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1. INTRODUCTION 

1.1 General introduction 

Climate change is a naturally occurring phenomenon, 

although the patterns of change are being altered and 

accelerated by man's activities. There is plenty of 

scientific evidence of very long-term changes in the 

Earth's climate, occurring over tens of thousands of 

years. There is also some shorter term weather and 

wave data collected over periods of about twenty 

years from which to make a more objective study of 

changes during recent times. 

There is much public and scientific interest in 

climate change. There is speculation as to whether 

the increased amount of storm damage around the UK 

over the last few winters is part of a significant 

trend. As to the future, the speculation turns to 

the continuing and accelerating effects and 

consequences of "greenhouse" warming. The majority 

of the published research concentrates on "global" 

effects, as opposed to specific local or national 

problems. The majority view is that global warming 

and associated climate change are genuine effects, 

and that some of those effects are already beginning 

to show themselves. However, numerical models of 

global climate suggest that the changes would not be 

noticeable over periods as short as ten years without 

reliable instrumental measurements to detect them. 

Climate change is not necessarily a bad thing for 

everyone: there will be some benefits as well as many 

disadvantages. However, any significant climate 

changes will lead to a review of civil engineering 

design and management criteria affected by those 



changes. For example, any expected changes in the 

pattern or volume of rainfall, the number of days of 

frost per year, wind speeds, wave heights, or sea 

levels would be of concern to civil engineers. The 

specific interest of the Ministry of Agriculture, 

Fisheries and Food (MAFF) in funding the present 

research is in the potential effects of changing wave 

conditions and sea level rise on UK coastal defences. 

This is an important subject since if one accepts 

some of the 'worst case8 predictions for the future, 

large coastal areas of Britain could be subject to 

regular sea flooding unless defences are 

substantially improved. 

There are many organisations world wide carrying out 

research on climate change, mostly based on existing 

climate records, but with a view to what will happen 

in the future. However, there are very few reliable 

and consistent climate records long enough to be 

certain that recent apparent changes are 

statistically significant, and not merely part of the 

natural variability of climate. There are a handful 

of organisations involved in numerical modelling of 

future climate, and rather more involved in 

interpreting the results for their own purposes. 

Within the UK, HR has contacts with most of the 

public organisations involved in modelling, 

interpreting and planning for future climate change. 

These include MAFF and other Government Departments, 

the National Rivers Authority (NRA), coastal local 

authorities, the Institute of Oceanographic Sciences 

Deacon and Proudman Laboratories, the Meteorological 

Office, the Hadley Centre for Climate Studies, and 

the University of East Anglia Climatological Research 

Unit. 



1.2 Scope of the study 

The present research programme was included in HR's 

MAFF funded Flood Defence Research Commission 

specifically to look at changes in wave climate at 

the shoreline around the UK, and the consequences for 

coastal management. The research was to include a 

review of changes during recent years (say from 1960 

onwards), and, by extrapolation and numerical 

modelling, to estimate changes over the next fifty 

years or so. The results were to be expressed in 

fairly general terms, rather than concentrating on 

specific problem sites. 

The research was carried out over a period of two 

years from April 1989 to March 1991. An interim 

report (Ref 1) covered work done during the first 

year of the project. The present report marks the 

end of the MAFF funded research. However, research 

on climate change is continuing at HR under a 

commission awarded by NRA to examine site-specific 

coastal defence problems caused by climate change, 

and possible solutions to these problems. 

Most of the original research work in the present 

study was devoted to studying changes in winds, and 

more particularly waves, in coastal areas around the 

WK. This involved analysis of existing wind and wave 

records, and simulation of long time series wave data 

from wind records, using numerical techniques 

developed at HR. It also involved taking simulated 

wind data from the Hadley Centre's gridded Global 

Climate Model of "present" and "future" world 

climate. Surface wind data from grid points over and 

around Britain was extracted, and used to simulate 

"present" and "future" wave climate data, again using 

methods developed at HR. No new work was done on sea 



l e v e l  rise, b u t  a  d e t a i l e d  r e v i e w  of  l i t e r a t u r e  on 

t h e  s u b j e c t  was c a r r i e d  o u t .  

Roughly a q u a r t e r  o f  t h e  p r e s e n t  r e s e a r c h  b u d g e t  w a s  

s p e n t o n  p l a n n i n g t h e  work, r e v i e w i n g  t h e  l i t e r a t u r e ,  

g a t h e r i n g  d a t a  and e s t a b l i s h i n g  c o n t a c t s .  Roughly 

h a l f  w a s  s p e n t  on  d e v e l o p i n g  and v a l i d a t i n g  n u m e r i c a l  

t e c h n i q u e s ,  and on s i m u l a t i n g  and a n a l y s i n g  t i m e  

series wind and wave d a t a .  The r e m a i n i n g  q u a r t e r  w a s  

s p e n t  i n  i n t e r p r e t i n g  t h e  e x p e c t e d  f u t u r e  changes  i n  

winds ,  waves and w a t e r  l e v e l s ,  and t h e i r  impac t  on  UK 

c o a s t a l  management, and r e p o r t i n g  t h e  r e s u l t s .  

C h a p t e r  2 i s  a s e l e c t i v e  l i t e r a t u r e  r e v i e w  o n  c l i m a t e  

change,  p a r t i c u l a r l y  as it a f f e c t s  UK c o a s t s ,  and a 

more d e t a i l e d  r e v i e w  o f  s t u d i e s  and c o n c l u s i o n s  a b o u t  

g l o b a l  s e a  l e v e l  rise. C h a p t e r  3 d e s c r i b e s  t h e  

n u m e r i c a l  work done  u s i n g  e x i s t i n g  wave and c o a s t a l  

wind d a t a .  C h a p t e r  4 d e s c r i b e s  t h e  n u m e r i c a l  work 

done  u s i n g  s i m u l a t i o n s  o f  f u t u r e  wind and  wave 

c o n d i t i o n s .  C h a p t e r  5 r e v i e w s  t h e  consequences  f o r  

UK c o a s t a l  management. C h a p t e r  6 draws t o g e t h e r  t h e  

c o n c l u s i o n s  and makes recommendat ions  f o r  f u r t h e r  

r e s e a r c h  and f u t u r e  a c t i o n s .  The main r e s u l t s  are 

p r e s e n t e d  i n  t a b l e s  and f i g u r e s  a t  t h e  end  o f  t h e  

main t e x t .  O t h e r  r e s u l t s  and  d a t a ,  o f  less immediate 

i n t e r e s t ,  and d e t a i l s  o f  n u m e r i c a l  t e c h n i q u e s  and 

models ,  are g i v e n  i n  t h e  a p p e n d i c e s .  

2 .  LITERATURE REVIEW 

2 . 1  I n t r o d u c t i o n  t o  t h e  

l i t e r a t u r e  r e v i e w  

C l i m a t e  change  i n  i t s  b r o a d e s t  s e n s e  i n c l u d e s  

h i s t o r i c a l  t r e n d s ,  as w e l l  as c h a n g e s  i n  t h e  r e c e n t  

p a s t  and e x p e c t a t i o n s  f o r  t h e  f u t u r e .  I t  a l s o  



includes globally as well as nationally important 

changes, and all climatic parameters, and an 

assessment of their combined consequences. There are 

many papers on climate change amongst the more 

general technical journals, and some journals 

(including "Climatic Change" and "Global and 

Planetary Change"), conferences and books 

specialising in information on global climate change. 

Also, since the subject is one of general public 

interest, there are regular newspaper, radio and 

television reports on the subject. The literature 

review has included a watching brief on all of these 

potential sources of information. However, only the 

most extensive and the most relevant sources will be 

referenced directly in this report. 

Many of the world's governments, meteorological 

agencies and other research associations have an 

interest in climate change and its consequences. 

Some of their research and conclusions were brought 

together recently in a book produced by the 

Inter-Governmental Panel on Climate Change (Ref 2: 

hereafter referred to as "the IPCC Assessment"). 

Within the UK, the major organisations researching or 

affected by climate change in coastal areas include: 

The Ministry of Agriculture, Fisheries and Food, the 

Departments of Energy and of the Environment, the 

National Rivers Authority, the Hadley Centre for 

Climate Studies, the Meteorological Office, the 

Natural Environment Research Council, the Institute 

of Oceanographic Sciences Deacon and Proudman 

Laboratories and the University of East Anglia's 

Climatological Research Unit. Other smaller research 

groups include universities, insurers, coastal local 

authorities, the Institute of Terrestrial Ecology, 

the Institute of Hydrology, British Maritime 

Technology and HR Wallingford. Many of the 



interested organisations in the UK have come together 

in the United Kingdom Climate Change Impacts Review 

Group. 

The purpose of the present research project is to 

assess the effects of climate change upon design, 

maintenance and management of UK coastal defences. 

Sea level and wave climate are clearly the most 

relevant climatic parameters, although surface winds 

(and possibly surface pressures) are also of 

interest. Recorded climate changes around the UK, 

and expectations for the future are more relevant 

than global trends, although the latter are also of 

interest. 

Section 2.2 is a general review of the literature on 

climate change and its consequences. Sect ions 

2.3-2.5 concentrate on sea levels, wind climate and 

wave climate, respectively, especially changes 

recorded or expected around the UK. 

2.2 Climate change in 

general 

Climate change is a naturally occurring phenomenon. 

There is evidence of dramatic changes in climate and 

mean sea level, on an inter-glacial time scale of 

about one hundred thousand years. The Earth is 

presently in the warmer half of a glacial cycle, but 

temperatures have been both significantly higher and 

significantly lower than at present. During a 

complete glacial cycle, global mean surface 

temperatures vary by 5-7OC, although by rather more 

in the mid-latitudes of the Northern hemisphere. 

However, the majority of scientists believe that 

man's activities are having a measurable effect upon 

the Earth's climate via the "greenhouse effect", and 



that the changes are accelerating. 

The IPCC Assessment (Ref 2) recently brought together 

the world's climate experts to assess the evidence of 

changes in the recent past, and the expected changes 

in the near future. This involved analysing 

meteorological records from around the world and 

predictions of future climate from Global Climate 

Models run at the UK Hadley Centre and in the USA. 

Some of their main conclusions are quoted below:- 

"Global-mean surface air temperature has increased by 

0.3OC to 0.6OC over the last 100 years, with the five 

global-average warmest years being in the 1980's. 

Over the same period global sea level has increased 

by 10-20cm. These increases have not been smooth 

with time, nor uniform over the globe. 

"The size of this warming is broadly consistent with 

predictions of climate models, but it is also of the 

same magnitude as natural climate variability. Thus 

the observed increase could be largely due to this 

natural variability: alternatively this variability 

and other human factors could have offset a still 

larger human-induced greenhouse warming. The 

unequivocal detection of the enhanced greenhouse 

effect from observations is not likely for a decade 

or more. There is no firm evidence that climate has 

become more variable over the last few decades. 

"Although the overall temperature rise has been 

broadly similar in both hemispheres, it has not been 

steady, and differences in their rates of warming 

have sometimes persisted for decades. Much of the 

warming since 1900 has been concentrated in two 

periods, the first between about ,1910 and 1940 and 



t h e  o t h e r  s i n c e  1975; t h e  f i v e  warmest y e a r s  on 

r e c o r d  have a l l  been i n  t h e  1980 ' s .  The Northern 

Hemisphere coo led  between t h e  1 9 4 0 ' s  and e a r l y  1970 ' s  

when Southern  Hemisphere t e m p e r a t u r e s  s t a y e d  n e a r l y  

c o n s t a n t .  

"Emissions r e s u l t i n g  from human a c t i v i t i e s  a r e  

s u b s t a n t i a l l y  i n c r e a s i n g  t h e  a t m o s p h e r i c  

c o n c e n t r a t i o n s  of  t h e  g reenhouse  gases :  carbon 

d i o x i d e ,  methane, c h l o r o f l u o r o c a r b o n s  (CFC's) and 

n i t r o u s  ox ide .  These i n c r e a s e s  w i l l  enhance t h e  

greenhouse e f f e c t ,  r e s u l t i n g  on a v e r a g e  i n  a n  

a d d i t i o n a l  warming o f  t h e  E a r t h '  S s u r f a c e .  The main 

greenhouse g a s ,  w a t e r  vapour ,  w i l l  i n c r e a s e  i n  

r e s p o n s e  t o  g l o b a l  warming and f u r t h e r  enhance it. 

"Atmospheric c o n c e n t r a t i o n s  o f  t h e  l o n g - l i v e d  g a s e s  

(ca rbon  d i o x i d e ,  n i t r o u s  o x i d e  and t h e  CFCs) a d j u s t  

o n l y  s lowly  t o  changes i n  e m i s s i o n s .  Continued 

e m i s s i o n s  of t h e s e  g a s e s  a t  p r e s e n t  r a t e s  would 

commit u s  t o  i n c r e a s e d  c o n c e n t r a t i o n s  f o r  c e n t u r i e s  

ahead. The l o n g e r  e m i s s i o n s  c o n t i n u e  t o  i n c r e a s e  a t  

p r e s e n t  day r a t e s ,  t h e  g r e a t e r  r e d u c t i o n s  would have 

t o  be  f o r  c o n c e n t r a t i o n s  t o  s t a b i l i s e  a t  a  g i v e n  

l e v e l .  

"Under t h e  IPCC Business-as-Usual e m i s s i o n s  s c e n a r i o ,  

a  r a t e  of  i n c r e a s e  of  g l o b a l  mean t e m p e r a t u r e  d u r i n g  

t h e  nex t  c e n t u r y  of  about  0.3OC p e r  decade  ( w i t h  a n  

u n c e r t a i n t y  range  of  0.2OC t o  0.5OC p e r  decade)  ; t h i s  

i s  g r e a t e r  t h a n  t h a t  s e e n  o v e r  t h e  p a s t  10,000 y e a r s .  

T h i s  w i l l  r e s u l t  i n  a  l i k e l y  i n c r e a s e  i n  g l o b a l  mean 

t e m p e r a t u r e  of  about  1°C above t h e  p r e s e n t  v a l u e  by 

2025 and 3OC b e f o r e  t h e  end o f  t h e  n e x t  c e n t u r y .  

"Under t h e  IPCC Business-as-Usual e m i s s i o n s  s c e n a r i o  

a n  average  r a t e  of g l o b a l  mean s e a  l e v e l  rise o f  



a b o u t  6cm p e r  d e c a d e  o v e r  t h e  n e x t  c e n t u r y  ( w i t h  a n  

u n c e r t a i n t y  r a n g e  o f  3-10cm p e r  d e c a d e ) ,  m a i n l y  due  

t o  t h e r m a l  e x p a n s i o n  o f  t h e  o c e a n s  and t h e  m e l t i n g  o f  

some l a n d  ice. The p r e d i c t e d  rise i s  a b o u t  20cm i n  

g l o b a l  mean s e a  l e v e l  by 2030,  and  65cm by t h e  end o f  

t h e  n e x t  c e n t u r y .  

"Models p r e d i c t  t h a t  s u r f  ace a i r  w i l l  warm f a s t e r  

o v e r  l a n d  t h a n  o v e r  o c e a n s ,  and a minimum o f  warming 

w i l l  o c c u r  a r o u n d  A n t a r c t i c a  and i n  t h e  n o r t h e r n  

Nor th  A t l a n t i c  r e g i o n .  

"There  are some c o n t i n e n t a l - s c a l e  changes  which  are 

c o n s i s t e n t l y  p r e d i c t e d  by  t h e  h i g h e s t  r e s o l u t i o n  

models  and f o r  which w e  u n d e r s t a n d  t h e  p h y s i c a l  

r e a s o n s .  The warming i s  p r e d i c t e d  t o  b e  50-100% 

g r e a t e r  t h a n  t h e  g l o b a l  mean i n  h i g h  n o r t h e r n  

l a t i t u d e s  i n  w i n t e r ,  and s u b s t a n t i a l l y  smaller t h a n  

t h e  g l o b a l  mean i n  r e g i o n s  o f  sea-ice i n  summer. 

P r e c i p i t a t i o n  i s  p r e d i c t e d  t o  i n c r e a s e  o n  a v e r a g e  i n  

m i d d l e  and h i g h  l a t i t u d e  c o n t i n e n t s  i n  w i n t e r  ( b y  

some 5-10% o v e r  35-55ON). 

"With t h e  p o s s i b l e  e x c e p t i o n  of  a n  i n c r e a s e  i n  t h e  

number o f  i n t e n s e  showers  t h e r e  i s  no clear e v i d e n c e  

t h a t  t h e  w e a t h e r  v a r i a b i l i t y  w i l l  change  i n  t h e  

f u t u r e .  " 

F u t u r e  climate models  make no f i r m  p r e d i c t i o n s  a b o u t  

changes  i n  winds  and  s t o r m s  e x c e p t  t o  i n d i c a t e  t h a t  

a n y  s u c h  changes  w i l l  b e  small.  However, t h e r e  is  a n  

i n f e r e n c e  t h a t  t r o p i c a l  s t o r m s  w i l l  b e  s l i g h t l y  more 

i n t e n s e  w h i l s t  m i d - l a t i t u d e  s t o r m s  w i l l  b e  s l i g h t l y  

less i n t e n s e  f o l l o w i n g  g l o b a l  warming. 

The UK w i l l  s u f f e r  from t h e  f u t u r e  i n c r e a s e s  i n  

t e m p e r a t u r e  and s e a  l e v e l s  p r e d i c t e d  g l o b a l l y .  More 



locally, it is predicted to have wetter winters and 

drier summers (with a reduced soil moisture content 

in the summer), following global warming. There is 

not likely to be any increase in storm frequency or 

intensity. An increase in mean wave heights around 

the UK has been observed over the last thirty years, 

although there is no evidence that this is linked to 

global warming. 

There will be many UK consequences of these changes, 

for ecology, agriculture and water management. The 

water management aspects will include the following 

things. The increasing winter rainfall will increase 

drainage requirements. The decreasing summer 

rainfall may mean irrigation is necessary to maintain 

existing cropland. The changing pattern of rainfall 

will affect water collection, storage and supply. 

Increasing winter rainfall, sea levels and wave 

heights will cause a need for improved river and sea 

defences . 

2.3 Global sea level 

rise 

It is generally accepted that sea levels have risen 

slightly during this century, and that they will 

continue to rise, probably at an accelerated rate, 

during the next fifty years. Although such changes 

would not be apparent to a casual observer, they can 

be detected by fixed markers including tide gauges. 

The main adverse consequence of a sea level rise of 

half a metre or so would be more frequent and more 

severe flooding of low lying land near coasts and 

tidal rivers. There is some indication that sea 

level rise will vary slightly around the world. 

However, these regional variations will have little 

effect around the UK, and therefore all comments 



address the problems of "global" sea level rise. 

An increase in ocean water volume will be caused by 

expansion as the temperature increases, at least at 

temperatures above 4OC. Some additional water 

necessary to cause sea level rise will be provided by 

melting glacial, Arctic and Antarctic ice. (It is 

true that melting of floatinq ice would cause no 

change in water level, but much of the ice, 

particularly in the Antarctic, is on land). Sea 

level rise may be demonstrated by tide gauge 

measurements, or may be inferred from measurements of 

the thickness of polar ice, or from measurements or 

climate modelling showing increasing temperature in 

the polar regions. 

In Section 2.2 it was noted that global temperatures 

have been both higher and lower than at present over 

a timescale of thousands of years. More importantly, 

the last decade has been slightly, but significantly, 

warmer than any other this century. Whether or not 

this is part of the greenhouse effect, and it 

probably is, one is not surprised that a 

corresponding measurable decrease in volumes of polar 

ice and a consequent rise in mean sea levels have 

been detected. However, to putthe expected changes 

into context, if all the ice in the world were to 

melt the oceans would rise by about 70m. Perhaps a 

more plausible long term "worst case" would be the 

melting of the entire West Antarctic Ice Sheet, which 

is grounded well below sea level, and which would 

raise global sea levels by about 5m. 

Volumes of polar ice are difficult to measure. "Ice 

extent" can be monitored by satellite and by ships 

observations, but is subject to considerable 

variability. "Ice thickness" is a more definite sign 



of significant changes, but is difficult to measure. 

The IPCC Assessment reports that analysis of sea ice 

extent data since 1950 (before which records were 

unreliable) shows some decadal variation but no 

continuous trends. A change in the thickness of 

floating ice would not be particularly important in 

itself, but would suggest a corresponding change in 

land-supported ice. Sea ice thickness can only be 

measured by upward looking sonar from submarines. 

Some records show no significant change in thickness, 

but measurements over a large area north of Greenland 

show a 15% reduction in thickness from 1976 to 1987. 

Records at the British Antarctic base at Rothera show 

an increase in mean temperatures from O.l°C between, 

1977 and 1981 to l.l°C between 1982 and 1986, with a 

corresponding marked reduction in ice cover in the 

vicinity of the base. A substantial, but not 

continuous, recession of mountain glaciers has taken 

place almost everywhere since the latter half of the 

nineteenth century. The rate of recession appears to 

have been greatest between about 1920 and 1960. The 

gradual reduction in ice volumes implied above 

provides a steady source of water for raising mean 

sea levels. 

