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Impact of a wind climate change on the surge in the 
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A BSTRA C T: T h e  a im  of this p a p e r  is to g a in  q u a n t i t a t i v e  in s ig h ts  in to  th e  s u r g e - i m p a c t  of a  p o ss ib le  
c h a n g e  of th e  w in d  c l im a te  in th e  s o u th e r n  p a r t  of th e  N o r th  Sea .  T h e  a p p r o a c h  t a k e n  is b a s e d  u p o n  a n  
in i t ia l  r e v ie w  of th e  r e s u l t s  of G e n e r a l  C i r c u la t io n  M o d e l  s c e n a r io s  for c l im a te  c h a n g e  u n d e r  g r e e n 
h o u s e  fo rc in g  a n d  of t h e i r  l ike ly  e f fe c ts  u p o n  w in d  c l im a te .  T w o  s c e n a r io s  of p o s s ib le  w in d  c l im a te  
c h a n g e  a r e  fo rm u la te d .  S c e n a r io  1 a s s u m e s  a n o r t h w a r d  shif t of t h e  e n t i r e  w i n d  c l im a te  sy s te m  in th e  
s o u t h e r n  p a r t  of th e  N o r th  Sea;  s c e n a r io  2 d e s c r ib e s  a n  i n c r e a s e  of th e  i n te n s i ty  of s to r m s  in  th is  a r e a .  
To m o d e l  t h e s e  sc en a r io s ,  t h e  c o n c e p t  of ' p a r a m e t r i c  s to rm s '  is p r e s e n t e d ,  w h i c h  c o n s id e r s  t h e  c h a r a c 
te r is t ics  of a  s to rm  to b e  c o n d i t io n a l  u p o n  a l im i te d  n u m b e r  of p a r a m e t e r s .  A p p ly in g  th is  c o n c e p t  to th e  
w e l l - k n o w n  1953 s to rm  y ie ld s  p r o m is in g  resu l ts .  O n  th e  bas is  of th is  p a r a m e t r i c  1953 s to rm ,  a  l a r g e  se t  
of s to rm s  w h ic h  a r e  a s s u m e d  to b e  c o n s i s te n t  w i th  th e  p r e s e n t  ( s u r g e  g e n e r a t i n g )  w i n d  c l im a te  in  th e  
s o u t h e r n  p a r t  of th e  N o r th  S e a  is g e n e r a t e d .  B e c a u s e  th e s e  s to rm s  d o  n o t  all  h a v e  e q u a l  c h a n c e s  of 
o c c u r r e n c e ,  this se t  is s u p p l e m e n t e d  by a  p ro b a b i l i ty  d is t r ib u t io n .  T h e  fu tu r e  w in d  c l im a te ,  w h ic h  
m ig h t  d e v e lo p  as a r e su l t  of th e  2 w in d  c l im a te  c h a n g e  sc en a r io s ,  is t h e n  m o d e l l e d  by  c h a n g i n g  this 
p r o b a b i l i ty  d is t r ib u t io n  a n d / o r  s o m e  p a r a m e t e r s  of t h e  s to rm  se t. T h e  s u r g e - i m p a c t  of t h e  2 m o d e l l e d  
s c e n a r io s  of w in d  c l im a te  c h a n g e  is d e t e r m i n e d  u s in g  th e  D u tc h  C o n t in e n t a l  She lf  M o d e l ,  w h ic h  
d e s c r ib e s  th e  d e p t h - a v e r a g e d  t ida l  f low a n d  s to rm  s u r g e s  in th e  N o r th  S e a  a n d  s u r r o u n d i n g  a r e a s .  For 
s e v e ra l  lo c a t io n s  in  t h e  s o u t h e r n  p a r t  of t h e  N o r th  Sea ,  t h e  m o d e l  o u t p u t  is a n a l y z e d  a n d  p r e s e n t e d  in 
t e r m s  of a  f r e q u e n c y  d i s t r ib u t io n  of s to rm  s u r g e  levels .  W ith  r e s p e c t  to  s c e n a r io  1, t h e s e  s im u la t io n  
r e su l t s  s h o w  t h a t  a re la t iv e ly  l a r g e  n o r t h w a r d  sh if t  of th e  e n t i r e  w i n d  c l im a te  s y s t e m  in t h e  s o u t h e r n  
p a r t  of t h e  N o r th  S ea  will  only  h a v e  a  s m a ll  i m p a c t  on  t h e  s to rm  s u r g e s  in th is  a r e a .  In  t h e  c a s e  of 
s c e n a r io  2, h o w e v e r ,  t h e  r e su l t s  s h o w  th a t  a  re la t iv e ly  sm a ll  i n c r e a s e  of t h e  in te n s i ty  of d e p r e s s i o n s  in  
t h e  s o u th e r n  N o r th  S e a  will  r e su l t  in a re la t iv e ly  l a r g e  i m p a c t  on  th e  s to r m  s u r g e s  in th is  a r e a .

KEY W O R D S: C l im a te  c h a n g e  • S c e n a r io  s tu d y  ■ D o w n s c a l in g  ■ S to rm  s u r g e  m o d e l l in g

1. INTRODUCTION

For the low lying countries a round  the North  Sea, 
storms and  storm surges are  the most d am ag ing  cli
matic features. Possible changes  in the position of 
storm tracks or in the intensity of storms are  therefore 
of g rea t  interest. Historical docum enta tion  since abou t 
1000 AD, as well as instrum enta l observations over the 
last century, shows tha t variations in position of storm 
tracks and  in storm intensities a lready  have  occurred  
(even in the absence  of ex ternal causes). T hese  varia-

1 E-mail:  b i j l@ rik z .rw s .m in v en w .n l

tions seem  to be  of random  n a tu re  an d  are  considered  
to be  par t  of the  natura l  variability of the climate sys
tem  (Schuurm ans 1995a), In view of a possible change  
of the w ind  climate, it is, however, no longer obvious 
tha t these  variations in position of storm tracks or in 
storm in tensities will rem ain  within the same, not 
clearly specified, bounds  of natura l  variability. In some 
reports, peop le  a lready  claim that deve lopm ents  are 
observed  w hich  are  beyond  this ran g e  of natural 
variability (Carter & D raper  1988, M unich  Re 1990, 
H ogben  1995). The latter, however, still has to be d e 
fined. It is therefore  im portan t  to explore the co n se
qu ences  of a possible e x c ee d an c e  of the bounds  of n a t 
ural variability of the w ind climate.
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The p re se n t  p ap e r  focuses on the su rge- im pact of a 
possible w ind  climate ch a n g e  in the sou thern  p a r t  of 
the  North  Sea, However, b ecause  up to now the 
bounds  of natura l  variability of the p resen t  w ind cli
m a te  a re  not clearly defined, it is not possible to 
describe  this w ind  climate ch a n g e  unam biguously . 
Therefore,  in Section 2, scenarios of possible w ind cli
m a te  ch a n g e  are form ulated  which are  a s su m ed  to 
reflect the  ex trem es  of the m ost im portan t  possible 
w ind climate changes .  To m ode l these  w ind climate 
ch a n g e  scenarios, use  is m a d e  of the concept of 'p a r a 
metric storms' (Section 3). In principle, this concept is 
similar to the s ta tis tica l-dynamical approach  for the 
regionalization  of climate ch a n g e  scenarios. The first 
s tep  is to consider  the characteristics of a storm to be 
conditional upon  a limited n u m b e r  of pa ram ete rs  (such 
as s torm intensity, storm track, etc.). Next, climate 
ch a n g e  is r ep re se n ted  by ch ang ing  som e of these  
param ete rs .  On the  basis of this concept,  the p resen t  
(surge genera ting)  w ind  climate in the sou thern  North 
Sea is m ode lled  in Section 4 using a la rge  set of (para
metric) storms. Because these  storms do not all have  
equa l  chances  of occurrence in this area, this set is s u p 
p le m e n te d  by a probability  distribution. The subject of 
Section 5 is the su rge- im pact of the 2 scenarios of w ind 
climate change .  After a description of the num erical 
model which is used  to com pute  the su rge- im pact of 
the la rge set of storms, the  results  of these  storm su rge  
com putat ions are  ana lyzed  and  p re se n ted  in term s of 
f requency  distributions of storm su rge  levels. T hese  
frequency  distributions are  then  used  in order  to d e 
scribe the  su rge- im pact of the form ulated  scenarios of 
possible w ind  climate change. Finally, Section 6 con 
tains som e discussion an d  concluding remarks.

