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SUMMARY

Fairbourne is a coastal community at the mouth of the Mawddach estuary in Cardigan Bay. The
village is built on land reclaimed during Victorian times from salt marsh and reed beds behind a large
shingle spit.

As a consequence of climate change, Fairbetsrconsidered to be at a progressively increasing risk
of flooding. A decision was taken by Gwynedd County Council that continued coastal protection for
Fairbourne is not feasible. The village will be abandoned and demolished at some time in the next
50years, with all residents resettled elsewhere.

In this paper, the current coastal protection scheme for Fairbourne is assessed, and an alternative
scheme proposed. This would incorporate the existing sea wall, estuary flood embankment and
railway embankrant, and would require the construction of approximately 700m of new flood
embankment across agricultural land. Integral to the proposed flood protection scheme is the
restoration and extension of a network of drainage ditches in and around Fairboulagevdnd the
creation of a temporary water storage pond. Floodwater would be discharged from the ditch system
into the estuary by gravity flow.

Modelling was carried out to determine boundary conditions for the Fairbourne flood protection

area during a wist case storm scenario based on the predicted sea level for 2065. The sea wall was
found to be above the level of the highest predicted spring tide and storm surge, but might be
overtopped by occasional extreme storm waves. The maximum quantity of likagrto wash

over the sea wall during a storm event was estimated. The tidal and storm surge level in the estuary
stabilised below the top of the estuary flood embankment. Stream runoff from the hillside above
Fairbourne carried by the Afon Henddotrained within channel capacity without overbank

flooding.

Modelling then simulated hydrological conditions within the Fairbourne flood protection area.
Rainfall was applied for the duration of an extended storm event of two days. Rates of flow were
cakulated for the internal routing of flood water along drainage ditches, making use of the
temporary storage pond as necessary. Output to the estuary was dependent on the tide, but it was
found that this could be achieved by gravity flow alone withoutieed for pumping.

It is concluded that the proposed scheme would operate effectively in protecting Fairbourne from
flooding in a worst casstorm scenario based on a predicted sea level for 2065. Modelling suggests
that no increase in the heights of tlexisting sea wall and estuary flood embankment would be
necessary up to this date, but a modest increase in height of 1m may then be needed.

Investigations were carried out to check that the proposed flood protection scheme for Fairbourne
village would ot have a detrimental effect on the wider flood protection area between Fairbourne
and Arthog. It was found that the ecologically important area of the Arthog Bog SSSI would not be
affected, whilst an opportunity exists for improving the drainage of afjtical land between
Fairbourne and Morfa Mawddach through the upgrading of an existing tidal gate.

A suggested schedule of works is provided for implementation of the flood protection scheme, along
with a schedule for monitoring and maintenance in theipdrup to the year 2065 and beyond.



1. INTRODUCTION

Fairbourne is an active coastal community at the mouth of the Mawddach estuary in Cardigan Bay.
The village is built on land reclaimed during Victorian times from salt marsh and reed beds behind
the large shingle spit of Ro Wen. The village is made up ¥fiwtorian terraces and villas, along with

more recent houses and bungalows, and a mobile home park. Amenities include the beach and
sand dunes, narrow gauge railway with a ferry connection to Barmouth, and a golf course. Shops and
food businesses catdor local residents and visitors. The village has a railway station on the
Cambrian Coast line between Machynlleth and Pwillheli.

Planning decision

The West of Wales Shoreline Management Pléaskoning, 2012yas commissioned by a

consortium of County @mcils and Environmental Agencies responsible for flood protection along
the West Wales coast. The report was produced in response to concerns about climate change and
increases in sea level. A map was presented which indicates that the entire vilegjebotirne

would be flooded by normal spring tides within the next 100 years.

Figure 1
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In a sepaate study,Robing2011) predicted that Fairbourne could be totally submerged at the present
dayin the event of flooding during a high spring tide accompanied by an additional 2 m stoge.
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https://www.researchgate.net/profile/Peter-Robins

As a consequence of these studies, Gwynedd Cdbotncil has made a decision that continued
coastal protection for Fairbourne is not feasible. The village will be abandoned and demolished at
some time in the next 50 years, with all residents resettled elsewhere
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The purpose of this paper is to critically examine the scientific case for abandoning the Village o
Fairbourne, and to evaluate a revised flood protection scheme.

Flood modelling

Althoughsaid to bebased on sophisticated computer modelling, the forecasts illustrated in figures 1
and 2 appear to do little more than select a contour line on the mapaasdme that every point
below this height would be flooded. The validity of the models may be questioned on two counts:
X The tidal and storm wave heights which were input to the models may not be accurate.
X The models assume that no active flood defenaesia place to prevent storm inflow or
remove flood water.