The most reliable evidence for sea level rise comes 

from direct measurements by tide gauges, but there 

are few records of any sort before the early 19th 

century. The longest continuous and consistent UK 

tide record (from Newlyn) covers the period from 1915 

to date. Systematic collection and analysis of sea 

level data for the British Isles is now the 

responsibility of the Proudman Oceanographic 

Laboratory (POL). On a worldwide basis, POL are 

involved in the Global Sea Level Observing System 

(GLOSS) which will involve a global network of about 



300 primary tide gauges. POL has installed GLOSS 

gauges at Lerwick, Stornoway and Newlyn in the UK, 

and Ascension, St. Helena, Tristan da Cunha, the 

Falklands, South Georgia and South Orkney. 

POL's analysis indicates that mean sea levels were 

rising at a rate of about lmm per year about one 

hundred years ago, rising to a rate of about 2mm per 

year at present, with a total rise of 150-200mm over 

the last century. Some details of their calculations 

are given below: 

(i) UK 1916-82 

Newlyn 1.8mm per year 

Aberdeen 0.9mm per year 

Sheerness 1.9mm per year 

North Shields 2.6mm per year 

(ii) elsewhere 

Sydney (1896-1984) 0.5mm per year 

Bombay (1879-1961) l.Omm per year 

San Francisco (1854-1981)1.2mm per year 

Brest (1807-1982) l. Omm per year 

The above conclusions are supported by the IPCC 

Assessment. Mean sea levels have been rising over 

the last one hundred years (at least). The present 

rate of increase is about 2mm per year and is 

probably accelerating. However, the rate of rise 

shows considerable variation from place to place 

(possibly due to variable land movements), and 

considerable variation with time, even on a decadal 

timescale. The main causes of sea level rise in the 

past have been: i) thermal expansion of the oceans, 

ii) melting of mountain glaciers and iii) melting of 



the Greenland Ice Sheet. From present data it is 

difficult to judge whether iv) the Antarctic Ice 

Sheet has contributed, either positively or 

negatively, to sea level rise. Reference 3 estimates 

the contributions to mean sea level rise since 1880, 

from the four factors above, to have been in the 

proportions 45%, 45%, 25% and -15%, although with 

considerable uncertainty. (The negative proportion 

indicates that snow has been accumulating in 

Antartica.) 

There are several ways of predicting future sea level 

rise. The simplest is by extrapolation of recorded 

trends from the last century. Other ways include 

calculation of oceanic expansion based on expected 

temperature rises, calculation of ice masses which 

could melt and add to ocean volumes, and full-scale 

future climate modelling. The IPCC Assessment is the 

most recent extensive review of world wide research 

into future sea level rise. It used past 

measurements of mean sea levels and the knowledge 

gained from different Global Climate Models. It 

considered different scenarios, both with regard to 

rates of continued atmospheric pollution, and with 

regard to specific climatic responses, for example 

melting of the West Antarctic Ice Sheet. We can do 

no better than to quote some of its predictions with 

regard to future sea level rise, taken from Chapter 9 

of Reference 2. 

"For the IPCC Business-as-Usual scenario at year 

2030, global-mean sea level is 8-29cm higher than 

today, with a best-estimate of 18cm. At the year 

2070, the rise is 21-71cm, with a best-estimate of 

44cm. 

"Most of the contribution is estimated to derive from 



thermal expansion of the oceans and the increased 

melting of mountain glaciers and small ice caps. 

"On the decadal time scale, the role of the polar ice 

sheets is expected to be minor, but they contribute 

substantially to the total uncertainty. Antarctica 

is expected to contribute negatively to sea level due 

to increased snow accumulation associated with 

warming. A rapid disintegration of the West 

Antarctic Ice Sheet due to global warming is unlikely 

within the next century. 

"For the lower forcing scenarios (B, C and D), the 

sets of sea level rise projections are similar, at 

least until the mid-2lst century. On average these 

projections are approximately one-third lower than 

those of the Business-as-Usual scenario. 

"Even with substantial decreases in the emissions of 

the major greenhouse gases, future increases in 

temperature and, consequently, sea level are 

unavoidable - a sea level rise "commitment" - due to 
lags in the climate system. 

"In general, this review concludes that a rise of 

more than 1 metre over the next century is unlikely. 

Even so, the rate of rise implied by the 

Business-as-Usual best-estimate is 3-6 times faster 

than that experienced over the last 100 years." 

Reference 3 goes on to estimate the relative 

contributions of the four main factors to sea level 

rise over the next hundred years: thermal expansion 

(55%), glaciers (35%), Greenland ice (20%) and 

Antarctica (-10%), although there is considerable 

uncertainty. 



These conclusions imply a continuous rise in mean sea 

levels of about 5-6mm per year for the next fifty 

years or so, and that this rise will occur almost 

regardless of any reduction in the rate of production 

of greenhouse gases. This prospect should be of 

major concern in many low-lying coastal areas subject 

to permanent or temporary inundation, and of some 

concern where cliff or beach erosion or salt 

intrusion occurs. 

Many books and articles address the specific problems 

of sea level rise. A few of the most relevant are 

listed here. "Greenhouse Effect and Sea Level Rise" 

(Ref 4) and "The Effects of Ozone Modification and 

Climate Change" (Ref 5) are books based on US 

Environmental Protection Agency conference papers 

presented in 1983 and 1986, respectively: they 

address the economic, physical and coastalmanagement 

problems of sea level rise in the US. "Climatic 

Change, Rising Sea Level and the British Coast" 

(Ref 6) is a report produced by the Institute of 

Terrestrial Ecology: it addresses the ecological and 

coastal problems of sea level rise in the UK. "The 

potential effects of climate change in the United 

Kingdom" is a broad review of climate change and its 

impact, produced by the United Kingdom Climate Change 

Impacts Review Group in 1991 (Ref 7) . "Impact of sea 
level rise on society" is a broad review of the 

impacts of climate change and how to combat them, 

produced by a mainly Dutch review group in 1986 

(Ref 8). A conference of River and Coastal Engineers 

at Loughborough in 1989 (Ref 9) brought together 

researchers, designers and statutory authorities to 

discuss the magnitude and impact of sea level rise in 

the UK. A policy study by de Ronde (Ref 10) reviewed 

the economic and physical consequences of sea level 

rise in the Netherlands, where low-lying coastal 



areas are particularly vulnerable to flooding. 

Reference 7 works from the predictions and 

assumptions about future climate change given in the 

IPCC Assessment (Ref 2). It considers the potential 

impacts (especially as they affect the UK) of climate 

change in a wide variety of environmental and 

socio-economic areas. It includes a general 

appraisal of the type and value of land most 

vulnerable to future sea level rise. 

Reference 10 estimates that the total cost of 

improving Dutch sea defences to meet the sea levels 

expected in one hundred years (ie + 60cm) would be 

74 billion US dollars. Reference 6 takes perhaps an 

unduly pessimistic view that sea levels will rise by 

0.8-1.65m over the next one hundred years, and that 

the cost of upgrading UK coastal defences to meet 

this rise will be 5 billion pounds. Quoting from 

Reference 6: 

"The coastline of Britain can be subdivided into two 

categories, the mainly low-lying soft coasts, often 

protected by a sea wall, and the harder, 

predominantly cliff, coasts. The cliff coasts 

associated with harder rocks in the north and west 

would be little affected even with a sea level rise 

of some magnitude, although there are sheltered 

inlets with salt marsh, shingle and sand dune 

communities. However, in the absence of artificial 

restraints, these isolated communities and ecosystems 

would probably adjust to rising sea levels by slowly 

migrating landwards. 

"A rise in sea level would result in increased 

erosion, but such erosion can usually release enough 

sediments into circulation to allow the coast to 



r e f o r m  more o r  less unchanged.  The development  o f  

new marshes  and mud f l a t s  i s ,  however, a  s low 

p r o c e s s ,  and it i s  p o s s i b l e  t h a t  t h e  r a t e  o f  s e a  

l e v e l  rise might  b e  t o o  g r e a t  f o r  t h e s e  n a t u r a l  

p r o c e s s e s  of  r e c o v e r y  t o  t a k e  p l a c e .  I n  a d d i t i o n ,  

t h e s e  p r o c e s s e s  depend on  t h e r e  b e i n g  no a r t i f i c i a l  

b a r r i e r s  t o  l i m i t  t h e  advance  o f  t h e  sea l andwards .  

"Along n e a r l y  a l l  o f  t h e  low- ly ing  c o a s t s  o f  B r i t a i n  

t h i s  p r o c e s s  is  i n h i b i t e d  by t h e  e x i s t e n c e  o f  sea 

w a l l s  t h a t  p r o t e c t  l i f e  and p r o p e r t y  a g a i n s t  any 

i n t r u s i o n  o f  t h e  s e a .  A rise i n  sea l e v e l  would 

i n c r e a s e  t h e  r a t e  o f  e r o s i o n  o f  marshes  seawards  o f  

t h e  sea w a l l ,  and  t h e  s e d i m e n t  would g e n e r a l l y  b e  

l o s t  from t h e  immedia te  sys tem.  

"Some p a r t s  o f  t h e s e  low-ly ing  c o a s t s  are f r o n t e d  and 

p r o t e c t e d  by s a n d  dunes  o r  s h i n g l e  banks .  These  

a r e a s  would a l s o  b e  v u l n e r a b l e  t o  change as a r e s u l t  

o f  a rise i n  sea l e v e l ,  e s p e c i a l l y  where  t h e r e  is 

i n s u f f i c i e n t  s p a c e  f o r  them t o  r e f o r m  l andwards .  

"Sea l e v e l  rise would a l s o  p r e s e n t  a s i g n i f i c a n t  

problem,  however, i n  t h o s e  a r e a s  w i t h  a c l i f f  c o a s t  

where  t h e  c l i f f s  a r e  composed o f  s o f t e r  r o c k s .  The 

p r e s e n t ,  n o t  i n c o n s i d e r a b l e  rates o f  e r o s i o n  would b e  

d r a m a t i c a l l y  enhanced i f  e r o s i o n  w a s  a l l o w e d  t o  

p r o c e e d  unchecked,  t h e n  t h e r e  would b e  a s u b s t a n t i a l  

enhancement o f  t h e  s u p p l i e s  o f  sed imen t  t o  s a l t  marsh 

and  s a n d  dune  areas f u r t h e r  a l o n g  t h e  c o a s t .  

C o n v e r s e l y ,  t h e  p r e v e n t i o n  o f  e r o s i o n  would c u t  o f f  

t h i s  s u p p l y  o f  sand  and s e d i m e n t  and c o u l d  r e s u l t  i n  

i n c r e a s e d  e r o s i o n  e l s e w h e r e .  

" I n  a d d i t i o n  t o  t h e  d i r e c t  e f f e c t  a l r e a d y  men t ioned ,  

a rise i n  sea l e v e l  would a f f e c t  areas some d i s t a n c e  

i n l a n d .  T h e r e  i s  l i k e l y  t o  b e  i n c r e a s e d  f l o o d i n g  i n  



c o a s t a l  areas by s e a  w a t e r  o r  b r a c k i s h  w a t e r ,  and 

s a l t  p e n e t r a t i o n  o f  t h e  groundwater  would i n c r e a s e  

f u r t h e r  i n l a n d .  

" A l l  p a r t s  o f  t h e  B r i t i s h  Isles would e x p e r i e n c e  some 

e f f e c t  from a  change i n  s e a  l e v e l  o f  t h e  magni tude 

p r e d i c t e d .  The l a r g e s t  changes  would, however, b e  i n  

t h e  s o u t h  and e a s t ,  p a r t i c u l a r l y  from t h e  Humber t o  

Poo le  Harbour,  and i n  o t h e r  ma jor  e s t u a r i e s  s u c h  a s  

t h e  Severn ,  t h e  Mersey, Morecambe Bay and t h e  Solway 

F i r t h  ( F i g u r e  1). 

" I n  t h e  p a s t ,  s m a l l  rises i n  s e a  l e v e l  have been 

p rov ided  f o r ,  and f a c t o r s  of  s a f e t y  a g a i n s t  s to rm 

s u r g e s  have been i n c r e a s e d  main ly  by r a i s i n g  t h e  

h e i g h t  o f  e x i s t i n g  s t r u c t u r e s ,  a l t h o u g h  t h e s e  a c t i o n s  

have been supplemented by major  p r o j e c t s ,  s u c h  a s  t h e  

Thames B a r r i e r .  The magni tude o f  t h e  rises 

p o s t u l a t e d ,  however, p o s e  r a d i c a l l y  d i f f e r e n t  

problems. I t  a p p e a r s  t h a t  many e x i s t i n g  s e a  w a l l s  

l a c k  t h e  f o u n d a t i o n s  t o  w i t h s t a n d  r a i s i n g  them by t h e  

r e q u i r e d  amount. Even i f  s u c h  a  measure w e r e  

p o s s i b l e ,  it would c o s t  between £2,500 and £3,000 p e r  

metre t o  r a i s e  t h e  w a l l s  s u f f i c i e n t l y  t o  cope w i t h  a  

rise o f  1.65m ( A  J A l l i s o n ,  p e r s .  comm.). T h i s  

e s t i m a t e  makes no a l lowance  f o r  secondary  c l i m a t i c  

e f f e c t s ,  such  a s  t h e  d e t e r i o r a t i n g  wave c l i m a t e ,  

which c o u l d  make t h e  s i t u a t i o n  worse.  

" I n  a d d i t i o n  t o  t h e  c o s t s  of  r a i s i n g  e x i s t i n g  s e a  

d e f e n c e s ,  t h e r e  i s  a l s o  a  problem o f  t h e  v a r i o u s  

o u t f a l l s .  The v a s t  m a j o r i t y  o f  g r a v i t y  o u t f a l l s  

would become i n o p e r a b l e ,  and many pumping s t a t i o n s  

would have t o  b e  modi f i ed  o r  r e p l a c e d  a t  a n  e s t i m a t e d  

c o s t  of  E2,OOOM." 

I n  view of t h e  heavy c o s t s  i n v o l v e d ,  Refe rence  6 goes  
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o n  t o  s u g g e s t  a l t e r n a t i v e  s e a  d e f e n c e  s t r a t e g i e s ,  and  

t o  r e v i e w  t h e  e c o l o g i c a l  c o n s e q u e n c e s  o f  e a c h :  

( a )  P r e s e n t  s e a  w a l l s  r a i s e d  

( b )  N e w  sea w a l l s  c o n s t r u c t e d  l andwards  o f  

e x i s t i n g  o n e s  

( c )  S to rm s u r g e  b a r r i e r s  b u i l t  a c r o s s  e s t u a r i e s  

( d )  Impermeable b a r r i e r s  b u i l t  a c r o s s  e s t u a r i e s  

( e )  Abandonment o f  c o a s t  

A N e w  C i v i l  E n g i n e e r  a r t i c l e  ( 4  J a n u a r y  1990)  a l s o  

t a k e s  a  r a t h e r  p e s s i m i s t i c  v iew o f  o n e  metre o f  sea 

l e v e l  rise o v e r  t h e  n e x t  50  t o  1 0 0  y e a r s .  I t  s tates 

t h a t  a o n e  metre rise would a f f e c t  o n l y  a b o u t  3% o f  

t h e  E a r t h ' s  l a n d ,  b u t  a d i s a s t r o u s  one  t h i r d  o f  a l l  

c r o p l a n d .  I t  a l s o  p o i n t s  o u t  t h a t  some n a t i o n s  would 

l o s e  l a n d  d i s p r o p o r t i o n a t e l y :  1 6 %  o f  Bang ladesh  c o u l d  

b e  i n u n d a t e d ,  w h i l s t  some t r o p i c a l  i s l a n d  n a t i o n s  

c o u l d  d i s a p p e a r  a l t o g e t h e r .  R e f e r e n c e  9 n o t e s  t h a t  

w h i l s t  o n l y  8% of  Grade  1-3 a g r i c u l t u r a l  l a n d  i n  

Eng land  and  Wales l i es  below 5mOD, a much l a r g e r  57% 

of  Grade  1 a g r i c u l t u r a l  l a n d  l ies  below 5mOD, t h e  

a r e a  most  v u l n e r a b l e  t o  s e a  l e v e l  rise. 

Pugh (Ref 11) c a l c u l a t e d  a  more modes t  r a t e  o f  sea 

l e v e l  rise, and c o n s i d e r e d  how it migh t  v a r y  a r o u n d  

t h e  UK. These  v a r i a t i o n s  are due  m a i n l y  t o  v e r t i c a l  

l a n d  movement, b u t  a l s o  t o  c h a n g e s  i n  ocean  

t o p o g r a p h y  and  a d j u s t m e n t s  i n  t h e  s h a p e  o f  t h e  ocean  

s u r f a c e .  F o r  example ,  t h e r e  is  some e v i d e n c e  o f  a 

g r a d u a l  u p l i f t  i n  t h e  n o r t h  o f  t h e  UK,  and  o f  

s u b s i d e n c e  i n  t h e  s o u t h - e a s t ,  and  it i s  o f  c o u r s e  t h e  

sea l e v e l s  r e l a t i v e  t o  l o c a l  l a n d  l e v e l s  which  are o f  

i n t e r e s t .  Pugh (Ref 11) p r e d i c t e d  t h e  f o l l o w i n g  

i n c r e a s e s  i n  mean s e a  l e v e l  f o r  f o u r  UK t i d e  gauge  

s t a t i o n s .  



Looking at these figures a different way, what is 

presently judged to be a 100 year water level at 

Newlyn would be reduced to a 5 year return period by 

2027, and to 1 year by 2087. (These figures assume 

that extreme sea levels will increase by the same 

amount as mean sea levels.) Similarly the 100 year 

level at Sheerness, would be reduced to a 60 year 

return period by 2027 and to a 5 year return period 

by 2087. Note that if extreme water levels were 

expected to rise faster than mean water levels, 

perhaps due to changing weather patterns, then the 

rate of reduction in return period would be even 

higher. 

Rates of change of high and extreme water levels are 

of more interest than the rates of change of mean sea 

level discussed above. However, changing high water 

levels are much harder to detect, explain or 

quantify, except insofar as they may change exactly 

in line with mean water levels. Reference 12 

addresses the question of changing Mean Tidal Ranges 

(MTR) based on long-term tidal records around the UK. 

Some of its conclusions are given below. It shows 

that one cannot be too general in statements about 

past and future rates of mean sea level rise, or 

about the consequent effect on rates of increase of 

high and extreme water levels,. 

Rise by 2087 

0.64m 

0.65m 

0.72m 

0.55m 

Location 

Newlyn 

Sheerness 

North Shields 

Aberdeen 

Rise by 2027 

0.14m 

0.15m 

0.16m 

0.10m 



There  i s  a  n a t u r a l  t i d a l  harmonic w i t h  a  p e r i o d  o f  

a b o u t  18.6 y e a r s ,  c a u s i n g  a  v a r i a t i o n  i n  MTR o f  abou t  

f l O O m m  from long- term mean v a l u e s  around t h e  UK. 

The s i g n i f i c a n c e  o f  t h i s  is t h a t  h i g h  w a t e r  l e v e l s  

w i l l  b e  a b o u t  l O O m m  h i g h e r  a t  t h e  peak  o f  t h e  18.6 

y e a r  c y c l e  t h a n  a t  i t s  t r o u g h .  I n  t h e  s h o r t  t e r m  

( p e r i o d s  o f  t h e  o r d e r  of  5  y e a r s ) ,  t h i s  v a r i a t i o n  may 

b e  more s i g n i f i c a n t  t h a n  g l o b a l l y  i n c r e a s i n g  mean sea 

l e v e l s .  However, t h e  18 .6  y e a r  p e r i o d i c i t y  is  w e l l  

known and p r e d i c t a b l e  i n  advance ,  and c a n  t h e r e f o r e  

b e  i n c o r p o r a t e d  i n t o  any e x t r e m e  w a t e r  l e v e l  

c a l c u l a t i o n .  

T h e r e  i s  a l s o  a  c o n t i n u o u s  t r e n d  o f  change  i n  MTR a t  

a l l  o f  t h e  UK t i d e  gauge  s t a t i o n s  examined i n  

R e f e r e n c e  1 2 ,  a l t h o u g h  t h e  rates of  change are 

s e v e r a l  t i m e s  s m a l l e r  t h a n  t h e  e x p e c t e d  rates o f  

change  i n  mean s e a  l e v e l .  A s  examples ,  t h e  h i g h e s t  

r a t e s  o f  i n c r e a s e  and d e c r e a s e  i n  MTR r e p o r t e d  a r e  

1.3mm/year a t  L i v e r p o o l  and -1.8mm/year a t  Holyhead.  

Assuming t h a t  t h e s e  changes  e q u a l l y  a f f e c t  h i g h  and 

low w a t e r  l e v e l s ,  t h e n  t h e y  would c o r r e s p o n d  t o  

i n c r e a s i n g  h i g h  w a t e r  l e v e l s  o f  a b o u t  0.65mm/year a t  

L i v e r p o o l  and d e c r e a s i n g  h i g h  w a t e r  l e v e l s  o f  

O.gmm/year a t  Holyhead ( i n  a d d i t i o n  t o  any  

c o n t r i b u t i o n  from i n c r e a s i n g  mean w a t e r  l e v e l s ) .  

F u r t h e r  r e s u l t s  g i v e n  i n  R e f e r e n c e  12 i n d i c a t e  t h e  

v a r i a t i o n  around t h e  UK i n  rates of  i n c r e a s e  of  mean 

sea l e v e l  d e r i v e d  from t i d e  gauge  r e c o r d s  o v e r  a b o u t  

t h e  l a s t  c e n t u r y .  These  v a r y  from -1.6mrn/year 

( d e c r e a s i n g  mean l e v e l )  a t  Lerwick,  t h r o u g h  a l m o s t  

z e r o  a t  Douglas ,  B e l f a s t  and Dub l in ,  t o  3.lmm/year a t  

Holyhead and Southend and 5.6mmlyear a t  B l y t h .  



