large surges in these regions. 
If a wind or pressure generated surge coinside 
with a high tide, this will lead to catastrophic 
situations. 

In  this study of storm surges along the coast 
of Noway between 62'N and 68'N we shall 
explore how a special meteorological situation 
with intense south westerly winds along the 
coast causes large storm surges in this region. 
Generation of large storm surges in this region 
under meteorological conditions different from 
those examined here, is, however, unlikely. This 
conjecture is supported both by the observa- 
tion and by the theoretical studies in section 3. 
In section 2 we present observations of three 
storm surges along the western coast of Nor- 
way. These observations indicate that for storm 
surges along the coast from Stad to Bod0, the 
main part of the surge can be attributed to the 
drag on the sea caused by the wind. In section 
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Fig. 26. Weather map from 2-11-1971, 18 GMT. 

3 we therefore study analytically the surge 
generation by a wind field moving along a 
straight coast. In  section 4 these theoretical 
studies are compared with the observations and 
possible methods of forecasting surges are dis- 
cussed. A map of the western coast of Norway, 
which includes most of the geographical names 
referred to in the text, is given in Fig. 1. 

2. Observation of storm surges along the 
western coast of Norway 

Of numerous cases with storm surges along 
the western coast of Norway, we shall examine 
three cases in details. The first case occurred 

on the 2nd of November 1971 and the second 
and third cases, respectively, on the 30th and 
31st of December 1972. Subsequently we refer 
to these cases by Cases I, 11, and 111. Case I is 
exceptional with surge amplitudes higher than 
1 m. Since the peak of the storm surge nearly 
coinsided with spring tide along the coast be- 
tween Sula and Sandnessjeen, the sea level in 
this region rose to the highest level recorded 
in this century. Cases I1 and I11 are believed 
to represent more normal situations which fre- 
quently occur. 

A sequence of surface weather maps from the 
2nd of November 1971 are shown in Figs. 2a, 
b, and c. A low pressure system with center 
pressure at about 965 millibar moves in a north 
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Fig. 2c.  Weather map from 2-11-1971, 21 GMT. 

easterly direction in the Norwegian sea and 
crosses the coast line a t  Lofoten. The low pres- 
sure system creates an intense south westerly 
wind field propagating along the coast. The 
recordings of the wind speed (averaged over 10 
min intervals) a t  three recording stations are 
displayed in Fig. 3. These observations show 
that the wind speeds, particularly along the 
section of the coast between 63" N and 65" N, 
are exceptionally high exceeding 35 m/s (or 70 
knots) a t  Nordeyan. A plot of amplitude verses 
time for the surge is obtained from the tidal 
records at  Kristiansund, Rervik and Narvik. 
The predicted sea level (based on tidal tables 
published by Norges Sjekartverk, Stavanger, 
Norway) is subtracted from the recorded sea 

level and the residual, which is assumed to re- 
present the amplitude of the storm surge, is 
displayed in Fig. 4. These observations show 
that the storm surge is felt over a large area 
and that the maximum surge amplitude oc- 
curred between 64" N and 66" N. In  addition to  
the recorded surge amplitudes displayed in Fig. 
4, we have also estimated the maximum surge 
amplitude at a few other places along the coast. 
The results are given in Table 1. 

Since both Hammerfest (70.7" N, 23.7" E) 
and Tromso (69.7"N, 19.5" E) are situated 
north of the wind field, the surge at  these two 
places is most likely generated by the changes 
in the atmospheric pressure when the center of 
the low pressure system moves eastward over 
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Fig. 3. Wind speed averaged over 10 min intervals. 

the Lofoten region. A free wave transmitted 
northward along the coast from regions with 
high surge amplitudes, might also contribute 
to the surge at Tromso and Hammerfest. 