A key argument for the abandonment of Fairbourne appears to be that the village will at some time
in the future lie below high tide level. It might be pointed out that much of the Netherlands, and
almost all of the city of Rotterdam, already lie below sea level. Systems have been developed to
protect the Netherlands from flooding.

2. SEA LEVEND WAVE HEIGHDRECASTING

The Intergovernmental Panel on Climate Change (2014) provided a sunonpofi€ymakers:

2046-2065 2081-2100
Scenario Mean Likely rangec Mean Likely range«
RCP2.6 1.0 041016 1.0 03t01.7
Global Mean Surface RCP4.5 1.4 0.91t0 2.0 18 111026 \
o
Temperature Change (°C)* RCP6.0 13 081018 22 14103.1 ‘
RCP8.5 2.0 141026 3.7 261048 \
Scenario Mean Likely range? Mean Likely range®
RCP2.6 0.24 0.17 10 0.32 0.40 0.26 t0 0.55
Global Mean Sea Level RCPA.5 0.26 0.19100.33 0.47 0.32100.63
Rise (m)° RCP6.0 0.25 0.18100.32 0.48 03310 0.63 ‘
RCP8.5 030 0.22 10 0.38 0.63 0.45 10 0.82 \

Figure 3: Different modelling predictions for increases in global mean temperature and sea level.

The upper limit for predicted sea level rise by 2065 is given as 0.38m, with a lower figure likely.

Beyond this date, predictiortsecome highly unreliable as much depends on political decisions by
countries around the World, along with developments in technologies to reduce carbon emissions or

even remove carbon from the atmosphere.



Phillipset al. 017)have compiled mean seavel data recorded at Barmouth railway bridge over
the period 1990t 2016. Data points are shown in figalong with predictions for future mean sea
level based on the UK Climate Change model aseparatemodel by the Department for
Agriculture and Rurdgiffairs. Predictions for the year@5range from (2m to 05m:

Figure 4: Predictions of mean sea level bdson data recorded at BarmoutPhillips et al. 2017)

Modelling carried out fothe presentstudy will assume a rise of 0.5m compared to presentsiay
level, which izonsistentwith predictions forat least the year 2065 and probably beyond.

Storm wave height

During a severetsrm, the sea surface will reach a height significantly aboveagtenomically
predicted calm water tidal height. This is due to a combination of

X aseasurgedue to reduced atmospheric pressure,

X wind generated waves on the sea surface.

Observations of waves in Cardigan Bay were carried out by Thompson, KarunataRewye
(2017). It was found that waves reachethaximumheight of 7m abovepecified tidal heightinder

extreme storm conditions (fi§).
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Phillipset al. 017)compiled observations and made predictions of maximum extreme wave
heightsfor Fairbourneon an assumptiothat stormswill increa® in severityin the futuredue to
climate change. Results are shown in Fig.6.

Description Trend Projected
2025 2055 2085 2100
Wave Maximum Extreme Wave Increase | 4.980 5.797 6.615 7.023
Analysis | Height (m)

Figure 6: Predictions oéxtreme wave heightabove specified tidal height at Fairbourne
(Phillips et al. 2017)

For the purpose of theurrent study, a storm wave height of 6m above the calm water tidal height
will be assumed, made up from a pressure surge of 2.5m and a wind generated wave height of 3.5m.

3. CURRENT FLOOD PROTECTION SCHEME

Flood defences have baeeinforced in recent years hiyatural Resources WaleJ he current
defences consist of a series of embankments linking existing landscape features, to produce an
enclosure around the Fairbourne and Arthog area. The boundary is marked ivefiow.
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Figure7: Flood defence boundary for the Fairbourne and Arthog area.



The current defences are unlikely to adequately protect the village of Fairbourne in the future.

The enclosed area extends for a long distance eastwards to the mouth of the Afon Arthog. Within
this enclosure are several significant streams draining from the hills between Friog and Arthog.
These stream§ig.8) must cross the flood protection aread discharge into the estuary through

tidal gates.

Figure 8

Meandering stream
crossing the flood
protection area at
Arthog. This carries
rainfall runoff from the
hillside above the

Bryngwyn Quarry.

Any major storm event threatening Faarne is likely to combine a series of meteorological effects:
low atmospheric pressure causing@rm surge,strong onshore windproducing large wavesigh
water levels in the estuary due to floods on the rivers Mawddach and Watithe estuary head

and high flows from the hills above the flood protection area. Flooding in Fairbourne is as likely to
result from estuary or river flooding, as from sea flooding.