2. ANTHROPOGENIC WIND CLIMATE CHANGE

2.1. G reenhouse effect

The g re e n h o u se  effect is a natura l  process, n e c e s 
sary for the  conditions of life on earth . It can be d e 
scribed as a physical process w h e re b y  long w ave  ra d i
ation, re -em itted  by the w arm  earth, is partly  abso rbed  
an d  rem itted  by certa in  gases  in the a tm osphe re  (e.g. 
carbon  dioxide, m ethane ,  chlorofluorcarbons, etc.). 
Since the Industrial Revolution, the  concentra tion  of 
these  gases  has b e e n  inc reas ing  (Houghton et al. 
1990). This inc rease  of g ree n h o u se  gas concentra tions 
has  b ee n  accom pan ied  by an  increase  of the  global 
m e a n  surface  te m pera tu re  of the ea r th  at the  rate  of 
abou t  0.5°C per  cen tu ry  (Stouffer et al. 1994). Up to 
now, however, it has not b ee n  possible to d e term ine  
w h e th e r  this obse rved  w arm ing  t rend  is a t tr ibu tab le  to 
a m a n -in d u ced  en h a n c e d  g re e n h o u se  effect associ

a ted  with increased  concentra tions of g reenhouse  
gases. At the moment, within the  'scientific co m m u 
nity’ the discussion on climate change  is no longer a 
discussion on the existence, bu t  m ere ly  on the s trength  
and  the  pa t te rn  of the expected  change  (von Storch et 
al. 1993). Predictions with respec t  to the expected  
inc rease  of the global m ean  surface te m pera tu re  show, 
for example , a w ide range  of uncertainty: 1.5 to 4.5°C 
in the case of a doubling  of the a tm ospheric  carbon 
dioxide concentra tion (Houghton et al. 1992). In a d d i
tion, there  is much uncerta in ty  as to the  regional p a t 
te rn  of this te m pera tu re  increase. G ene ra l  Circulation 
Models (GCMs) play an im portan t role in studies on 
this topic.

2.2. G eneral Circulation M odels

In essence, G CM s can be seen  as m ore e laborate  
versions of the global models which have  been  
em ployed  for w ea ther  forecasting. In one respect, 
however, they differ completely from those numerical 
w ea th e r  predic tion  models, because  in these  climate 
models slow and  subtle processes are incorporated 
which for the purpose  of norm al w ea ther  forecasts can 
be neg lec ted .  Without these  processes, a G CM  would 
be  unrealistic and  m ight even drift aw ay from the 
observed  m eans  of the climate during num erical  in te 
gration  (Können 1993). The most e laborate  GCMs 
em ployed  at p resen t  consist of an atm ospheric  GCM  
coupled  to an  oceanic GCM. The la tter  describes the 
s tructure an d  dynam ics of the ocean. A dded  to these 
coupled models are  appropria te  descriptions of the 
other com ponents  of the climate system like, for 
example , land  surface, ice an d  the interaction b e 
tw ee n  them. If these coupled  G CM s are  run  for sev 
eral years with param ete rs  and  forcing app ropr ia te  to 
the p re se n t  climate, the output should b ea r  close 
resem blance  to the observed  climate. If param ete rs  
rep resen t ing  an increasing  am oun t of the atm ospheric  
carbon  dioxide concentra tion  are  introduced,  these  
models can be  used to pred ic t the result ing climate 
change.

2.3. Scenarios of p ossib le w ind clim ate change

The simulation results of these  GCM s with respect 
to a possible wind climate change  are, however, not 
easy  to in terpret.  Most of these models predict, for 
example , that in the lower t roposphere  the largest 
t e m pera tu re  increase  due to an  increasing a tm os
pheric  carbon dioxide concentra tion  will be m the 
n o r thern  latitudes (Held 1993). This implies a 
d ec rease  of the (lower tropospheric) po le-to-equator



Bijl: S u r g e - i m p a c t  of w in d  c l im a te  c h a n g e 47

tem pera tu re  g rad ien t  in the nor the rn  hem isphere ,  
which will have im portan t consequences  for the wind 
climate. O ne of the most likely effects will be a d e 
crease  of the m ean  wind speeds. These GCMs, h o w 
ever, also indicate that the up p er  tropospheric pole- 
to-equator  te m pera tu re  grad ien t  in the northern  
hem isphere  will increase , which is exactly opposite to 
the lower tropospheric  situation (Held 1993). In this 
case, the most likely effect will be an increase of the 
m e an  wind speeds. Up to now, it is not d e a r  which of 
these 2 reverse effects on the deve lopm en t of extra- 
tropical cyclones will be dom inant.  A nother  point with 
respect to a possible wind climate change  is tha t the 
p red ic ted  increase  of the global m ean  surface te m p e r 
a ture  will lead  to a po leward  re trea t  of the highly 
reflective snow and  ice cover (Siegmund 1990a, Held 
1993). This nor thw ard  shift of the snow and  ice cover 
will have g rea t  influence on a tm ospheric  circulation 
pat te rns  in the nor thern  hem isphere .  The most likely 
effect will be a slight nor thw ard  shift of the p resen t 
w ea ther  system in this a rea  (Schuurm ans 1995b). The 
latter is subscribed  to in S iegm und  (1990b), in which 
the effect of a doubling of the atm ospheric  carbon 
dioxide concentra tion  on the frequency  distribution of 
circulation types over Europe was investigated. The 
various in te rpre ta t ions of simulation results of GCMs, 
com bined  with the fact that the bounds of natural 
variability of the p resen t wind climate are  still not 
clearly specified (see Section 1), lead  to the conclusion 
that at this m om ent it is not possible to describe 
unam biguously  the w ind-re la ted  consequences  of a 
m an-induced  e n h a n ce d  g reen h o u se  effect. Therefore, 
to nevertheless  explore the consequences  of a possi
ble wind climate change  in the sou thern  par t  of the 
North Sea, the following 2 scenarios of w ind climate 
change  have been  formulated (Bijl 1995a), which are 
as sum ed  to reflect the ex trem es of the most im portant 
possible wind climate changes.

