Sea Level And Flood Risk Forecasts
For Weymouth Harbour

SUMMARY

The frequency of flooding in Weymouth Harbour due to high astronomical tides, barometric pressure
changes, wind strength and direction and waves has been studied using tidal height measurements from
the Weymouth tidal gauge from 1991 to the present and also using data from the Weymouth Weather
Station from 1927 to the present.

The correlations between the above variables have been preserved and a computer program has been
produced which predicts the 50% probability of flooding on any high tide in Weymouth Harbour.

The model allows for sea level rise as an independent input parameter so that the uncertainty in
predictions of future sea levels can be investigated.

st

The model also allows for the increase in stormy weather due to climate change forecast over the 21
century in the South of England.

The results from the computer model have been presented in one concise chart (figure 33) and one
concise empirical equation (page 45).

A report covering rain and wind statistics is also available at www.geoffkirby.co.uk/CoastalReport2.pdf
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1. The Causes Of Sea Level Change

The level of the sea surface is the cumulative addition of many factors including the following.
a. Astronomical tides

These arise from the gravitational attraction of the Sun and Moon together with the centripetal
acceleration due to the Earth’s rotation on its axis and its motion about the centre of mass of
the three bodies: Earth, Sun and Moon. It is the rotation of the Earth about the centre of mass
that gives rise to the two dominant tidal bulges beneath which the Earth rotates on its axis.
This dominant period is the ‘Principal Lunar Semidiurnal Constituent’. This has a mean period

of 12 hours and 25.2 minutes and is known as the M, variation.

Changes in the three dimensional relative positions of the Earth, Sun and Moon result in a

very complex pattern of tidal sea level changes superimposed on the M, variation.

However, the Earth, Moon and Sun return with remarkable precision to the same relative
position in one ‘Saros Period’ which is 18 years 11 days 8 hours (6585 days). It is therefore
only necessary to analyse astronomical tidal variations over one Saros period to have a deep

knowledge and predictive power for longer timescales .

One Saros period contains approximately 12,725 tidal cycles (e.g., High to High) and any

analysis of tides needs to cover at least this number of consecutive tidal cycles.

These patterns are modified by many factors including local geography of the shoreline,
bathymetry of the littoral regions, wind and wave fetch, etc. For example, in Weymouth Bay

there are two minima in the sea level around each low tide as shown in Figure 1.

In fact a period of three Saros cycles of 19756 full days brings the repeating tidal pattern back very
closely to the same time in the day and this fact was used in the last several centuries BC by the
Chaldeans (ancient Babylonian astronomers) to predict lunar and solar eclipses.
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Typical Double Low Tide
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Figure 1 - A typical double low tide in Weymouth Harbour

When represented by a harmonic series it is found that as many as one hundred sinusoidal
terms may need to be summed to achieve an accurate representation of local sea level
astronomical tidal changes 2.

b. Barometric Pressure

Changes in barometric pressure superimpose changes in sea level onto the astronomical

tidal heights. Reducing atmospheric pressure increases sea level.

An hydrostatic pressure of 10 metres of seawater approximately equals mean atmospheric
pressure (101.3 kPa or 1013 millibars). Thus, an increase of about 10 mm/millibar could, in
theory, be observed. Measurements in Weymouth Harbour show a variation of about this
figure (see p 21).

C. Wind Shear

Winds blowing from the east might be expected to increase the height of the sea in

Weymouth Harbour on account of the frictional drag generated by the shear stress on the

2 http://www.pol.ac.uk/ntslf/constants2.php (Accessed 10 November 2009)
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waves pushing water into the Inner Harbour. There could also be the opposite effect if a
westerly wind blows from the Inner Harbour although the small fetch and interference from

the near-by land would reduce such effects.

An easterly wind blowing into Weymouth Bay generally increases the risk of flooding - see
Figure 2 - but this could be due more to the increased amplitude of the waves than to an

overall increase in the underlying sea level. This is investigated below.

Figure 2 - A battering for the Weymouth Esplanade by an easterly gale.

The inclusion of wind effects into sea level modelling is complicated by the interrelationship of
wind, barometric pressure and wave height. These cannot be modelled as independent
variables. This is because the passage of a storm over South Dorset will generally increase
wind speeds, reduce barometric pressure and whip up high waves - all of which have their
own influences on sea level. Modelling these three factors as independent will result in an

under-estimate of flooding risks.
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d. Waves

The presence of waves in Weymouth Harbour and the local coastline are clearly important as
they can add significantly to sea levels causing a ‘flooding by slopping’ effect even when the
underlying mean sea level is not a threat.

e. Long-Term Sea Level Rise

This has occurred throughout the Earth’s history. The existence of raised beaches at Portland
Bill ® are graphic local evidence that sea level has changed in geologically recent times.
However, the current concern is much more rapid (decadal) sea level rise which is widely

assumed to be due to anthropogenic changes to the climate.

Forecasts of sea level rise during the 21% century are highly variable. The future
concentration of greenhouse gases is extremely difficult to forecast despite the confident
pronouncements of some scientists and politicians. The predicted profile of greenhouse gas
emissions depends on such great uncertainties as the future population of humanity,

economic progress and the success of greenhouse gas reduction policies.

Figure 3 shows the envelope of IPCC predictions for 256 scenarios and demonstrates the

huge level of uncertainty created by models.