Figure 9

Flooding at Arthog
following a rain storm.
River discharge from the
hillside ras exceeded the
carrying capacity of the
stream channel, causing
overbank flooding.




4. PROPOSED FLOOD PROTECTION SCHEME

An alternative flood protection scheme is proposed for the village of Fairbourne, as summarised in
fig.10 below. A new and more restricted flood defence boundary would be created.

A: The western boundary would follow the existing sea wall from Friog cliff to the end of the golf
course.

B: The south eastern boundary would follow the railway embankment ffdag cliff to Fairbourne
railway station, then continue for approximately 200m beyond.

C: The northern boundary would follow the existing flood embankment around the edge of the golf
course, to a point where a track slopes down onto agricultural land.
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FigurelO: Proposed flood protection scheme for the village of Fairbourne



D: A new flood embankment would be created to link sections B and C. This would cross the
agricultural land, following for part of its course an existing low flood embankment constrasted
part of a flood protection scheme in 2016

E: A system of dites in and around the village would provide drainage within the flood protection
boundary.Some food water would be directed to a holding area, where it could themliseharged
at low tide orpumped into the estuary.

Geology

The proposed Fairbourne flogatotection area is underlain by superficial deposits which have
accumulated in the 6,000 years since the end of the Ice Age (fig.11):

Pebble torm beach deposits make up the shingle spit of Ro Vehind which Fairbourne village is
situated. The shingldas accumulatedaturallyto a height of approximately 5m above the sand
beach which marks the normal level of high tide under calm sea conditions.

Tidal flat deposits underlie Fairbourne village, agricultural land to the north and some agricultural
landto the south. These are mixed deposits of sand and clay which gengalige gooddrainage.

Peat underlieshe most southerly fields near Friog. Drainage through peat is generally poor, causing
the ground to remain saturated for a longer periaffer wet weather.

Superficial deposits
[ Glacial Tl

[ Head

|| Storm beach deposits
[ Alluvial fan deposits 7
[ Tidal flat deposits

[ Peat

|| Coastal zone deposits

Sy ,f./

Figure 11

Geological map showing
superficial deposits around
Fairbourne.

(after Buss, 2018)
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Sea defences

Surveying was carried out at the northern end of the goifrse to determine the relative heights of

the existing flood defences. The work was undertaken at a high spring tide with calm sea conditions,
when the tidal height was quoted as being 5.1m abGbartDatum. Heights are shown in fig.

(Note that CharDatumfor Barmouthlies at 2.4m below Ordnance Datym

10.0m
8.4m
concrete flood protection
wall embankment 5.6m
pebble .
storm agricultural land
sand beach

Figurel2: Heights of land components abo@hartDatum

At the current time, the area of agricultural land, as well as the village of Fairbournat, lies
approximatelythe level of high spring tides. It is unlikely that this situation will changaficantly
before 2065.

The situation caused by storwavesis of greater concern. However, if the concrete sea wall is
maintained in good condition at a height of approximately 1QD. for the full distance to Friog
cliff, then no direct overtopping by wavésexpected for atorm pressuresurge of 25m height

Flooding has occurred in recent years during storm conditions in the area south of Fairbourne village
(fig.13), although the village itselfas not been flooded.

Figure B

Localised flooding to the
south of Fairbourne village
during stormconditions.

It is understood that deterioration in the sea defences at the Friog corner allowed water to seep
through the embankment. A major strengthening of the embankment has recently been carried out
by Gwynedd County Counaihd Natural Resaorces Walesincluding the emplacement of sheet steel
piles to prevent water inflow, and the addition of large boulders to dissipate wave energy)fig.1

This work should be very effectivepneventingthe future infiltration of storm water.
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Figue 14

Friog cliff, showing large
rocks recently added to
the sea defences.

During storm conditions, breaking waves may carry water over the current sea wall. The volume of
sea water entering the Fairbourne flood enclosure could be reducéddpgasing the height of the

wall by perhaps 1m. The broad flat top of the sea wall embankmentfigtibuld make this

feasible.

Figure b

Recently reconstructed
sea wall embankment
at Friog.

It is of concern that a very limited pebbleoain beach is present at Friog cornek comparison of air
photographs indicates thaharine erosionistaking place (fig.@).