Scenario 1: The possible wind climate change  in 
the sou thern  par t  of the North Sea will consist of a 
n or thw ard  shift of 2° la titude of the entire wind climate 
system in this area. This scenario is based  on the 
above-described  in terpretat ion  of simulation results of 
GCM s that a po lew ard  re trea t  of the highly reflective 
snow and  ice cover in the nor thern  hem isphe re  will 
lead  to a slight no r thw ard  shift of the wind climate sys
tem in this area. A precise quantita tive es tim ate of the 
size of this no r thw ard  shift is, however, still not known. 
In this p ap e r  the size of this no r thw ard  shift has  been  
set at 2° la titude (about 220 km). As descr ibed  above, 
this size is quite arbitrary and  has  in fact b ee n  chosen 
to c reate  an  ex trem e scenario of wind climate change.

Scenario 2: The possible w ind climate change  in the 
sou thern  part of the North Sea will consist of an 
increase  in the intensity of storms in this area. This sc e 

nario is based  on the assum ption  that the im pact on the 
w ind climate system of an  increase  in the upper  tro 
pospheric  po le-to -equato r  te m pera tu re  g rad ien t  (as 
p red ic ted  in the nor the rn  hem isp h e re  by GCMs) will 
dom inate  the im pact of the pred ic ted  d ec rease  of 
the te m pera tu re  g rad ien t  in the lower troposphere . 
A nother  suggestion  for this scenario is the fact tha t an  
increased  m oisture conten t of the (predicted) w arm er  
air will give rise to a la rger  re lease  of la tent hea t  in 
depressions, which en h a n ce s  storm intensity (Schuur
m ans 1995b).

3. PARAMETRIC STORMS

3.1. C oncept

In essence, the concep t of 'param etric  storms' (Ferier 
et al. 1993) is to approx im ate  the p ressu re  field of a real 
storm by an  artificial (parametric) p ressu re  field. This 
artificial p ressu re  field is supposed  to be asym m etri
cally elliptic and  is descr ibed  by a specific set of storm 
param eters .  The param ete rs  w hich are  requ ired  are 
sum m arized  below  and  visualized in Figs. 1 & 2.

X = Position of the storm cen tre  in d eg re es  longi
tude

cp = Position of the storm cen tre  in deg re es  latitude 
a m b  = A m bient p ressu re  of the storm (Pa)
Sp = Pressure  d ifference b e tw e en  am bien t and  

central p ressu re  (Pa)
9 = Orienta tion  of the eas t-w est  axis of the storm

in d eg re es  counter-c lockwise from east 
ß = Course direction of the storm in deg re es  

counter-c lockwise from east 
V = Propagation  speed  of the storm (m s ' 1)
Riyn = Radius to m ax im um  w ind a long negative  

vp-axis (km)
Rijrp = Radius to m ax im um  w ind a long positive 

V|/-axis (km)
R^p = Radius to m ax im um  wind a long positive 

£,-axis (km)
R^n = Radius to m ax im um  w ind a long negative  

Ç-axis (km)

With respect  to the notation of these  param ete rs  it 
has  to be m en tioned  tha t the  vp-axis and  £,-axis are  
locally defined  th rough  the cen tre  of the  storm, along 
its principal axes.

The concept also provides the possibility of app rox i
m ating  a se q u en c e  of real p ressu re  fields. In that case, 
a p a ra m e te r  set for both  the first and  the last p ressu re  
field of the se q u en c e  is required ,  w h ereb y  the p a r a m e 
ters of the in te rm ed ia te  p ressu re  fields are  approx i
m a ted  by linear interpolation  be tw e en  those 2 p a r a m e 
ter sets.
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Fig. 1. S c h e m a t i c  r e p r e s e n t a t i o n  ot th e  s to rm  p a r a m e t e r s  of a p a r a m e t r i c  
p r e s s u r e  f ie ld  (v iew  f rom  ab o v e )

V

Fig. 2. S c h e m a t i c  r e p r e s e n t a t i o n  of th e  s to rm  p a r a m e t e r s  of a 
p a r a m e t r i c  p r e s s u r e  f ie ld  (v iew  f rom  side)

3.2. M ethodology

Below, the m e thod  to approx im ate  1 rea l  p ressu re  
field is described. For m ore  deta i led  information refer 
to Bijl (1994a):

(1) Definition of the  com putational grid in spherical 
coord ina tes  (A.„(py), w h ere  A.¡ is the position of grid point 
(ij) in d eg re es  longitude and  tp¡ is the position of grid 
point (i,j) in deg re es  la titude.

(2) Transformation of this spherical 
grid into a p lanar  grid (x¡,yj), w h e re  x, 
is the  position of grid point (i,j) in a 
longitudinal direction (km) and  y, is 
the position of grid point {i,j) in a lati
tudinal direction (km). The reason  for 
this grid transformation is tha t the 
calculation of p ressu re  on a spherical 
grid is very complex because  of the 
chang ing  size of a d eg re e  of longitude 
while going in a north-south  d irec
tion.

(3) Calculation of the p ressu re  at 
each  point of the  p lanar  grid (Fig. 3). 
The p ressu re  at a certain grid point 
(i,j) is d e te rm ined  by:

( à 2 b ¿ "j

p ( i , j ) = a m b - b p - e  2‘'7 2ri> ' (1)

= fo  -  xc)cos(0) + (y  -  yc)sin(0)
= R\|m if a < 0; rd = Riyp if a > 0

= -(X; -  xc)sin(9) + (y  -  yc)sin(0) 
rb = R^n if b < 0,- r b = R^p if b > 0

w h ere  p{i,j) is the p ressu re  at grid 
point (i,j) (Pa); xc is the position of 
the storm centre  in a longitudinal 

direction (km); yc is the  position of the storm centre  
in a latitudinal direction (km); a is the distance
b e tw e en  grid point (fj) and  the  storm cen tre  in the
local vp-direction (km); b is the  distance b e tw e en  grid 
point (ij) and  the  storm centre  in the local ^-direction 
(km).

¡-2 ¡-1 i ¡ + 1

(s to rm  c e n tre )

Fig. 3. S c h e m a t i c  r e p r e s e n t a t i o n  of q u a n t i t i e s  in v o lv ed  in th e  
c a lc u la t io n  of p r e s s u r e  a t  a  c e r t a in  g r id  p o in t  [i,j) of th e  

p l a n a r  g n d
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(4) Transform ation of the p ressu re  da ta  from the p la 
nar  grid to the (original) spherical grid.

(5) Calculation of the co rresponding  wind field to the 
artificial (parametric) p ressu re  field obtained, by 
applying the geostrophic wind speed  formula. To get 
the wind speed  at sea level, a reduction factor (65%) 
and  a rotation (15° counter-clockwise) have to be used 
in relation to the geostrophic wind speed  and wind 
direction (Ferier et al. 1993).