3 http://www.soton.ac.uk/~imw/Portland-Bill.htm (accessed 24 November 2009)
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Figure 3 - Envelope of predictions for global CO, emissions for 256 scenarios *.

Table 1 show the Kyoto pledges for climate control and the achievements for a sample of

countries. Also shown are preliminary pledges for any post-Kyoto agreement.

Country Kyoto Actual Change 2020 Pledge
Target 1990 - 2007
USA (none) +17% -23%

EU -8% -4% -30%
Canada -6% +26% -3%
Ukraine 0% -53% -20%
Australia +8% +30% -11%

World (none) +17% -23%

Table 1 - Kyoto pledges for greenhouse gas emission reduction and achievements °.

4 IPCC report (2001) Climate Change 2001: The Scientific Basis. Contributions of Working Group | to the
Third Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge: Cambridge
University Press.
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Countries that have achieved their Kyoto targets have done so because their industrial

economies have collapsed and not because they have striven diligently to meet their targets.

Table 1 shows that predicting greenhouse gas emissions is somewhat uncertain which, in

turn, leads to uncertainty in predicting sea level rise.

In addition to these uncertainties there is evidence of powerful processes, as yet not

positively identified, which can temporarily reverse global warming.
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Figure 4 - Annual Mean Global Temperature values.

Figure 4 shows annual mean global temperatures since 1880. Between 1940 and 1975 the
Earth cooled. This delayed global warming by about 35 years. Had it not been for this period
of cooling we would now be in the disastrous grip of a global mean temperature (perhaps) a
degree higher than now being experienced.

This gave rise to media alarm where quotes appeared such as the following:

Emission pledges are falling short. New Scientist 17 October 2009 p 14
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“This cooling has already killed hundreds of thousands of people. If it continues
and no strong action is taken, it will cause world famine, world chaos and world

war, and this could all come about before the year 2000.”
Lowell Ponte, “The Cooling”, 6 (1976)

“Certain signs...indicate that we have been watching an ice age approach for
some time... Scientists predict that it will cause great snows which the world has

not seen since the last ice age thousands of years ago.”
Betty Friedan “The Coming Ice Age” ’ (1958)

“The threat of a new ice age must now stand alongside nuclear war as a likely

source of wholesale death and misery for mankind”
Nigel Calder (Editor New Scientist) 81971

Despite these forecasts of an icy fate for mankind it is still unknown what caused global mean

temperatures to fall slightly for several decades. Mechanisms proposed include

- Volcanic sulphurous particles ejected into the atmosphere %

- The increased use of leaded fuel resulting in increased aerosol concentrations 10,
- Decadal variations in the North Atlantic Oscillation ocean flows *,

- Sunspot variations *2 .

http://www.freerepublic.com/focus/f-news/993807/posts (accessed 24 November 2009)
http://www.harpers.org/archive/1958/09/0008810 (accessed 24 November 2009)

http://www.parliament.the-stationery-office.co.uk/pa/ld200708/Idselect/Ideconaf/195/195we07.htm
(accessed 24 November 2009)

http://en.wikipedia.org/wiki/Global_dimming#Probable_causes (accessed 24 November 2009)

10 http://www.newscientist.com/article/dn16976-did-lead-cause-global-cooling.html (accessed 24 November

2009)

1 http://www.newscientist.com/article/mg20126955.400-north-atlantic-is-worlds-climate-superpower.html

(accessed 24 November 2009)

12 Saved by the Sun New Scientist 16 September 2006 p 32
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What is know is that a powerful unidentified mechanism reversed global warming for about

three decades despite increasing emissions of greenhouse gases.
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Figure 5 - Mean Global Temperature 2000 - 2008

Figure 5 suggests to some scientists that there may be another slowdown underway in global

warming but this evidence is weak until more data is collected over the next decade.

The above diversion is included to show that predicting future climate - and hence sea levels -

is still a very uncertain science.

That the sea is rising is indisputable; figure 6 showing evidence from many tide gauges
around the world .

The mean rate of rise is about 3 mm/year ™.

13 http://en.wikipedia.org/wiki/File:Recent_Sea_Level Rise.png

14 It is interesting to see no hiatus in the rate of sea level rise despite the global warming ‘pause’ evident in

figure 4. This shows that the thermal inertia of the ocean is truly enormous.
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Figure 6 - Sea level rise measurements

However, the installation of high precision tide gauges around the United Kingdom has
resulted in direct measurements of sea level rise although in many locations the gauges have

not been operational long enough to yield a precision figure.

Figure 7 - Measurements of sea level rise ™

15 http://www.pol.ac.uk/psmsl/datainfo/rir.trends (accessed 24 November 2009)
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Never-the-less, the most recent - and perhaps the best - estimates of sea level rise around
the UK are shown in figure 7. The data have been plotted against site latitude and it can be

seen that there is a clear reduction in sea level rise rate as latitude increases.

This is almost certainly due to the post-glacial rebound of the United Kingdom in response to

the loss of glacial ice after the peak of glaciation about 20,000 years ago 16,

The filled symbol is from the Weymouth tide gauge and corresponds to a sea level rise of

about 5 mm/year. This would give a rise of 250 mm by 2060 assuming a linear rise with time.