2 .4  Wind c l i m a t e  a round  

t h e  UK 

L i t t l e  h a s  been  w r i t t e n  on  c h a n g e s  i n  wind c o n d i t i o n s  

i n  r e c e n t  t i m e s  a r o u n d  t h e  U K ,  rsince few c h a n g e s  have  

o c c u r r e d  t o  a r o u s e  r e s e a r c h  i n t e r e s t .  An e x c e p t i o n  

t o  t h i s  s t a t e m e n t  is t h e  f a c t  t h a t  a n  u n u s u a l  number 

o f  s e v e r e  s t o r m s  h a v e  a f f e c t e d  Wales a n d  S o u t h e r n  

England i n  t h e  l a s t  few y e a r s ,  b e g i n n i n g  w i t h  t h e  

G r e a t  S torm o f  O c t o b e r  1987.  No-one h a s  y e t  p r o v e d  

t h a t  r e c e n t  a p p a r e n t  i n c r e a s e s  i n  s t o r m i n e s s  a r e  

s t a t i s t i c a l l y  s i g n i f i c a n t  o r  t h a t  t h e  t r e n d  w i l l  

c o n t i n u e  i n t o  t h e  f u t u r e .  

Unpub l i shed  work by Jenk in . son  ( 1 9 7 7 )  o f  t h e  

M e t e o r o l o g i c a l  O f f i c e  l o o k e d  a t  wind d a t a  t a k e n  from 

c h a r t s  r e p r e s e n t i n g  c o n d i t i o n s  o v e r  t h e  A t l a n t i c ,  UK 

and  Nor th  S e a ,  from 1881  t o  1976.  H e  found  no 

s i g n i f i c a n t  c h a n g e s  i n  wind s p e e d s .  S i m i l a r  

u n p u b l i s h e d  work by Benwel l  ( 1 9 6 7 )  and  Hunt ( 1 9 7 0 )  o f  

t h e  M e t e o r o l o g i c a l  O f f i c e  drew t h e  same c o n c l u s i o n  

a b o u t  winds  a r o u n d  t h e  U K ,  s p e c i f i c a l l y  i n  r e l a t i o n  

t o  c o n d i t i o n s  l i k e l y  t o  l e a d  t o  s u r g e s .  

Lamb and Weiss (1979 ,  Ref 1 3 )  l ooked  a t  h i s t o r i c a l  

wind r e c o r d s  g o i n g  back  s e v e r a l  hundred  y e a r s  and  

o t h e r  h i s t o r i c a l  e v i d e n c e  g o i n g  b a c k  t h r e e  t h o u s a n d  

y e a r s .  They d e t e c t e d  a  UK wind c l i m a t e  c y c l e  w i t h  a  

r e p e a t  p e r i o d  o f  a b o u t  two hundred  y e a r s .  Over t h e  

UK and t h e  Nor th  Sea ,  t h e  c h a n g e  c o n s i s t e d  m a i n l y  o f  

movement be tween n o r t h e r l y  and  w e s t e r l y  winds .  A t  

t h e  t i m e  o f  w r i t i n g ,  t h e  p r o p o r t i o n  o f  n o r t h e r l y  

winds  was i n c r e a s i n g  a t  t h e  e x p e n s e  o f  westerlies, 

which  would t e n d  t o  i n c r e a s e  a v e r a g e  wave h e i g h t s  o n  

t h e  e a s t  c o a s t  o f  t h e  UK.  Thiey f o r e c a s t  t h a t  t h i s  

t r e n d  would c o n t i n u e  f o r  a  : f u r t h e r  70-100 y e a r s ,  

presumably  w i t h  a  c o n t i n u e d  r ise i n  mean wave h e i g h t s  



on North Sea coasts of the UK. 

A number of authors who have detected wave height 

trends around the UK (see Section 2.5) have reported 

no matching trend in wind speed over the last 30-40 

years. However, Dr Davies of the School of 

Environmental Sciences at the University of East 

Anglia has detected a downward trend in average wind 

speeds during this century. His analysis shows that 

wind speeds in the North Atlantic and West coast of 

Britain were slightly higher during the 1930's and 

1940's than during the 1960's and 1970's. This is 

also noted in the IPCC Assessment (Ref 2) in which a 

link is noted between temperatures and westerly winds 

in the North Atlantic, higher temperatures being 

associated with reduced westerly winds. 

Section 7.9.2 of Reference 2 states: "The early 

twentieth century cooling of the Northern Hemisphere 

oceans was accompanied by a period of intensified 

westerlies in the extratropical Northern Hemisphere, 

especially in the Atlantic sector, that affected most 

of the year.... The global warming which took place 

in the 1920's and 1930's was largest in the 

extratropical North Atlantic and in the Arctic, and 

coincided with the latter part of the intense 

westerlies ... The inter-decadal variations of the 

pressure index are strikingly large, with weakest 

flow centred around the 1960's (less westerlies) and 

a return to stronger westerlies recently." 

Expert opinion is that the recent (from October 1987 

onwards) severe storms occurring in southern parts of 

the UK are probably not associated with the 

beginnings of the "greenhouse effect". Although the 

storms were bad, they were not as unusual as is 

generally thought, in the context of the whole of the 



UK and  s u r r o u n d i n g  w a t e r s .  S e v e r e  storms are more  

f r e q u e n t  i n  t h e  n o r t h  o f  S c o t l a n d ,  w h e r e  t h e r e  a r e  

f e w e r  p e o p l e  a r o u n d  t o  n o t i c e  them,  a n d  who are i n  

a n y  c a s e  b e t t e r  p r e p a r e d  f o r  them. S e v e r e  storms are 

l i k e l y  t o  c a u s e  more damage i n  t h e  p o p u l a t e d  a r e a s  o f  

Wales and  s o u t h e r n  Eng land ,  e s p e c i a l l y  w h e r e  p e o p l e  

are l i v i n g  close t o  t h e  s e a .  C l i m a t i c  m o d e l s  o f  t h e  

e f f e c t s  o f  g l o b a l  warming d o  s u g g e s t  t h a t  some 

c h a n g e s  i n  w i n d s  would o c c u r .  However, t h e  mode l s  

i n d i c a t e  t h a t  a l t h o u g h  t r o p i c a l  storms would  t e n d  t o  

b e  more f r e q u e n t  and  more i n t e n s e  o v e r  warmer o c e a n s ,  

t h a t  s e v e r e  storms a r o u n d  t h e  UK s h o u l d  t e n d  t o  o c c u r  

less o f t e n .  To summar ise ,  i n c r e a s e d  s t o r m i n e s s  

a r o u n d  t h e  UK i s  n o t  a n  e s t a b l i s h e d  t r e n d ,  and  t h e r e  

i s  no  p a r t i c u l a r  r e a s o n  t o  assume t h a t  t h e  u n u s u a l l y  

h i g h  f r e q u e n c y  o f  s e v e r e  storms i n  t h e  l a s t  few y e a r s  

w i l l  c o n t i n u e  i n  t h e  f u t u r e .  

Models  o f  f u t u r e  c l i m a t e  d o  n o t  make a n y  f i r m  

p r e d i c t i o n s  a b o u t  c h a n g e s  i n  wind  p a t t e r n s  t o  b e  

e x p e c t e d  i n  t h e  f u t u r e ,  e x c e p t  t o  s a y  t h a t  s u c h  

c h a n g e s  w i l l  b e  small.  The  c o n c l u s i o n s  o f  t h e  IPCC 

Asses smen t  (Ref  2) are summar ised  i n  t h e  f o l l o w i n g  

q u o t e :  " T r o p i c a l  storms, s u c h  as t y p h o o n s  and  

h u r r i c a n e s ,  o n l y  d e v e l o p  a t  p r e s e n t  o v e r  seas t h a t  

are warmer t h a n  a b o u t  26OC. A l t h o u g h  t h e  area o f  sea 

h a v i n g  t e m p e r a t u r e s  o v e r  t h i s  c r i t i c a l  v a l u e  w i l l  

i n c r e a s e  a s  t h e  g l o b e  warms, t h ~ e  c r i t i c a l  t e m p e r a t u r e  

i t s e l f  may i n c r e a s e  i n  a warmer w o r l d .  A l t h o u g h  t h e  

t h e o r e t i c a l  maximum i n t e n s i t y  is e x p e c t e d  t o  i n c r e a s e  

w i t h  t e m p e r a t u r e ,  climate m o d e l s  g i v e  n o  c o n s i s t e n t  

i n d i c a t i o n  a s  t o  w h e t h e r  t r o p i c a l  storms w i l l  

i n c r e a s e  o r  d e c r e a s e  i n  f r e q u e n c y  o r  i n t e n s i t y  as 

climate c h a n g e s ;  n e i t h e r  i s  t h e r e  a n y  e v i d e n c e  t h a t  

t h i s  h a s  o c c u r r e d  o v e r  t h e  p a s t  few d e c a d e s .  

" M i d - l a t i t u d e  s t o r m s ,  s u c h  a  t h o s e  wh ich  t r a c k  
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across the North Atlantic and North Pacific, are 

driven by the equator-to-pole temperature contrast. 

As this contrast will probably be weakened in a 

warmer world (at least in the Northern Hemisphere), 

it might be argued that mid-latitude storms will also 

weaken or change their tracks, and there is some 

indication of a general reduction in day-to-day 

variability in the mid-lat itude storm tracks in 

winter in model simulations, though the pattern of 

changes varies from model to model. Present models 

do not resolve smaller scale disturbances, so it will 

not be possible to assess changes in storminess until 

results from higher resolution models become 

available in the next few years." 

2.5 Wave climate 

around the UK 

There are a number of types of data from which to 

draw conclusions about changes in wave severity in 

recent years. Visual observations (VOS data) of 

waves frommoving ships and stationary Light Vessels 

have been collected in a consistent manner for over 

40 years. Some wind records, from which inferences 

about waves can be drawn, go back further than that. 

Several meteorological agencies operate global and/or 

regional wave forecasting models, mainly for 

real-time use, and some have built up data archives 

extending over ten years or more. There are a 

handful of locations around the UK where 

instrumentally recorded wave data have been collected 

over a period of years. Finally, satellite remotely 

sensed wave data has been available since about 1985. 

One should be wary of looking for gradual trends in 

data sets, in which the method of sensing or 

recording has altered substantially, possibly 



introducing a change of similar magnitude to the 

genuine climatic change that one is searching for. 

This is particularly true of real-time forecasting 

models, where quality of input and processing are 

frequently updated. However, the consistent 

conclusion drawn by several researchers from several 

sources of data is that wave heights well offshore 

from the UK have increased since about 1960. No 

satisfactory explanation has been given for these 

increases, although there are some ideas as to the 

cause, and so it is difficult to say whether these 

increases will continue into the future. 

The best set of long term instrumentally recorded 

wave data around the UK was collected at Seven Stones 

Light Vessel from 1962 to 1986. Bacon and Carter 

(Ref 14) re-analysed the data, removing any spurious 

trends due to changes in instrumentation, and looked 

separately at "average" and "extreme" significant 

wave heights. The increases in averaqe heights are 

quite noticeable, running at just over 1% (or about 

2cm) rise per year. However, increases in predicted 

extremes are much smaller. A possible explanation, 

given by Hogben (Ref 15), is that wave activity in 

the Atlantic, which causes swel.1 along the west coast 

of Britain, is increasing, leading to higher 

"background" wave heights along the coast. However, 

the most extreme wave heights and those causing 

damage to coastal defences, a.re usually associated 

with more locally occurring storms, and there is no 

clear evidence that these are increasing. This 

conclusion is consistent with additional information 

quoted in Reference 15, that no increases in wind 

speed were detected during the period of increasing 

wave heights. 

The conclusion that wave activity around the UK is 

2 7 



increasing is supported by other wave measurements in 

the area. A Dutch publication (Ref 16) shows the 

same trends over the period 1960-85, ie little change 

in wind speeds, but a steady increase in mean wave 

heights. However, it shows the highest waves of all 

occurring in the 1950's. Barratt and Hogben (Ref 17) 

have been looking at VOS wind and wave data (1950-85) 

from a few sea areas around the UK. Their 

conclusions are similar to those given above: mean 

wave heights have gradually increased by just over 1% 

per year, with no corresponding increase in wind 

speeds. A possible explanation given was that there 

had been changes to the size and paths of storms, 

thus altering the swell statistics but not affecting 

the statistics of extremes and winds. However, there 

is no specific meteorological evidence to support 

this theory. 

The most comprehensive review of wave climate 

changes, as exhibited in wave data observed and 

measured around the UK, was carried out by Bacon and 

Carter (Ref 18), funded by the Department of Energy. 

They reference many papers and data sets covering the 

North Atlantic and North Sea from about 1952 onwards. 

The main data sets examined or reviewed comprise: 

Seven Stones Light Vessel measurements 1962-86, Ocean 

Weather Ship (OWS) Lima measurements 1975-88, and OWS 

India and OWS Juliett measurements 1962-73 in the 

Atlantic; Famita observations 1959-73 and Dowsing 

Light Vessel measurements 1970-85 in the North Sea, 

and; observed wave data from all OWS's 1952-65, and 

for a number of areas of VOS observations 1970-82. 

The main conclusions from Bacon and Carter (Ref 18) 

are reproduced in the following paragraph. 

The evidence for wave climate change in the North 
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A t l a n t i c  i s  q u i t e  s t r o n g .  One p e r i o d  of  d e c l i n i n g  

wave h e i g h t s  from 1960 t o  1965 is a p p a r e n t  from OWS 

o b s e r v a t i o n s .  The m a j o r i t y  o f  t h e  d a t a  sets, b o t h  

measurements and o b s e r v a t i o n s ,  show s t e a d y  and 

s i g n i f i c a n t  i n c r e a s e s  i n  mean wave h e i g h t s  i n  t h e  

North A t l a n t i c ,  c e r t a i n l y  s i n c e  a b o u t  1965 and 

p o s s i b l y  s i n c e  a b o u t  1950.  The a v e r a g e  r a t e  o f  

i n c r e a s e  i n  mean wave h e i g h t s  i n  r e c e n t  y e a r s  h a s  

been a b o u t  2% p e r  y e a r .  There  is n o t  enough d a t a  t o  

b e  s u r e  whe the r  d e r i v e d  extreme! wave h e i g h t s  a r e  a l s o  

i n c r e a s i n g :  t h e y  p r o b a b l y  a r e  i n c r e a s i n g  b u t  n o t  a t  

s o  g r e a t  r a t e  a s  mean wave h e i g h t s .  I n  t h e  North  

Sea ,  t h e  a v a i l a b l e  d a t a  s u g g e s t  t h a t  mean wave 

h e i g h t s  i n c r e a s e d  from abou t  1960 t o  a  peak around 

1980, w i t h  a  subsequen t  s l i g h t  d e c l i n e .  However, 

r e c e n t  w i n t e r s  n o t  i n c l u d e d  j.n Bacon and C a r t e r ' s  

d e t a i l e d  a n a l y s i s  ( p a r t i ~ u l ~ a r l y  1988-89),  have 

produced s e v e r e  s t o r m s  i n  t h e  n o r t h e r n  Nor th  Sea  

which may a f f e c t  t r e n d s .  Again,  t h e r e  is no c l e a r  

e v i d e n c e  o f  changes  i n  ex t reme  wave h e i g h t s .  

C a r t e r  (Ref 1 9 )  h a s  a l s o  been examining s a t e l l i t e  

r e m o t e l y  s e n s e d  wave d a t a  from l a t e  1985 onwards. A t  

p r e s e n t  t h e r e  i s  i n s u f f i c i e n t  d a t a  t o  conf i rm wave 

h e i g h t  t r e n d s  no ted  e l s e w h e r e .  However, of  t h e  f o u r  

w i n t e r s  1985186 t o  1988/89,  t h e  h i g h e s t  a v e r a g e  wave 

h e i g h t s  i n  t h e  n o r t h - e a s t  A t l a n t i c  o c c u r r e d  i n  

1988189 and t h e  l o w e s t  i n  1986187. The i n v e r s e  was 

obse rved  i n  t h e  n o r t h - e a s t  P a c i f i c ,  w i t h  t h e  h i g h e s t  

a v e r a g e  wave h e i g h t s  occur r i r lg  i n  1986187 and t h e  

lowes t  i n  1988189. 

Wave d i r e c t i o n  c a n  be  a l m o s t  a s  i m p o r t a n t  a s  wave 

h e i g h t  i n  some c o a s t a l  e n g i n e e r i n g  problems,  f o r  

example i n  maintenance o f  mobi:Le beaches .  A t  p r e s e n t  

t h e r e  is  n o t  enough q u a n t i t y  and q u a l i t y  o f  

d i r e c t i o n a l  wave d a t a  f o r  any t r e n d s  i n  wave 



d i r e c t i o n  t o  have been no ted .  Also ,  d i s t r i b u t i o n  of  

s t o r m s  c o u l d  b e  i m p o r t a n t  i n  s i t u a t i o n s  where one 

would normal ly  u n d e r t a k e  some form of  r e m e d i a l  work, 

immediate ly  f o l l o w i n g  s t o r m  damage t o  c o a s t a l  

d e f e n c e s .  T h i s  r e m e d i a l  work may n o t  be  p o s s i b l e  i f  

s t o r m s  a r r i v e  one a f t e r  a n o t h e r  i n  q u i c k  s u c c e s s i o n ,  

r a t h e r  t h a n  b e i n g  s p r e a d  more e v e n l y  t h r o u g h o u t  t h e  

y e a r .  P a r t s  o f  t h e  UK have s u f f e r e d  i n  t h i s  way, 

from s u c c e s s i o n s  of  s t o r m s ,  d u r i n g  t h e  l a s t  few 

w i n t e r s ,  p a r t i c u l a r l y  1989-90. However, t h e r e  is n o t  

enough d a t a  t o  s a y  t h a t  t h e s e  a p p a r e n t  changes  a r e  

s t a t i s t i c a l l y  s i g n i f i c a n t ,  and t h a t  t h e y  shou ld  b e  

e x p e c t e d  t o  c o n t i n u e  i n  t h e  f u t u r e .  

No-one h a s  made any c o n f i d e n t  p r e d i c t i o n s  o f  how wave 

c o n d i t i o n s  w i l l  v a r y  i n  t h e  f u t u r e .  The f a c t  t h a t  

mean wave h e i g h t s  have i n c r e a s e d  around t h e  UK i n  

r e c e n t  y e a r s  i s  no g u a r a n t e e  t h a t  t h e y  w i l l  c o n t i n u e  

t o  i n c r e a s e  i n  t h e  f u t u r e ,  p a r t i c u l a r l y  a s  no 

s a t i s f a c t o r y  e x p l a n a t i o n  is  a v a i l a b l e  t o  e x p l a i n  t h e  

phenomenon. Models of  f u t u r e  c l i m a t e  have n o t  

a d d r e s s e d  t h e  problem o f  ocean waves: indeed  waves 

a r e  n o t  even ment ioned i n  t h e  IPCC Assessment.  The 

l i t e r a t u r e  on c l i m a t e  changes  s u g g e s t s  t h a t  t h e  l i n k  

between wind s p e e d s  and wave h e i g h t s ,  a t  l e a s t  i n  

open o c e a n s ,  is  n o t  a s  c l e a r  a s  one  might  e x p e c t .  

T h e r e f o r e  even i f  one  c o u l d  c o n f i d e n t l y  p r e d i c t  

f u t u r e  wind c o n d i t i o n s ,  e x t r a p o l a t i o n  t o  f u t u r e  wave 

c o n d i t i o n s  would b e  d i f f i c u l t .  

I f  one  assumes t h a t  r e c e n t  i n c r e a s e s  i n  wave h e i g h t s  

w i l l  c o n t i n u e  i n  t h e  f u t u r e ,  t h e  consequences  f o r  UK 

c o a s t a l  d e f e n c e s  a r e  i m p o r t a n t ,  b u t  p robab ly  n o t  a s  

i m p o r t a n t  a s  a n  unchecked rise i n  s e a  l e v e l .  

I n c r e a s e s  i n  wave h e i g h t s  o f f s h o r e  a r e  l i k e l y  t o  b e  

moderated by t h e  time t h e  waves a r r i v e  a t  UK c o a s t s .  

For one  r e a s o n ,  t h e  a t t e n u a t i o n  of  wave h e i g h t s  due  



to coastal wave transformations will affect larger 

waves more than smaller ones. Also, the inf luence of 

locally generated waves, which will be dependent upon 

local winds, will become more important in nearshore 

areas. In any case, an increase in mean wave height, 

provided it affects all wave directions equally, and 

does not change the storm distribution, would have 

little effect on coastal defences other than to 

increase rates of erosion slightly. An increase in 

extreme wave heights would be far more important, 

rendering previous wave design criteria out of date 

on both hard and soft defences. However, there is no 

particular indication that derived extreme wave 

heights are likely to increase in the future. 

2.6 Summary of trends 

relevant to UK 

coastal management 

Mean sea level rise 

The global average sea level rise has been about 

150-200mm over the last one hundred years. This has 

been caused by thermal expansion of the oceans and 

melting of polar and glacial ice. The present rate 

of rise (from tide gauge data) is about 2mm per year 

and rising. Future climate modelling and other 

inferences conclude that sea levels will rise at 

about 5-6mm per year for th.e next fifty to one 

hundred years, and that this will occur even if 

"greenhouse" gas production i.s reduced. There is 

little evidence of regional variation in sea level 

rise, although land movements may cause apparent 

differences. 