2009

Figure B: Compason of the extent of storm beach deposits at Friog corner (Google Eal
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The problem of shingle spit erosion appears to be confined to Friog. ObservatiBhdlipset al.
(2017)indicate that he spit further north is maintaining a stable or slightly increasing volume of
storm beach Bingle (fig.T).
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Figure 17 Volume of storm beach shingterer the period 191-2013(Phillips et al., 2017)
The storm beach is seen to be losing shingle at Friog corner (blue), stable at Fairbourne

village (yellow) and slightly gaining shingtehe northern end of the spit (green).

Replenishing the beach depositskatog cornemvould dissipate the power of storm waves, and
reduce the amount of wave overtopping of the sea wall.

The beach might be replenished directly by adding sedimerns.féund that angular rock material
from a land quarry is more stable than rounded pebbles from a beach source, and less likely to be
removed by wave action. Measurements have shown thasthiagle storm beach material at Friog

is generally of larger dineter than pebbles found further north along the spit (fi§):1
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Figure B: Sizes of random samples of storm beach pebbles.
(Fieldwork by students of Coleg Meirion Dywyfor, Dolgellau)
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It appears thathe long shorewvater velocityvectoris greater at Friog corner, perhaps due to the
abrupt change in direction of the coastline. This results in smaller shingle being carried northwards
by longshore drift, whilst larger material is left in situ. It is therefore recommended that rock
materid with a mean diameter of5cm or greater is used in beach replenishment at Friog, to
prevent its rapid loss.

An alternate strategy would be to trap sediment which is being carried naturally along the coast in a
northerly direction by longshore drift. Thimaterial is likely to be a mixture of sand and coarser
pebbles derived from the soft cliffs of glacial deposits between Tywyn and Liwyngwril. Trapping of
sediment could be achieved by the installation of a series wooden groynes across the beach,
perpendcular to the shore, between Friog and Fairbourne village.

Trapping of sediment can also be carried out by constructing ashoffereef parallel to the sea
wall, with sediment then accumulating along the beach in the sheltered water that this credtess.
reef might be constructeérom rocks, concrete blocks or other obstacles placed on the sea bed.

Figure B

Diagram illustrating the
emplacement of concrete
cylinders to create an
artificial reef.

In addition to dissipating wave energy and preventing wave overtopping of the sea wall, a reef has
benefits in providing sheltered habitats for fish and other marine eeef structure is currently
being constructed nearby at Borth as part of twadal protection scheme:

The most significant element of the new defences, when they are completed, will be the
broad shingle beach. The mufturpose reef is a relatively new concept for use in coastal
defence, and being located 400m offshore, it will m®hbtrusive, only being visible when

the tide is out. Waves will break over the reef, reducing energy to protect the beach from
erosion, and encouraging the development of a wider beach inshbd®hnson2021)

Effective computer modelling software iswm@vailable to evaluate the likely outcomes of the
different coastal interventions possible.
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Railwayembankment

The south eastern boundary of the proposed flood defence area would be formed by the existing
railway embankment. The line gradually desceaitisr passing around the Friog cliffs (fig).1

Some measures might be necessary to ensure that drainage water from the hillside above Friog does
not flow down the road under the railway bridge during storms. This might involve building up the
road surfae below the bridge.

Figure20

Railway bridge at
Friog.

On thelandwardside of the railway embankment, th&fon Henddotrosses fields after descending
from the hillside above Friog. It is then directed alongside the raitmalyankmentfor some
distance in a newly constructetbbd alleviationchannel

Figure 2

Afon Henddol flood
alleviationchannel. The
structure in the left
foreground is the entrance
to a culvert beneath the
main road at Fairbourne
level crossing. This inlet is
fitted with a screen to catch
flood debrisand prevent
blockage of the culvert

Linked to theflood channel is a@rainage ditch which has passed through a culvert under the railway
(fig.22). This carries an outflow of water from fields to the south of Fairbourne villadbe
proposedflood protection scheme, this culvert would be blocked to prevent any risk of inflow of
flood water from the Afon Henddol. Internal drainage from fields to the south of Fairbourne would
be redirected along a drainage ditch system through the village tchreaidal gate at the estuary.

15



Figure 2

Culvert carrying a
drainage ditch under the
railway, 100m to the
south west of Fairbourne
level crossing.

The railway has descended by the time Fairbourne station is reached, but the level of the line
remains atabout 2m above the general level of Fairbourne village2@)g.

Figure 3
STOPIWCH'|

i L g Approach to the level
- A~y ' ot crossing at Fairbourne
station. The road
risesby about 2m to
cross the railway.