4.2. Present w ind clim ate

On the basis of the param etr ic  1953 storm, a large set 
of param etr ic  storms is g e n e ra te d  by m eans  of a sys
tematic  variation of the storm param ete rs  of this storm. 
It is requ ired  that this set is consistent with the p resen t  
surge gen e ra t in g  wind climate in the sou thern  par t  of 
the North  Sea. As descr ibed  in T im m erm an  (1967) and  
Zwart (1993), not all depress ions  over nor th -w est  
Europe g en e ra te  a substantia l (storm) su rge  in the

4. MODELLING OF THE PRESENT 
WIND CLIMATE

4.1. Param eterization of the 1953 storm

The surge generating  storms in the southern 
part of the North Sea are modelled on the basis 
of the p ressu re  fields of an ex trem e historic 
storm, nam ely  the well-know n storm of 1 F eb 
ruary  1953. During this storm especially the 
sou th-w est coast of The N ethe r lands  was 
struck very hard . More than 135 000 ha land 
was flooded and  1835 persons died. Also the 
east coast of England  and  the T ham es Estuary 
w ere  flooded, w hereby  300 persons lost their 
lives. On the basis of 3-hourly p ressu re  fields 
of this storm, storm param ete rs  are  derived 
using the concept of 'param etric  s to rm s’ (Bijl 
1994b). Time histories of nearly all param eters  
show a more or less l inear behaviour  be tw e en  
beg inn ing  and  end  of the storm, so it is a s 
sum ed  that only pa ra m e te r  sets are requ ired  
for the first and  the last p ressu re  field of the 
storm (Table 1). The param ete rs  of the in te r 
m ediate  p ressu re  fields are app rox im ated  by 
l inear interpolation. The correspond ing  wind 
fields are  called the param etric  1953 storm, in 
contradiction to the real 1953 storm.

To illustrate tha t the concept of ‘param etric  
storms' is very usable  in rep roducing  the 
m ain characteristics of p ressu re  fields of real 
storms, Fig. 4 shows 1 p ressu re  field of both 
the real and  the param etr ic  1953 storm at the 
sam e point of time.

Another indication of the usability of this 
concept is illustrated in Fig. 5, w hich shows 
the su rge- im pact of both  the real and  the 
param etr ic  1953 storm at station Vlissin- 
gen  (The N etherlands). This surge  im pact is 
based  upon storm surge com putations with 
the Dutch Continen tal Shelf M odel (DCSM). 
A description of this numerical storm surge 
model and  the position of station Vlissingen 
is g iven in Section 5.

Fig. 4. P r e s s u re  f ie ld  (Pa) of th e  r e a l  a n d  p a r a m e t r i c  1953 s to rm  o n  1 F e b 
ru a ry  1953 (0:00 h)

param etric  1953 storm

: íxax

99500

ƒ 99000

98500

98000 f:

real 1953 storm
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T a b l e  1. P a r a m e t e r  s e t s  of t h e  p a r a m e t r i c  1953 s to rm

S to rm  p a r a m e t e r B e g in  s im u la t io n E n d  s im u la t io n

I 12° W _
b 66.4° N -

amb  (Pa) 101200 101200
Sp (Pa) 4600 3000
e n 10 50
P(°) - 4 5 - 4 5
v (m s ') 13.0 6.8
Ry/n (km) 900 50
Ry/p (km) 275 250
Rgp (km) 800 400
Rc;n (km) 600 500

T a b le  2. In d iv id u a l  v a r ia t io n  of th e  s e l e c t e d  s to rm  p a r a m e t e r s  
(bold v a lues :  p a r a m e t r i c  1953 storm)

<p (°N) 
b e g in

e
b e g in

(°)
e n d

Sp (Pa) 
b e g in

R (%) 
b e g in  e n d

68.4 55 95 4600 100 100
67.4 40 80 4200 110 110
66.4 25 65 3800 120 120
65.4 10 50
64.4 -5 35
63.4 -2 0 20
62.4 - 3 5 5
61.4
60.4

sou the rn  p ar t  of the North  Sea. Restrictive conditions 
a re  a relatively low central p ressu re  and  a p referen tia l 
course direction. The former de term ines  the intensity 
of the depressions, and  the  la tter the wind direction 
over the  North  Sea. Only nor thw este r ly  storms of suffi
c ient intensity  an d  duration  have  a substan tia l impact 
on the w a te r  level in the sou thern  North Sea. The p re f 
eren tia l  track  of these  su rge  gen e ra t in g  depressions is 
nearly  always (85%) s ituated  w ithin the a re a  be tw e en  
the  2 bold lines show n in Fig. 6.

In addition to these  restrictive conditions, a sensitiv
ity s tudy  has b ee n  e a rn e d  out in which the effect of 
each  storm p a ra m e te r  was exam ined  separate ly  (Bijl 
1995b). The m ain  findings of this study were:

-  The su rge  response  to varying the p ropagation  
speed  of storms (storm p a ra m e te r  v) is very small 
in the sou thern  par t  of the North Sea. This finding 
is consistent with Philippart et al. (1993), in which 
it was also found tha t the  duration  of a storm is 
not the  most im portan t cn ter ion  to obta in a s u b 
stantial (storm) su rge  in the sou thern  North Sea.

-  To obtain a substantia l (storm) su rge  in the sou th 
ern  North Sea, the direction of the storm track is 
not the most im portan t factor. The determ in ing  fac
tor turns out to be the orientation of the main wind 
field, a few hours before app roach ing  the coastline. 
Of course the storm track m ust generally  have 
b ee n  moving in the north-w est  sector, but the exact 
direction is not the decisive factor.

The afore-described restrictive conditions, com bined 
with the findings of the sensitivity study, imply tha t it is 
not necessary  to vary all the available storm p a r a m e 
ters in order to be able to g en e ra te  a realistic surge 
gene ra t ing  w ind climate. A systematic variation of the 
following storm param ete rs  is sufficient (Bijl 1995b) 
(Fig. 7):

- S to r m  p a ra m e te r  ty at the beg inn ing  of the storm, 
rep resen ting  the (starting) latitudinal position of 
the storm centre. Because the course direction 
(storm param ete r  ß) is not varied, in this case storm 
p a ram ete r  y; also rep resen ts  the position of the 
storm track.

-  Storm p a ram ete r  9 at both the 
beg inn ing  and  the end  of the storm, 
de term in ing  the orientation of the 
east-w est  axis of the storm.

-  Storm p a ra m e te r  dp at the  b eg in 
ning of the storm, rep resen ting  the 
p ressu re  difference be tw e en  the 
am bien t and  central pressure.

-  Storm param ete rs  Ry/p, Ryrn, R£,p 
and  RÇn at both the beg inn ing  and 
the end of the storm, determ in ing  
the s ize/shape  of the storm. T hese  4 
storm param ete rs  a re  varied jointly, 
which m eans  that they are  trea ted  
as 1 p a ram ete r  (storm param ete r  R). 
This implies tha t only the size of the 
storm is varied, while the shape 
rem ains constant.

