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1. Introduction 

This report concerns the estimation of extreme still water levels at Dover. 

Still-water level (swl) is defined here as the observed water level at a 

location when waves have been averaged out. It contains contributions due to 

astronomical tides, meteorologically induced surges and mean sea level. A 

contribution to the surge level may be a steady mean wave set-up due to any wave 

activity during the period of observation. This may be an important factor in 

the swl reached at any sea-defence site as the set-up at the shorelines on 

beaches is about one-fifth of the significant wave height offshore (James 1983). 

A long period of carefully edited sea level data has been processed and 

analysed to yield data and statistics of the astronomical tide, meteorologically 

induced surge, and mean sea level components at Dover, as well as of the total 

observed still-water level. Both the Generalised Extreme Value (GEV) and Joint 

or Combined Probability (JP) methods have been used to compute probabilities of 

exceedance of extreme levels and hence return frequencies or periods. Estimates 

of both extreme high and low sea levels have been computed using the JP methods, 

2. Data reduction 

Hourly values of sea level measured relative to the local tide gauge bench 

mark were obtained from the stilling well gauge situated on the Inner Harbour 

side of the Prince of Wales Pier, Western Docks. Hourly values were digitised 

from analogue charts, from a Lege gauge from 1964 to 1974 and from a Lea gauge 

from 1975 to 1976. Hourly values were filtered from 15 minute data from a 

digital Neyrpic gauge in 1977, and from a digital Ott gauge from 1978 to 1985; 

some gaps were filled with digitised data from analogue charts from a Munro 

gauge. 

Notable gaps, due to tide gauge malfunctions, were 15 days during 

January/February 1970, 159 days from July to December 1976, 102 days from 

January to April 1977, and 200 days from January to July 1978. 

The records of hourly sea level were rigorously checked and carefully 

edited using the Tidal Elevation Reduction Package (TERP) suite of computer 

programs. Previously processed records were brought up to modern standards 

using this method (Graff and Karunaratne 1980), which consists fundamentally of 

plotting the surge residuals (i.e. observation minus predicted tide) as a 

function of time and of examining the plotted values by eye for irregularities. 

Errors, due principally to datum shifts or irregular timing, were then corrected 

by referring to the original tide gauge charts. Dubious surges were checked 

using weather records and other tide gauge records. 
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At any time (t), the observed sea level ( S ) can be considered as the sum 

of a tidal component (x), a surge component (y), and a mean level (ZQ) : 

5{t) = x{t) + y(t) + Zg (2.1) 

The edited sea level records were analysed to yield data and statistics of these 

three components. 

3. Astronomical tide levels 

The tidal component of the observed record is the coherent part of the sea 

level that responds directly or indirectly to astronomical forcing. The 

harmonic method of analysis models the astronomical tide as a finite number, N, 

of harmonic constituents with an amplitude H and angular speed, cr , 

N 

•C^) - ^ ^ ^ 14̂  CoS -t- ) (3.1) 

V is the initial phase at an arbitrary time origin t = 0 and G is the 

constituent's phase lag with respect to the equilibrium tide, and Greenwich 

epoch, f and u are slow modulating theoretical functions mostly with the period 

18.6y of regression of the lunar nodes. Usually the period of data analysed is 

chosen to cover maxima and minima of the nodal cycle and hence yield average 

values for f and u. However, the observed data period covered a nodal cycle and 

so the actual observed nodal variation could be analysed, using data from 1966 

to 1985. The modulation of the principal constituents was found to be smaller 

in the real tide than in the theoretical tide, because the relationship between 

a principal constituent and its nodal term was different in shallow water from 

that assumed in the equilibrium theory, due to tide-tide interactions generated 

by bottom friction effects (Amin 1985). Therefore, additional constituents were 

incorporated in the tidal prediction model to allow for the observed 

modulations. 

4. Surge elevations 

Hourly values of the meteorologically-induced surge elevations were 

computed as the difference (the surge residual) between the observed and 

predicted levels - the mean sea level used was the mean of all the hourly 

observed values. The probability density function for the surges was generated 

numerically from the time series using a class interval of 0.10m, and is shown 

in Figure 1. The p.d.f. has a Normal or Gaussian appearance but there is a 

positive skewness and longer tails than a Gaussian distribution. 
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The statistics of the surge distribution were computed in the form of the 

standard deviation, (0.18m), the coefficients of skewness and kurtosis, (0.412 

and 6.64 respectively) and the maximum and minimum surge elevations reached 

during the observation period (1.59 and -1.45m respectively). The coefficients 

were defined as follows : 

k th moment = ^ (y^)^ (4.1a) 
N 

i=1 

Standard deviation =0":; (p-)^ 

where y^ = ith surge elevation, N = total number of observations of surge 

elevations. 