The observations for Cases I1 and I11 are 
presented in the same way as for Case I. Weath- 
er maps from the 30th and 31st of December 
1972, are presented in Figs. 5 and 6, respec- 
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tively, and the recordings of wind speeds and 
surge amplitudes are displayed in Figs. 7 and 
8. On the 30th of December a low pressure 
system with center pressure about 955 millibar 
situated in the Norwegian sea, far west of the 
Norwegian coast, is moving slowly in a north 
easterly direction. The low pressure system 
creates south westerly winds along the western 
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Fig.  4. Surge amplitudes (solid lines). Observations missing (dotted AL..as). The estimated effect of at- 
mospheric pressure on the sea, level (broken lines). 

coast of Norway. The wind field in this case 
extends far off the coast and along the entire 
region of the coast from Stad to Lofoten. 

On the 31st of December a low pressure 
system in the Norwegian sea with center pres- 
sure about 975 millibar, creates an intense south 
westerly wind field along the coast of Norway. 
The path of the low pressure system in this case 
is similar to that in Case I. Since the center of 
the low pressure system is moving relatively 

Table 1 

Estimated maximum surge 
amplitude (cm) 

Alesund 40 
Heimsjo 75 
Trondhrim 100 
Sandnessjoen 120 
Hammerfest 40 
Tromso 50 
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Pig. 5. Weather map from 30-12-1972, 09 GMT. 

close to the Norwegian coast, the south westerly 
wind field is confined to the continental shelf. 
In  that respect, Case I and Case I11 are similar 
although the wind speeds (and the recorded 
surge amplitudes) particularly north of 63" N 
are considerably larger in Case I than in Case 
111. At Narvik, however, the surge amplitude 
is larger in Case I11 than in Case I. Since the 
low pressure systems both in Case I and Case 
I11 cross the coast line a t  Lofoten, the surges 
at Narvik might be severely influenced by the 
changes in atmospheric pressure and also by 
the topography of the coast and the continental 
shelf. 

The most striking feature of Cases I and I11 
is the strong winds with a direction almost 
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parallel to the coast. Another feature is the 
propagation of these wind fields from Stad to 
67' N. From the observations we find that the 
peak of the wind fields moves with an average 
velocity of about 25 m/s. In Case I1 the cold 
front associated with the low pressure system 
moves almost normal to the coast and the south 
westerly wind field is felt almost at  the same 
time along the entire section of the coast be- 
tween 62"N and 68"N. The records of the 
surges in Figs. 4 and 8 reveal that there is a 
remarked time lag between the peak surge at 
Kristiansund, Rorvik and Narvik in Cases I 
and 111. In Case I1 the time lag is negligible. 
We have also in a few other cases examined the 
observations of recorded surges along the re- 
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Fig. 6 .  Weather map from 31-12-1972, 21 GMT. 

gion of the western coast of Norway between 
62" N to 68ON. Also in these cases we have 
found that intense south westerly wind fields, 
which propagate along the coast, generate 
surges with amplitude depending on the wind 
speed and the extension of the wind field. 

The changes in atmospheric pressure, will 
certainly effect the sea level. We have estimated 
this effect by considering the static effect of 
the horizontal atmospheric pressure gradients. 
The difference between the actual barometric 
pressure and the mean seasonal pressure is ob- 
tained and converted to the equivalent change 
in sea level. A change in pressure of 1 millibar 
corresponds approximately to a change in sea 

level of 1 cm. The static effect of the atmospheric 
pressure on sea level is then plotted (by broken 
lines) in Figs. 4 and 8. These diagrams show 
that the atmospheric pressure has some effect 
on the surge amplitude in Case I, but a negli- 
gible effect in Cases I1 and 111. These estimates 
are correct only if the pressure variations are 
sufficiently slow. The time variation of the 
pressure field might become important par- 
ticularly in shallow water and thus invalidating 
our estimates. This may be true for the surge 
recorded at Narvik in Cases I and 111. 