Wave climate around UK 

Mean wave heights in the North Atlantic have 

increased by 1-2% per year since 1960, with no 

corresponding increase in wind speeds. Mean wave 

heights in the North Sea increased from 1960-1980. 

Derived extreme wave heights have not increased as 

rapidly as mean wave heights, and there is not yet 

enough data to say confidently that extremes are 

increasing. A possible explanation is that swell 

activity is increasing whilst storm wave generation 

by local winds is not. Nearshore waves would be 

rather less influenced by these unexplained increases 

since they are less exposed to swell. 

There is no particular reason to expect that the 

increase in mean wave heights will continue in the 

future. Tentative conclusions from future climate 

models suggest that westerly storms reaching the UK 

would tend to be less frequent and less severe 

following global warming. The apparent increase in 

the number of severe storms in Wales and southern 

England in recent years has not been explained by 

"greenhouse effects" and has not been established as 

a clear statistical trend. 

There is therefore no particular reason to think that 

the storms will continue at the same increased 

frequency in the future. 

Consequences for UK coastal manaqement 

Only a few percent of UK land is at risk from climate 

change (See Figure 1). However, that land includes 

a high proportion of populated areas and high quality 

agricultural land. Those areas would be subject to 

more frequent and more severe inundation as sea 



l e v e l s  rise. C o a s t a l  e r o s i o n  would i n i t i a l l y  

i n c r e a s e ,  and t h e n  se t t le  i n t o  q u i t e  d i f f e r e n t  

p a t t e r n s  t o  what is s e e n  t o d a y .  Assuming t h a t  v e r y  

l i t t l e  UK l a n d  would be  abandoned t o  t h e  sea, c o a s t a l  

and r i v e r  d e f e n c e s  would need t o  b e  enhanced.  T h i s  

would i n c l u d e  s e a  w a l l s ,  t i d a l  r i v e r  d e f e n c e s ,  and 

s o f t  c o a s t a l  d e f e n c e s  ( b e a c h e s ,  s a l t i n g s  e t c ) .  The 

a d d i t i o n a l  c o s t  o f  minimum improvements t o  UK s e a  

d e f e n c e s  ( a s suming  t h a t  it is p h y s i c a l l y  p o s s i b l e  t o  

d o  s o )  t o  g u a r d  a g a i n s t  t h e  e f f e c t s  o f  c l i m a t e  change  

o v e r  t h e  n e x t  hundred  y e a r s  w i l l  b e  o f  t h e  o r d e r  o f  

f i v e  b i l l i o n  pounds ( a t  1989 p r i c e s ) .  

3. ANALYSIS OF PAST 

WIND AND WAVE 

DATA 

3 .1  I n t r o d u c t i o n  

T h i s  c h a p t e r  a d d r e s s e s  t h e  problem o f  m e a s u r a b l e  

changes  i n  wind and wave c l i m a t e  a round  t h e  UK i n  

r e c e n t  t i m e s .  The p a r a m e t e r s  o f  i n t e r e s t  are wind 

s p e e d s  and d i r e c t i o n s ,  and wave h e i g h t s  and 

d i r e c t i o n s .  Long c o n t i n u o u s  and c o n s i s t e n t  r e c o r d s  

would b e  b e s t  f o r  t h i s  purpos ,e ,  p r e f e r a b l y  w i t h  no 

change  i n  i n s t r u m e n t a t i o n ,  l o g g i n g  method o r  

l o c a t i o n .  

T h e r e  are few c o n t i n u o u s  l o n g  s p e l l s  o f  wave r e c o r d s  

a round  t h e  UK o r  e l s e w h e r e ,  from which t o  d e t e r m i n e  

l o n g  t e r m  v a r i a t i o n s  i n  wave c o n d i t i o n s .  Bacon and 

C a r t e r  (Ref 1 8 )  have  r e c e n t l y  c a r r i e d  o u t  a n  

e x t e n s i v e  r e v i e w  o f  a l l  a v a i l a b l e  wave d a t a  which 

migh t  b e  used  t o  d e t e c t  long- term changes  i n  wave 

h e i g h t s  i n  t h e  Nor th  A t l a n t i c  and Nor th  S e a  (see 

S e c t i o n  2 . 5 ) .  



The few UK sources of long time series instrumentally 

recorded wave data do not include wave direction 

information, which would be important in assessment 

of beach response. Some numerical modelling of waves 

from long time series wind records would be of great 

benefit in analysing gradual changes in wave heights, 

directions, or frequency of storms. The wave 

hindcasting work carried out during the present 

research project was aimed at simulating several long 

time series of nearshore wave data for this purpose. 

These simulations were based on time series wind 

records, of 9 to 29 years duration, from several 

coastal weather stations around the UK. 

Time series wind and wave data is expensive, and so 

no recorded data was purchased specifically for the 

present project. Instead, the data and most of the 

locations used, were chosen on an opportunistic 

basis, from past or present coastal studies. Details 

of the data locations are given later in this 

chapter. 

3.2 Sources of data 

Two types of measured data were used: wave heights 

recorded at three hourly intervals, and wind speeds 

and directions recorded at hourly intervals. The 

longest UK instrumentally measured wave record is 

from Seven Stones Light Vessel (1962-85). This data 

set was discussed in Chapter 2, but some results are 

reproduced here for comparison with other data 

sources. The other wave data set analysed in this 

study was recorded off Perranporth 1976-85. These 

are not the only long wave data sequences in 

existence around the UK, but they were the only 

readily available deep water sources covering a 

period of ten years or more. 



HR holds time series wind data from many of the 

coastal anemographs deployed by the UK Meteorological 

Office. The longest such record, without change of 

site or instrument, and availaible in computer file 

format, is that measured at Rhoose (Cardiff Airport) 

from January 1960 onwards. Most: of the other records 

are available from the 1970's onwards, and a full 

list of sources and dates used is given at the end of 

this section. These records are of high quality, and 

they are consistent and continuous. 

The wind records were useful in themselves, in 

looking for long-term climatic changes. However, 

more importantly they were used as input to a wave 

hindcasting model, which converted wind speeds and 

directions to wave heights and directions (and 

periods) for a number of nearshore locations. More 

details of the model are given in the next section, 

but the locations used are shown in Figure la and are 

listed below. 

Location 

Sunderland 
Dowsing 
Great Yarmouth 
Kentish Knock 
Littlehampton 
St Helier 
Barry 
North Wales 

Source of 
wind data 

South Shields 
Spurn Point 
Gorleston 
Shoeburyness 
Portland 
Jersey Airport 
Rhoose 
Squires Gate 

Dates 

3.3 Simulation of 

additional time 

series wave data 

It would be possible to study changes in wind climate 

(and by inference wave climate) simply by looking at 

changes in mean wind speed from year to year. 

However, this would neglect the importance of wind 

direction and of wind persistence in determining 

shoreline wave conditions. Instead the wind records 



were converted to equivalent sequential wave records 

using the Hydraulics Research HINDWAVE model, after 

which trends in wave height and direction could be 

examined. However, this approach can only detect 

changes in the "locally" (ie the area over which the 

wind conditions could be assumed to be reasonably 

homogeneous) generated waves. It does not address 

the problem of long-term changes in the intensity of 

distantly generated swell. 

The HINDWAVE model (details in Appendix 1) is based 

on JONSWAP wave forecasting methods, taking as input 

the size and shape of the wave generation area and 

wind conditions defined in terms of speed, duration 

and direction. The size and shape of the surrounding 

area are specified in terms of radial fetch (open 

water) lengths, usually at 10° intervals around the 

wave prediction point. The wind conditions are 

derived by vector averaging of the hourly wind 

velocities leading up to the hour of interest. Wind 

speed "mark-up" factors (usually as a function of 

direction) are applied to the recorded values, to 

represent possible under exposure of the anemograph 

and the fact that wind speeds are generally higher 

over water than over land. HINDWAVE is not 

particularly sophisticated, but it is reliable and 

efficient enough to process the large quantities of 

data used in this study. 

All of the site-specific HINDWAVE applications used 

in the present work had previously been calibrated 

(mainly by means of adjustments to the "mark-up" 

factors) and validated against measured wave data. 

They could therefore be re-used with confidence for 

the present purpose of analysing trends in wave 

height or wave direction. Note that even if a 

consistent error in the wave model were suspected, 



for example a 10% over prediction of wave height or 

a 10" shift in wave direction, this would not affect 

the trends which might be observed. 

The simulated wave data produced by HINDWAVE could 

then be analysed in the same way as the recorded wave 

data, except that it contained additional wave 

direction information. 

3.4 Analysis of wave 

height and 

direction changes 

Any trend in nearshore wave heights would be of 

interest in coastal management, particularly if those 

trends were likely to continue in the future. The 

extreme wave heights to be expected are of greatest 

interest for design and ma.intenance of coastal 

structures. However, more commonly occurring wave 

heights and any trends in wave direction will be more 

important in aspects of coastal management involving 

sediment transport. These would include erosion and 

accretion of coasts, maintenance of sand and shingle 

beaches, and maintenance of dredged navigation 

channels. 

Wave roses are a convenient way of expressing a 

distribution of wave height and direction, and wave 

roses representing the entire periods of simulated 

wave data are given in Figures 2-9. However, the 

size and resolution of wave roses makes it difficult 

to extract numerical detail, particularly on gradual 

trends. A more convenient way of analysing wave 

height trends is to look at the average significant 

wave height in each calendar year, or the wave height 

exceeded a certain percentage of the time in each 

year. This method can be applied equally well to 



both measured and simulated wave data, provided that 

several years of data are available. 

Figures 10-19 show the significant wave heights 

exceeded 1% and 10% of the time and the mean values 

during each calendar year, for the simulated data 

sets listed earlier and for recorded wave data from 

Seven Stones and Perranporth. The various locations 

are shown in Figure la. 

Simulated significant wave heights at Sunderland 

decreased slightly during the period examined, by of 

the order of 1-l+% per year. Conversely, those at 

Dowsing and Kentish Knock increased slightly, by of 

the order of 14% per year (although up to about 2+% 

per year at the 1% exceedence level at Kentish 

Knock). There was very little upward or downward 

trend in results for Great Yarmouth, Littlehampton, 

St Helier, North Wales or Barry, although all but 

Barry showed a very slight upward trend (of the order 

of W% per year) at the 1% exceedence level. 

The corresponding changes in wind speeds, again at 

the average, 10% exceedance and 1% exceedance levels, 

are shown in Table 1. The table shows average values 

of the three wind speed parameters and their rate of 

change per year for each wind data set used in the 

HINDWAVE analysis. Not surprisingly (since the waves 

were derived from the winds) , the wind speed and wave 
height trends are well correlated. For example, 

Sunderland was the only site at which wave heights 

reduced with time, and South Shields (the 

corresponding anemometer station) shows the greatest 

reduction in wind speeds. Similarly Dowsing and 

Kentish Knock showed the greatest increases in wave 

heights, whilst the corresponding Spurn Point and 

Shoeburyness anemometers showed the greatest 



i n c r e a s e s  i n  wind s p e e d s .  

The above c o n c l u s i o n s  a r e  r a t h e r  d i f f e r e n t  t o  t h o s e  

e x p r e s s e d  i n  Chap te r  2 ,  where no i n c r e a s e  i n  wind 

s p e e d s  was found t o  c o r r e s p o n d  t o  obse rved  i n c r e a s e s  

i n  North A t l a n t i c  and North Se,a wave h e i g h t s .  Loca l  

wave h e i g h t s ,  p r e d i c t e d  by HINDWAVE, c l o s e l y  f o l l o w  

changes  i n  c o a s t a l  wind speecls. Such changes  a r e  

s m a l l ,  b u t  wind s p e e d s  a t  Spurn P o i n t  and 

Shoeburyness  have i n c r e a s e d  by o f  t h e  o r d e r  o f  1% p e r  

y e a r  r e c e n t l y ,  w h i l s t  t h e  h i g h e s t  winds  a t  S q u i r e s  

G a t e  (Blackpoo l )  have i n c r e a s e d  by o f  t h e  o r d e r  o f  4% 

p e r  y e a r .  

The p l o t  of  a n n u a l l y  a v e r a g e d  s i g n i f i c a n t  wave 

h e i g h t s  a t  Seven S t o n e s  L i g h t  V e s s e l  ( v a l u e s  

reproduced  from Ref 1 4 )  shows a n  i n c r e a s e  i n  wave 

h e i g h t s  from 1962 t o  1985 o f  r , a t h e r  more t h a n  1% p e r  

y e a r .  T h i s  s u p p o r t s  one  o f  t h e  c o n c l u s i o n s  e x p r e s s e d  

i n  Chap te r  2 ,  t h a t  even  i f  l o c a l l y  g e n e r a t e d  waves 

a r e  n o t  i n c r e a s i n g  on t h e  w e s t  c o a s t  o f  t h e  UK,  t h a t  

A t l a n t i c  s w e l l  i s  i n c r e a s i n g .  However, t h e  upward 

t r e n d  i n  p r e d i c t e d  ex t remes  a t  Seven S t o n e s  ( v a l u e s  

reproduced  from Ref 1 8 )  is r a t h e r  less c l e a r .  The 

t r e n d  l i n e  drawn i n  F i g u r e  1 8  i m p l i e s  t h a t  p r e d i c t e d  

ex t remes  have i n c r e a s e d  by a l i t t l e  under  1% p e r  

y e a r .  However, t h i s  t r e n d  is h e a v i l y  i n f l u e n c e d  by 

two u n u s u a l l y  h i g h  v a l u e s  i n  1~983/4 and i n  1986.  

F i g u r e  19 shows p r e v i o u s l y  u n p u b l i s h e d  d a t a  r e c o r d e d  

o f f  P e r r a n p o r t h  i n  Cornwall  from 1976 t o  1985. There  

i s  a s i g n i f i c a n t  i n c r e a s e  i n  wave h e i g h t s  between 

1976 t o  1984, a t  t h e  1% l e v e l .  However, t h e  r a t e  o f  

i n c r e a s e  is reduced  by t h e  wave h e i g h t s  f o r  1985, 

which a r e  t h e  l o w e s t  o f  a l l  ( a t  t h e  1% and 10% 

l e v e l s )  d u r i n g  t h e  t e n  y e a r  p e r i o d .  The t r e n d  l i n e s  

shown i n  F i g u r e  19 s u g g e s t  a s l i g h t  d e c r e a s e  i n  t h e  



commonly o c c u r r i n g  wave c o n d i t i o n s  (10% > and mean 

v a l u e s ) ,  b u t  a n  a p p a r e n t  i n c r e a s e  i n  t h e  h i g h e s t  wave 

h e i g h t s  ( r e p r e s e n t e d  by t h e  1% > t r e n d  l i n e  i n  

F i g u r e  1 9 ) ,  from 1976 t o  1985.  I t  is  i n t e r e s t i n g  t o  

n o t e  t h a t  t h i s  i s  t h e  o p p o s i t e  c o n c l u s i o n  t o  t h a t  t o  

b e  drawn from t h e  Seven S t o n e s  d a t a ,  i n  which a v e r a g e  

wave h e i g h t s  w e r e  i n c r e a s i n g  more t h a n  e x t r e m e s .  

However, t h e r e  is  i n s u f f i c i e n t  l e n g t h  o f  d a t a  t o  b e  

c e r t a i n  t h a t  t h e  P e r r a n p o r t h  t r e n d s  a r e  

r e p r e s e n t a t i v e  o f  l o n g  t e r m  c o n d i t i o n s  o n  A t l a n t i c  

c o a s t s .  

The combined e f f e c t  o f  any changes  i n  wave h e i g h t  and 

d i r e c t i o n  upon m o b i l e  b e a c h e s  r e m a i n s  d i f f i c u l t  t o  

assess. I t  would b e  h e l p f u l  t o  c o n v e r t  t h e  s i m u l a t e d  

wave d a t a ,  f o r  e a c h  y e a r  i n  t u r n ,  i n t o  p o t e n t i a l  f o r  

wave-induced l i t t o r a l  t r a n s p o r t  i n  t h e  s u r f  and 

i n t e r - t i d a l  zones .  To d o  t h i s ,  a s t a n d a r d  wave 

s t e e p n e s s  ( r e l a t i n g  wave p e r i o d  t o  wave h e i g h t )  was 

assumed,  and a  s t a n d a r d  s e d i m e n t  t r a n s p o r t  fo rmula  

(Appendix 2 )  was a p p l i e d  t o  c o n v e r t  t h e  wave h e i g h t  

and  d i r e c t i o n  d a t a  i n t o  r a t e s  o f  d r i f t  on a number o f  

t y p i c a l  s t r a i g h t  beaches .  A g r a i n  s i z e  t y p i c a l  o f  

s h i n g l e  b e a c h e s  ( u s e  o f  a  s a n d  beach  would s i m p l y  

m u l t i p l y  a l l  r e s u l t s  by a c o n s t a n t  f a c t o r )  and a 

number o f  beach  o r i e n t a t i o n s  r o u g h l y  p a r a l l e l  t o  t h e  

c o a s t  w e r e  t e s t e d  a t  e a c h  l o c a t i o n  f o r  which wave 

c l i m a t e s  were  d e r i v e d .  The model assumes  p a r a l l e l  

c o n t o u r s  r e f r a c t i o n  be tween t h e  wave p r e d i c t i o n  p o i n t  

and t h e  wave b r e a k e r  p o i n t .  

The r e s u l t i n g  r a t e s  o f  t r a n s p o r t ,  b o t h  g r o s s  and 

n e t t ,  a r e  l i s t e d  i n  T a b l e s  2-9 t o g e t h e r  w i t h  d r i f t  

ra te  t r e n d s  a t  e a c h  s i te  t e s t e d .  The mean i n s h o r e  

d i r e c t i o n  q u o t e d  is  a n  a v e r a g e  o f  t h e  d i r e c t i o n  o f  

e a c h  h o u r l y  wave c o n d i t i o n ,  we igh ted  a c c o r d i n g  t o  i ts  

c a p a c i t y  f o r  sed imen t  t r a n s p o r t .  The " p r e s e n t "  



values of wave direction and drift are averaged over 

the whole period of simulated wave data at each of 

the sites considered. The "tr~snds" are expressed as 

a base direction or rate of drift at the beginning of 

the period of hindcasting, anld a rate of change of 

direction or drift per year. The drift values quoted 

are in arbitrary units since there are some 

calibration factors to be set before actual rates of 

drift can be calculated, and since only idealised 

beaches were tested. The results listed in 

Tables 2-9 are intended only for comparison purposes, 

for example east coast with south coast, one beach 

angle with another and trends from year to year. 

(The neglect of non-parallel refraction effects and 

the lack of calibration of the model means that the 

actual drift volumes predicted will not be reliable). 

The physical significance of the small rates of 

change of wave direction and drift rate given in 

Tables 2-9 is not easy to see. However, Figure 20 is 

a plot of the same results (for a beach angle of 170° 

at Littlehampton, as an example) showing the 

year-to-year variation of mean wave direction and 

gross drift rate. This shows that a change in wave 

direction of the order of 6 O  appears to have occurred 

over 14 years, and that this has nearly doubled the 

rate of easterly drift on this typical south coast 

beach. This is not necessarily the true state of 

affairs at Littlehampton, or indeed at any south 

coast site, because of the sweeping simplifications 

involved in bringing the waves inshore. However, it 

does show the potential effect on south coast beaches 

of a barely noticeable change in mean wave direction. 

This small change in wave direction was derived from 

accurately measured wind data, and may therefore be 

a genuine climatic change. However, in order to be 

sure, one would need to do more detailed 



s i t e - s p e c i f i c  wave and l i t t o r a l  d r i f t  m o d e l l i n g .  

I f  one  were  t o  a c c e p t  t h e  r e s u l t s  l i s t e d  i n  

T a b l e s  2-9 a t  f a c e  v a l u e ,  t h e n  t h e  f o l l o w i n g  

c o n c l u s i o n s  c o u l d  b e  drawn. R a t e s  o f  e a s t e r l y  d r i f t  

on  t h e  s o u t h  c o a s t  ( f rom P o r t l a n d  wind data) c o u l d  

have  n e a r l y  doub led  o v e r  t h e  l a s t  f i f t e e n  y e a r s .  