2 3 
coefficient of skewness = (4.1b) 

2 
coefficient of kurtosis = , 

and Sheppard's corrections for grouping were used (Kendall and Stuart 1963). 

Skewness is a measure of symmetry and has a value of zero for a symmetrical 

Gaussian distribution. The positive value obtained indicated that the longer 

tail of the surge distribution lay towards the positive surge values, i.e. that 

large positive surges of a given magnitude were more probable than large 

negative surges of the same magnitude. This reflects the asymmetry in the 

frequency of extreme atmospheric pressures. The value of skewness is reflected 

in the maximum and minimum surge elevations, which showed extremes on the 

positive rather than negative side. 

Kurtosis is is a measure of the flattening of a distribution relative to a 

Gaussian distribution, which has a standard kurtosis value of 3. The surge 

distribution has a value greater than 3 and is therefore leptokurtic - i.e. more 

sharply peaked than a Gaussian distribution with greater height and longer 

tails. 

The frequency of surges on a monthly basis was computed, using a class 

interval of 0.10m, and monthly surge probability distributions are given in 

Figure 2. As expected, large positive and negative surges are more frequent in 

the winter months (September to March) when severe meteorological disturbances 

usually occur. As an example, there was a 1% probability that the observed 

level at Dover was exceeded by 0.6m in December during the observation period. 



Analyses of the amplitude and duration of extreme observed surges at Dover 

are given in Table 1 . The extremes are defined in terms of the standard 

deviation ( cr ) of the hourly surge residuals about a zero mean. A rough 

qualitative rule suggests that extreme positive or negative surges greater than 

6<r or 5cr respectively occurred on average once a year. During the major storm 

surge of 1976 January 3-4 the duration of surge elevation above 3<r was 23 

hours, with a maximum hourly surge observed of 1.43m {>7c- ). During the major 

storm surge of 1983 February 1-2, the duration of the surge elevation above Sa-

ab Dover was 15 hours with a maximum surge elevation of 1.59m {>8<r ). 

Extreme surge elevations were estimated using two methods: by extrapolating 

a logarithmic curve fitted by least squares to the cumulative distribution of 

the surge elevations, and by a "peaks over threshold" (POT) technique. A simple 

POT model (NERC 1975) was used in which the number of exceedances per year of 

surge elevations (y) greater than a threshold level (y^) was treated as a 

Poisson variate whose parameter { \ ) was estimated by 

A 

^ = M/N (4.2) 

where M is the number of exceedances in N years of record. The magnitude of the 

exceedances were treated as an exponential distribution whose parameter ( ) 

was estimated by 

M 

^ - c r V 
G = y - Yo = ^ --i. - Yo (4.3) 

( C M 

1=1 

where ^ is the mean of the exceedance surge elevations. Then the surge 

elevation with return period of R years was estimated from 

A ^ A 

y(R) = Yo + p In ^ + p In R. (4.4) 

The standard error (S.E.) of the return period surge elevation was computed from 

(S.E.)^ = p ̂  1 + (ln >R)^\ (4.5) 

The POT method was applied to surge events rather than to hourly values by 

considering the maximum hourly surge elevation in each event determined by the 

threshold level. A threshold level of 3cr was used, which is the Storm Tide 

Warning Service (STWS) threshold level for a surge event (Lt.Cdr. J Townsend -
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personal communication). This threshold gave frequencies of positive and 

negative surge events of 25y and 13.5y respectively, compared with average 

frequencies recorded by STWS of 17 and 14.5 per surge season (September to 

April). 

The estimated return period positive and negative surge elevations obtained 

using the two methods are given in Table 2a-2b respectively, together with the 

means, which were considered to be the best estimate and which are plotted in 

Figures 3a and 3b. The standard errors given are those from the POT method. 

5. Extreme still-water levels 

Two methods have been used to estimate extreme still-water levels : the 

Generalised Extreme Value (GEV) method and the Joint or Combined Probability 

(JP) method. 