In general, sea level rise is not a linear process with time. The thermal inertia of the oceans is
so enormous *” that even if greenhouse gas emissions were to cease immediately, sea levels
would continue to rise at an accelerating rate for centuries before slowing down and

eventually peaking.

Recent Estimates Of Sea Level Rise By 2100
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Figure 8 - Recent estimates of sea level rise by 2100

16 http://en.wikipedia.org/wiki/lsostatic_rebound (accessed 24 November 2009)

1 Water samples taken from the abyssal plains contain no radioactive fallout showing that the water in
these regions has not be at the surface since at least 1945.

18 IPCC Climate Change 2007: Synthesis Report. Contribution of Working Groups |, Il and Il to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change. Edited by Core Writing Team, R.
K. Pachauri and A. Reisinger. Geneva.

19 Rahmstorf, S. A semi-empirical approach to projecting future sea-level rise. Science 315:368-370
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Based on typical predicted accelerating sea-level rise rate and starting with a figure of
5 mm/year we might expect a plausible sea level rise of about 400 - 500 mm by 2060. These

are the target figures specified for the Dorset Coast Group studies 2

The huge uncertainties in predicting future greenhouse gas emissions and consequent sea
level rise require that the modelling outcomes given below take sea level rise values as the
independent parameter and therefore make the predictions largely independent of the

achievement or failure of nations to meet their greenhouse gas emissions targets.
f. Long Term Changes in Barometric Pressure

Climate Modellers predict that Britain will get stormier as the global temperature rises.

Geoff Jenkins, Head of the Hadley Centre, has said ?* that Britain has become “twice as
stormy” in the past 50 years as climate change has forced the deep depressions that used to
hit Iceland further south. While low pressure areas which bring high wind and rain are getting
deeper, the high pressure areas which bring calm, settled periods are getting stronger. The

increased gradients between the two make for more dramatic weather.

"As far as the pressure anomaly is concerned, this is much higher than we
predicted in our models, and it basically means that the westerly winds across
the British Isles have increased in strength. This is significantly larger than

explicable by natural variation, and must be man-made climate change.”

The spread of pressure excursion above and below the average is expressed by the
Standard Deviation (SD). Geoff Jenkins is saying, in effect, that the SD of the barometric

pressure is increasing with time.

20 Pfeffer, W. T.., J. T. Harper and S. O’Neel. Kinematic constraints of glacier contributions to 21% century

sea-level rise. Science 321:1340

2 Email from Tony Flux to Geoff Kirby transmitted at 14.18 on 2 November 2009

2 http://www.guardian.co.uk/technology/2003/dec/10/lifeonlineaguidetotheinternet.environment (accessed

24 November 2009)
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Figure 9 - Plots of 28,470 daily barometric pressure readings in Weymouth

The above figure shows the daily barometric pressure for Weymouth over an eighty-year time
span. lItis not evident to the eye that there has been any change in the extremes or spread
of the data.

Figure 10 - Long-Term Change in Standard Deviation of Barometric Pressure
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It is evident that there has been no significant trend in the occurrence of extremes of pressure
in Weymouth over the past 80 years thereby contradicting the statements by the Hadley

Centre at least as far as they apply locally.

Figure 11 - Long-term trends in the occurrences of low barometric pressure

Figure 11 shows the number of days each year on which the barometric pressure was

recorded as below 1,000 mB. The red curve is a ten-year running average.

The fall in the number of days experiencing low pressure since 1975 is contrary to the claims

that global warming is increasing the occurrence of low pressures.

In fact Weymouth's records suggest a possible natural cycle of about fifty years in the record.
If this cycle is valid then we should see an increase in the number of low pressure days
between 2008 until around 2030. However, if this prediction is observed, it will not be a
vindication of the Hadley Centre forecasts but rather a vindication of the prediction made here

that changes in long-term barometric pressure extremes follow a natural cycle.
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Despite this lack of evidence for long-term anthropogenic climate change affecting the
statistical distribution of barometric pressure in Weymouth a factor has been included in the

modelling to allow such changes to be investigated.

The mean barometric pressure must remain the same whatever changes are made to the
spread of barometric pressure by climate change. Thus any increase in the intensity and
frequency of low pressures (the ‘increased storminess’ forecast by climate modellers) must

be accompanied by increases in high pressure excursions.

Actual barometric pressure readings are used in the modelling described below. A factor R is
used to increase the Standard Deviation of the weather station data to replicate the effect of
more extreme weather. To simulate this each value of real barometric pressure (P) is

changed to
Pmean + R*(P - Pmean)
Where Ppeanis the long-term mean barometric pressure (1017 mB).

The Standard Deviation of the new simulated dataset will be R times larger than the original

measured Standard deviation (10.8 mB)
g. Factors Not Included Here.

All of the above influences on sea level in Weymouth Harbour are included in the modelling to
be described below. However, there are other causes of sea level change which are not

included here.

The first exclusion is of surge (soliton) excursions which may originate well away from the
area affected and propagate along the coast causing flooding often when local conditions

give no indication that flooding might be expected 23,

23 Some sources (including some Proudman Oceanographic Laboratory documents) refer to extreme high

astronomical tides as ‘surges’. However, here a surge is properly treated as a local high sea level due to
non-local wind, barometric pressure, etc., and related to long-range soliton propagation.
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The disastrous floods in 1953 of Eastern England and of the Netherlands 2 is an example of
a storm surge originating in the Northern North Sea propagating and wreaking havoc all the

way to the south coast of England. Figures for recent surge heights are available 2,

The second exclusion is the effect of fresh water emerging through the Westham sluices from
Radipole Lake and also from the ‘Marsh’ valley close to the ASDA supermarket which was

once the outflow of a post-Glacial river whose course is shown approximately in figure 12.