6

V l i s s i n g e n
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2

1

0

1
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■3
18 jan  31 6 12 18 feb 1 6 12 18 feb 2 6 12 18 feb3jan  30 6 12

 real '53-storm  ------param etric  '53-storm

Fig. 5. S u r g e - i m p a c t  of th e  rea l  a n d  p a r a m e t r i c  1953 s to rm  at  s ta t io n  V liss in 
g e n ,  T h e  N e t h e r l a n d s ,  s im u la t e d  w i th  th e  D u tch  C o n t in e n ta l  She lf  M o d e l
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26  27  feb  1 9 9 0  C ? /

2 - 3 jan 1976

Fig. 6. T ra c k s  of s o m e  im p o r t a n t  s u r g e  g e n e r a t i n g  d e p r e s s io n s  in th e  20th  
cen tu ry ,  as  p u b l i s h e d  by Z w a r t  (1993). In m o re  th a n  85 70 of all ca ses ,  th e  
t r a c k  of s u r g e  g e n e r a t i n g  d e p r e s s io n s  is s i t u a t e d  b e t w e e n  th e  2 bo ld  l ines

The individual variation of each  se lected  storm p a ra 
m eter  is also d e te rm in ed  on the basis of the afore- 
described restrictive conditions and  findings of the 
sensitivity study. The result is shown in 
Table 2 and  described  in detail in Bijl 
(1995b). On the basis of these vari
ations, the com plete set of param etr ic  
storms which is used  to model the p r e 
sent surge gen e ra t in g  w ind climate in 
the sou thern  part of the North Sea con
sists of 567 storms.

How ever  the individual storms of 
this set of param etr ic  storms do not all 
have equa l  chances of occurrence in 
the sou thern  North Sea area. T h e r e 
fore, to model the p resen t surge g e n e r 
ating wind climate in this area, a p ro b 
ability distribution of these storms is 
also required. Since the aim of the p r e 
sent p ap e r  is to explore the sensitivity 
of the surge in the sou thern  North Sea 
to a possible w ind climate change  in 
this area, the exact probability d istrib
ution is not a m atte r  of major concern.
Therefore, it was dec ided  to approx i
m ate  this probability distribution with 
the help of the (winter) monthly 
exceedance  f requencies  of w ind force 
above 7 on the Beaufort scale in the 
North Sea (Korevaar 1990). So, it is

implicitly a s sum ed  that the probability  of 
ex trem e storms in this area  is highly cor
re la ted  with the e x c ee d an c e  frequencies  
of wind force. In order  to be able to re la te  
these exc ee d an c e  f requencies  to the set 
of param etr ic  storms, use is m ade  of the 
fact that as a result of the  chosen  storm 
p a ra m ete r  variations it is possible to 
divide the com plete  set of param etr ic  
storms into 9 sub-sets  of 63 storms. The 
storms of each  sub-set  ali originate 
from the sam e la titude and  all have the 
sam e course direction (Fig. 7). T hese  
9 sub-sets, com bined  with the (winter) 
monthly  e x c ee d an c e  f requencies  of w ind 
force above 7 Beaufort,  a re  schematically  
show n in Fig. 8a. The probability  d istrib
ution of param etr ic  storms for the p resen t  
su rge  g en e ra t in g  w ind  climate in the 
a re a  of in te rest is derived  on the basis of 
this com bined  figure, w h ereb y  a linear  
rela tionship  is a s su m ed  b e tw e en  the lati
tudinal position of the storm tracks of the 
9 sub-sets  and  the  exc ee d an c e  f re q u e n 
cies (Fig, 8b). It should be noted  that, 

especially for the h igher  latitudes, this (linear) p r o b a 
bility distribution overestim ates  the ex c eedance  f re 
quencies  show n in Fig. 8a. As a result , the sub-sets  of

67 4

66 4

66.4

64.4

63 4

62 4

61.4

60.4

Fig. 7 Schematic representation of the storm parameter variations required 
to generate a realistic surge generating wind climate in the southern North

Sea
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Fig. 8. (a) Iso l ines  of (w in 
ter) m o n th ly  e x c e e d a n c e  
f r e q u e n c i e s  of w in d  force  
a b o v e  7 B e aufo r t ,  c o m 
b in e d  w i th  t r a c k s  of th e  
9 s u b - s e t s  of  63 p a r a m e t 
ric s to rm s,  (b) P ro b a b i l i ty  
d is t r ib u t io n  of p a r a m e t r i c  
s to rm s  for th e  p r e s e n t  
s u r g e  g e n e r a t i n g  w in d  
c l im a te  in th e  s o u th e r n  

N o r th  S ea

storms with (north-westerly) tracks over the North Sea 
a re  overestim ated,  w hich  m eans  tha t the p resen t 
su rge  g en e ra t in g  wind climate in the  sou thern  North 
Sea m ode lled  in this w ay is on the ex trem e  side.

5. SURGE IMPACT OF THE WIND CLIMATE 
CHANGE

5.1. Storm surge m odel

The  su rge- im pac t  of the set of param etr ic  storms is 
d e te rm in e d  with the DCSM  (Verboom et al. 1992, G e r 
ritsen et al. 1995). This is a non-linear  model for tide 
flow and  w ind - induced  flow on the nor th -w est  E u ro 
p e a n  Continen ta l  Shelf and  is m ainly used  for storm 
su rge  com putations, w ate r  quality  com putations and 
for gene ra t ion  of boundary  conditions for smaller m o d 
els. The m odel covers a la rge  p ar t  of the north-w est  
E u ro p e an  C ontinen ta l Shelf: from 48° to 62° 20' N and  
-12°  to 13° E (Fig 9), T he  grid size of the original 
DCSM  is Vg° E by Vi2° N, with the north-w est  corner  of 
the m odel cut off. The m odel used  in this study has a 
grid  twice this resolution (in both  directions) and  is 
called DCSM-16, though  hencefo r th  in this p a p e r  it 
will be  referred  to simply as DCSM.

The m odel is based  on the  WAQUA program  p a c k 
ag e  at Rijkswaterstaat,  which is a gene ra l  purpose  p ro 
g ram  system  for solving d ep th - in teg ra ted  flow and 
t ranspor t  prob lem s in gene ra l  geom etries.  In a sphe r i
cal coord ina te  system the  equa tions  to be solved are 
(Gerritsen et al, 1995):

u, +  U) + --------- (ucosipn -2mvsincp +
Rcosip Rcoscp <p

guv lT + V 2 g  „ 1
C r ih  + Ç) Rcos<pSX p R c o s i p ^

pa Cdul;l vu ¡y, +Vw
p  ( h + Ç )  (2 )

u V u2 tan<p „
V,  +  V) + — v,„ + ---------   + 2cou sin m +

R coscp R R

g\  ' I T  + V 2 g  1 _  _  p a C (!V 10v ufo +vfo , 01

c h h +Ô V Pip = (3)
Ç<+ D 1 {[(¿¡ + Ç)uk + [ ( h  + Q u c o s ( p U  = 0 (4)

Rcostp

w h ere  X and  ip are  the longitude and  la titude coordi
nates respectively; u and  v a re  the com ponents  of 
d e p th -m ean  curren t in longitude and  la titude d irec
tions respectively; h is the w ate r  dep th  below refe r 
ence level (MSL); Ç is the w ater  level above reference 
level (MSL); a> is the angu lar  speed  of the earth; g  is the 
gravitational constant; C is the Chézy bottom friction 
param eter;  R is the radius of the earth; u 10 and  v10 are 
the com ponents  of w ind speed  in longitude and  lati
tude directions (at 10 m height) respectively,- C d is the 
w ind-drag  coefficient; p and  pa are the densities of 
w ate r  and  air respectively; p  is the a tm ospheric  p re s 
sure,- and  t is time.