= ey 1110

Since the railway embankment would be protecting the village only from hillslope runoff, the low
embankment of 2m appears adequate. In the event of floods affecting the railway line at some
future date, it is likly that the problem would be addressed Bgtwork Railnd the level of the
trackbedwould be raised.
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Estuaryembankment

The northern boundary of the flood protection area is formed by the existing flood embankment
(fig.24). This structure has been enlarged and strengthened in recent yeatatbyal Resources
Wales and provides good protection from high water levels in the estuary.

The embankment would not be subject to extremave heightsas in the case of the sea detes,
becausenvaveswould be dissipated gently through the large lower basin of the Mawddach estuary.
However, it would not be a major engineering problem to raise the level of the embankment by
perhaps 1m if this should become necessary at some tirtleeifuture.

Figure 2

Flood embankment
constructed around
the edge of the golf
course and adjacent
agricultural land.

At the pointwherethe embankment reaches the sea wall, the narrow gauge railway crosses the
flood boundary at a slightly lower elevation than the top of the embankmen®8gjg.A control
structure has been built, which allows a flood gate to be positioned across the twhen necessary
to prevent inflow of water from the estuary.

Figure B

> - Control structure with

~ m!!=;@igm¥ i YL S e a flood gate which can
O =T o v be closed across the
o ' Fairbourne railway.

T

—_—
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Proposed flood embankment

The proposed scheme would require the construction of a new flood embankment to the east of
Fairbourne village, to connect the line of the railway with the existing embankment alongside the
estuary.

The new embankment would begin at a point where a culvert carries a stream under the railway,
approximately 200m to the east of Fairbourne station. This marks the start of a stone built
causeway constructed durirfpod alleviationworks in 2016

Figure 26

Railway embankment
east of Fairbourne
station, with the
causeway in the
foreground.

The causeway structure continues northwards towards the estuary Tjigb2fore turning west
towards the village of Fairbourne. The causeway i weastructed from substantial rocks, and
would form a firm base for a new flood embankment.

Figure 7

Causeway forming part of
the 2016 floodalleviation
scheme.
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The proposed flood embankment would continue northwards across agriculin@) following the
line of a vehicle access track created during the 2016 flood protection (figr8). This track was
used totransportclayfor the estuaryembankment construction. An access rahgs beerbuilt at
the point where this track reaclsghe embankment.

2009

realignment of

embankment
: vehicle track
construction of to clay pits
new tidal gate
realigned course
of Afon Henddol
clay pits |
excavated
2016 -
river culvert
below railway

Figure B

(above) Area of agricultural land north of Fairbourne villagg009before construction began

(below) The same area in 2016 after construction of the flaltel/iationscheme. An area of farmland has
been excavated to provide clay for the embankment works. This has now created a series of water fille
pools

Air photographs: Google Earth
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The proposed flood embankmehésalong the approximate line marked in .28, connectng tothe
existing embankment alongside the estuaReliable engineering designs are availabldtier
construction ofsmall flood embankment&hich minimise seepage through or below the structure.
It is appreciated that the embankment woulghibit agricultural activities, but access ramps could
be constructed on either side to allow movement of livestock and machinery.

Figure ®: Proposed embankment- dlong the rock causeway,
2 - continuing across agricultural land

Internal drainage

Despite the presence of boundary walls and embankments, it is inevitable that some drainage water
will enter the Fairbourne flood protection arefor example: from direct rainfall or wave

overtopping of the sea wallThis will be dischrged into the estuary through the existing tidal gate
located near the golf course.

A map of he drainage ditch network in the southern section of Fairbourne is shown Bifig-he
series of culverts beneath the railway labelled B would be blocketb maintain the integrity of
the Fairbourne flood protection area, with all drainage directed northwards.

A mobile home park is situated at the southern point of the Fairbourne flood protection area
(fig.30). A new drain connection is proposed, whichlinki the mdile home park with the
Fairbourne village drainage ditch network, as shown in fig.31.

Figure ®

Mobile home park at
the southerntip of the
Fairbourne flood
protection area.
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Proposed drain
connection
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Figure 3. Drainage network in the southern section of the Fairbourne flood protection ar
Map afterBlack and Vatch (2012)
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Themain drainage ditch runs northwards across fields to reach Fairbourne \(figg2). The ditch
route continues alongside houses in Ffordd Meirion (fig.33) to reach Beach Road.

Figure 32

Main drainage ditch
crossing farmland to
the south of
Fairbourne village.

Figure 3

The drainage ditch
route alongside
Ffordd Meirion.

Figure 34

Drainage ditch
continuing alongside
the narrow gauge
railway track on
Beach Road.