=

Figure 12 - Course of post-glacial river
This still feeds substantial amounts of water into the inner harbour by underground culverts.

These potential sources of sea level rise in Weymouth Harbour are not included here.

24 http://www.metoffice.com/corporate/pressoffice/anniversary/floods1953.html| (accessed 11 November

2009)

2 http://www.pol.ac.uk/ntslf/surgehilo.php?port=weymouth (accessed 20 November 2009)
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2. Astronomical Influences

The modelling used for this study requires the probability distribution of astronomical sea
levels in Weymouth harbour over a Saros Cycle. Fortunately there is a high resolution tide
gauge in Weymouth Harbour ?° and data at a resolution of 15 minutes are generally
available %’ online from 1991 to 2008 which almost covers a complete Saros Cycle - about
600,000 records. These data are provided by the British Oceanographic Data Centre
(BODC) %,

There are two approaches to the problem of sampling this vast collection of data.

One approach is to sample sea levels from the entire dataset and derive the probability that
the sea level at any time will exceed a threshold. The other approach - as adopted here - is to

search the data for the heights of high tides and analyse these for threshold crossings.

The second approach enables the data from 600,000 values spaced at 15 minute intervals to

be condensed down to the 12,725 tidal cycles in a Saros cycle.

The second approach is the one used here; not just because it greatly reduces the database
to a manageable size but also because it is a more meaningful and accurate method of

determining flood risks.
An idealised example will compare the two techniques and explain the choice.

Imagine a planet with no Moon where the ecliptic is coincident with the celestial equator.
Astronomical high tides will occur at regular intervals with the same height. Imagine the

amplitude of the tides is one metre and the tidal period is 12 hours.

26 http://www.pol.ac.uk/ntslf/tgi/portinfo.php?port=weym.html| (accessed 20 November 2009)

2 There are some ‘drop outs’ in the data leaving generally short periods with no valid data.

28 http://www.bodc.ac.uk/ (Accessed 16 November 2009)
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Idealised Tidal Variation
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Figure 13 - An idealised tidal variation
The data points on figure 13 are plotted at 15 minute intervals (as for the BODC database).

Assume that flooding occurs when the sea level height exceeds 0.8 metres. If we take the
measurements at 15 minute intervals that exceed 0.8 metres we derive a probability of
flooding of 0.184 in a twelve hour period. This implies that there will be 184 flooding

opportunities every 12,000 hours.

If the threshold were to be lowered to (say) 0.6 metres then the flooding opportunities will

increase to 306 per 12,000 hours.

However, adopting the alternative technique of logging only high tides exceeding the
threshold we see that one flooding event will occur on each cycle indefinitely giving 1,000

flooding opportunities every 12,000 hours.

Clearly, since flooding will occur every high tide in the example plotted, the second approach
of only logging high tide heights is the correct approach and yields a much higher but realistic

estimate of flooding probability.

The BODC data of astronomical predicted heights was downloaded at 15 minute increments

and these data were searched for the maximum sea level height at high tides. Care had to
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be taken to avoid logging the pseudo maximum around the double low tide feature - see

figure 1.

These figures for high astronomical tide levels were then used to derive the probability of

observing a high tide exceeding a stated value as plotted on figure 14 as blue circles.
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Figure 14 - Probability of observing a high tide exceeding H metres

From tables of extreme high tides in a Saros period in Weymouth # it was possible to derive
the probability of observing extreme high astronomical tides by noting the frequency of

occurrence over one Saros period. These extremely rare values are plotted as red squares.

The rarest extreme high tide corresponds to the single occurrence of a 2.6 metre high tide
once every Saros cycle; a frequency of 1/12,725 which is equal to 0.00008 as shown by the

final point in the sequence plotted.

The curve corresponding to the data in figure 14 has been used to generate predicted high

tide levels in the numerical model.

29 http://www.pol.ac.uk/ntslf/hilo.php?port=weymouth (accessed 20 November 2009)
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3. Barometric pressure effects

The 15 minute resolution BODC predictions for predicted astronomical and actual sea levels
were sampled for 09.00 hours each day which is when the Weymouth weather station
barometer is recorded. The difference between astronomical and actual sea levels DH(P)
were then plotted against local barometric pressure to determine the relationship between

sea levels and barometric height changes as shown in figure 15.

DH(P) (m)

970 980 990 1000 1010 1020 1030 1040
P (mB)

Figure 15 - The effect of barometric pressure on sea level

It can be seen that there is a clear reduction in sea level as barometric pressure increases
and that the astronomical tides may be enhanced or suppressed by as much as half a metre

due to barometric pressure.
The regression line is given by
DH(P) =-0.01218 P + 12.387 (m)
showing that the sea level rises by about 12 mm/mB; close to the theoretical value, see

page 4.
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4, Wind effects

Hidden in the scatter of the data in figure 15 are the effects of wind.