R a t e s  of  d r i f t  ( m o s t l y  s o u t h e r l y ,  b u t  some n o r t h e r l y )  

o n  t h e  Essex  c o a s t  ( f rom Shoeburyness  wind d a t a )  

a p p e a r  t o  be  s m a l l  b u t  t o  have  i n c r e a s e d  s l o w l y  o v e r  

t h e  l a s t  f i f t e e n  y e a r s .  R a t e s  o f  s o u t h e r l y  d r i f t  on 

t h e  S u f f o l k  and  N o r f o l k  c o a s t s  ( f rom G o r l e s t o n  wind 

d a t a )  c o u l d  have  r e d u c e d  by 10-15% o v e r  t h e  l a s t  

t w e n t y  y e a r s .  R a t e s  o f  s o u t h e r l y  d r i f t  on  t h e  Nor th  

N o r f o l k ,  L i n c o l n s h i r e  and Humberside c o a s t s  ( f r o m  

Spurn  P o i n t  wind d a t a )  c o u l d  have  i n c r e a s e d  by o n e  

t h i r d  o v e r  t h e  l a s t  t h i r t e e n  y e a r s .  R a t e s  of  

s o u t h e r l y  d r i f t  on  t h e  n o r t h - e a s t  c o a s t  of  England 

( f r o m  Sou th  S h i e l d s  wind d a t a )  are 'smal l  b u t  a p p e a r  

t o  h a v e  more t h a n  doub led  i n  t h i r t e e n  y e a r s .  The 

e a s t e r l y  d r i f t  a l o n g  t h e  n o r t h  Wales c o a s t  ( f rom 

S q u i r e s  G a t e  wind d a t a )  shows no change  from y e a r  t o  

y e a r .  R a t e s  o f  d r i f t  a t  B a r r y  a r e  s m a l l  ( e x c e p t  f o r  

t h e  south-south-west  f a c i n g  beach which shows a c l e a r  

e a s t e r l y  d r i f t )  and t h e r e  i s  no change f rom y e a r  t o  

y e a r .  R a t e s  o f  w e s t e r l y  d r i f t  a t  S t  H e l i e r  ( f rom 

J e r s e y  wind d a t a )  a p p e a r  t o  b e  s l o w l y  i n c r e a s i n g ,  

g o i n g  up  by a b o u t  50% o v e r  t w e n t y  y e a r s .  These  

c o n c l u s i o n s  may n o t  b e  g e n u i n e  ( e v e n  t h e  d i r e c t i o n s  

of  d r i f t  may n o t  b e  c o r r e c t )  b u t  t h e y  d o  i l l u s t r a t e  

t h e  p o t e n t i a l  o f  a s m a l l  change  i n  wave a n g l e  t o  

i n f l u e n c e  a  m o b i l e  beach.  

3.5 Summary o f  t r e n d s  

Wave r e c o r d i n g s  a t  Seven S t o n e s ,  and e l s e w h e r e  w e l l  

o f f s h o r e  f rom t h e  U K ,  show t h a t  mean wave h e i g h t s  



have  i n c r e a s e d  o v e r  t h e  l a s t  t h i r t y  y e a r s ,  w i t h  no  

c o r r e s p o n d i n g  i n c r e a s e s  i n  wi.nd s p e e d s .  The wave 

h i n d c a s t i n g  done  d u r i n g  t h i s  s t u d y  i m p l i e s  t h a t  t h e  

s a m e  is  n o t  t r u e  o f  l o c a l l y  g e n e r a t e d  waves,  i n  which  

s m a l l  c h a n g e s  i n  wave h e i g h t  a r e  c l o s e l y  matched by 

s m a l l  c h a n g e s  i n  wind speeds . ,  The HINDWAVE model 

t a k e s  a c c o u n t  o f  wind s p e e d ,  d i r e c t i o n  and 

p e r s i s t e n c e ,  and  t h e  i n f e r e n c e  i s  t h e r e f o r e  t h a t  wind 

p a t t e r n s  and  s t o r m  p e r s i s t e n c e  h a v e  n o t  changed much 

d u r i n g  t h e  p e r i o d  o f  s t u d y .  

S i m u l a t e d  s i g n i f i c a n t  wave h i e i g h t s  a t  S u n d e r l a n d  

d e c r e a s e d  by o f  t h e  o r d e r  o f  l%% p e r  y e a r .  

C o n v e r s e l y ,  t h o s e  a t  Dowsing and K e n t i s h  Knock 

i n c r e a s e d  s l i g h t l y ,  by  o f  t h e  o r d e r  o f  14% p e r  y e a r .  

T h e r e  w a s  v e r y  l i t t l e  upward o r  downward t r e n d  i n  

wave h e i g h t s  h i n d c a s t e d  f o r  G r e a t  Yarmouth, 

L i t t l e h a m p t o n ,  S t  H e l i e r ,  Nor th  Wales o r  Ba r ry .  

T h e s e  t r e n d s  a r e  a l l  matched by  t r e n d s  i n  t h e  wind 

s p e e d s  f rom which  t h e y  w e r e  d e r i v e d .  P r e v i o u s l y  

u n p u b l i s h e d  measured  wave d a t a  from P e r r a n p o r t h  

showed a s l i g h t  i n c r e a s e  i n  t h e  h i g h e s t  wave h e i g h t s  

and a  s l i g h t  d e c r e a s e  i n  t h e  m i d d l e  r a n g e  wave 

h e i g h t s  d u r i n g  1976-85. 

The l a r g e s t  c h a n g e s  i n  wave h e i g h t s  n o t e d  above  are 

o f  t h e  same o r d e r  a s  measured  c h a n g e s  o c c u r r i n g  a t  

Seven S t o n e s .  The c h a n g e s  i n  s i m u l a t e d  wave h e i g h t s  

are p r o b a b l y  g e n u i n e .  The most  s i g n i f i c a n t  t r e n d  is  

t h a t  h e i g h t s  a t  two  o f  t h e  E a s t  A n g l i a n  p o i n t s  

(Dowsing and K e n t i s h  Knock) shotwed i n c r e a s e s  o f  a b o u t  

12-20% o v e r  a  t e n  y e a r  p e r i o d .  However, a s  t h e r e  is  

l i t t l e  c o n s i s t e n c y  be tween t r e n d s ,  and  no  

m e t e o r o l o g i c a l  e x p l a n a t i o n ,  tlnere i s  no p a r t i c u l a r  

r e a s o n  t o  t h i n k  t h a t  t h e  c h a n g e s  w i l l  c o n t i n u e  t o  

o c c u r  i n  t h e  f u t u r e .  



Some additional tests involving changes in mean wave 

direction showed some very gradual changes in wave 

direction over periods of 10-30 years. Although the 

changes were small, and probably within the range of 

natural variability of climate, the potential effect 

on littoral drift was shown to be very significant. 

The actual rates of drift calculated are probably not 

accurate, but the importance of a very small change 

in (wind and) wave direction was demonstrated. 

4.  ANALYSIS OF FUIIXIRE 

WIND AND WAVE DATA 

4.1 Introduction 

Previous chapters have looked at past trends in wind, 

wave and other climate data. However, past trends, 

particularly if they cannot be thoroughly explained 

and simulated, are not guaranteed to continue in the 

future. 

Modelling present world climate requires 

sophisticated large scale models and dedicated staff 

and computers. Modelling future climate poses 

additional problems: firstly how is "future climatew 

to be defined; secondly, how is the model to be 

driven and validated without a regular input of 

recorded weather data. A small number of American 

organisations and the Hadley Centre for Climate 

Research at Bracknell have developed models of future 

global climate. None of these models addresses the 

problem of ocean waves directly, but they do consider 

surface winds and pressures which can be used as 

input to wave prediction models. 

Surface wind and pressure data was obtained from the 

Bracknell climate model, both for "present" and for 



"future" conditions. The pressure data was examined 

for any obvious differences between present and 

future, since they might affect sea levels or 

storminess around the UK. The wind data was used as 

input to a wave hindcasting model, in order to assess 

any expected changes in wave height or wave direction 

to be expected in the future. (Wave direction would 

not be particularly important in the case of "hard" 

sea defences, but it is important in assessing the 

mobility of sand and shingle beaches). 

The present analysis concentrated upon data from the 

two or three climate model points lying directly over 

the UK, and a further dozen points lying up to a few 

hundred kilometres offshore.. However, a few 

additional more distant points were looked at in the 

North Atlantic. 

4.2 The future Global 

Climate Model 

The Hadley Centre for Climate Studies at Bracknell 

has a gridded Global Climate Model (GCM) calibrated 

against present climate condit:ions. Taking doubled 

carbon dioxide concentration as the definition of 

"future climate", the GCM has also been run for 

future conditions. It is not necessary for the 

present purposes to know details of how the GCM 

works. More details are gjiven in the recently 

published "Climate Change: The IPCC Scientific 

Assessment" (Ref 2), which inczludes a comprehensive 

bibliography. Development and validation of the 

model have been subject to international scrutiny, 

and use techniques running close to the limits of 

present computer capacity. The GCM therefore 

provides the best source of data for going on to 

predict future changes in wave climate around the UK. 



The GCM h a s  e l e v e n  l e v e l s  of  v e r t i c a l  r e s o l u t i o n ,  

a  5 O  North-South s p a c i n g  and a  7%' East-West g r i d  

s p a c i n g .  ( T h i s  means t h a t  t h e  UK i s  r e p r e s e n t e d  by 

o n l y  two o r  t h r e e  g r i d  p o i n t s  i n  t h e  model) .  The 

p r o c e s s e s  and p a r a m e t e r s  model led  a r e  n o t  

p a r t i c u l a r l y  i m p o r t a n t  f o r  t h e  p r e s e n t  purposes ,  

e x c e p t  t h a t  t h e y  i n c l u d e  s u r f a c e  winds and p r e s s u r e s  

which have a  d i r e c t  i n p u t  t o  wave g e n e r a t i o n  and s e a  

l e v e l  v a r i a b i l i t y .  

HR purchased  d a t a  from t h e  GCM r e p r e s e n t i n g  one y e a r  

of " p r e s e n t "  c o n d i t i o n s  and one  y e a r  of " f u t u r e "  

c o n d i t i o n s ,  f o r  e a c h  g r i d  p o i n t  covered  by t h e  model 

( i e  g l o b a l  c o v e r a g e ) .  The f o u r  p a r a m e t e r s  i n v o l v e d  

a r e  l i s t e d  below: 

( i)  Mean s e a  l e v e l  p r e s s u r e  o v e r  t h e  day (mb) 

(ii) Mean wind speed  o v e r  t h e  day ( m / s )  

(iii) East -west  component of  midn igh t  wind v e l o c i t y  

( m / s )  

( i v )  North-south  component o f  midnight  wind 

v e l o c i t y  ( m / s )  . 

Both t h e  t e m p o r a l  and t h e  s p a t i a l  r e s o l u t i o n  of  t h e  

model o u t p u t  i s  f a r  t o o  c o a r s e  f o r  immediate u s e  i n  

l o c a l  wave h i n d c a s t i n g .  However, it shou ld  be  

a d e q u a t e  t o  d e s c r i b e  t h e  changes  i n  s u r f a c e  winds  and 

p r e s s u r e s  e x p e c t e d  t o  o c c u r  i n  t h e  f u t u r e .  

The model g r i d  p o i n t s  l y i n g  o v e r  and around t h e  UK 

a r e  shown i n  F i g u r e  2 1 .  



4.3 Distribution of 

atmospheric 

pressure 

Atmospheric pressure has a direct effect upon sea 

level. A lower than average pressure would tend to 

be associated with a higher thain average water level, 

and vice versa. Most statements about sea level rise 

relate to global levels. If it could be shown that 

atmospheric pressures around the UK would be 

significantly different in the future, then 

expectations of sea level rise around the UK may be 

different to average global expectations. 

"Present" and "future" atmospheric pressures fromthe 

GCM were analysed for the 16 grid points over and 

around the UK shown in Figure 21. The pressures were 

compared in terms of both their mean values and their 

distributions. There was no significant difference 

between present and future pressures. This line of 

study was therefore not taken any further. 

4.4 Simulation of time 

series wind and 

wave data 

The purpose of the present simulation exercise was to 

produce local wave climate data representative of 

future conditions, for comparison with existing 

conditions. The data available on future climate has 

been described earlier in this chapter. This section 

describes the methods designed to make fullest and 

most effective use of the available data. 

Analysis of pressure data from the GCM showed no 

significant changes between present and future 

climate conditions. Atmospheric pressure is, in any 



c a s e ,  v e r y  much of  s e c o n d a r y  impor tance  t o  wind,  i n  

g e n e r a t i o n  o f  ocean  waves. The p r e s s u r e  d a t a  was 

t h e r e f o r e  n o t  used  a s  i n p u t  t o  any wave m o d e l l i n g .  

Wind s p e e d  ( i e  w i t h o u t  d i r e c t i o n )  is v e r y  much less 

u s e f u l  f o r  wave p r e d i c t i o n  p u r p o s e s  t h a n  wind 

v e l o c i t y  ( i e  w i t h  d i r e c t i o n )  d a t a .  Al though t h e  

d a i l y  a v e r a g e d  wind s p e e d  d a t a  was u s e f u l  f o r  

s t u d y i n g  winds  and s t o r m i n e s s ,  it w a s  n o t  u s e d  i n  t h e  

wave p r e d i c t i o n  e x e r c i s e ,  which w a s  i n s t e a d  based  

upon t h e  m i d n i g h t  wind v e l o c i t y  d a t a .  

Temporal  and s p a t i a l  r e s o l u t i o n  of  t h e  GCM d a t a  is 

low, b u t  r e s u l t s  f o r  p r e s e n t  and f u t u r e  c o n d i t i o n s  

w e r e  d e r i v e d  i n  a c o n s i s t e n t  manner. Any n o t i c e a b l e  

d i f f e r e n c e s  be tween t h e  two s h o u l d  t h e r e f o r e  b e  

s i g n i f i c a n t ,  and a  r e l i a b l e  g u i d e  t o  what would 

a c t u a l l y  happen i n  c h a n g i n g  t o  t h e  doub led  c a r b o n  

d i o x i d e  s i t u a t i o n .  These  changes  c o u l d  be  e x p r e s s e d  

i n  t e r m s  o f :  ( i )  means and d i s t r i b u t i o n s  o f  wind 

s p e e d s ,  wind d i r e c t i o n s  and s t o r m s ,  and (ii) t h e  

c o r r e l a t i o n  be tween wind s p e e d s  o r  s t o r m s  w i t h  wind 

d i r e c t i o n  o r  s e a s o n .  S to rms  a r e  most e a s i l y  a s s e s s e d  

u s i n g  t i m e  series d a t a ,  w h i l s t  wind s p e e d s  and 

d i r e c t i o n s  c a n  c o n v e n i e n t l y  b e  a s s e s s e d  u s i n g  wind 

r o s e s .  

Time series p l o t s  o f  a l l  t h e  GCM mean wind speed  

d a t a ,  f o r  p r e s e n t  and f o r  f u t u r e  c o n d i t i o n s ,  f o r  t h e  

16  g r i d  p o i n t s  shown i n  F i g u r e  21,  are g i v e n  i n  

Appendix 3. A v i s u a l  a s s e s s m e n t  o f  t h e s e  p l o t s  

r e v e a l s  no c o n s i s t e n t  c h a n g e s  e i t h e r  i n  g r o u p i n g  o f  

s t o r m s  o r  i n  t h e  d i s t r i b u t i o n  o f  s t o r m s  t h r o u g h o u t  

t h e  y e a r .  The r a t i o  of  mean " f u t u r e "  wind s p e e d  t o  

mean " p r e s e n t "  wind speed  is  g i v e n  i n  T a b l e  10 f o r  

e a c h  of t h e  16  g r i d  po in t s .  T h e r e  i s  t o o  l i t t l e  d a t a  

t o  j u s t i f y  any more t h o r o u g h  s t a t i s t i c a l  a n a l y s i s  o f  



t h e  s t o r m s .  A s  t h e r e  i s  no p a r t i c u l a r  e v i d e n c e  o f  

c h a n g e s  i n  s t o r m  g r o u p i n g  t o  b e  e x p e c t e d  i n  t h e  

f u t u r e ,  t h e n  s u c h  c h a n g e s  c a n  r e a s o n a b l y  b e  n e g l e c t e d  

i n  t h e  s i m u l a t i o n  o f  f u t u r e  brave climate. F u t u r e  

mean wind s p e e d s  a r e  p r e d i c t e d  t o  b e  m a r g i n a l l y  

h i g h e r  t h a n  p r e s e n t  v a l u e s  a s  s e e n  i n  T a b l e  10 .  

( N i n e  o f  t h e  1 6  g r i d  p o i n t s  show a s m a l l  i n c r e a s e  and  

s e v e n  a  small d e c r e a s e ,  b u t  t h e  a v e r a g e  r a t i o  o f  

f u t u r e  t o  p r e s e n t  wind s p e e d  i n  1 . 0 2 2 ) .  However, t h e  

amount and  i m p o r t a n c e  o f  s u c h  c h a n g e s  are b e s t  

q u a n t i f i e d  a s  d e s c r i b e d  below. 

A l l  o f  t h e  s i g n i f i c a n t  c h a n g e s  i n  w inds  t o  b e  

e x p e c t e d  i n  t h e  f u t u r e  s h o u l d  b e  clear and  

q u a n t i f i a b l e  from an  a n a l y s i s  o f  wind r o s e s  d e r i v e d  

from t h e  m i d n i g h t  wind v e c t o r  d a t a .  Wind r o s e s  

p roduced  from t h e  p r e s e n t  and  f u t u r e  GCM d a t a  f o r  t h e  

1 6  g r i d  p o i n t s  l y i n g  o v e r  and  a round  t h e  UK a r e  shown 

i n  F i g u r e s  22 and  23. (The  i n d i v i d u a l  wind r o s e s  are 

r e p r o d u c e d  a t  a  l a r g e r  s c a l e  i n  Appendix 4 ,  and  wind 

r o s e s  f o r  t h e  9 g r i d  p o i n t s  c l o s e s t  t o  t h e  UK a r e  

r e p r o d u c e d  o v e r l a i d  on  a  map o f  t h e  UK i n  F i g u r e s  24 

and  2 5 ) .  

Some c h a n g e s  a r e  i m m e d i a t e l y  o b v i o u s ,  p a r t i c u l a r l y  i n  

r e g a r d  t o  t h e  d i s t r i b u t i o n  o f  wind d i r e c t i o n s .  

B e g i n n i n g  w i t h  c o n d i t i o n s  t o  t h e  n o r t h  and  east o f  

t h e  UK: t h e  f u t u r e  wind r o s e  c e n t r e d  o v e r  n o r t h e r n  

S c o t l a n d  shows r a t h e r  more winds  from t h e  n o r t h - e a s t  

and  s o u t h - e a s t ,  and  r a t h e r  less f rom t h e  no r th -wes t  

a n d  s o u t h - w e s t ,  t h a n  a t  p r e s e n t .  S i m i l a r l y ,  t h e  

f u t u r e  wind r o s e  c e n t r e d  o v e r  t h e  n o r t h e r n  N o r t h  S e a  

shows r a t h e r  more winds  from t h e  n o r t h  t o  s o u t h - e a s t  

s e c t o r s ,  a t  t h e  e x p e n s e  o f  t h l e  s o u t h  t o  n o r t h - w e s t  

s e c t o r s ,  t h a n  a t  p r e s e n t .  S i m i . l a r l y ,  t h e  f u t u r e  wind 

r o s e  c e n t r e d  o v e r  t h e  s o u t h e r n  N o r t h  Sea  shows a  l o s s  

o f  wind d a t a  from t h e  w e s t  and  sou th -wes t  a s  compared 



t o  p r e s e n t  c o n d i t i o n s .  These o b s e r v a t i o n s  sugges t  an 

i n c r e a s e  i n  t h e  p r o p o r t i o n  of  winds, and t h e r e f o r e  

waves, coming towards  t h e  North Sea c o a s t s  of t h e  UK 

i n  t h e  f u t u r e .  

Now c o n s i d e r  c o n d i t i o n s  t o  t h e  sou th  and w e s t  of  t h e  

UK: t h e  t h r e e  most w e s t e r l y  wind r o s e s  i n  F igu re s  24  

and 2 5  show no c o n s i s t e n t  changes.  However, t h e  

f u t u r e  wind r o s e  c e n t r e d  ove r  north-west France shows 

r a t h e r  more winds from t h e  n o r t h  and w e s t ,  and r a t h e r  

less from t h e  sou th  and e a s t ,  t h a n  a t  p r e s e n t .  Also,  

t h e  f u t u r e  wind r o s e  c e n t r e d  o v e r  Wales shows r a t h e r  

more winds from t h e  no r th - ea s t ,  and r a t h e r  less from 

w e s t  and sou th - ea s t ,  t h a n  a t  p r e s e n t .  These 

o b s e r v a t i o n s  sugges t  a  s l i g h t  dec r ea se  i n  t h e  

p r o p o r t i o n  of winds,  and t h e r e f o r e  waves, coming 

towards  t h e  A t l a n t i c  and Channel c o a s t s  of t h e  UK. 

D e t a i l e d  i n t e r p r e t a t i o n  of  t h e  wind r o s e  d a t a  is no t  

necessa ry .  I n s t e a d  t h e  method d e s c r i b e d  below was 

developed which r e t a i n s  a l l  of t h e  in format ion  from 

t h e  wind r o s e s ,  w h i l s t  i n c r e a s i n g  t h e  r e s o l u t i o n  of  

t h e  wind d a t a  t o  t h e  e x t e n t  t h a t  it can be used f o r  

wave h i n d c a s t i n g .  

A handfu l  of sites shown i n  F i g u r e  l a  and l i s t e d  i n  

S e c t i o n  3 . 2  w e r e  chosen around t h e  UK f o r  which long 

t i m e  series wind r e c o r d s  w e r e  a v a i l a b l e  f o r  

s i t e - s p e c i f i c  h i n d c a s t i n g  of  " p r e s e n t "  wave c l ima t e .  