A map of the drainage ditch network in the southern section of Fairbourne is shown in fig. 35.
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fig.36

Figure &: Drainage network in the northern section of the Fairbourne flood protection ar
Map afterBlack and Vatch (2012)
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From Beach Roadhe drainage ditch route continues northwards through the village, passing
Fairbourne village hall (fig.36). The drainage water flows into a culvert at Belgrave Road, to emerge
onto agricultural land at the north of the village (37).

The drainage ditch route from Fairbourne villdges a confluence witthe Afon Henddglwhichwas
re-routed around the village by the 2016 flood alleviation scheremm the confluence, the river
continues northwards to reach a tidal gate where it discharges into the Mawddach estuary (fig.38).

Figure &

Drainage ditch routed
northwards alongisle
Fairbourne village hall.

Figure ¥

The drainage ditch
reaches agricultural
land north of
Fairbourne village.

In the proposedscheme, the Afon Henddol would be routed outside the Fairbourne flood protection
area to reach the estuary at an alternative tidal gate further to the east. The current Afon Henddol
tidal gate would be retained, but would only discharge water from the Fairbourne village drainage
ditch network.

24



Retention pond

The current Afon Henddol tidal gate is shown in fig.38. This has a pair of hinged doors which open at
low tide to allow outflow from the drainage channel, then close with a rising tide to prevent inflow
of water from the estuary.

Figure 38:Tidal gate alongside Fairbourne golf club at the mouth of the drainage ditch network.
(left) Inlet from the stream channel (right) outlet to the estuary.

In the proposed scheme, theain channel of the Afon Heldol would be redirected to another tidal
gatefurther east so theoutflow volumeat this pointwould be greatly reduced

It would be possible to route all drainage water directly from the Fairbodnagnage ditch network

to thistidal gate. However,discharge into the estuary is generally only possible for a few hours

before and after low tide. During a major storm event, water may penetrate the boundaries of the
flood protection area or fall within the area as heavy rainfall. This could causedimage ditch

system to fill to capacity and overbank flooding occur, endangering properties. To avoid this risk, it is
proposed that a retention pond be created which would temporarily store water during a storm

event and discharge it safely to the estyat the next low tide.

Although most of Fairbourne is in use for housing or agriculture, a significant area of wetland was
created when excavating clay for the 2016 fl@lgviation scheme constructiomork. A series of
open poolsow exist,borderedby reed beds (fig.32). This would form a suitdbtationfor
developnga flood water retention pond A map of the area is shown in fig.33.

Figure 32

Area of wetland
created by
excavation of clay,
and now vegetated
with reed beds
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«—— fig.34
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proposed embankment
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Q proposed pond extension

Figure 33 Area of wetland reed bedzroposed as a flood water retention pond

The retention pond would be creatday further excavation of clay, which in turn could be used in
the construction of the new flood embankmenthe pond would be linked by a culvert to the
existing river channel which meanders westwards to its confluence with the Fairbourne drainage
ditch autlet. The section of former river channel between the retention pond culvert and the new
flood embankment would be filled with earth and the land surface restored.

During a storm event at a high tideghendrainage water accumulates in the ditch network and
cannot discharge through the tidal gat@aterwill flow instead to the retention pond This will
avoidthe risk ofoverbank flooding. At the next low tide, water will flow out from the retention
pondandre-join the outlet channel to the tidal gate.

Figure 3

Current course of the
Afon Henddol passing the
northern edge of the
wetland and flowing
towards the confluence
with the Fairbourne
drainage ditch network
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Sea water interception

Fairbourne village may beccasionallyat risk from storm waves overtopping the storm beach, and
possibly from slight seepage of sea water through the sea wall during periods of high sea level.

A buried sewer runs along Penrhyn Drive to the north andtsofithe Beach Road junction, in front
of the rows of properties which face the sea embankment. Surface water can drain into roadside
grids (fig.35), and is themansportedthrough the sewerage system to a treatment works on the
outskirts of the village.

Figure 35 (left) Utilities map indicating the location obariedsewer along Penrhyn Drive (after
Black and Vach, 2012). (right) Roadside drainage grids in front of properties in Penrhyn Drive.
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Figure 36 shows the Fairbourne coastline at the heiglgtofm Claran 9 February 2020 This
storm caused extensive flooding across North Wales, for example in the villdgesmwistand
BeddgelertHowever, m flooding occurred in Fairbourne, with the repairs to the sea wall at Friog
proving effective.