The observations indicate, however, tha6 the 
wind drag is the most important factor for 
surge generation between Stad and Bodo. On 
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Fig. 7. Wind speed averaged over 10 min intervals. 

basis of this conjecture we shall in the next the motion of this fluid relative to a Cartesian 
section propose a model for wind generated coordinate system (2, y, z) with the z-axis 
surges in this region. pointing upward in the vertical direction. The 

fluid is bounded by a bottom surface z- 
- H ( z ,  y) where H is a function of the horizontal 3. Theory 

coordinates x and y. The surface of the fluid 
We shall consider a homogeneous incompres- is at z -q(z, y, t) where q is a function of 2 and 

aible fluid with density e and we shall describe y and of time ( t ) .  In  the undisturbed state the 
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Fig. 8 .  Surge amplitudes (solid lines). The estimated effect of atmospheric pressure on the sea level (broken 
lines). 

fluid is at rest and the surface is the plane z = 0. 
We shall consider the response of the fluid 

to  pressure and wind systems of large hori- 
zontal extent compared to the depth. Hence 
we are justified in making the hydrostatic ap- 
proximations in the equations of motion. We 
shall also assume that the surface displacement, 
its slope, and the velocity field generated by 
wind and pressure are sufficiently small so that 

the equation of motion can be linearized with 
respect to these parameters. Moreover we shall 
assume that the dominant stresses introduced 
in the ocean by the action of the wind are the 
horizontal components of the shea.r stresses. 
We denote the 5 and y components of shear 
stresses by tz and tar respectively. Due to the 
large horizontal extent of the wind system, the 
derivatives of T= and T,, with respect to the 
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Table 2 over we are able to show that these solutions 
are relevant for the understanding of the gen- 

Wind speed rls eration of storm surges along the western 
(mb) C D  (em) coast of Norway. We shall assume that either 

of the components of the surface shear stress 
25 
30 
35 

2.5 x 16 
3.0 x 27 
3.5 x 10-3 43 

can be related to the corresponding wind com- 
ponents by the formula 

horizontal coordinates will be neglected com- 
pared to the derivative with respect to z. If 
we introduce the horizontal components of vol- 
ume flux and integrate the equation of motion 
from the bottom to the surface we find 

1 

e 
- -t,(~= - H )  

1 

e 
- - t u ( z =  - H )  

3 - aQz a&, 
at ax ay 

where Q, and Qu is the volume fluxes respec- 
tively in the x and y directions. f = 2R sin @ is 
the Coriolis parameter where R is the angular 
velocity of the Earth and CD is the latitude 
(assumed constant in the subsequent analysis). 

The shear stresses at the surface and a t  the 
bottom may be related respectively to the wind 
field and the components of volume flux by 
empirical formulas. The appropriate boundary 
conditions for eqs. (1) are zero volum flux 
through the lateral boundaries of the ocean. 

The set of eqs. (1) is commonly used for pre- 
diction of storm surges. The numerical and ana- 
lytical solutions to the eqs. (1) for ocean basins 
of various shapes and for different stress and 
pressure fields are numerous. For a review of 
these solutions see Welander (1961), Heaps 
(1965), and Bretschneider (1967). We have ob- 
tained an analytical solution to the eqs. (1) for 
a moving wind field acting on an ocean of uni- 
form depth and bounded by an infinitely long 
coast. To our knowledge the solutions to this 
problem are not previously discussed. More- 
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where U and W are the wind components re- 
spectively along the x and y-axis, e l  = 1.2 x 
g/cm3 is the density of the air and C, is the 
drag coefficient. To estimate a relevant value 
of the drag coefficient for the storm situations 
we shall examine is very difficult. For wind 
speeds between 5 m/s and 20 m/s a drag coef- 
ficient between and 2 x is measured 
(Phillips, 1966). During strong winds CD might 
become considerable larger and a value of CD 
up to 3 x 10-8 might be reasonable (Defant, 
1961). We therefore assume that C, varies with 
the wind speed according to Table 2. 