A deta iled  explanation  of Eqs. (2) to (4) can be found 
in L eender tse  (1967) and  Stelling (1984). It m ay be 
helpful, however, to offer h ere  a brief indication of
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Fig. 9. L ayou t  of th e  D u tc h  C o n t in e n ta l  She lf  M o d e l  (DCSM ), i n c l u d 
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helpful, however, to offer he re  a brief indication of 
their physical m eaning .  Thus, g iven that the subscripts 
i, X and  cp deno te  partial differentiation, Eqs. (2) & (3) 
m ay be considered  to be m om en tum  equations with 
term s relating to the w ate r  motion on the left and  the 
w ind forcing term on the right.  Simply speaking, the 
time derivatives u, and  v, of the 2 com ponents  of w ate r  
velocity can be de te rm ined  implicitly from these, 
w hereas  the continuity equation  (Eq. 4) is used  to com 
pute  the rate of change  Ç, of the w ate r  elevation. These 
equations are  very suitable for m odelling the tidal 
flows and  the effects of meteorologically induced  vari
ations in w ater  level (Leendertse 1967). T hey  are 
solved with an ADI m ethod  (Stelling 1984) on a s ta g 
gered  grid and  supp lem en ted  by boundary  conditions 
at the closed boundaries  (coastlines) and  at the open 
sea boundaries  of the model (tidal boundary  condi
tions). For more detailed  information refer to Verboom 
et al. (1992) and  Gerri tsen  et al. (1995).

5.2. Storm surge com putations

For the com plete set of param etr ic  storms, storm 
su rge  computations are  carried  out with the DCSM

an d  only the m eteorological effect is used  as boundary  
condition. This m eans  tha t  tidal effects are  not taken  
into account, which implies tha t the  s imulation results 
a re  not in fluenced  by the d ifferent tidal ranges  of the 
various stations in the model or the timing of the  storm 
with respec t  to the astronom ical tide of the various s ta 
tions in the model. This has the ad v a n ta g e  tha t the 
n u m b e r  of storm su rge  com putations can  be restric ted  
to 567 (num ber  of param etr ic  storms), because,  in this 
way, there  is no n eed  to carry  out an  enorm ous am oun t 
of storm su rge  com putations in o rder  to exc lude tidal 
effects on the simulation results. A (minor) d isa d v a n 
tage is the fact tha t the non-linear  in teraction b e tw e en  
tide and  storm surges, w hich  m ay lead  to both  r e d u c 
tion and  amplification of storm surges, is not ta k en  into 
account. G enera lly  speaking ,  this effect inc reases  a 
storm su rge  at rising tide an d  dec reases  this surge  at 
h igh  tide (Bijl 1994b). As descr ibed  in the following 
par t  of this section, this d isa d v an tag e  will be coun te r 
ba lanced  by applying a correction factor which takes 
this in teraction effect b e tw e e n  tide and  storm su rge  
into account.

The results of the storm surge  com putations (time 
series) a re  perform ed for the  stations North  Shields 
an d  Lowestoft on the  British coast, stations Vlissingen,
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Fig. 10. S c h e m a t i c  r e p r e s e n t a t i o n  of th e  e s t im a t io n  of e x c e e d a n c e  f r e q u e n c i e s  
of s to rm  s u r g e  m a x i m a  on th e  b a s is  of a c o n d i t io n a l  2 - p a r a m e te r  W eibuII  

f r e q u e n c y  d is t r ib u t io n  (see Eq. 5)

H oek  van  Holland, Den H elder  and  
Delfzijl on the Dutch coast and  station 
C u x h a v en  on the G erm an  coast. The 
position of these stations is visualised 
in Fig. 9. T he  simulation period of the 
storm su rge  com putations runs from 
30 Ja n u a ry  1953, 0:00 h to 3 F eb ruary  
1953, 0:00 h. T he  first day is used  to 
rem ove initial d isturbances, so only the 
results from 31 J a n u a r y  and  su b se 
q u e n t  days have  b ee n  used  for an a ly z 
ing the  results.

In order  to ana lyze  these  results, first 
the  m ax im um  storm surge  effect of 
each  individual storm is com puted  for 
each  se lec ted  station. Subsequently , 
for station H oek  van Holland, es tim ates  of exceedance  
f requenc ies  of these  storm su rge  m axim a are  m ade  on 
the  basis of the  following (conditional)  2 -param ete r  
Weibull f requency  distribution, which approxim ates  
exc ee d an c e  frequency  curves above a certain  th re sh 
old to (Fig. 10):

JSfJSf
P |x  > h\x > tol = «  ° a (5)

w h e re  h  is a certa in  storm su rge  maximum; a  is the 
p a ra m e te r  w hich  de te rm ines  the  sh ap e  or curva tu re  of 
the  frequency  distribution; a  is the p a ra m e te r  which 
d e term ines  the  scale of the  frequency  distribution; and  
to is the  th reshold  value. So P[x > h \x  > to] is the chance 
of exc ee d an c e  of a certain  s torm m axim um  h, g iven a 
threshold  value to.

The es tim ates  of excee d an c e  frequenc ies  are  m ade  
over a w ide  ran g e  of thresholds, with a  and  o es ti
m a ted  for each  threshold. T he  optimal combination  of 
th reshold  and  sh a p e  and  scale pa ram ete rs  is d e te r 
m ined  on the  basis of the 'ex trem e storm level' of s ta 
tion Hoek van Holland. At first instance, this 'ex trem e 
storm level' has been  assessed  by the Delta C om m it
tee, which  w as installed by the  Dutch Minister of P u b 
lic Works shortly after the 1953 flood disaster (Maris 
1961). O ne  of the prim ary ach ievem en ts  of this Delta 
Com m ittee  was to set different safety s tandards  for 
various parts  of the Dutch coast (depend ing  on the 
economic im portance  of the area). Along the central 
coast of The N ethe r lands  a safety s tandard  was 
a g re ed  with a re tu rn  period of 10 000 yr, which m eans  
that in a lifetime of 100 yr the re  is a 1% chance  that 
flooding will occur. Recently, a rea ssessm en t  of the 
Delta Com m ittee 's  findings has b e e n  done, using 
longer records, n ew  statistical m ethods  and  physical, 
meteorological and  hydrodynam ica!  m odels  (van Urk 
1993, de Ronde et al. 1995). For station Hoek van  Hol
land, the revised  'ex trem e storm level'  (with a re turn  
period of 10 000 yr) is 5 m above NAP (Dutch O rd 