Some of t h o s e  sites w e r e  a l s o  used i n  f u t u r e  wave 

c l i m a t e  a n a l y s i s :  t h e y  a r e  l i s t e d  i n  Tab le  11 

t o g e t h e r  w i t h  a  n o t e  of which GCM g r i d  p o i n t  b e s t  

r e p r e s e n t s  t h e  wave g e n e r a t i o n  a r e a  o f f s h o r e  from 

each s i t e .  I t  would be  u s e f u l  t h e r e f o r e ,  t o  have a  

means of s i m u l a t i n g  a  " f u t u r e "  wind t i m e  series from 

d a t a  i n  t h e  "wind r o s e "  format  a v a i l a b l e  from t h e  



Differences between "future" arid "present" wind roses 

for each of the necessary GCM points were broken down 

and defined as described in Appendix 5. However, 

simulating time series wind data is not a trivial 

matter, since it requires a. knowledge of storm 

distribution and persistence, seasonality and typical 

rates of change of wind speeds and directions. The 

itemized changes were applied to the existing 

("present") time series wind data in the way 

described in Appendix 5, to simulate an equivalent 

long "future" time series of wi.nd data for each site. 

The method involved small changes to individual 

values in the existing time series, so that the new 

("future") time series had t.he slightly modified 

distribution of wind specads and directions 

appropriate to a different time period or location. 

The new time series then retained the realistic storm 

distribution, seasonality and general variability of 

wind speed and direction of the original "present" 

time series. However, it incorporated the subtle 

changes in individual hou~rly wind velocities 

necessary to correspond to the desired distribution 

of wind speeds and directions associated with the 

"future" wind rose. This technique, known as the 

WINDSEQ model, made best use of all available 

measured wind data and future wind predictions. The 

resulting "present" and "future" wind roses for each 

site are reproduced in Appendix 4. 

During development, the WINDSEQ model was validated 

against long time series wind records from Rhoose. 

One "future" (1970-9) period of wind data was 

synthesised from a "present" (1960-9) period of data 

using WINDSEQ. The resulting time series was 



compared w i t h  a c t u a l  measured  wind d a t a  f o r  t h e  same 

(1970-9) p e r i o d .  The s a t i s f a c t o r y  compar ison 

a c h i e v e d  i s  d e s c r i b e d  i n  Appendix 5. 

The " p r e s e n t "  and " f u t u r e "  wind t i m e  series d e r i v e d  

f o r  t h e  f u t u r e  wave c l i m a t e  m o d e l l i n g  p o i n t s  (see 

T a b l e  11) w e r e  u sed  a s  i n p u t  t o  s i t e - s p e c i f i c  wave 

h i n d c a s t i n g  models  a t  e a c h  s i te  o f  i n t e r e s t .  I n  most 

cases t h e s e  models  had been  v a l i d a t e d  a g a i n s t  nea rby  

r e c o r d e d  wave d a t a  d u r i n g  earl ier  repayment  s t u d i e s ,  

and s o  t h e y  c o u l d  b e  r e -used  w i t h  c o n f i d e n c e .  

( D e t a i l s  o f  t h e  HINDWAVE wave h i n d c a s t i n g  model a r e  

g i v e n  S e c t i o n  3.3 and i n  Appendix 1) .  The r e s u l t  o f  

t h i s  h i n d c a s t i n g  e x e r c i s e  was t i m e  series wave d a t a  

f o r  " p r e s e n t "  and f o r  " f u t u r e "  c o n d i t i o n s ,  a t  t h e  

s i tes l i s t e d  i n  T a b l e  11. S t a t i s t i c a l  a n a l y s i s  and 

i n t e r p r e t a t i o n  o f  t h i s  d a t a  i s  d e s c r i b e d  i n  t h e  n e x t  

s e c t i o n .  

4.5 A n a l y s i s  o f  wave 

h e i g h t  and 

d i r e c t i o n  changres 

Any f u t u r e  changes  i n  n e a r s h o r e  wave c o n d i t i o n s  would 

b e  i m p o r t a n t  f o r  c o a s t a l  management. The ex t r eme  

wave h e i g h t s  t o  b e  e x p e c t e d  a r e  o f  g r e a t e s t  i n t e r e s t  

f o r  d e s i g n  and ma in tenance  o f  c o a s t a l  s t r u c t u r e s .  

However, more commonly o c c u r r i n g  wave h e i g h t s  and any 

e x p e c t e d  changes  i n  wave d i r e c t i o n  w i l l  b e  more 

i m p o r t a n t  i n  a s p e c t s  o f  c o a s t a l  management i n v o l v i n g  

sed imen t  t r a n s p o r t .  

The s i m u l a t e d  " p r e s e n t "  and " f u t u r e "  t i m e  series o f  

wave c o n d i t i o n s  d e r i v e d  f o r  UK s i tes l i s t e d  i n  

Table 11 a r e  presen ted  i n  wave rose format i n  

F i g u r e s  26-35. D i f f e r e n c e s  be tween p r e s e n t  and 



f u t u r e  c o n d i t i o n s  c a n  b e  s e e n ,  b u t  a r e  n o t  q u i t e  a s  

s t r i k i n g  a s  t h e  d i f f e r e n c e s  be tween  t h e  c o r r e s p o n d i n g  

p r e s e n t  and  f u t u r e  wind r o s e s  p r e s e n t e d  e a r l i e r .  The 

same i n f o r m a t i o n  o n  p r e s e n t  and  f u t u r e  wave 

c o n d i t i o n s  is g i v e n  i n  more n u m e r i c a l  d e t a i l  i n  t h e  

form o f  s c a t t e r  d i a g r a m s  o f  wave h e i g h t  a g a i n s t  wave 

d i r e c t i o n  i n  T a b l e s  12-21. T h e s e  t a b l e s  p e r m i t  a  

d e t a i l e d  c o m p a r i s o n  o f  t h e  d i s t r i b u t i o n  o f  wave 

h e i g h t  o v e r a l l ,  and  o f  t h e  amount and  d i s t r i b u t i o n  o f  

d a t a  w i t h i n  e a c h  d i r e c t i o n  sector, f o r  p r e s e n t  and  

f u t u r e  c o n d i t i o n s .  

I f  we a c c e p t  t h e  wave c l i m a t e  r e s u l t s  p r e s e n t e d  i n  

F i g u r e s  26-35 and T a b l e s  12-21  a s  t h e y  s t a n d ,  t h e n  

t h e  f o l l o w i n g  c o n c l u s i o n s  c a n  b e  drawn.  T h e r e  w i l l  

b e  a  o n e  t h i r d  r e d u c t i o n  i n  t h e  p r o p o r t i o n  o f  waves  

f rom t h e  w e s t e r l y  and  s o u t h e r l y  (135O-315ON) 

q u a d r a n t s  o f f  S u n d e r l a n d  ( 4 8 %  r e d u c i n g  t o  3 2 % ) .  

T h e r e  w i l l  b e  a  c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  

p r o p o r t i o n  o f  waves f rom t h e  n o r t h e r l y  and  e a s t e r l y  

(315-135ON) q u a d r a n t s .  The l a r g e r  waves  w i l l  b e  

a f f e c t e d  s l i g h t l y  more t h a n  t h e  s m a l l e r  o n e s  by  t h e  

c h a n g e s .  T h e r e  w i l l  b e  a  o n e  t h i r d  r e d u c t i o n  i n  t h e  

p r o p o r t i o n  o f  waves f rom t h e  p r e v a i l i n g  s o u t h e r l y  

(165-195ON) d i r e c t i o n ,  and  a  o n e  s i x t h  r e d u c t i o n  i n  

waves  f rom t h e  s o u t h - w e s t  t o  n o r t h  (195-15ON) sectors 

o f f  G r e a t  Yarmouth. T h e r e  w i l l .  b e  l a r g e  i n c r e a s e s  i n  

t h e  p r o p o r t i o n  o f  waves f rom t h e  e a s t e r l y  

( p a r t i c u l a r l y  15-45ON and  105-135ON) d i r e c t i o n s ,  

p a r t i c u l a r l y  amongs t  t h e  l a r g e s t  wave h e i g h t s .  T h e r e  

w i l l  b e  a o n e  e i g h t h  r e d u c t i o n  i n  t h e  p r o p o r t i o n  o f  

waves f r o m t h e  p r e v a i l i n g  wes t - sou th -wes t  (225-285ON) 

s e c t o r  o f f  L i t t l e h a m p t o n  (431% r e d u c i n g  t o  3 6 % ) .  

T h e r e  w i l l  b e  a  c o r r e s p o n d i n g  40% i n c r e a s e  i n  t h e  

number o f  waves f rom t h e  e a s t - - n o r t h - e a s t  (45-105ON) 

s e c t o r  ( 1 8 %  i n c r e a s i n g  t o  264:) . The l a r g e s t  wave 

h e i g h t s  i n  t h e  w e s t - s o u t h - w e s t e r l y  s e c t o r  w i l l  b e  



reduced disproportionately. There will be a one 

seventh reduction in the proportion of waves from the 

prevailing westerly (255-285ON) direction off Barry 

(40% reducing to 34%). There will be a corresponding 

increase in the number of waves from the east and 

east-north-east (45-105ON) sectors. The largest 

waves will be disproportionately affected by the 

changes. There will be a one fifth reduction in the 

proportion of waves from the prevailing 

west-north-west (255-315ON) sector off North Wales 

(42% reducing to 34%). There will be a large 

increase in the number of waves from the north and 

north-east (315-75ON) directions (24% increasing to 

37%). Again, the largest wave heights will be 

disproportionately affected by the changes. 

These "predictions" of future wave climate change are 

very uncertain. They are, at best, only as good as 

the GCM predictions of changes in future wind 

conditions aroundthe UK, which are themselves rather 

uncertain. Not surprisingly, the above conclusions 

about expected future changes in wave climate are 

consistent with conclusions expressed earlier about 

expected future changes in wind climate around the 

UK . 

There is little point trying to quantify the changes 

any more precisely than given above, or to 

extrapolate to extremes. The reliability of the 

modelling techniques and assumptions would not 

justify any such numerical detail (although the 

necessary input data to such calculations could be 

extracted from Tables 12-21). 

The combined effects of the expected changes in wave 

height and direction upon mobile beaches were 

assessed as described on Pages 40 and 41, using a 



simple sediment transport formulation for an 

idealised beach. The resultj~ng rates of sediment 

transport, both gross and ]nett, are listed in 

Tables 2, 4, 6, 8 and 9 (ie the same tables as were 

used to demonstrate past  trend:^). The values quoted 

are in arbitrary units since there are some 

calibration factors to be set before actual rates of 

drift can be calculated, and since only idealised 

beaches were tested. The results listed are intended 

only for comparison purposes, to show the potential 

for changes in the future and their variation from 

place to place. (The neglect of non-parallel 

refraction effects and the lack: of calibration of the 

model means that the actual drift volumes, and even 

the main directions of drift predicted, will not be 

reliable). The mean wave directions given in 

Tables 2-9 are weighted averages of all the hourly 

inshore wave conditions predicted, where the 

weighting is dependent upon capacity for sediment 

transport. 

The results show the potential. effect on beaches of 

quite modest predicted changes in wind conditions to 

be expected in the future, and ,the consequent changes 

in mean inshore wave directio:ns. However, even if 

one accepts the future wind predictions as accurate, 

more detailed site-specific walve and littoral drift 

modelling would be needed to check and quantify the 

predictions of beach response. 

If one were to accept the results listed in Tables 2, 

4, 6, 8 and 9 at face value, then the following 

conclusions could be drawn. "Future" rates of 

easterly drift near to Littleha.mpton would be reduced 

to two thirds of present levels. Rates of southerly 

drift at Yarmouth and at Sunderland would be about 

twice and about five times present levels, 



r e s p e c t i v e l y .  R a t e s  of  e a s t e r l y  d r i f t  on  t h e  North  

Wales c o a s t  would b e  s l i g h t l y  reduced ,  w h i l s t  r a t e s  

o f  d r i f t  a t  Barry  would remain s m a l l  and b e  a lmos t  

unchanged. A l l  o f  t h e s e  changes  a r e  a s s o c i a t e d  w i t h  

v e r y  s m a l l  changes  i n  mean i n s h o r e  wave d i r e c t i o n ,  of  

t h e  o r d e r  of  o n e  t o  f o u r  d e g r e e s ,  which would b e  

i m p e r c e p t i b l e  t o  a  c a s u a l  o b s e r v e r .  Not 

s u r p r i s i n g l y ,  t h e s e  o b s e r v a t i o n s  a r e  c o n s i s t e n t  w i t h  

t h o s e  e x p r e s s e d  e a r l i e r ,  f o l l o w i n g  a  comparison of  

" p r e s e n t "  and " f u t u r e "  wind and wave r o s e s .  These 

c o n c l u s i o n s  may n o t  b e  genu ine  (even  t h e  d i r e c t i o n s  

o f  d r i f t  may n o t  b e  c o r r e c t )  b u t  t h e y  do i l l u s t r a t e  

t h e  p o t e n t i a l  o f  a  s m a l l  f u t u r e  change i n  wave 

d i r e c t i o n  ( r e s u l t i n g  from a  s m a l l  change i n  f u t u r e  

wind c o n d i t i o n s )  t o  i n f l u e n c e  a  mobi le  beach.  

4.6 Changes a t  t h e  

North  A t l a n t i c  

p o i n t  S 

I t  is q u i t e  l i k e l y  t h a t  f u t u r e  changes  i n  wind 

c o n d i t i o n s  would be  d i f f e r e n t  i n  t h e  midd le  o f  t h e  

North  A t l a n t i c  t o  t h o s e  o v e r  and around t h e  UK. A 

g roup  of  f o u r  GCM g r i d  p o i n t s  ( l a t i t u d e s  52.5 and 

57.5ON, l o n g i t u d e s  33.75 and 41.25ON) forming a  

s q u a r e  i n  t h e  North A t l a n t i c  w e r e  chosen f o r  f u r t h e r  

s t u d y .  

The midn igh t  wind v e c t o r  d a t a  was e x t r a c t e d  from t h e  

GCM " p r e s e n t "  and " f u t u r e "  a r c h i v e s  f o r  t h e  f o u r  g r i d  

p o i n t s  chosen.  The t i m e  series wind d a t a  is  

reproduced  i n  Appendix 3 ,  b u t  no c o n s i s t e n t  

d i f f e r e n c e s  between p r e s e n t  and f u t u r e  c o n d i t i o n s  a r e  

o b v i o u s  from a  s i m p l e  v i s u a l  i n s p e c t i o n  o f  t h e  p l o t s .  

The same data  were used t o  c r e a t e  t h e  e i g h t  wind 

r o s e s  p r e s e n t e d  i n  F i g u r e s  36 and 37, r e p r e s e n t i n g  



present and future conditions, respectively. There 

are some obvious differences between Figures 36 and 

37, but no clear consistent trends. (The individual 

wind roses are reproduced at. a larger scale in 

Appendix 4). 

Table 22 shows some more numerical detail extracted 

from the wind roses, namely average speeds overall 

and by direction sector, percentage of records within 

each sector, and differences between present and 

future conditions. For the four locations, the 

predicted increases in annually averaged wind speeds 

as carbon dioxide levels double, are 18.6, 11.7, -7.2 

and 0.0%. The westerly directions (south-west, west 

and north-west) are of most interest in the context 

of waves destined to reach UK cloasts. Table 22 shows 

that two of the grid locations are predicted to have 

slightly more winds from the west in the future, one 

slightly less and one almost no change. The 

increases (or decreases) in wind speeds predicted for 

the future are almost the same for the westerly 

directions as overall, for each of the four grid 

points. 

Results vary considerably between the four grid 

points and it is difficult to draw any firm 

conclusions. The small amount of data examined 

suggests that wind speeds cou1.d reduce by up to 10% 

or could increase by up to 20% in the North Atlantic 

of the future. A simple avera~ge of the four sets of 

results would lead one to expect about a 5% increase 

in wind speeds, including westerlies. Other things 

being equal, this would lead to roughly a 5% increase 

in Atlantic wave heights reaching the UK. 



4.7 Summary o f  i n f e r e n c e s  

f rom f u t u r e  wind a n d  

wave c l i m a t e  model l i n g  

The G l o b a l  C l i m a t e  Model (GCM) d a t a  shows no  change  

i n  t h e  d i s t r i b u t i o n  o f  s u r f a c e  p r e s s u r e  a r o u n d  t h e  UK 

t o  b e  e x p e c t e d  i n  t h e  f u t u r e .  

Models  o f  f u t u r e  c l i m a t e  s u g g e s t  t h a t  c h a n g e s  i n  wind 

c o n d i t i o n s  w i l l  b e  s m a l l .  T h e r e  are some s l i g h t  

i n f e r e n c e s  t h a t  t h e  p r o p o r t i o n  o f  w e s t e r l y  w inds  

a r o u n d  t h e  UK a n d  t h e  number o f  m i d - l a t i t u d e  s t o r m s  

may r e d u c e  f o l l o w i n g  g l o b a l  warming.  However, t h e r e  

a r e  no  f i r m  i n d i c a t i o n s  a s  t o  w h e t h e r  t h e  UK w i l l  b e  

m o r e  or  less s t o r m y  i n  t h e  f u t u r e .  A n a l y s i s  o f  

" p r e s e n t "  and  " f u t u r e "  wind  d a t a  f o r  f o u r  GCM g r i d  

p o i n t s  i n  t h e  Nor th  A t l a n t i c  showed s l i g h t  i n c r e a s e s  

i n  mean wind s p e e d s  and  s l i g h t  i n c r e a s e s  i n  t h e  

p r o p o r t i o n  o f  w inds  from t h e  w e s t e r l y  d i r e c t i o n s .  

T h e s e  c o n f l i c t i n g  c o n c l u s i o n s  s u g g e s t  t h a t  f u t u r e  

c h a n g e s  i n  N o r t h  A t l a n t i c  w i n d s  w i l l  b e  s m a l l ,  and  

t h a t  t h e i r  e f f e c t s  o n  UK c o a s t s  is u n c e r t a i n .  

A n a l y s i s  o f  GCM wind  p r e d i c t i o n s  f rom g r i d  p o i n t s  

a r o u n d  t h e  UK shows a  s l i g h t  i n c r e a s e  i n  mean wind 

s p e e d s  t o  b e  e x p e c t e d  i n  t h e  f u t u r e .  A s t r o n g  

i n c r e a s e  i n  e a s t e r l y  w i n d s ,  a t  t h e  e x p e n s e  o f  

w e s t e r l y  w inds ,  i s  p r e d i c t e d  by  t h e  GCM f o r  f u t u r e  

c o n d i t i o n s  i n  t h e  N o r t h  Sea .  T h i s  i m p l i e s  a 

s i g n i f i c a n t  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  waves 

coming d i r e c t l y  t o w a r d s  t h e  N o r t h  S e a  c o a s t s  o f  t h e  

UK i n  t h e  f u t u r e ,  a l t h o u g h  n o t  n e c e s s a r i l y  a n y  

i n c r e a s e  i n  e x t r e m e  wave h e i g h t s .  The GCM g r i d  p o i n t  

o v e r  n o r t h - w e s t  F r a n c e  p r e d i c t s  a f u t u r e  i n c r e a s e  o f  

n o r t h e r l y  and  w e s t e r l y  w i n d s  a t  t h e  e x p e n s e  o f  

s o u t h e r l y  and  e a s t e r l y  d i r e c t i o n s .  The GCM g r i d  

p o i n t  o v e r  Wales shows a  f u t u r e  i n c r e a s e  i n  



north-easterly winds, at the expense of westerly and 

south-easterly directions. This implies a decrease 

in the proportion of waves coming directly towards 

the Atlantic coasts of the UE, although again not 

necessarily any reduction in extreme wave heights. 

The above conclusions were supported by predictions 

of present and future wave con~ditions for locations 

off Sunderland, Great Yarmouth,, Littlehampton, Barry 

and North Wales. Both Sunderland and Great Yarmouth 

show an increase in easterly waves, a reduction in 

westerly waves, and slight increases in the 

proportion ofthe highestwave heights. Littlehampton 

shows a slight shift from westerly to easterly waves, 

and a slight reduction in tlhe proportion of the 

highest wave heights. Barry and North Wales show a 

shift of some of the prevailing westerly waves to 

northerly and easterly directions, but with little 

change in the proportion of the highest wave heights. 

These conclusions are very tentative, relying on the 

accuracy both of the GCM wind predictions and of the 

relatively simple wave hindcasting technique which 

was used. 

The distributions of wave heilght and direction for 

present and future conditions: were converted into 

potential rates of littoral drift. The 

simplifications involved render the detailed 

conclusions unreliable. However, it was demonstrated 

that the relatively small changes to be expected in 

future wave climate could have a dramatic effect on 

rates of littoral drift. Refined predictions of 

actual rates of drift and expected changes could be 

made, but would require site-specific wave 

transformation and beach modelling, and would still 

rely on the accuracy of the GC1.I wind predictions and 

the offshore wave model. 



5 .  IMPACT ON UK 

COASTAL MANAGEMENT 

5.1 E f f e c t s  o f  climate 

change o n  UK c o a s t a l  

d e f e n c e s  

G l o b a l  warming w i l l  have  a  v a r i e t y  o f  e f f e c t s  on  t h e  

c o a s t s  and s e a s  a round  t h e  UK. Some o f  t h e s e  e f f e c t s  

a r e  w i d e l y  a c c e p t e d  t o  b e  l i k e l y ,  b u t  many are s t i l l  

t h e  s u b j e c t  o f  u n c e r t a i n t y  and d e b a t e .  I n  o r d e r  t o  

emphas i se  how c o a s t a l  d e f e n c e s  may b e  t h r e a t e n e d ,  a 

d e l i b e r a t e l y  p e s s i m i s t i c  v iew o f  what t h e  f u t u r e  may 

h o l d  is  t a k e n  h e r e .  It  s h o u l d  b e  remembered, 

however, t h a t  some c o a s t a l  management problems may 

w e l l  b e  r e d u c e d  r a t h e r  t h a n  i n t e n s i f i e d .  