The GEV method involved fitting the cumulative frequency distribution of 

the 62 annual observed sea level maxima from 1912 to 1984 by a distribution and 

extrapolating to low probabilities and hence long return period values. The 

technique used was based on the Jenkinson method used by Lennon (1963) and 

Suthons (1963) (see also Graff 1981). The series of n annual maxima, h = h^, 

hg h^ were ranked in ascending order of magnitude and the cumulative 

frequency of the mth value was found from 

P = (2m - 1) / 2n (5.1) 

The cumulative frequency distribution was fitted, using a maximum 

likelihood method, by one of a family of extreme value distributions, described 

by the two- parameter General Extreme Value (GEV) distribution (Jenkinson 1955) 

h = a(1 - eT^y), (5.2) 

where a and k are conditional parameters of the distribution calculated from the 

mean annual maximum and the standard deviations of the annual and biennial 

maxima, and y is the reduced variate 

y = -In (-In P). (5.3) 

The curves are classified as Fisher-Tippett types 1 , 2, 3 (Fisher-Tippett 1928) 

depending on the curvature, and hence the value of k, since 

dy / dh = (1 / ak)exp ky. (5.4) 



Hence k=0, F-T type 1, h has neither an upper nor lower 

asymptotic limit, 

k<0, F-T type 2, h has a lower asymptotic limit, 

k>0, F-T type 3, h has a higher asymptotic limit. 

The value of the parameter k was 0.0006 and therefore the best fit 

distribution was a F-T type 1. 

A frequency distribution curve of height, h, against reduced variate, y, or 

return period was drawn and the value of h for different return periods (rp) 

read off, the curve being extrapolated if necessary, since, for annual maxima, 

(rp)"'' = 1 - P = 1 - exp (-e ̂ ), (5.5) 

noting that the probability, P, is the observed probability of annual maximum 

<h. 

The GEV method produces estimates of extreme levels which are unstable and 

depend critically on the length of data analysed and on the inclusion or 

exclusion of particular values (Graff 1981, Alcock 1984). For example, a 

reanalysis of Avonmouth annual maxima by Blackman (1985), using 6 extra annual 

maxima either unavailable to Graff or rejected by him, increased the previous 

estimate of the lOOy return period level by 0.35m and the 250y level by 0.44m. 

This lack of stability makes extrapolation to probabilities less than O.Oly 

(return period > lOOy for annual events) very undesirable using this method. 

Estimates of the extreme levels are given in Table 4, corresponding to specific 

return periods less than 250 years, as theoretically only estimates for return 

periods less than four times the data length should be used. 

The Joint Probability method is based on the separation of hourly values of 

swl into tide, surge and msl components. Separate probability distributions for 

tide and surge were computed (see Sections 2 and 3) and the probabilities of 

obtaining tide levels and surge elevations combined together to obtain the 

probability of a particular swl, and hence return period levels. 

If P^ and P are the probability density functions for tide and surge, then 

the probability of occurrence of a particular swl (h) was computed as 

P(h) = ^ P^(h-y). Pg(y)dy, (5.6) 

e.g. 

P(h=4m) = Py(T=4m) x Pg(S=0)+... +P (T=0) x P (S=4m). (5.7) 



From P(h), the probability of exceeding a particular level (H) was computed from 

the cumulative distribution function 

Q(H) = ^ P(h)dh (5.8) 

H 

and the probability of exposure of a level from 

R(H) = ^ P(h)dh. (5.9) 

-AO 

The JP method therefore produced extreme statistics in terras of these 

probabilities of exceeding high levels and of falling below low levels. These 

were converted into return periods by taking into account the sampling interval 

(1 hour) i.e. 

rp = [Q(H) X 8766]"^ or [R(H) x 8766]"^, (5.10) 

where rp is the return period in years and 8766 is the number of hourly samples 

in 1 year. Pugh and Vassie (1980) have investigated the problems of converting 

probabilities of instantaneous values into yearly return periods when the 

samples are not independent, as with hourly swl observations (due to correlation 

of the surge residuals). They found that the necessary theoretical adjustment 

to the equation (5". 10) was so small compared with the uncertainty associated 

with statistical sampling that, in practice, it is unnecessary. 

The JP method assumes the independence of tide and surge and this was 

investigated by studying the variance of the surge distributions as a function 

of tidal level. It is well known from empirical and model studies (Keers 1968, 

Prandle and Wolf 1978a, 1978b, Wolf 1978) that tide - surge interaction 

increases down the east coast from Lerwick to Immingham, becomes small at 

Lowestoft, and increases between Lowestoft and Southend. The interaction 

between tide and surge is influenced by the effects of various non-linear terms 

(quadratic friction, shallow water, convective). Wolf (1978) found that while 

the influence of quadratic friction was greatest - primarily in damping a surge 

(especially at high water), the influence of the shallow water terms was 

significant in producing surge amplification on the rising tide by changing the 

phase speeds of the surge and tide waves. 

For Dover, the tide - surge interaction was small, and the extreme 

estimates were computed assuming complete independence of tide and surge. 