Since the shelf along the western coast of 
Norway is relatively deep (average depth about 
250 m) a bottom current of considerable 
strength will only develop when the wind drag 
persist for more than one day (Gammelsrad et 
al., 1975). The characteristic time duration of 
the storm surges we shall consider, is less than 
one day. Accordingly we neglect the effect 
of the bottom friction and this might be a 
good approximation up to the final decaying 
stage of the surge. With no bottom friction, 
t,(z = - H )  = tr(z = - H )  = 0, and an ocean of uni- 
form depth bounded by a straight coast at y = 0, 
a general solution to eqs. ( 1 )  for arbitrary 
wind and pressure fields and arbitrary initial 
conditions can be formally obtained by a com- 
bined Fourier and Laplace transform technique. 

We are mainly interested in discussing the 
generation of surges by wind field moving along 
the coast, and we shall for simplicity consider 
stress and pressure fields of the following form: 

t, = pTozF(x,  t)e-OLU 

t, = eT, ,G(x ,  t ) ewPv  

p ,  = constant 
(3) 

for t 20.  To,, Tor, a and are assumed to be 
constant. F and G are functions of x and t 
only. The initial conditions are assumed to be 

Q, - Q , = T  - 0  (4) 
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and the relevant boundary conditions for finite 
t are 

Qy = O  for y = O  

Q r - 0  for z-+ 200 

Q y + O  for y +  + m  ( 5 )  

We assume that the functions F and G possess 
a Fourier transform with respect to 2 

(6) 

where k is a constant and i the imaginary unit, 
and a Laplace transform with respect to t 

where the real part of the constant 8 is assumed 
to be positive. The corresponding Fourier and 
Laplace inversion theorems may be found in 
text books on the subject (see for example 
Miles, 1971). 

By taking the Fourier and Laplace transform 
of eq. (1) with the stress and pressure field 
given by (3)  and invoking the initial conditions 
(4) and the boundary conditions ( 5 ) ,  an expres- 
sion for the transformed surface displacement 
at y = 0 is found 

where 

- I/?-+kZcE+fe-j3c ) - 
1 ' 2  ~ o y 6  jj3 - cO(Ba + k'c: + f z  - co) 

- 
The velocity co = I/gH is the velocity of long 
gravity waves in absence of rotation. We note 
that GI is independent of f and a while 5, re- 
present the effect of the wind stress acting 
normal to the coast. The derivation of (9) in- 
volves only trivial algebra, however lengthy, 
and the details in the computations will be 
omitted here. In order to obtain mathematical 

tractable inversion integrals, the functions F 
and G have to be chosen properly. On the other 
hand we require the stress field corresponding 
to F and G to approximate the stress field 
acting during storm surge conditions along the 
western coast of Norway. To meet with both 
of these requirements we have taken 

F = e - x ( r - u o t S  

G = e-xz*h( t )  (10) 

where h(t)  is a function of time, 0 <h( t )  Q 1. The 
transformed functions are: 

- e-k'/4x 
$=-- vg 8 + iku, 

- - 
with # and 0 given by (11 )  the Laplace inver- 
sion integral leads to poles at 8 =ikuo and 
s = + i k c ,  in the inversion integrals for ql and 
q, and branch points at 8 = +ivfa +k2$ in the 
inversion integrals for 1;1, and 7,. The inversion 
procedure is somewhat lengthy but straight 
forward and only the result needs to be given 
here. For the surge caused by the wind stress 
parallel to the coast, we find: 

erf P ( R  - v t )  

1 1 
erf P ( R + t )  - - erf P ( R  - t )  _- 

2(1 + v )  2(1 - v )  

(12) 

+- erf P ( R  + t) 
2(1 +v)  