Figure 36 The Fairbourne coastline during Storm Cl&ebruary 2020

At the present time, there seems to be no flood risk to properties from wederied over the sea
embankment. If this situation should change due to increasing sea level or storm intensity, a
solution would be to construct a surface water French drain along the base of the sea wall
embankment(fig.37) in front of properties in Pehyn Drive

Figure37

Proposed line o&
Frenchdrain to collect
water from occasional
overtopping waves.

The drain may consist of a gravel filled trench containing a perforgtesticdrainage pig into
which water may flow (fi@8). Space for this drain exists between the narrow gauge railway track

and the road (fig.39).
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Figure 38

Construction of a
French drain, with a
slotted plasticdrainage
pipe buriedin a gravel
filled trench.

Figure 39

Possible site for a
French drain along the
grass verge between
the narrow gauge
railway and the road,
Penrhyn Drive.

The drain may be linked to the Fairbourne village drainage ditch network by means of a culvert

underneath Penrhyn Drive and alongside Beach Road (fig.40).
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Figure 40

Connection of the sea
embankment drain
(brown) by culvert to
the drainage ditch
network, Beach Road.



5. HYDROLOGICAL MODELLING

Computer modellingvascarried out to evaluate the eff#iveness of the proposed flood defence
scheme for Fairbourne villag€onditionsalong each boundarnywere applied to represenaworst
casestorm scenariofor sea levehspredicted for the year @65.

Themodelling considard the possibilitesof water entering the Fairbourne flood protection area
from a number of sources:
X Wave overtoppin®f the sea wall, and water seepatgeough the sea wall.
x Estuary overtopping of thédod embankment, and water seepage through the
embankment.
x Hillslope runoff overtopping the railwagndflood embankments, and seepage of hillslope
runoff through the embankments.
x Direct addition of rainfall over the flood protection area.

Modelling simuAted the movement of water through the flood protection argamporarystorage,
and then itsdischargdnto the estuary by gravity flow or pumping.

Flooding from the sa

Surveyindhas shown that the sea wall between Friog cliff and Fairbourne golf club provides a clear
height difference ofl.5 m above the level of the maximuspringtide andstorm surge predicted for

the year 2065. Hwmever, major winter storms have occurred in dgeth Bay in recent years, with
significant damage occurring at Aberystwyth promenade due to breaking waves.

Figure 41

Aberystwyth storm
of January 2014

The waveamplitudeexperienced in Cardigan Bay is the result of a number of factors: the approach
direction of the waves, which determines the maximum distance of travel across open sea; the wind
speed and duration of the storm; and the local configuration of the sea bdaaastline. Very

large waves approaching Fairbourne during a storm might typically have a frequency of 10 sec. and
an amplitude obm.

Water circulates in cells beneath seawes {ig.42).

Figure 42

Diagram showing
changes to water
motion below sea
waves as they
approach a shoreline.
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Asthe zone of rotating wateencountersa beachthe wave crest maintains its forward velocity
whilst the water cells below are slowed by drag at eeliment surface. This causes the wave to
JA ESUEV }E Z E I[X

Where awave encounters a gently sloping beach, tbational motion is gradually dissipated and

the wave spills (fig.43a). The water has sufficient forwards momentum to continue up the beach,
carrying beach sediment which is deposited on the upper sléfmyever, vihere awave encounters

a steeply sloping beach, there is no opportunity to dissipaterdthational water motion. The wave
plunges (fig.43b) and water continues to rotate. This creates an erosional backwash which carries
beach material back towards the sea.

spilling breaker uprush swash

—
———
—

-
—-—
—
-
-

plunging breaker --"

-

_ - -~ Dackwash

Figure 43a (above)Constructive spilling breakeh: (below) Erosional plunging breaker.

Thismechanisntan explain erosion at the narrow, steeply sloping beach at Friog, whilst deposition
is occurring on the Ro Wen spit further to the north where the beach is wider and slopes more
gently.

The pebble storm beach &riogrises at an angle of approximatelg°¥rom the sandy foreshore.
Wave energy is dissipated effectively, with only the occasional wave crest overtopping the sea wall.
The sea wall would only be at risk of overtopping for about an hour either side of high tide.

wave cest
crest of sea wall

wave trough

Figure 44 Maximum predicted storm wave height in relation to the shingle storm beach near F
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From models of breaking waves at a gently sloping sea wall, it is estimated thaf diater might

cross 1m of the sea wall as an extreme wave breaks. Such a large breaking wave might occur once in
ten waves, representing an occurrence once every 100 Bbis is equivalent to an average flow

rate of 10 litres/sec/m over the affecte@mgth of sea wall.