Therefore the estimates given in Tables 3a, 3b and 4 are the most conservative 



estimates from the JP method, and have been plotted in Figure 4, relative to 

mean sea level, which was 0.03m above Ordnance Datum Newlyn for the 

tidally-analysed period of 1966 to 1985. This value of 0.03m should be added to 

all estimates relative to msl, to convert them to ODN. ODN itself is 3.67m 

above Admiralty Chart Datura, therefore this value should be added to all 

estimates relative to ODN, to convert to ACD. 

No allowance has been made in the estimates of extreme levels for any 

secular trends in mean sea level at Dover, due to local and global long term 

oceanographic, atmospheric, or geological changes. At Dover, msl trend was 

5.2mm per year over the period of 1955 to 1983 (J. Scoffield, personal 

communication). However the extrapolation of secular trends from only a few 

decades of msl data is dangerous because of the significant meteorological 

variations over decadal timescales. Also, U.K. msl data from the 1970s show a 

coherent fall in sea level - the cause of which is still uncertain (Woodworth, 

1986). 

Analysis of a composite Sheerness and Southend msl data set from 1916 to 

1982 by Woodworth (1986) gives a secular trend of 2.3 + 0.2 mm per year. 

However, there is evidence that rates of rise in global sea level have increased 

considerably since about 1920, probably owing to the effect of increasing 

'greenhouse gases' in the atmosphere (Barnett, 1984). Therefore caution is 

needed if any value obtained from past msl records is assumed for future trend 

purposes. 

6. Summary and conclusions 

Tide gauge observations from 1964 to 1985 at Dover have been analysed to 

estimate return periods of meteorologically induced surges and still-water 

levels. 

The surge probability distribution function was positively skewed and more 

sharply peaked than a Gaussian distribution. The maximum positive surge 

elevation was 1.59 m, during the major storm surge of 1983 February 1-2; the 

maximum negative surge elevation was -1.45 m, during 1982 November 19; and 

generally, large positive surges of a given magnitude were more probable than 

large negative surges of the same magnitude-

Estimates of extreme surge elevations obtained from the cumulative 

distribution and by a POT method were in fair agreement, and the mean values 

were used to plot the surge elevation as a function of return period shown in 

Figures 3a and 3b. It was not considered appropriate to compute return period 

surge elevations for each month separately, using these statistical methods, 

because of the lack of adequate data points in some months; but an indication of 

relative storm surge frequency on a monthly basis is given in Figure 2. 
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There were only 62 annual observed sea level maxima available for Dover, 

which meant that extrapolation to return period values greater than 100/250 

years was inadvisable. For consistency, estimates of extreme still-water levels 

using the Joint Probability method have been assumed to be appropriate, and are 

given in Tables 3a, 3b and 4, and plotted in Figure 4. Complete tide-surge 

independence has been assumed in computing the JP estimates, thus giving the 

most conservative estimates for this method. 

A secular trend of 5.2 mm per year msl at Dover has been computed but is 

based on an analysis of only 29 years of data; a value of 2.2 ram per year at 

Sheerness from 1916 to 1982 may be more indicative of secular trend in the area, 

but should be treated with caution as an indicator of future trends. 

The estimates of surge elevatiCA and still-water level are strictly for the 

Dover tide gauge site. Spatial distributions of both the spring tidal level 

amplitude and 50 year extreme positive surge elevation are available for the 

U.K. continental shelf seas, and are based on observations and hydrodynamic 

models (Alcock and Flather, 1986). These give contours which are perpendicular 

to the coast in the Dover Straits, and therefore suggest that the Dover 

estimates are good approximations to conditions offshore from the Kent coast. 

The estimates of still-water level plotted in Figure 4 given relative to 

mean sea level. 0.03m should be added to convert them to ODN, and a further 

3.67m added to convert them to ACD. 
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TABLE 1 - Amplitude and duration of observed hourly surges 
Dover 1964-1985 Standard deviation, cr , = 0.18m 

Events less than 

— •• ' 

Events greater than 

Duration 
(hours) -7c- -6 Cr —5 <5- —4 Cr- —3 c -2 c- 3<^ 4 o— 5 c~ 6cr- 7c- 8 Cr-

1 - 4 2 7 15 54 207 1047 384 137 53 21 8 1 

5 - 12 0 0 2 7 33 165 92 27 10 0 0 0 

12 + 0 0 0 0 0 19 26 4 0 0 0 0 



TABLE 2a - Estimated positive surge elevation (metres) at Dover 

Return period (years) 