The residuals from figure 15 - DH(W) - have been plotted against the component of the wind
blowing from the east because it was expected that tidal levels would be most modified by
wind blowing up the channel of Weymouth Harbour. The easterly component is given by
W*sin(AZ) where W is the wind speed recorded at the nearby Weymouth weather station and

AZ is the azimuth angle measured from North through East.
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Figure 16 - Effect of wind speed and direction

It can be seen that there is a small effect of wind speed and direction on sea levels. If
anything, the sea level appears to be slightly suppressed when an easterly wind is blowing up

the harbour inlet from Weymouth Bay corresponding to positive values for W*sin(AZ).
The regression line is given by
DH(W) = -0.0011 W*sin(AZ) - 0.052 (m)
There may also be an uplifting of the water when a strong south-westerly wind is blowing

against Portland’s west coast. The uplifting of the sea on the west of Portland could be
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transmitted around Portland Bill to produce an uplifting of the sea in Weymouth Bay and the
harbour.

Figure 17 shows the sea level residuals from figure 15 plotted against wind speed ignoring
wind direction.

DH(W') (m)

0 10 20 W (kt) 30 40 50

Figure 17 - Effect of wind speed (kt)

We see from figure 17 that there is a significant uplifting of the sea as wind speed increases
irrespective of wind direction.

The regression line is given by
DH(W’) = 0.0028 W - 0.0796 (m)

This shows that the effect of wind is 0.0028/0.0011 = 2.5 times stronger for wind strength
alone than for the easterly wind component.
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Figure 18 - A battering for the Weymouth Esplanade by an easterly gale.

This result shows that the apparent increase in sea level when an easterly gale is blowing is
an illusion. It is the higher waves generated by these onshore winds that threatens flooding as

shown in figure 18 above.
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5. Wave effects

We now turn our attention the statistics of waves in Weymouth Harbour.

Since 2001 the mean peak - trough height of waves at the harbour entrance have been
estimated visually and recorded on a daily basis. Before that date the waves were estimated

as ‘choppy’, ‘calm’, *high’, etc., which is not useful.

Figure 19 shows the distribution of wave amplitude as a function of the easterly component of

wind.
Effect of Wind Strength and Direction on Wave Ampli  tude
800 T T
l .
700 - el S e
| |
| |
—~ 600 | ‘ w
E | |
| |
L 500 | o o * % oceomec e
S | |
= ! !
= | | |
g_ 400 | . oo .
| |
g 300 r R 0 600 0 wo .
> ! 0 S 000 000 o
© ! . T XX X .
= 200 | o o0 ¢ oo
* 0 ! S WO SO0 4B BRGNS o0 .
100 [ o o o seee see o owestostiNStls 20 o
¢  E B AR IR Do X222 o
0 Sy

-40 -30 -20 -10 0 10 20 30 40
Easterly Component (kt)

Figure 19 - Dependence of mean wave amplitude on the easterly component of the wind.

This shows that waves have greater amplitude when a generally easterly wind is blowing than
when it blows from a generally western direction. It is worth noting that, whilst there is a
dependence on wind strength and direction, there is a large scatter in the graph showing that
other factors such as fetch undoubtedly have a role to play in determining the wave heights in

Weymouth Bay and the harbour.
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Effect Of Barometric Pressure On Wind Speed (kt)
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Figure 20 - Effect of barometric pressure on wind speed

Figure 20 shows a perhaps surprisingly weak correlation between wind speed and barometric
pressure. It might be expected that low barometric pressure would give rise to stronger

stormy winds and this is evident in the chart but it is not a strong dependence.

We see from figures 15, 16, 17 and 19 that barometric pressure, wave height, wind speed

and wind direction all affect sea level and that there are correlations between these

parameters.

This means that it is vital to maintain the correlation between these parameters and not

attempt to model the effects of each independently.
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6. The Model

A computer model has been generated using MICROSOFT EXCEL for predicting statistically

the sea level in Weymouth Harbour. These results may also be relevant to Weymouth Bay.

This uses the Monte Carlo technique ¥to generate all the variables listed below and combine
these to arrive at a large number of predictions of sea level. The probability of sea levels

exceeding any given threshold can then be derived.
The parameters generated are as follows.
a. Astronomical High Tide Levels.

Twenty thousand uniformly distributed random numbers in the range zero to one are
computed and the corresponding astronomical high tidal height is generated from the curve in
figure 14. This number of random samples of the cumulative probability curve well exceeds
the number of high tides in a Saros cycle so that even the single extreme high tide of 2.6

metres which occurs once every Saros cycle is represented 3
b. Barometric Pressure, Wind Strength and Direction

These variables were represented in the model by 20,000 daily measurements collected at
the Weymouth Weather Station. A longer sequence could have been used because
measurements of these variables have been made from 1927 giving about 28,000 records

(allowing for missed days *

and poor data). However, 20,000 seemed to be a good
compromise between speed of computation and statistical accuracy - especially bearing in

mind that only about 3,000 measurements of wave height are available.

C. Wave Heights

%0 http://en.wikipedia.org/wiki/Monte_Carlo_method (accessed 24 November 2009)

3 This will next occur on 19 September 2024. See http://www.pol.ac.uk/ntslf/hilo.php?port=weymouth for
other dates of extreme high tides.