I n c r e a s e d  t e m p e r a t u r e s  w i l l  p roduce  f a s t e r  rates o f  

ice-melt ( f o r  example  g l a c i e r s )  and o f  t h e r m a l  

e x p a n s i o n  o f  t h e  u p p e r  l a y e r s  o f  t h e  ocean .  A s  a  

consequence  sea l e v e l  w i l l  c o n t i n u e  t o  rise, and 

p r o b a b l y  accelerate from i t s  p r e s e n t  global-mean 

v a l u e  o f  14-2mrn/year. A f u t u r e  rate  o f  5mm/year is  

now w i d e l y  u s e d  f o r  c o a s t a l  d e f e n c e  d e s i g n  i n  t h e  UK. 

I n  a d d i t i o n  t o  t h i s  ' e u s t a t i c '  rise due  t o  a n  

i n c r e a s e d  volume o f  w a t e r  i n  t h e  seas, t e c t o n i c  

movements and s e t t l e m e n t  o f  s e d i m e n t a r y  r o c k s ,  a s  i n  

s o u t h - e a s t  England,  may p r o d u c e  a  downwards movement 

o f  t h e  l a n d  mass. Both e f f e c t s  w i l l  p roduce  a 

g r a d u a l  r e d u c t i o n  i n  t h e  c r e s t  h e i g h t  o f  t h e  e x i s t i n g  

man-made c o a s t a l  d e f e n c e s  r e l a t i v e  t o  mean sea l e v e l .  

A long- term r e d u c t i o n  i n  mean a t m o s p h e r i c  p r e s s u r e  

would add t o  t h i s  problem ( a l t h o u g h  a t  p r e s e n t  t h i s  

is  n o t  e x p e c t e d  t o  o c c u r  i n  t h e  n e a r  f u t u r e ) .  

As w e l l  a s  any upward t r e n d  i n  mean sea l e v e l  t h e  

t i d a l  l e v e l  v a r i a t i o n s  may a l s o  i n c r e a s e .  T h e r e  is  



a l r e a d y  e v i d e n c e  o f  ( a s t r o n o m i c )  t i d a l  r a n g e s  

i n c r e a s i n g  i n  some p a r t s  o f  t h e  UK. I n  a d d i t i o n ,  

more i n t e n s e  o r  more f r e q u e n t  d e p r e s s i o n s  t r a v e l l i n g  

o v e r  t h e  no r th -wes t  European c o n t i n e n t a l  s h e l f  would 

p r o d u c e  l a r g e r  o r  more f r e q u e n t  t i d a l  s u r g e s .  Des ign  

w a t e r  l e v e l s  f o r  c o a s t a l  d e f e n c e s  may h a v e  t o  b e  

r e v i s e d  upwards a s  t h e  r e s u l t  o:€ a l l  t h e s e  p r o c e s s e s .  

Changes i n  t h e  g l o b a l  a t m o s p h e r i c  c i r c u l a t i o n  w i l l  

b r i n g  a b o u t  c h a n g e s  i n  wind f i e l d s ,  and  h e n c e  i n  t h e  

g e n e r a t i o n  o f  waves. S i n c e  waves a r e  t h e  m a j o r  c a u s e  

o f  damage t o  d e f e n c e s  and  s c o u r  o f  b e a c h e s ,  more 

i n t e n s e  wave e n e r g y  is a  clear c a u s e  o f  c o n c e r n .  

S e v e r a l  d i f f e r e n t  e f f e c t s  may o c c u r ,  e a c h  o f  which  

may b r i n g  p rob lems  i n  t h e i r  wake. 

F i r s t ,  t h e  l a r g e s t  wave h e i g h ~ t s  may b e  i n c r e a s e d .  

S i n c e  t h e  d e s i g n  o f  many m a r i t i m e  o r  c o a s t a l  

s t r u c t u r e s  d e p e n d s  on  t h e  h e i g h t  o f  t h e  waves 

e x p e c t e d  t o  o c c u r ,  f o r  example ,  o n c e  i n  50 y e a r s ,  

t h e n  a n  i n c r e a s e  i n  t h e  e x p e c t e d  v a l u e  o f  t h i s  

s t a t i s t i c  would n e c e s s i t a t e  a t  least  a  r e - a n a l y s i s  o f  

c o a s t a l  d e f e n c e s .  S t r u c t u r e s  s u c h  a s  b r e a k w a t e r s  i n  

d e e p  w a t e r ,  p r o t e c t e d  by concrc2te a rmour  b l o c k s ,  may 

b e  p a r t i c u l a r l y  a t  r i s k .  

A t  t h e  c o a s t  however,  t h e s e  e x t r e m e  waves have  

u s u a l l y  b r o k e n  w e l l  o f f s h o r e  and  a l t h o u g h  t h e  

' s e t - u p '  t h e y  p r o d u c e  a t  t h e  s h o r e l i n e  w i l l  b e  l a r g e r  

t h a n  p r e v i o u s l y  a n t i c i p a t e d ,  t h e  e f f e c t  o n  a  s e a w a l l  

may n o t  b e  much o f  a  c o n c e r n .  The b e a c h  l e v e l  i n  

f r o n t  o f  a  w a l l  i s  t h e  most  iml so r t an t  f a c t o r  i n  s u c h  

c a s e s .  

Beaches  r e s p o n d  t o  c h a n g i n g  wave c o n d i t i o n s  by  

a l t e r i n g  t h e i r  s h a p e ,  w i t h  w i n t e r  s t o r m s  t y p i c a l l y  

d r a w i n g  m a t e r i a l  s e a w a r d s  from t h e  t o p  o f  t h e  beach  



and summer waves r e s t o r i n g  it. I t  c a n  t a k e  weeks o r  

months f o r  a  sandy beach  t o  r e c o v e r  f rom a  s i n g l e  

s t o r m ,  p a r t i c u l a r l y  i f  dunes  b e h i n d  it have  been 

e r o d e d .  I f  w i n t e r  waves become more f r e q u e n t  ( b u t  

n o t  n e c e s s a r i l y  l a r g e r )  t h e n  t h i s  a n n u a l  c y c l e  may b e  

d i s r u p t e d .  T h i s  i s  more of  a d a n g e r  i f  v e g e t a t i o n  is  

a  f a c t o r  i n  r e s t o r i n g  u p p e r  beach l e v e l s  ( f o r  example 

on  s a l t m a r s h e s  o r  on  d u n e s )  when t h e  ra te  a t  which 

t h e  p l a n t s  c a n  grow is  l i m i t e d  by  c l i m a t i c  

c o n d i t i o n s .  I n  p a s s i n g ,  t h e  v i g o u r  o f  s u c h  c o a s t a l  

v e g e t a t i o n  may a l s o  b e  a f f e c t e d  by changes  i n  

t e m p e r a t u r e ,  r a i n f a l l  and t h e  l i k e .  

A change  i n  t h e  f r e q u e n c y  of  o c c u r r e n c e  o f  modest  

wave h e i g h t s  c o u l d  a l s o  p r o d u c e  problems.  F o r  

o f f s h o r e  s t r u c t u r e s ,  f a t i g u e  c a u s e d  by p e r s i s t e n t  

waves i s  a conce rn .  The e q u i v a l e n t  f o r  a  c o a s t  is  

t h e  movement o f  sed imen t  a l o n g  a beach o r  t h e  

n e a r s h o r e  seabed .  On many c o a s t s  it i s  t h e  f r e q u e n c y  

and d i r e c t i o n  of  waves w i t h  s i g n i f i c a n t  h e i g h t s  i n  

t h e  r a n g e  o f  0 .5  t o  1.5m which d o m i n a t e s  a l o n g s h o r e  

sed imen t  t r a n s p o r t .  S i n c e  many c o a s t a l  e r o s i o n  

problems,  a l o n g  n a t u r a l  o r  a r t i f i c i a l l y  de fended  

s h o r e l i n e s ,  are c a u s e d  by a l o n g s h o r e  d r i f t  ( o r  more 

a c c u r a t e l y  v a r i a t i o n s  i n  t h a t  d r i f t  f rom p o i n t  t o  

p o i n t )  an  i n c r e a s e  i n  such  modera te  waves may b e  o f  

g r e a t e r  c o n c e r n  t h a n  a n  i n c r e a s e  i n  e x t r e m e  e v e n t s .  

F i n a l l y ,  i n  t h e  d i s c u s s i o n  o f  changes  i n  t h e  c o a s t a l  

wave r eg ime ,  it i s  i m p o r t a n t  t o  men t ion  d i r e c t i o n .  

A s  wind f i e l d s  change,  it is  l i k e l y  t h a t  t h e i r  

d i r e c t i o n  a s  w e l l  a s  t h e i r  s t r e n g t h  and f r e q u e n c y  

w i l l  a l t e r .  A minor  change i n  mean n e a r s h o r e  wave 

d i r e c t i o n  w i l l  p roduce  o f t e n  ma jo r  changes  i n  t h e  

rate ,  and sometimes i n  t h e  d i r e c t i o n  o f  t h e  n e t t  

a n n u a l  a l o n g s h o r e  d r i f t .  R e c e n t l y  e v i d e n c e  h a s  come 

t o  l i g h t  of s u c h  changes  o c c u r r i n g  i n  t h e  p a s t .  



F u t u r e  changes  may b e  more d r a m a t i c  and w o r r y i n g  

s t i l l .  

O t h e r  c l i m a t i c  changes  may a l s o  a f f e c t  c o a s t s .  An 

i n c r e a s e  i n  r a i n f a l l  may inc rea l se  s e d i m e n t  s u p p l y  t o  

a c o a s t  t h r o u g h  g r e a t e r  r i v e r  f l o w s  o r  f a s t e r  e r o s i o n  

o f  ' s o f t '  c l i f f s .  R a i n f a l l ,  a s  w e l l  as winds ,  may 

a l s o  a f f e c t  a e o l i a n  t r a n s p o r t  o f  s a n d  from t h e  beach  

t o  dunes .  The p o s s i b l e  cl imatic i m p a c t s  on c o a s t a l  

v e g e t a t i o n ,  s u c h  a s  marram g r a s s  which h e l p  s t a b i l i s e  

d u n e s ,  have  a l r e a d y  been ment ioned.  I n c r e a s e d  

s u n s h i n e  and t e m p e r a t u r e s  c o u l d  i n c r e a s e  r e c r e a t i o n a l  

u s e  of  b e a c h e s  and t h i s  i n  t u r n  would p l a c e  e x t r a  

p r e s s u r e  on dunes  and o t h e r  s e n s i t i v e  c o a s t a l  areas. 

These  however, are p r o b a b l y  a l l  minor  c o n c e r n s  t o  a 

c o a s t a l  manager compared t o  t h e  e f f e c t s  on  t i d a l  

l e v e l s  and wave climate, and t . he  r e s u l t i n g  movement 

o f  beach  s e d i m e n t .  

5.2 F u t u r e  c o a s t a l  

d e f e n c e  management 

measures  

Changes i n  climate have  a f f e c t e d  t h e  development  of  

c o a s t s  i n  t h e  UK f o r  t i m e  immemorial.  Such changes  

have  been  g r a d u a l ,  however, and o f  modest  magni tude .  

M a i n t a i n i n g  d e f e n c e s  a g a i n s t  f l o o d i n g  o r  w i d e s c a l e  

e r o s i o n  of  l a n d  h a s  t h e r e f o r e  c o n t i n u e d  w i t h  l i t t l e  

o r  no e x p l i c i t  a c c o u n t  b e i n g  t a k e n  o f  s u c h  changes .  

The main e x c e p t i o n  t o  t h i s  h a s  been  t h e  i n c l u s i o n  o f  

an  a l l o w a n c e  f o r  a  r ise i n  sea l e v e l ,  b a s e d  on 

h i s t o r i c a l  t r e n d s  i n  t i d e  gauge  d a t a .  T h i s  a l l o w a n c e  

h a s  been  a  p a r t  o f  c o a s t a l  d e f e n c e  d e s i g n  f o r  a t  

l e a s t  20 y e a r s .  

S t u d i e s  o f  g l o b a l  warming sulggest  t h a t  more r a p i d  

changes  may soon  s t a r t  t o  b e  f e l t .  H i s t o r i c  e u s t a t i c  



sea level rise is believed to have averaged 

l-2mm/year; over the next 50 years or so this trend 

is predicted to increase to an average rate of about 

Smm/year. Accompanying this predicted acceleration, 

changes in atmospheric circulation patterns may 

produce very different waves and tidal surges to 

those now experienced. 

From the viewpoint of a coastal manager, the 

assessment of the effects of climate change on the 

existing defences and beaches is very speculative. 

It is only now becoming possible to differentiate 

between normal year-to-year variations in wave 

conditions and an underlying trend, eg a long-term 

change in wave heights, as demonstrated in this 

report. There is little indication whether such 

trends will continue in future years, or diminish, or 

even reverse. 

Numerical hindcasting can also give information on 

variations in alongshore drift from year to year, and 

this can be substantiated to an extent by analysis of 

recorded beach changes. Again however, this does not 

necessarily give a prediction of future behaviour. 

Even for the most widely studied consequence of 

climatic change, the acceleration of sea level rise, 

there is little or no evidence in the UK that this 

process has started. 

In view of all this, it does not seem likely, or even 

necessary, that immediate action to raise or 

strengthen defences will need to be taken. As data 

on tidal levels, winds and waves is gathered, then a 

review of design conditions should be undertaken 

periodically. Such assessments have recently been 

commissioned for the Anglian coast (Humber to Thames 

Estuary) by the National Rivers Authority, and for 
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y e a r s .  Again m o n i t o r i n g  w i l l  g i v e  i n v a l u a b l e  

g u i d a n c e ,  and may show t h a t  t h e  r a t e  o f  e x p e n d i t u r e  

on ma in tenance  o f  beaches  and c o a s t a l  d e f e n c e s  c a n  be  

r educed  i n  some a r e a s .  I n  summary a  f l e x i b l e  

approach  t o  c o a s t a l  management, s e r v e d  w i t h  

up - to -da te  i n f o r m a t i o n  on  t i d e s ,  wave c o n d i t i o n s  and 

beach  l e v e l s ,  i s  n e c e s s a r y  t o  o p t i m i s e  d e f e n c e s  a s  

t h e  c l i m a t e  changes .  

6. CONCLUSIONS AM) 

RECOMMENDATION2I 

6 . 1  Summary o f  r e l e v a n t  

UK c l i m a t i c  changes  

- p a s t  and  f u t u r e  

T h i s  s e c t i o n  b r i e f l y  recal ls  t h e  measured  and 

p r e d i c t e d  c l i m a t i c  t r e n d s  r e l e v a n t  t o  UK c o a s t a l  

management, i d e n t i f i e d  i n  C h a p t e r s  2-4. 

G l o b a l  mean s e a  l e v e l s  have  r i s e n  by 150-200mm o v e r  

t h e  l a s t  100  y e a r s ,  and are p r e s e n t l y  r i s i n g  a t  a 

r a t e  o f  a b o u t  2mm p e r  y e a r .  The ra te  o f  rise is 

p r e d i c t e d  t o  i n c r e a s e  q u i c k l y  t o  a b o u t  5mm p e r  y e a r  

and t o  c o n t i n u e  a t  5-6mm p e r  y e a r  f o r  t h e  f o r e s e e a b l e  

f u t u r e .  R e f e r e n c e  2  p r e d i c t s  a g l o b a l  mean sea l e v e l  

rise o f  180mm by 2030, 440mm by 2070 and 650mm by 

2100. T h e r e  w i l l  b e  some a p p a r e n t  r e g i o n a l  

v a r i a t i o n s ,  even  a round  t h e  UK, m a i n l y  due  t o  

e x p e c t e d  l a n d  movements. R e f e r e n c e  11 p r e d i c t s  t h a t  

a p p a r e n t  rises w i l l  b e  s l i g h t l y  less t h a n  a v e r a g e  i n  

S c o t l a n d ,  b u t  s l i g h t l y  more t h a n  a v e r a g e  i n  t h e  s o u t h  

and e a s t  o f  England.  

Mean wave h e i g h t s  i n  t h e  Nor th  A t l a n t i c  have  

i n c r e a s e d  by 1 -2% p e r  y e a r  s i n c e  1960 w i t h  no 

c o r r e s p o n d i n g  i n c r e a s e  i n  mean wind s p e e d s .  Mean 



wave h e i g h t s  i n  t h e  Nor th  Sea  i n c r e a s e d  between 1960 

and 1980.  Der ived  e x t r e m e  wfave h e i g h t s  have  n o t  

i n c r e a s e d  a s  r a p i d l y  a s  mean wa.ve h e i g h t s .  T h e r e  h a s  

been a n  i n c r e a s e  i n  t h e  numlber o f  s e v e r e  s t o r m s  

a f f e c t i n g  Wales and s o u t h e r n  Eingland i n  t h e  l a s t  few 

y e a r s ,  a l t h o u g h  t h i s  d o e s  n o t  form p a r t  o f  a  c l e a r  

s t a t i s t i c a l  t r e n d .  The v a r i o u s  i n c r e a s e s  i n  wave 

a c t i v i t y  have  n o t  been  s a t i s f a ~ c t o r i l y  e x p l a i n e d  and 

t h e r e  i s  t h e r e f o r e  no r e a s o n  to1 assume t h a t  t h e y  w i l l  

c o n t i n u e  i n  t h e  f u t u r e .  

Smal l  changes  i n  l o c a l l y  q e n e r a t e d  waves from 

y e a r - t o - y e a r ,  p r e d i c t e d  by a  wave h i n d c a s t i n g  model ,  

were  c l o s e l y  matched by co r re s l ?ond ing  c h a n g e s  i n  t h e  

wind d a t a  from which t h e  wave.9 were  d e r i v e d .  T h i s  

i m p l i e s  t h a t  t h e  g e n e r a l  p a t t e r n  o f  winds  and 

s t o r m i n e s s  h a s  n o t  changed muclh o v e r  t h e  l a s t  t w e n t y  

y e a r s .  L o c a l l y  g e n e r a t e d  wave : h e i g h t s  o f f  S u n d e r l a n d  

a r e  p r e d i c t e d  t o  have  d e c r e a s e d  d u r i n g  t h e  p e r i o d  o f  

s t u d y ,  w h i l s t  t h o s e  a t  Dowsing and  K e n t i s h  Knock have  

i n c r e a s e d ,  and t h o s e  on  t h e  s o u t h  and w e s t  c o a s t s  o f  

t h e  UK have  n o t  changed.  Again  t h e r e  is  no 

e x p l a n a t i o n  f o r  t h e s e  t r e n d s  i n  r e c o r d e d  wind s p e e d s  

and i n  p r e d i c t e d  wave heighlzs,  and t h e r e f o r e  no 

r e a s o n  t o  assume t h a t  t h e y  w i l l  c o n t i n u e  i n  t h e  

f u t u r e .  

Some a d d i t i o n a l  tests i n v o l v i n g  changes  i n  wave 

d i r e c t i o n  showed some v e r y  gr (adua1 c h a n g e s  i n  mean 

wave d i r e c t i o n  o v e r  p e r i o d s  o f  10-30 y e a r s .  The 

p o t e n t i a l  e f f e c t  on  l i t t o r a l  d l r i f t  o f  t h e  change  i n  

mean wave d i r e c t i o n  was shown t o  b e  v e r y  s i g n i f i c a n t ,  

a l t h o u g h  t h e  d r i f t  r a t e  changes  c a n n o t  b e  q u a n t i f i e d  

r e l i a b l y .  

Models o f  f u t u r e  c l i m a t e  s u g g e s t  t h a t  c h a n g e s  i n  wind 

c o n d i t i o n s  w i l l  b e  s m a l l .  Around t h e  UK t h e  



p r o p o r t i o n  o f  w e s t e r l y  w i n d s  i s  p r e d i c t e d  t o  r e d u c e ,  

and  t h e  p r o p o r t i o n  o f  e a s t e r l y  w i n d s  t o  i n c r e a s e ,  and  

mean wind s p e e d s  t o  i n c r e a s e  s l i g h t l y .  T h e r e  a r e  

some s l i g h t  i n f e r e n c e s  t h a t  t h e  p r o p o r t i o n  o f  

w e s t e r l y  w inds  and  t h e  number o f  s t o r m s  i n  t h e  Nor th  

A t l a n t i c  may r e d u c e  f o l l o w i n g  g l o b a l  warming. A 

s i g n i f i c a n t  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  waves ( a n d  

w i n d s )  coming d i r e c t l y  t o w a r d s  t h e  Nor th  S e a  c o a s t s  

o f  t h e  UK is p r e d i c t e d  f o r  t h e  f u t u r e ,  a l t h o u g h  n o t  

n e c e s s a r i l y  a n y  i n c r e a s e  i n  e x t r e m e  wave h e i g h t s .  