nance  Datum). This ex trem e storm level can  be seen 
as a com bination of storm su rge  effect, tidal effect and 
interaction effect be tw e en  storm surge  and  tide (Bijl 
1994b). The storm surge com putations with the 
DCSM, however, are carried out w ithout tidal influ
ence and  thus do not include tidal and  interaction 
effects. Therefore, to obtain an  ex trem e storm level 
w hich  is com parab le  to the results of the storm surge 
computations, m ean  h igh-w ate r  (1.11 m) and  the 
interaction effect be tw e en  storm su rge  and  tide 
(0.27 m,- Philippart 1994) are, respectively, subtrac ted  
from an d  ad d e d  to the official ex trem e storm level of 
station H oek van Holland. This 'ex trem e storm surge  
level' , w hich  has an exceedance  frequency  of 1CT4 
and  is 4.16 m  above NAP, is used, to derive the opti
mal combination  of Weibull param ete rs  for station 
H oek  van  Holland. On the basis of this Weibull p a ra 
m e te r  set of H oek  van Holland, the ex c eedance  fre
quenc ies  of storm surge m axim a of all se lec ted  s ta 
tions are  es tim ated  with the  help  of Eq. (5) (Fig. 11). 
This app roach  is consistent with the approach  
descr ibed  in Philippart et al. (1993) and van Urk
(1993), in which Hoek van  Holland also serves as a 
re ference  (calibration) station for other Dutch coastal 
stations.

5.3. Wind clim ate change

In order to describe the surge- im pact of both sc en a r
ios of wind climate change  in the sou thern  par t  of the 
North Sea, first the surge- im pact of the p resen t wind 
climate is determ ined . This is done by com bining the 
probability distribution of storms in this area  (Fig. 8b) 
with the frequency  distribution of storm surge maxima 
of the various stations (Fig. 11). To com bine these 2 d is
tributions, use is m a d e  of the fact that the storm surge 
m axim a of each  individual station can be split up into 9 
sub-sets  (which correspond  to the 9 sub-sets  of para-
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metric storms as described  in Section 4.2). For each  of 
these 9 sub-sets, exceedance  frequencies  can be esti
m a ted  with the help of Eq. (5) (on the basis of the same 
Weibull p a ra m e te r  set as used  for the com plete set of 
storm surge maxima). According to the probability  d is
tribution of storms in the sou thern  North Sea (Fig. 8b), 
all these 9 frequency distributions of storm su rge  m a x 
ima are  re la ted  to a specific exceedance  frequency. 
After applying these (normalized) ex ceedance  fre 
quencies  to the frequency  distributions, combination  of 
the 9 'ad justed '  frequency  distributions of storm surge 
m axim a obta ined  in this way provides the surge- 
impact of the p resen t  w ind  climate at a certain  station 
(Fig. 12, solid line). For m ore detailed  information refer 
to Bijl (1995a).

Section 2.3, Scenario 1 states that the possible wind 
climate change  in the sou thern  par t  of the N orth  Sea 
will consist of a nor thw ard  shift of 2° la titude of the 
entire wind climate system in this area. The surge- 
impact of the wind climate which m ight develop as a
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10*o 2 6 73 54

storm  su rg e  [mj

Delfzijl

storm  su rg e  [m]

C uxhaven
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result of this scenario is d e te rm in ed  by shifting the p r e 
sent probability  distribution of param etr ic  s torms in the 
sou the rn  par t  of the North  Sea (Fig. 8b) 2 d eg re es  in a 
nor thw ard  direction. T he  most sou the rn  monthly 
ex c eedance  f requencies  of this new  distribution have 
b ee n  set to 5% . Com bin ing  this n ew  (future) p ro b ab il
ity distribution with the f requency  distributions of 
storm su rge  m axim a of the various stations (in the 
sam e w ay as descr ibed  above) provides this surge- 
im pact (Fig. 12, dotted  line).

Fig. 12 shows clearly tha t a n o r thw ard  shift of 2° la t
itude of the p resen t  su rge  gen e ra t in g  w ind  climate in 
the sou the rn  par t  of the North  Sea (as m odelled  in this 
paper) will have  just a small im pact on the storm surge 
m axim a in this area. This im pact will consist of a slight 
d ec rease  of the exc ee d an c e  frequenc ies  of these  m a x 
ima and  is uniformly d is t ribu ted  th rough  the  a re a  of 
interest.

Scenario 2, w hich is descr ibed  in Section 2.3, states 
that the  possible w ind  climate ch a n g e  m the  sou thern
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par t  of the  North  Sea will consist of an 
inc rease  of the intensity of storms in 
this area.  T he  su rge- im pact of the 
w ind climate which m ight develop  as a 
result  of this scenario is d e te rm ined  by 
m eans  of varying storm p a ra m e te r  
Sp, w h ich  rep resen ts  the p ressu re  dif
fe rence  b e tw e e n  am b ien t an d  central 
p re ssu re  of pa ram etr ic  storms. Be
cause  it is a s su m ed  tha t  in this case the 
simulation  results of a particu lar  s torm 
can b e  app l ied  directly to the com plete  
set of storms, only the  param etr ic  1953 
storm has b ee n  used  to de te rm ine  the 
su rge- im pac t  of this scenario  of wind 
climate change .  The storm surge  com 
putations, carried  out with the  DCSM, 
a re  similar to the  s torm surge  co m p u 
tations descr ibed  in Section 5.2, w here  
only the m eteorological effect is taken  
as b o u n d a ry  condition. Fig. 13 shows 
the  simulation results of stations on the 
Dutch coast by m eans  of a graphical 
p re sen ta t ion  of the  rela tionship  b e 
tw ee n  m ax im um  storm su rge  and  
m ax im um  w ind sp e ed  during a storm. 
T he  la tte r  is, of course, directly rela ted  
to the  storm intensity. From this r e la 
tionship it follows tha t a relatively 
small ch a n g e  of the  w ind  sp eed  in the 
sou the rn  North Sea (which is re la ted  to 
the  storm intensity) will have a r e la 
tively la rge influence on the storm 
su rge  m axim a in this area. A 10% in 
c rease  of the  w ind  speed, as s ta ted  in 
the  ISOS-scenarios of climatic change  
(Peerbolte et al. 1991), will result  in an 
inc rease  of these  m axim a of abou t 
0.5 m. Of course, one m ust be aw are  of 
the fact tha t the above -desc ribed  con 
clusion d ep e n d s  very  m uch  on the  a s 
sum ption  tha t in this particular  case 
the  s imulation results of 1 storm can be 
app l ied  directly to the  com plete  set of 
storms.
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Fig. 12. Surge-impacl of the present and future (Scenario 1} wind climate in the
southern North Sea

6. DISCUSSION AND CONCLUSIONS

The a im  of the p resen t  p ap e r  w as to aqu ire  q u a n t i ta 
tive insights into the impact on storm surges of a possi
ble ch a n g e  of the w ind  climate in the  sou the rn  par t  of 
the  N orth  Sea. In this final section, some concluding 
r em arks  will be m a d e  on the basis of subjects  which 
play  an  im portan t  role in ob ta in ing these  insights.