% The Weymouth weather station has been vandalised several times and it has been moved to reduce the
consequent loss of data. The records include such notes as “20 March 1999 - Thermometer stolen”. 22
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These are modelled using nearly 3,000 measured daily values from the Weymouth weather
station observed between 2001 and 2008. Ideally a much longer sequence of observations
would be preferred but visual estimates of wave height only started at Weymouth in 2001.

Before then the sea was described in loose terms such as ‘ripples’, ‘choppy’, ‘swell’, etc.
d. Long Term Sea Level Rise

Because of the considerable uncertainty in estimates of sea level rise in the 21 century (see
page 6 ff), the model allows these values to be input as independent variables without

reference to any timescale.
e. Long Term Barometric Pressure Changes

Climate change forecasters predict for the South of England that the weather will become
‘stormier’. This means that the Standard Deviation of the barometric pressure will increase. A

factor R is used to represent this change as described on page 16.
f. The addition of ‘noise’

Even when the differences between astronomical tidal levels and the levels corrected for
barometric pressure and wind a noisy residual exists; for example this is seen in the scatter

around the regression lines on figure 16.

This arises because of effects not included in the model and which have not been indentified.
Because the preceding analysis has used the difference between the BODC prediction of
astronomical tides and the measure sea level, it is entirely feasible that the residual scatter
could be due to tide gauge random measurement errors and inaccuracies in the prediction of

astronomical tides.

This residual ‘noise’ is represented in the model by a randomly generated Gaussian-
distributed variable with a standard deviation that is specified as a model input. A figure of 0.1

metres appears to be reasonable.

December 1998 “Grass and concrete thermometers disturbed by seagulls”. The sunshine recorder
sphere has been a prized target for thieves. The station’s current location is a secret.
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g. Model Input Parameters
The model has three user inputs which are as follows:
- Barometric Pressure Enhancement factor, R
- Wave inclusion switch (Waves included or not included)

- Random ‘noise’ included with stated Standard Deviation (taken to be 0.1

metres)

Given these three input parameters the model produces predictions for a threshold which will

be exceeded at a probability of 0.5 as a function of timescale of observation.
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Results

7.
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Figure 21 - Sample results from model
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Table 2 - Details of input to model

Figure 21 shows a typical output from the model. The four curves correspond to the input

details shown in table 2.

Case 2 is the baseline for all further investigations. It corresponds to present day barometric

pressure statistics, waves included, current mean sea level and a random ‘noise’ added with

standard deviation of 0.1 metre.
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The time scale axis includes indications for the threshold being exceeded at least once in a
stated period up to 10,000 days showing tidal period (0.55 days), week, month (30 days),
year and decade periods.

We see from figure 21, for example, that the model predicts that a threshold of 3 metres will

be exceeded at least once at a probability of 0.5 in 2,000 days (about 5 %z years).

It will be seen that sea level rise is not specifically included in the model. This is because a
rise in sea level due to climate change will simply displace the curves in figure 21 vertically by
the amount of the rise.
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8. Present Flooding Risks

Figure 22 - A collage of 20" century floods in Weymouth
The streets of Weymouth have been flooded many times in the 20" Century.
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The worst flooding has been in the Park District although adjacent areas have not escaped.

Figure 23 - Weymouth before the Park District was built.

Weymouth (or Melcombe Regis as the northern town is properly called) was built on a shingle
spit of land. The connecting causeway (‘A’ above) was dangerous and there were deaths of

travellers who were swept into the backwater by easterly gales.
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Figure 24 - View from point ‘A’ on above map looking towards Clarks Hill

In the 19" century the large area of the Backwater shown in figure 24 was filled and this
became the Park District; an area of housing none of which is more than 2 metres above OS

Datum - see figure 25.

Figure 25 - The Park District showing OS benchmarks and approximate contours.
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At this point it is essential to understand that Ordnance Survey heights above sea level
shown on maps are not the same as the datum used on nautical charts. For arcane reasons
the datum used varies from port to port and approximately corresponds to mean low tide level
% The difference between the OS datum and Nautical Chart datum in Weymouth is either -
1.02 metres * or -0.93 metres *° depending on the source used. A figure of -1.0 metres has

been used here as a compromise; the difference being negligible in the following analysis.

This means that, for example, a height of 3 metres shown on an OS map is 4 metres above
Nautical Chart datum and when a tidal height of 2 metres occurs in Weymouth harbour this is

the equivalent of 1 metre height on land.

Figure 26 - The Marsh area

3 In fact, Mean Low Water Spring Tide in Weymouth Harbour is 0.20 m with the lowest astronomical tide

being -0.30 metres - see http://www.pol.ac.uk/ntslf/hilo.php?port=weymouth (accessed 20 November
2009))

3 http://www.pol.ac.uk/ntslf/tides/datum.html (Accessed 20 November 2009)

% http://www.eseas.org/products/eda/stations/weym.html (Accessed 15 November 2009)
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Figure 26 shows the Marsh area to the west of Weymouth Harbour which is a post-glacial
riverbed. In this map and others to follow the benchmarks are taken from the 10 km scale
Ordnance Survey map % and the contours are drawn freehand based on the writer's
observation of the land. The benchmarks are quoted to the nearest one metre precision and
the contours are schematic. These latter must not be taken to be accurate indications of the
height of the land.