Wave p r e d i c t i o n s  o f f  S u n d e r l a n d  and  o f f  Great 

Yarmouth showed a n  i n c r e a s e  i n  t h e  p r o p o r t i o n  o f  

e a s t e r l y  waves ,  a  r e d u c t i o n  i n  t h e  number o f  w e s t e r l y  

waves ,  and  s l i g h t  i n c r e a s e s  i n  t h e  p r o p o r t i o n  o f  t h e  

h i g h e s t  wave h e i g h t s .  A s i g n i f i c a n t  d e c r e a s e  i n  t h e  

p r o p o r t i o n  o f  waves ( a n d  w i n d s )  coming d i r e c t l y  

t o w a r d s  t h e  A t l a n t i c  c o a s t s  o f  t h e  UK is p r e d i c t e d  

f o r  t h e  f u t u r e ,  a l t h o u g h  a g a i n  n o t  n e c e s s a r i l y  a n y  

d e c r e a s e  i n  e x t r e m e  wave h e i g h t s .  Wave p r e d i c t i o n s  

o f f  B a r r y  and  o f f  N o r t h  Wales showed a  s h i f t  o f  some 

o f  t h e  p r e v a i l i n g  w e s t e r l y  waves t o  n o r t h e r l y  and  

e a s t e r l y  d i r e c t i o n s ,  b u t  w i t h  l i t t l e  c h a n g e  i n  t h e  

p r o p o r t i o n  o f  t h e  h i g h e s t  wave h e i g h t s .  A s m a l l  

s h i f t  o f  waves f r o m t h e  p r e v a i l i n g  w e s t e r l y  d i r e c t i o n  

t o  t h e  e a s t  is p r e d i c t e d  f o r  t h e  f u t u r e  i n  t h e  

E n g l i s h  Channel .  Wave p r e d i c t i o n s  o f f  L i t t l e h a m p t o n  

showed a  s l i g h t  s h i f t  f rom w e s t e r l y  t o  e a s t e r l y  

waves ,  and  a  s l i g h t  r e d u c t i o n  i n  t h e  p r o p o r t i o n  o f  

t h e  h i g h e s t w a v e  h e i g h t s .  These  c o n c l u s i o n s  a r e  v e r y  

t e n t a t i v e ,  r e l y i n g  o n  t h e  a c c u r a c y  o f  t h e  GCM wind 

p r e d i c t i o n s  f o r  i n d i v i d u a l  g r i d  p o i n t s  and  o f  t h e  

f a i r l y  s i m p l e  wave h i n d c a s t i n g  model  u sed .  

The d i s t r i b u t i o n s  o f  wave h e i g h t  and  d i r e c t i o n  f o r  

p r e s e n t  and  f u t u r e  c o n d i t i o n s  w e r e  c o n v e r t e d  i n t o  

p o t e n t i a l  r a t e s  o f  l i t t o r a l  d r i f t .  I t  was 

d e m o n s t r a t e d  t h a t  t h e  r e l a t i v e l y  s m a l l  c h a n g e s  t o  b e  



expected in future wave climate could have a dramatic 

effect on rates of drift, alt.hough the changes in 

drift rates cannot be quantified reliably. 

6.2 Impact on UK 

coastal defences 

and management 

The impact of recent climatic changes on UK coastal 

defences has not been dramatic. However, the rate of 

change is expected to increase, and its effects 

cannot be ignored. 

The most obvious effect of cl.imate change will be 

that increasing mean sea levels will reduce the 

effective crest height of sea d~ef ences. Also changes 

in weather patterns may cause more frequent surges, 

and therefore greater potential for overtopping and 

other damage. 

There is some evidence that wave heights have 

increased in recent years around the UK, although no 

particular reason to think that this trend will 

continue. Small increases in extreme wave heights 

will have a slight impact on breakwater design and 

assessment (although when coupled with sea level 

rise, the effects may be more significant) . However, 
the impact on mobile beaches of the relatively small 

changes in wave heights and directions expected to 

occur in the future, could be rnore serious. Beaches 

and rates of littoral drift are sensitive to quite 

small changes in wave height, period or direction: 

hence the differences in beach profiles in winter and 

summer, before and after storms, and from year to 

year. It is impossible to make general statements 

about these changes, or even to1 say whether they will 



be damaging, beneficial or perhaps of no consequence. 

(It is hard enough to make predictions of future 

changes in the weather and wave conditions which 

cause these changes!). However, changes in patterns 

of sediment transport will occur and beach management 

organisations should be prepared to modify their 

management strategies when this happens. 

6.3 Recommendat ions 

for further work 

and actions 

1. Update the future wave prediction calculations 

from time to time as the theory and resolution 

of future climate modelling improves, 

eventually attempting future extremes 

predictions. 

2. Refine the littoral drift calculations for a 

few particular locations of interest, using 

site-specific wave transformation and beach 

modelling, to quantify past drift trends and 

expected future changes in drift rates. 

3. Begin a programme of government-funded 

long-term directional wave recording in 

coastal waters around England and Wales (more 

detailed proposals are given in Reference 20). 

This data could be used to monitor wave 

climate variability and long-term trends, 

and/or to validate numerical models of same. 

4. Collate existing long-term information on 

rates of change of beach volumes, for example 

beach profile and beach re-nourishment data. 

Also, continue existing measurement programmes 

and begin new ones at a few potentially 



v u l n e r a b l e  l o c a t i o n s .  Long-term v a r i a t i o n s  i n  

wave c l i m a t e  and sed iment  d r i f t  r a t e s  

p r e d i c t e d  by numer ica l  models c o u l d  b e  checked 

a g a i n s t  f i e l d  d a t a  t o  h e l p  e s t a b l i s h  whether  

o r  n o t  t h e  a p p a r e n t  changes  i n  d r i f t  r a t e  a r e  

genu ine  . 

C o a s t a l  managers s h o u l d  b e  aware t h a t  c l i m a t e  

and mean s e a  l e v e l s  a r e  s l o w l y  changing.  They 

s h o u l d  b e  p r e p a r e d  t o  r e - a s s e s s  d e s i g n  

c o n d i t i o n s  and s a f e t y  o f  c o a s t a l  d e f e n c e s  from 

t i m e  t o  t i m e .  
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T a b l e  2 : L i t t o r a l  d r i f t  t r e n d s  - S u n d e r l a n d  1976-88 

Beach  Ca rbon  
n o r m a l  d i o x i d e  

( d e g r e e s  N )  l e v e l  

5 0  p r e s e n t  
d o u b l ' e  

70 p r e s e : n t  
d o u b l e  

9  0  p r e s e i n t  
d o u b l e  

W e i g h t e d  mean 
Annua l  d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 

d i r e c t i o n  
S o u t h e r l y  N o r t h e r l y  N e t t ( * )  ( d e g r e e s  N )  

T r e n d s  o b t a i n e d  f r o m  l i n e a r  r e g r e s s i o n  o f  y e a r l y  v a l u e s  

( P r e s e n t  c a r b o n  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1976  

W e i g h t e d  mean 
Beach  Annua l  a n n u a l  wave 
n o r m a l  n e t . t  d r i f t  ( * )  d i r e c t i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t s )  (degrees N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  s o u t h e r l y  



T a b l e  3  : L i t t o r a l  d r i f t  t r e n d s  - Dowsing 1978-86 

Weighted mean 
Beach Carbon Annual d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 
normal d i o x i d e  d i r e c t i o n  

( d e g r e e s  N )  l e v e l  S o u t h e r l y  N o r t h e r l y  N e t t ( * )  ( d e g r e e s  N )  

45 p r e s e n t  94520 25750 -68770 3 4 . 8  

65 p r e s e n t  91750 23730 -68020 5 2 . 3  

85 p r e s e n t  65530 21130 -44390 7 3 . 7  

Trends  o b t a i n e d  f rom l i n e a r  r e g r e s s i o n  of  y e a r l y  v a l u e s  

( P r e s e n t  ca rbon  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1978  

Weighted mean 
Beach Annual a n n u a l  wave 
normal n e t t  d r i f t  ( * )  d i r e c t  i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t s )  ( d e g r e e s  N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  s o u t h e r l y  



T a b l e  4 : L i t t o r a l  d r i f t  t r e n d s  - Grea t  Yarmouth 1973-90 

Beach Carbon 
normal d i o x i d e  

( d e g r e e s  N) l e v e l  

70 p r e s e n t  
d o u b l e  

90 p r e s e n t  
d o u b l e  

110 p r e s e n t  
d o u b l e  

Weighted mean 
Annual d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 

d i r e c t i o n  
S o u t h e r l y  N o r t h e r l y  N e t t ( * )  ( d e g r e e s  N )  

T rends  o b t a i n e d  f rom l i n e a r  r e g r e s s i o n  of  y e a r l y  v a l u e s  

( P r e s e n t  ca rbon  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1973 

Weighted mean 
Beach Annual annua l  wave 
normal n e t t  d r i f t  ( * )  d i r e c t  i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t s )  ( d e g r e e s  N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  s o u t h e r l y  



T a b l e  5  : L i t t o r a l  d r i f t  t r e n d s  - K e n t i s h  Knock. 1970-83  

W e i g h t e d  mean 
B e a c h  C a r b o n  A n n u a l  d r i f t  ( a r b i t r a r y  u . n i t  S )  a n n u a l  wave 
n o r m a l  d i o x i d e  d i r e c t i o n  

( d e g r e e s  N )  l e v e l  S o u t h e r l y  N o r t h e r l y  N e t t ( * )  ( d e g r e e s  N )  

1 1 0  p r e s e n t  26290 6750 -19540 9 5 . 8  

1 3 0  p r e s e n t  1 4 3 5 0  1 0 9 7 0  -3380 1 2 6 . 5  

1 5  0  p r e s e n t  4590 1 6 7 6 0  1 2 1 8 0  1 6 1 . 7  

T r e n d s  o b t a i n e d  f r o m  l i n e a r  r e g r e s s i o n  o f  y e a r l y  v a l u e s  

( P r e s e n t  c a r b o n  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1 9 7 0  

W e i g h t e d  mean 
B e a c h  A n n u a l  a n n u a l  wave 
n o r m a l  n e t t  d r i f t ( * )  d i rec t  i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t  S )  ( d e g r e e s  N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  s o u t h e r l y  



T a b l e  6  : L i t t o r a l  d r i f t  t r e n d s  - L i t t l e h a m p t o n  1974-90  

Weighted mean 
Beach Carbori Annual d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 
normal  d i o x i d e  d i r e c t i o n  

( d e g r e e s  N )  l e v e l  W e s t e r l y  E a s t e r l y  N e t t ( * )  ( d e g r e e s  N )  

1 5  0  p r e s e n t  1 3 3 9 0  2 1 0 3 0  7 6 4 0  1 5 4 . 2  
double. 1 8 6 4 0  1 4 2 1 0  -4430  1 4 7 . 1  

1 7  0  p r e s e n t  1 3 5 1 0  60900  47390  1 8 4 . 5  
doub le  1 2  98 0  41660  2 8 6 8 0  1 8 2 . 3  

1 9 0  p r e s e n t  1 3 8 5 0  91980  78 1 2  0  2 0 6 . 2  
d o u b l e  9 5 5 0  64110  5 4 5 7 0  2 0 6 . 3  

Trends  o b t a i n e d  f rom l i n e a r  r e g r e s s i o n  of  y e a r l y  v a l u e s  

( P r e s e n t  ca rbon  dlioxide l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1 9 7 4  

Weighted mean 
Beach A.nnua1 a n n u a l  wave 
normal n e t t  d r i f t  ( * )  d i r e c t i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t s )  ( d e g r e e s  N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  w e s t e r l y  



T a b l e  7  : L i t t o r a l  d r i f t  t r e n d s  - S t  Helier 1970-88  

W e i g h t e d  mean 
Beach  C a r b o n  A n n u a l  d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 
n o r m a l  d i o x i d e  d i r e c t i o n  

( d e g r e e s  N) l e v e l  W e s t e r l y  E a s t e r l y  N e t t .  ( * )  ( d e g r e e s  N) 

1 7 0  p r e s e n t  20010 4310 1 5 7 0 0  1 8 2 . 6  

1 9  0  p r e s e n t  47740 4480 43260 2 0 7 . 5  

210 p r e s e n t  1 0 1 9 6 0  6390 9Ei570 2 3 0 . 1  

T r e n d s  o b t a i n e d  f r o m  l i n e a r  r e g r e s s i o n  o f  y e a r l y  v a l u e s  

( P r e s e n t  c a r b o n  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1 9 7 0  

W e i g h t e d  mean 
B e a c h  A n n u a l  a n n u a l  wave 
n o r m a l  n e t t  d r i f t  ( * )  d i r e c t i o n  

( d e g r e e s  N) ( a r b i t r a r y  u n i t s )  ( d e g r e e s  N) 

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  e a s t e r l y  



T a b l e  8  : L i t t o r a l  d r i f t  t r e n d s  - B a r r y  1960-88  

Weigh ted  mean 
Beach  Carbon Annua l  d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 
n o r m a l  d i 0 x i d . e  d i r e c t  i o n  

( d e g r e e s  N )  l e v e l  W e s t e r l y  E a s t e r l y  N e t t  ( * )  ( d e g r e e s  N )  

1 6 0  p r e s e n t  1 4 1 0  1 1 0 0  -310  1 5 7 . 3  
d o u b l e  1 3 1 0  8 8 0  - 4  3  0  1 5 5 . 4  

1 8 0  p r e s e n t  7 3 0  2 0 8 0  1 3 6 0  1 9 0 . 8  
d o u b l e  4  8  0  1 8 5 0  1 3 7 0  1 9 3 . 8  

2 0 0  p r e s e n t  670  2 3 0 7 0  2 2 4 0 0  2 2 5 . 0  
d o u b l e  420  1 6 9 8 0  1 6 5 5 0  2 2 5 . 0  

T r e n d s  o b t a i n e d  f r o m  l i n e a r  r e g r e s s i o n  o f  y e a r l y  v a l u e s  

( P r e s e n t  c a r b o n  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1 9 6 0  

Weigh ted  mean 
Beach Annua l  a n n u a l  wave 
n o r m a l  n e t t  d r i f t ( * )  d i r e c t i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t s )  ( d e g r e e s  N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  w e s t e r l y  



T a b l e  9  : L i t t o r a l  d r i f t  t r e n d s  - Nor th  Wales 1970-90  

Weighted mean 
Beach Carbon Annual d r i f t  ( a r b i t r a r y  u n i t s )  a n n u a l  wave 
normal  d i o x i d e  d i r e c t i o n  

( d e g r e e s  N )  l e v e l  W e s t e r l y  E a s t e r l y  N e t t  ( * )  ( d e g r e e s  N )  

325 p r e s e n t  6190 73540 -67350 3 1 0 . 6  
d o u b l e  11750 57740 -45990 3 1 4 . 9  

345 p r e s e n t  4340 75790 -71450 3 2 4 . 9  
doub le  8330 67300 -58 960 3 2 9 . 2  

5  p r e s e n t  3  92 0  51660 -47740 3 4 2 . 9  
d o u b l e  7320 5  4  3  5  0  -47030 3 4 7 . 1  

Trends  o b t a i n e d  f rom l i n e a r  r e g r e s s i o n  of  y e a r l y  v a l u e s  

( P r e s e n t  ca rbon  d i o x i d e  l e v e l s )  

' t '  i s  t h e  t i m e  i n  y e a r s  s i n c e  1970 

Weighted mean 
Beach Annual a n n u a l  wave 
normal  n e t t  d r i f t  ( * )  d i r e c t i o n  

( d e g r e e s  N )  ( a r b i t r a r y  u n i t s )  ( d e g r e e s  N )  

( * )  n e g a t i v e  f i g u r e s  i n d i c a t e  d r i f t  i s  e a s t e r l y  



TABLE 10 I nc r ea se s  i n  wind speeds  expected i n  t h e  f u t u r e  a t  t h e  GCM g r i d  

p o i n t s  around t h e  UK 

The t a b l e  below g i v e s  t h e  r a t i o  of f u t u r e  t o  p r e s e n t  average  wind speeds .  

Longitude 

L a t i t u d e  18.75W 11.25W 3.75W 3 .75E 

(Nor th)  

A v e r a g e  r a t i o  f o r  t h e  1 6  p o i n t s  i s  1 . 0 2 2  



TABLE 11 Locations used for prediction of future wave climate 

Location Wind station Nearest GCM 

point 

Sunderland South Shields 52.5N 3.75E 

Great Yarmouth Gorleston 52.5N 3.75E 

Littlehampton Portland 52.5N 3.75W 

Barry Rhoose 52.5N 3.75W 

North Wales Squires Gate 52.5N 3.75W 
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TABLE 22 Comparison of "present" and "future" wind conditions for four GCM 

grid points in the North Atlantic 

Grid point 57.5N 41.- 

Direction Mean wind speed (m/s) Percentage Percentage in sector 

sector present future increase in present future 

wind speed 

All directions 6 . 1  7.2 18.6 100.0 100.0 

Grid point 57.5N 3 3 . 7 3  

Direction Mean wind speed (m/s) Percentage Percentage in sector 

sector present future increase in present future 

wind speed 

All directions 6.5 7 . 2  11.7 100.0 100.0 



TABLE 22 (Cont'd) Comparison of "present" and "future" wind conditions for 

four GCM grid points in the North Atlantic 

Grid point 52.5N 41.25W 

Direction Mean wind speed (m/s) Percentage Percentage in sector 

sector present future increase in present future 

wind speed 

All directions 6.8 6.3 -7.2 100.0 100.0 

Grid point 52.5N 33.75W 

Direction Mean wind speed (m/s) Percentage Percentage in sector 

sector present future increase in present future 

wind speed 

All directions 7.5 7.5 0.0 100.0 100.0 
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Anemograph 
A Wave prediction 

point (past only) 
Wave prediction 
point [past and future) 
Wave measurements 

VGreat  Yarmouth 

A Kentish Knock 

- 
- .  
- ~ g  l a  Location o f  anemographs and prediction points used 

in wave hindcas ting. 
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Fig  21 D i s t r i b u t i o n  o f  G loba l  C l ima te  M o d e l  g r i d  p o i n t s  a r o u n d  
t h e  U K .  





under 8 

8 - 12 Wtnd 

12 - 14 Speed 

14 and over (m/s) 

65N 

4ON 

55N 

SON 

4SN 
a 
m 

F i g  22 'Present' wind roses for the GCM g r ~ d  points around the UK 

N N - 

I 

' \  1 )  l I 
1 \ / l \ / l 
\ / \ 
\ 
\ 

/ \ / . / / 
0 

\ . 0 .-_L- 

\ 

l 
' \ 

l 

- - _ _ C  

C - - -  C - - -  

l 
\ l 

\ / \ / 
\ 
\ 

/ \ / . / , 
0 

\ . 0 C  

- - _ C C  . - _ - C  

, _ - -  

- - L - - - -  C - - . - - - - 

I 

\ / 
\ 
\ 

/ / . . 0 
0 

-- - - --  . 
- _ - C  C - _ - '  . - _ _ C  

# - - C  ---. - -. - - - .  

I 

\ \ l \ l 
1 \ / l \ \ I \ I 
\ / \ \ I \ - C  

\ 
I 

\ 
/ \ / \ / \ . / 

/ 

. 0 -- . 0 . 0 . . 0 - - -  -- - - -  . - _ _ C  

2 2 a W 

0 m 0 m 
v; h 0 



JeAo pue t/ l 

'71 - 21 

21 - 8 

g Jepun 

NOS 

NSS 

N 09 

N S9 



60 N 

S N  

SO N 

4S N =. a 3 W 

0 m 0 m 
0 m - F- F- 

; l 
20% 

C - - -  . - under 8 . , 10% \'\ 

I c-- 

U I nd 
\ ' 

8 - 12 1 1 \ \ 
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12 - 14 Speed t I I 
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14 and over \ / . , .-__-- , 

P- 

F t g  24 'Present' wind roses  f o r  t h e  GCU g r i d  p o i n t s  c loses t  t o  t h e  U K  



JeAo pue 91 

peeds '71 - 21 

PUIM ZL - 8 
1 



Under 0.60 

0.60 - 1.20 Wave 

1.20 - 1.80 He r ght 

1.80 - 2.40 Hs (Metres) 

2.40 and over 

F i g  26 " P r e s e n t '  wave r o s e  f o r  Sunder l and  



JaAo pue 09.2 

(sa~law) SH 09'2 - 08'1 

lq6 l eH 08-L - 0Z.L 

a~en 02'1 - 09'0 

1 



.J I Under 0. 50 

1 
0.50 - 1.00 Wave 

1.00 - 1.50 He I ght  

1.50 - 2.00 Hs (Metres) 

2.00 and over  

F i g  28 " P r e s e n t b a v e  r o s e  f o r  Grea t  Yarmouth 



JaAo pue 00-2 

00-2 - OS'I 

OS'L - OO'L 

00'1 - 05'0 1 



Under 0.60 

0.60 - 1.20 Wave 

1.20 - 1.80 He I ght 

1.80 - 2.40 Hs (Metres) 

2.40 and over 

i . - ... - -- 

30 " P r e s e n t b a v e  r o s e  f o r  L i t t l e h a m p t o n  

1 



J~AO pue 09-2 I 



I Under 0.50 

Wave 

He I ght 

Hs (Metres) 

Fig 32 " P r e s e n t " w a v e  r o s e  f o r  B a r r y  





I Under 0.60 

1 
0.60 - 1.20 Wave 

1.20 - 1.80 He r ght 

1.80 - 2.40 Hs (Netresl  

2.40 and over 

Fig 34  " P r e s e n t  " w a v e  r o s e  f o r  N o r t h  Wales 



JaAo pue 0+'2 

(sadzaw) SH O+'Z - 08'1 

2~6 I a~ 08'L - 02'1 

a~en 02'1 - 09'0 
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