6.1. Prediction oí clim atic changes

At present,  a large n u m b e r  of num erical climate 
models is available, rang ing  from simple ea r th -a v e r
aged, t im e- independen t  ( tem perature) models up to 
high-resolution, 3-dimensional, t im e-d ep e n d en t  m od
els (GCMs). In essence, these  models translate  concep
tual ideas into quantita tive sta tements . They are, of
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course, not ab le  to s im ulate the full complexity of rea l
ity, but p roduce the logical consequences  of a specific 
set of (plausible) assumptions. Up to now, even  the 
most e laborate  GCM s have not been  able to simulate 
unam biguously  the regional distribution of climatic 
changes  associa ted with an increasing  carbon dioxide 
concentration. This is especially true for possible 
changes  of (regional) w ind climate systems, the s im u
lation results are not unequivocal.  Therefore, to n ev e r 
theless explore the consequences  of a possible wind 
climate change, which is of g rea t im portance for the 
low lying countries a round  the North Sea, the best 
alternative is to specify p lausible scenarios of possible 
wind climate change  for this particular  area  and  then 
to eva lua te  the sensitivity of the storm surge  levels to 
this wind climate change.  In this paper,  the following 2 
scenarios have b een  investigated, which are  assum ed 
to reflect the ex trem es of the most im portant possible 
wind climate changes: Scenario 1 — the w ind climate 
change  in the sou thern  par t  of the North Sea wilt con 
sist of a nor thw ard  shift of 2° latitude of the entire wind 
climate system in this area; and  Scenario 2 — the wind 
climate change  in the sou thern  part of the North Sea 
will consist of an  increase  of the intensity of storms in 
this area.

6.2. M odelling of a regional w ind clim ate

Because reality is too complex to simulate, it is first 
necessary  to define which variables/characteristics of 
storms have to be taken  into consideration to model the 
(present) surge gene ra t ing  w ind climate in the so u th 

H oek van  H o lland

E
<V cp 
d  (/)
E
o
Vi
X
05
£

40

m ax  w ind s p e e d  [m /s]

D elfz ijl

E

A =0 0080

XTO
E

10 20 25

m ax  w ind s p e e d  [m /s]

30 40 45 5035
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ern  par t  of the North  Sea. The result is sum m ed  up in 
the concept of 'param etr ic  s to rm s’, w hich (in essence) 
considers the characteristics of a storm to be cond i
tional upon 11 p ara m ete rs  (such as storm intensity, 
storm track, p ropaga tion  speed, etc.). As illustrated in 
Section 4.1, this concept provides a very quick and 
usable m ethod  to rep ro d u ce  (in a num erical way) the 
main characteristics of real storms.

The (present) su rge  gene ra t ing  w ind climate in the 
sou the rn  North Sea is m ode lled  by m e an s  of 567 p a ra 
metric storms, accom pan ied  by a probability  d is tribu
tion of these storms in this area.  T hese  567 storms are  
all derived  from the 'param etr ic  version ' of the well- 
know n ex trem e storm of 1953, which implies tha t the 
set of param etr ic  storms, ob ta ined  in this way, is on the 
ex trem e side. In addition, the probability  distribution 
of storms in the sou thern  North Sea overestim ates  the 
ex c eedance  frequencies ,  especially  for storms at 
h igher  la titudes (see Fig. 8). Both effects lead  to the 
conclusion tha t the (present) surge  g en e ra t in g  wind 
climate in the sou thern  North Sea, m odelled  in this 
way, is on the safe (extreme) side.

6.3. S im ulation of storm surges

To de te rm ine  the su rge- im pact in the  sou thern  par t  
of the North Sea as a result of the la rge  set of (para
metric) storms, use is m a d e  of the Dutch Continental 
Shelf Model, w hich is one of the most well-calibra ted  
num erical storm su rge  m odels  for this par t icu lar  area. 
T he model is extensively  used  for s imulation of tide 
and  storm su rge  on the no r thw es t E u ro p e an  Continen-
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tai Shelf an d  has proved  to be very  capab le  in s im ulat
ing these  phenom ena .  North  Sea coastal stations for 
exam ple ,  show for storm surge  com putations a s ta n 
dard  deviation on the order  of 20 cm for g iven wind 
conditions. Determ in ing  the above -desc ribed  surge- 
im pact m ean s  in principle tha t  an  enorm ous am oun t of 
storm su rg e  com putations have  to be carried  out in 
o rder  to exc lude tidal effects on the simulation results. 
The la tter  is necessary  b ecau se  the  various stations in 
the  m odel have d ifferent tidal ranges  and  b ecause  the 
timing of the storms differs w ith  respec t  to the  as tro 
nomical tide of the  various stations in the model.

The n u m b e r  of storm su rge  com putations could, 
however, be reduced  simply to the  n u m b e r  of (para
metric) storms by using  correction factors to take 
accoun t of tidal effects, thus ach iev ing  g rea t  savings of 
expensive  com puter  time. It m ust be  noted, however, 
tha t the  interaction b e tw e e n  tide and  storm su rge  is 
non linear  and  can lead  to bo th  reduction  and  amplifi
cation of su rge  levels. The exact size of the interaction 
effect is d e te rm in ed  by the size of the  tidal ran g e  and  
the su rge  height. As descr ibed  in Bijlsma (1989), g e n 
erally it increases  the su rge  heigh t at  rising tide and  
d ec reases  the su rge  he igh t  at h igh  tide. A first a t tem pt 
to quantify  these  effects is descr ibed  in Philippart
(1994), bu t more insight is needed .

6.4. Surge-im pact of w ind clim ate change

The su rge- im pact of the su rge  gen e ra t in g  w ind cli
m ate  w hich  m ight deve lop  in the  sou the rn  N orth  Sea 
as a result  of Scenario 1 is d e te rm in e d  by shifting the 
p robabil ity  distribution of param etr ic  storms 2° in a 
n o r th w ard  direction. This relatively la rge nor thw ard  
shift (2° in a la titudinal direction  is abou t 220 km), com 
b ined  with  the fact tha t the m ode lled  w ind climate in 
the sou the rn  North Sea is on the ex trem e  side, implies 
tha t for this scenario of possible w ind climate change  
the  su rge- im pac t  can  be  r e g a rd e d  as the  u p p e r  limit. 
T he su rge- im pact of the su rge  gen e ra t in g  w ind cli
m a te  w hich  m ight develop  in the  sou thern  North  Sea 
as a result of Scenario 2 is d e te rm in e d  by a variation of 
the  p re ssu re  d ifference b e tw e e n  am b ien t and  central 
p ressu re  of param etr ic  storms. It should be noted  that 
to d e te rm in e  this su rge- im pac t  it w as assum ed  that the 
results  for a particu lar  storm can be applied  directly to 
the com plete  set of (parametric) storms.

6.5. Summary

-  A relatively la rge  n o r th w ard  shift of 2 deg re es  of 
la titude of the p re se n t  su rg e -g en e ra t in g  w ind cli
m a te  in the sou thern  p ar t  of the North  Sea will

have  just a small im pact on the storm su rge  m a x 
ima in this area.

- A relatively small increase  of the intensity of surge- 
gene ra t ing  depressions in the sou thern  par t  of the 
North Sea will have  a relatively large im pact on the 
storm surge  maxim a in this area.

-  The su rge-im pact of a possible ch a n g e  of the wind 
climate in the sou thern  par t  of the N orth  Sea is very 
d e p e n d e n t  on the scenario of w ind climate change  
which is used.
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