The Marsh area is now bisected by a railway embankment built in 1864 to take the railway to
Portland. This had the effect of greatly reducing the efflux of water into Weymouth Harbour
resulting in The Marsh (the athletic ground to the west of the embankment) being truly a

‘marsh’ in very wet weather.

Figure 27 - The Southern Town Centre

% http://195.49.180.76/dorsetexplorer/?&ref=redirect (Accessed 15 November 2009)
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Figure 27 shows that large areas of the commercial part of Weymouth are within two metres

of OS Datum meaning that these lie within three metres of Chart Datum.

We saw from figure 21 that existing extreme tidal levels may reach three metres (Chart

datum) and so large areas of the town are already under threat of flooding.

Figure 28 - The Northern Town Centre

In summary, a sea level of 3 metres if left unchecked would flood the majority of the

commercial town centre and large areas of housing; especially in the Park District.
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Figure 29 - Flooding under the Town Bridge despite the 2000/2001 defensive sea wall

Figure 29 shows the lowest point in Weymouth Town Centre. This level is exceeded on many
Spring Tides and this part of the road was flooded many times each year before the
defensive sea wall - seen in the above figure - was built in 2000/2001. Indeed, it was
reprehensible schadenfreude to see tourists, having parked their cars in this location in

defiance of the warning notices, returning to find their vehicles a metre deep in sea water.

Figure 29 shows that water still steeps through the masonry of the bridge support and floods

this area although the problem has been reduced.

Even so, after the sea defensive wall was built sea water would still flood at this point and the
rail/road area would flood all the way to the rear of the Debenhams store - a video exists

recording such an extensive flood in 2002 o

3 http://www.youtube.com/watch?v=NJUveOL4Q3s
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Figure 30 - The beer cellar of The Waterloo public house (centre) is below mean sea leve

38
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This is of particular concern to the writer who frequently tests the quality of the ale in this establishment.
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Figure 31 - Much of the shopping centre of Weymouth lies below 3 metres above Chart

Datum

Although flooding of Weymouth town centre has been reduced by the defensive sea wall built
around Weymouth harbour, the greatest and most devastating floods have occurred in the
Park District - as shown in Figure 22.

However, none of the floods shown in figure 22 were caused directly the incursion of the sea.

The main causes of these floods were
- Torrential rain on the area overwhelming the ability of pumps to take the water away,

- Torrential rain outside the area flooding the River Wey which burst its banks into the
Park District.

- Seepage of sea water up the drains when pumps have failed.

In the former cases the great floods of 1908 were amongst the worst ¥ A contemporary

account in the Southern Times reads

“The past summer, as is well known, has been remarkable for its magnificent
sunshine and fine weather, and in consequence of the drought, it is
guestionable whether the drains to some extent have not become clogged and
this caused much of the difficulty, which was experienced this week in relieving
the flooded districts. There is no getting away from the fact that a systematic
examination and test at frequent intervals of the drain pipes would have a

beneficial effect when the hour of emergency arose.”

As an example of torrential rain outside the area causing flooding, the classic case was in
July 1955 when 280 mm of rain fell in a day on Martinstown *° with about 150 mm falling over
the catchment of the River Wey. The swollen river was unable to discharge into Weymouth
harbour because of the sluice gate restrictions on the Westham Bridge and the water went

the only way possible - pouring into the Park District.

% http://www.weymouth.gov.uk/home.asp?sv=813

40 This rainfall was a record for the United Kingdom until exceeded in November 2009 by rainfall in
Cumbria.
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The following is part of an account of the 1955 flood in the Park District ** and shows the vital
role played by the Westham sluices in allowing the excess waters of the River Wey to reach
the sea.

By 8 p.m. that night the water was slowly going down, but by 9 p.m. a further

torrential downpour proved again too much for the combine efforts of the
pumping station and three fire engines, and the water level rose again.

Immediately after the main pumps were back in operation, | returned towards
the Yard and found Radipole Lake rising rapidly. With four volunteers we tried
unlocking the cars on the lower section of the Swannery Car Park, but we could
only move two to higher ground and later on the remainder had completely
disappeared beneath the water.

The storm commenced two hours before high tide, when the sluices were shut,
and the sluices could not be opened until 8.30 p.m. when the lake had risen 5
feet above datum. From then onwards with all 8 sluices manually opened to
their fullest extent the water continued to rise until it was 9 feet above datum at
midnight.

High tidal levels in Weymouth Harbour may have contributed to some floods in the Park
District by preventing the sluice gates from opening at times of extreme high tides and high

flow in the River Wey but these floods are in the minority.

There have been floods elsewhere in Weymouth, For example, the shopping precinct in
Southill often floods. This has been blamed on high water levels in the River Wey but in fact
these floods are due to totally inadequate culverts having been provided to take away water
from a stream rising in Chickerell 2,

The theme of this report is to forecast flooding levels in Weymouth due to high sea levels in
Weymouth Harbour and we have now seen that many of the floods have been in residential
areas - particularly in the Park District - which were caused by flooding from the swollen River

Wey.

However, with so much of Weymouth being below the sea levels forecast for later in the 21°

century the general problem of flooding in Weymouth is next considered.