1 1 B - 1  +-- erf P( R - t) 
2(1 - v )  B+ 1 
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Fig. 9. Theoretical surge amplitudes computed from eqs. (12) and (13) with B = 0. (a) v = 0.6, P = 1.0, and 
R = 1 . 0 ,  1.7, 2.4; ( b )  v=O.6,P=O.6,  1.0, 1.6, and R = 1 . 7 ;  (c) v=O.6, 0.76, 0 . 9 6 , P = 1 . 0 ,  and R = 1 . 7 .  

where 

D(x, 6) = (x' - B V ~ P ~ ~ ~ )  cos 6RP sin 

- (v  - B)Px sin ERP cos x t  
and 

TO, 
rls - ~ G cof 

and the dimensionless parameters are defined 
by 

In eqs. (12) and (13) we have introduced the 
error function defined by 

erf 4 - 2 IO' e-u'du 

and use have been made of the formula 

v i  

(Abramowitz & Stegun, 1964). 
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For B = 0 we have computed the surge ampli- 
tude q12 =ql + r l S  as a function of r (from eqs. 
(12) and (13)) for different values of the para- 
meters and the results are displayed in Fig. 9. 
The physical interpretation of the parameters 
defined by (14) and their effect on the surge 
amplitude can be summarized as follows: 
R = ( fx) /co  is a dimensionless measure of the 
fetch of the wind fields, i.e. the distance be- 
tween the observation point and the initial 
position of the wind maximum. Fig. 9a dem- 
onstrates how the surge amplitude increases 
with the fetch. 

The parameter P = (c0&)/f is a Rossby num- 
ber defined by the characteristic horizontal 
length scale of the wind field. Small values of 
P corresponds to wind fields of large extent. 
As expected we find that the surge amplitude 
decreases for increasing values of P (Fig. 9b). 

B = (aco)/f is a dimensionless measure of the 
extent of the wind field perpendicular to the 
coast. Large values of B characterizes wind 
fields confined to the coastal regions. We ex- 
pect that the surge amplitude decreases for in- 
creasing values of B and eq. (17) can easily 
be used to estimate this effect. 

v =uo/co is a dimensionless measure of the 
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propagation velocity of the wind field. The 
dependence of the surge amplitude on v for 
values of v less than unity, is illustrated in Fig. 
9c. 

For sufficiently small values of P it follows 
from (13) that the second integral in the ex- 
pression for q2 can be neglected and that the 
denominator in the nrst integrand can be ap- 
proximated by E(B t 1). Invoking (16) we there- 
fore obtain 

7s n 1 rl12 = 17, + 7 = --- - ~ [erf P ( R  - V T )  
' - B +  1 2P 1 - v  

- erf P(R - T ) ]  ( 1 7 )  

Numerical computations show that for values 
of P up to unity this expression provides the 
surge amplitude within 10%. 

The formula ( 1 7 )  also enables a discussion of 
the case v --f 1 and in this case we find 

This expression shows that for R > l / P  the 
maximum surge amplitude increases linearly 
with R.  It follows from ( 1 7 )  that for values of 
0 < Y < 1 ( P  + O ) ,  q12 is bounded. However, for 
small values of P ,  the resonance occurring for 
v = 1 is 8 very slow process which is unimportant 
for the generation of large surges. 

So far we have not discussed the contribu- 
tion to the surge from the wind stress perpen- 
dicular to the coast. For simplicity the expres- 
sion €or s3 will be inverted only in the case 
when (j3co)/f"l, i.e. the wind field has a large 
extent in the direction perpendicular to the 
coast. Invoking ( l l ) ,  we find that in this case 

and by inverting 

where J ,  denotes the Bessel function of order 
zero. Obviously the maximum value of r ] ,  pc- 
curs for R = O .  If we take h(t)  as a unit step 
function a t  t = 0 ,  it is easily seen that the 
maximum value of q3 is bounded. 