10 

50 

100 

250 

500 

1000 

2000 

L.S. 
(S.E.) 

mean 

L.S. 
POT (S.E.) 
mean 

L.S. 
POT (S.E.) 
mean 

L.S. 
POT (S.E. 
mean 

L.S. 
POT (S.E. 
mean 

L.S. 
POT (S.E. 
mean 

L.S. 
POT (S.E. 
mean 

1.22 
1.01 (0.02) 
1.12 

1.53 
1.35 (0.04) 
1.44 

1 .74 
1.58 (0.05) 
1 .66 

1.83 
1.68 
1.76 

(0.05: 

1.95 
1.82 
1.89 

( 0 . 0 6 ) 

2.04 
1.92 
1.98 

2.13 
2.02 
2.08 

: 0 . 0 6 ) 

(0.07) 

L.S. 
POT (S.E.) 
mean 

2.22 
2.12 (0.&7: 
2.17 

Notes: L.S. 
POT 
S.E. 

"Least squares fit" method 
"peaks over threshold" method 
standard error from POT method 



TABLE 2b - Estimated negative surge elevation (metres) at Dover 

Return period (years) 

q- L.S. -1.12 
POT (S.E.) -0.87 (0.02) 
mean -1.00 

Q- L.S. -1.50 
10 POT (S.E.) -1.18 (0.04) 

mean -1 .34 

s - L.S. -1.76 
50 POT (S.E.) —1 .40 (0.06) 

mean -1.58 

Q - L.S. -1.87 
100 POT (S.E.) -1.49 (0.06) 

mean -1.68 

c - L.S. -2.02 
250 POT (S.E.) -1.62 (0.07) 

mean -1.82 

Q - L.S. -2.14 
yoo POT (S.E.) -1.71 (0.08) 

mean -1.93 

<3 - L.S. -2.25 
1000 POT (S.E.) -1.80 (0.08) 

mean -2.03 

q - L.S. -2.37 
2000 POT (S.E.) -1.90 (0.09) 

mean -2.14 

Notes: L.S. = "least squares fit" method 
POT = "peaks over threshold" method 
S.E. = standard error from POT method 



TABLE 3a - Return periods for exceedance of specified levels 
at Dover, from Joint Probability method 

Level (metres) 
above msl 

Return period 
(years) 

3.8 1.5 

3.9 2.9 

4.0 5.8 

4.1 11.9 

4.2 25.2 

4.3 55.5 

4.4 128.0 

4.5 311.9 

4.6 817.5 

4.7 2321.3 



TABLE 3b - Return periods for exposure of specified levels 
at Dover, from Joint Probability method 

Level (metres) 
below msl 

Return period 
(years) 

3.7 2.0 

3.8 4.7 

3.9 9.9 

4.0 19.7 

4.1 38.3 

4.2 74.7 

4.3 150.4 

4.4 320.6 

4.5 749.9 

4.6 1 2026.0 



TABLE 4 - Extreme levels at Dover for specific return periods 

Return Period (years) 

Method 
(data period, data length) 1 10 50 100 250 500 1000 2000 

( 

( 

Joint Probability ( 
( 

(1964-85, 20.65 years) ( 
{ 

High 
(to msl) 

Low 
(to msl) 

3.74 

-3.60 

4.08 

-3.91 

4.29 4.37 

-4.14 -4.25 

4.48 

-4.37 

4.55 

-4.45 

4.62 

-4.53 

4.69 

-4.60 

\ 

( 

( 
/ 

High 
(to ODN) 

3.77 4.11 4.32 4.40 4.51 4.58 4.65 4.72 1 

\ 

( 

( 

Low 
(to ODN) 

-3.57 -3.88 -4.11 -4.22 -4.34 -4.42 -4.50 -4.57 

Extreme Value 
(maximum likelihood fit) 
(1912-84, 
62 maxima) 

High 
(to ODN) 
(S.E.) 

3.56 
(0.03) 

4.03 
(0.06) 

4.36 4.50 
(0.14) (0.18) 

4.68 
(0.25) 

— - — 
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FIGURE 2 DOVER ; MONTHLY SURGE PROBABILITY (1964-1985) 
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FIGURE 3a 

DOVER 

POSITIVE SURGES 

RETURN PERIOD ( Y E A R S ) 
1000 — I 

5 0 0 0 



-2 4 

- 2 2 

FIGURE 3b 

DOVER 

NEGATIVE SURGES 
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FIGURE 4a 

DOVER 

EXTREfVIE STILL-WATER LEVEL 
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FIGURE 4b 

DOVER 

EXTREME STILL-WATER LEVEL 

LOW 
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