“ http://www.weymouth.gov.uk/home.asp?sv=813 (accessed 24 November 2009)

42 Flooding at Southil, Weymouth, must have been caused by blocked -culvert Geoff Kirby

http://tinyurl.com/yhtkx3m (accessed 24 November 2009)
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9. Future Flooding Risks

Figure 32 - The Southern Town Centre

The 2000/2001 defensive sea wall; shown in figure 29 extends almost entirely around the
boundary of the harbour shown in figure 32. On 24 November 2009 the writer surveyed the
wall with a plumb line and used on-line, real-time tidal data from the Weymouth Tidal Gauge

*3 to obtain the following results for the height of the wall relative to Chart Datum.

43 http://www.pol.ac.uk/ntslf/sadata_tgi_ntslf_v2.php?code=Weymouth&span=1
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Time (UT)| Position | Depth of Tidal Wall
Water (m)| Height (m) |Height (m)
10.56 A 1.45 1.84 3.29
10.58 B 1.45 1.83 3.28
11.01 C 1.39 1.82 3.21
11.05 D 1.38 1.81 3.19
11.09 E 1.40 1.80 3.20
11.15 F 1.50 1.78 3.28
11.17 G 1.50 1.77 3.27
Mean 3.25
Standard Deviation 0.04

Table 3 - Measurements of defensive wall height

The average figure of 3.25 metres above Chart Datum (3.25 - 0.92 = 2.33 metres above OS
datum) means that sea levels or waves on the mean sea level that exceed a tidal height of

3.25 metres will result in water pouring over the defensive wall.

It may also be worth noting that the lowest point in Weymouth - the place under the Town
Bridge where the redundant railway lines passes, see Figure 29 - was measured as
2.0 metres above Chart Datum which means that this part of the road is under sea level

several times each year.

We now have all the tools to hand to enable the model developed for this study to be run and
predict the probability of the existing sea wall around Weymouth Harbour being flooded by

various combinations of environmental variables.

Figure 33 below gives results for a threshold of 3.25 metres being exceeded at least once in

the stated period and shows the sea level rise required to achieve this.

For example, if we have a barometric enhancement factor of 1.2 (corresponding to the
‘increased storminess’ predicted and waves are included (case 4) then an increase of sea
level by 60 mm will result in wave crests slopping over the sea defence wall on average at

least once in a decade.

However, if the sea is calm (Case 3) then a larger sea level rise of 300 mm would be required

to cause flooding but now the sea would produce a sustained flow over of the sea wall.
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Figure 33 - Predictions for flooding over the 3.25 metre sea wall.

It is a simple matter to predict flooding probabilities for any combination of parameters and a

worked example will be used to illustrated the procedure.

CASE Barometric Pressure | Wave inclusion switch Random
Enhancement Factor (0=0OFF, 1=0ON) Component SD

(m)
1 1 0 0.1
2 1 1 0.1
3 1.2 0 0.1
4 1.2 1 0.1
5 1.4 0 0.1
6 14 1 0.1

Table 4 - Case parameters

Imagine we wish to predict the frequency of flooding in the Weymouth Harbour area for

1. a barometric enhancement factor of 1.2,
2. waves included,

3. a new sea wall 3.5 metres high and

4. a sea level rise of 0.5 metres.
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On table 4 we note that Case 4 corresponds to conditions 1 and 2.

Conditions 3 and 4 result in a net effective sea level rise of +0.50 -(3.50 - 3.25) = +0.25
metres relative to the new sea wall. In other words, raising the sea wall by 0.25 metres and
with the sea level rising by 0.50 metres this is equivalent to the present wall with a sea level

rise of 0.25 metres.

On figure 33 Case 4 shows that a sea level rise of 0.25 metres will give a 0.5 probability of at

least one flood by waves in 800 days - as shown by the open orange data point.

Thus figure 33 allows any combination of environmental conditions, wall height and sea level

rise to be easy turned into an 0.5 probability of flooding in a certain timescale.

Because the curves on figure 33 are close to straight lines on the chart it is possible to
represent the curves by a simple equation which may be more convenient to use in

computation than looking up values manually on figure 33.
An empirical equation representing the curves on figure 33 is
Logio(Days) ={SLR - ¢ - (WALL - 3.25)}/m
Where SLR is the Sea Level Rise relative to 2009 (metres)
WALL is the height of a new sea wall above Chart Datum (metres)
c=1.20 + (R - 1)*(0.1275 + 0.0625W)
m = (-0.230 - 0.058W) - (R - 1)*(0.168 + 0.072W)
R is the barometric pressure enhancement factor (page 16)
W is either O for no wave effects included and 1 for waves included

A comparison of this empirical equation with the computer generated results of figure 33
gives a standard deviation of 20 mm between predictions for sea level heights which is

considered to be sufficiently small to be unimportant.
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10. Conclusions

The frequency of flooding in Weymouth Harbour due to high astronomical tides, barometric
pressure changes, wind strength and direction and waves has been studied using tidal height
measurements from the Weymouth tidal gauge from 1991 to the present and also using data

from the Weymouth Weather Station from 1927 to the present.

The correlations between the above variables have been preserved and a computer program
has been produced which predicts the 50% probability of flooding on any high tide in
Weymouth Harbour.

The model allows for sea level rise as an independent input parameter so that the uncertainty

in predictions of future sea levels can be investigated.

The model also allows for the increase in stormy weather due to climate change forecast over

the 21% century in the South of England.

The results from the computer model have been presented in one concise chart (figure 33)

and one concise empirical equation (page 45).
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