The integrals in (18) decrease when P in- 
creases and tend to zero for P -+ 00. For example 
when T = 3 the integrals have the values 2.46 
for P = 0 and 1.40 for P = 1.  On the other hand, 
for some values of the parameters v, P,  and R ,  
the maximum value of qlZ as function of T be- 
comes much larger than (r]3)max even when 
T,,/T,, = 1 (see Fig. 9 and the discussion above). 
We shall subsequently see that this is normally 
the case for the larger storm surges occurring 
along the western coast of Norway. 

Finally the response of the sea level to a 
pressure field which is independent of the y- 
coordinate and which is moving along the coast 
can easily be obtained from the solutions above. 
For a pressure field 

(19) 

where p ,  is the mean atmospheric pressure at 
sea level, and Ap,  is the maximum pressure 
deviation from the mean value, the surge at 
the coast is simply found by differentiating the 
solutions in ( 1 2 )  and (13) with respect to 1: 
putting B = 0 and substituting qS = Apo/eg. For 
values of P < 1 the formula ( 1 7 )  is valid and 
we find that the sea level variation at the coast 
due to the pressure field (19) is 

p ( x ,  t )  = p ,  - Ap,e-X("-'lDt)a 

If the pressure field also decreases in the direc- 
tion perpendicular to the coast (this is the caso 
for the storm surge situations examined in the 
next section), an analytical treatment becomes 
more involved. However, in this case we expect 
the sea level variations due to pressure varia- 
tion to be somewhat less than in (20). 

4. Comparison between theory and 
observations 

The application of the present idealized 
theory to the problem of surge generation along 
the western coast of Norway must obviously be 
very tentative and we cannot expect the com- 
puted surge amplitudes to be in too close 
agreement with the observations. The effects 
excluded in our theory might in some cases 
become significant. The surge may be ampli- 
fied locally by the myriad of bays and fiords 
in these waters. In all three cases examined in 
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section 2, the observations indicate that this 
mechanism is important for the surges at Nar- 
vik. The topography of the continental shelf 
and the deep basin of the Norwegian sea may 
also have some influence on the surge ampli- 
tudes. A surge generated by a low pressure 
system while it is moving over the deep ocean 
west of the shelf, will be amplified when it 
propagates into the shallow water on the con- 
tinental shelf. Particularly in Case I and Case 
111 this effect might be important for the surge 
generation in the Lofoten region. For the wind 
generated part of the surge we expect that by 
including the deep ocean basin in our model, 
this would increase the speed of the free gravity 
waves and hence lead to a reduction of the com- 
puted surge amplitudes. 

In order to apply our theory to the Cases I, 
11, and I11 as described in section 2, we have 
to estimate values of co and f. We assume co = 

50 m/s which corresponds to an average depth 
of 250 m and f = 1.32 x s-l corresponding 
to a latitude of 65" N. The parameters R, P, v,  
and B can be estimated from the observations 
of tho wind fields. The scaling factor for the 
surge amplitude, qs, depends on the wind 
strength which usually varies when the south 
westerly wind fields propagate along the coast. 
Especially in Case I, and to some extent also 
in Case 111, the wind speed increases while the 
wind propagates northward along the coast 
from Stad to Nordoyan and the wind direction 
changes from south to west when the pressure 
centers cross the coast line. Hence, to estimate 
values of qs we have to estimate an average 
wind speed along the fetch distance. With the 
choosen values of c,, and f ,  values of qs for dif- 
ferent wind speeds is given in Table 2. 

Case I. Observations of the wind field lead 
to the rough estimates P = 1, B = 1, and v = 0.5. 
We also estimate the fetch to be R = 1  at 
Kristiansund and R = 1.7 at Rorvik. If we take 
into account the rather strong increase in wind 
speeds between Kristiansund and Rorvik, we 
find that the surge amplitudes are qle =60 cm 
a t  Kristiansund and qlp = 120 cm a t  Rorvik. 
These values are obtained from the surge dia- 
grams in Fig. 9 and hence valid only for B =O. 
Estimates of the surge amplitudes for B = l  
may be obtained from eq. (17), which show 
that these values have to be reduced by one 
half. When the low pressure center crosses the 
coast line, the wind field acting normal to the 
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coast, intensifies and finally expands over the 
entire width of the shelf. This wind field has 
its maximum strength on the section of the 
coast between 64"N and 66'N. By using 
formula (18), we estimate qa = 20 cm a t  Kris- 
tiansund and q3 = 30 cm at Rorvik. In this case 
and in Case I11 below, the low pressure center 
crosses the coast line in the Lofoten region. As 
a result the wind direction changes and be 
comes almost normal to coast. Hence the surge 
already generated by the south westerly wind 
field may interact with the surge generated by 
the wind component acting normal to the coast. 
Hence we estimate the maximum surge ampli- 
tude to be 50 cm a t  Kristiansund and 90 cm 
a t  Rorvik. The effect of a moving pressure field 
on sea level can be estimated from eq. (20). If 
we also take into account the decrease of the 
pressure westward from Kristiansund and Ror- 
vik, we find that the pressure effect on sea level 
is hardly larger than the value obtained by 
considering the pressure field to be quasi static 
as suggested in section 2. (See Fig. 4.) Hence 
the estimate of the surge amplitude is in re- 
markable agreement with the recorded surge 
amplitude. This also applies to the time dura- 
tion of the surge. 

Case II. In  this case the wind field extends 
far westward from the coast and the wind is 
almost parallel to it. Hence B =: 0 and To, N 0. 
This time the cold front associated with the 
low pressure center, makes an oblique angle 
with the coast line. The wind field is therefore 
nearly stationary and we estimate P to be 0.5, 
and Y to be 0.2. The center of the wind field is 
situated approximately at 64" N. With a maxi- 
mum wind speed of 30 m/s blowing for 12 hours, 
we obtain from eq. (17) a surge amplitude of 
70 cm at this latitude. This amplitude is some- 
what in excess of the observed surge amplitudes 
at Kristiansund and Rorvik. The resson for 
this discrepancy may be sought in the fact 
that our model does not include the deep ocean 
basin west of the shelf. In  cases where the wind 
field extends west of the shelf (as in Case 11), 
we expect our theory to overestimate the surge 
amplitudes. 

Case III. The observations indicate that the 
values of P, B, and Y used in Case I are ap- 
plicable. However, the wind component parallel 
to the coast along the section of the coast north 
of Kristiansund, is considerably less than in 
Case I. Accordingly we find that qle = 30 cm at 
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Kristiansund, and vle =40 cm at Rorvik. I n  
this case the wind component normal to the 
coast has its maximum strength further north 
than in Case I (R+O), and we therefore esti- 
mate v8  = 10 cm both at Kristiansund and at 
Rorvik. Hence the peak of the wind generated 
surge is about 40 cm at Kristiansund and 50 
cm at Rorvik. By taking the effect of atmos- 
pheric pressure into account, it  is again seen 
that the agreement with observations is re- 
markablo. 

These estimates of surge amplitudes demon- 
strate the importance of the various effects 
which contribute to large storm surges. The 
most favourable weather situation for genera- 
tion of large amplitude storm surges is strong 
south westerly winds which blow along a large 
section of the coast. This usually occurs when 
a low pressure center moves relatively close 
to the coast and in a direction nearly parallel 
to it. I n  that case the surge may also be ampli- 
fied considerably by atmospheric pressure varia- 
tions. Case I and Case 111 are both examples to 
such situations. 

If reliable forecasts of wind and pressure 
fields can be given, i t  should be possible to  
forecast large storm surges along the section 
of the Norwegian coast between 62'N and 
68" N. It should also be possible to evaluate 
from the present theory rough estimates of the 
expected surge amplitudes. 
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