Taking into account all factors, a maximum estimate for the total volume of sea water which might
cross the sea wall and enter the flood protection area at Fairbourne in an extreme storm is 8 000m

Furthernorth along spit, beachiises more gently, as seen in the middle distance in fig.45.

Figure 45

Ro Wen shingle storm
beach, looking
northwards towards
Fairbourne village.

Spilling breakers occur along tlsisction of the shoreline, witthe storm beach stable or a small
amount of shingle being added during storms. Modelbgdhillipset al. 017)indicates thatafter

a wave has spilled, the water elevation reduces to the normal tidal height plus any additional storm
surge due to low atmgsheric pressure.This is the water height which would be observed at the
shingle storm beach. The authors tested their modelling by photography during actual storms, and
found the model to be accurate (fig.46).

Figure46. Model for change in watatepth on approach to the Ro Wen shingle spit
(after Phillipset al.,2017)

32



It is concluded that @tection by the pebble storm beach becomes more effective northwards along
the Ro Wen spit No significantvave overtoppinds expectedat Fairbourne villagduring stormsup
to and beyond the year 206%llowing for predicted increases in sea level and storm surge heights

Flooding from the stuary

Water heightsalong the banks of estuaries may inluencedby the tidal heightwaves or river

inflow. Chen et al. (2018) have made a study of wave heights in the Delaware dsttiaeyJSA,

which is hydrologically similar to the Mawddach estuary. They found that sea wavpspegated
mainly along the deeper water channel and quickly dissipate in shallow water along the margins of
the estuary, particularly where salt marsh vegetation is presi¢id.safe to assume that the water
height alongside the Fairbourne estuary embankmentnutibe increased by wave actiday more
thana couple of centimetres

Figure 47

Saltmarsh between
the estuary flood
embankment and
the mouth of the
Mawddach estuary.

The possibility of river floodingt the head of the estuargffecting the water level at thd-airbourne
embankmentmust be consideredlhe largest flood event ever recorded on the rivers Mawddach
and Wnion was in July 200dausingxtensive damage taver bridges in the Coed y Brenin area.
Hydrographs (fig8) indicate anaximum flow rate of 400ffsec. on the Afon Mawddach and
320m?¥/sec. on the Afon Wnion.

Figure 48 Hydrographs for points on the rivers Mawddach (left) and Wnion (right) during the extreme fli
event of 3 July 2001.
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The July 200flashflood event was caused by exceptional summer convective thunderstorms over
the mountains, and was not accompanied by a tidal surge and high sea waves as would occur in a
winter gale. Maximum flood dischargescordedon the rivers Mawddach and Whnion insfgonse to
winter frontal stormshave beersignificantlylower.

§C%] o u}vsZ[s 8] o 3§ (}JE @&u Madatioh-oeciistetieen $priXg and
neap tides, with the maximum tidal height around 5.5m.

Figure 49 Atypicalmor$Z[s §] o § & }& C $Z 8] o
railway bridge.Chart Datum for Barmouth lies at 2.4m below Ordnance Datum.

Flood modelling for the Mawddach estuary was carried out using River2D sofiStefédr &

Blackburn, 200R The program has effective functions for simulating the wetting and drying of
saltmarshes during tidal cycles, allowing different values of resistance to water flow to be applied to
areas of sand and salt marsh vegetation.

Figure50: Model for theMawddach estuary at maximum tidal and storm surge heigl
along with flood inflows from the rivers Mawddach and Whnion.

34



To model an extreme worst case future storm scenario, a tidal surg®mf & the estuary mouth

was added to a spring Higide of 5.5m. Such a storm would also be likely to cause flooding on the
rivers Mawddach and Wnion which discharge into the head of the estuary. Flows of/386nand
250m¥/sec. were applied for the rivers Mawddach and Whnion.

The model predicted extensive shallow flooding of low lying fields between Dolgellau and
Penmaenpool in the upper basin of the estuary. However, the river inflow dissipated through the
large middle and lower basins and no measurable increase in wateh dbpt/e the tidahnd storm
surgeheightwas observed around Fairbourne as a result of the river flood.

Water inflow on the rising tide reached a maximum of 8 @@¥sec., with a maximum flow velocity
through the estuary mouth of 5m/sec.

The maximum watelevel stabilised against the Fairbourne flood embankment approximately five
minutes after the peak water level at the estuary mouth, at a level4hMelow the top of the

flood embankment, an@.4m above the level of the adjacent agricultural land.e Water remained
at this level against the embankment for only a short period before receding with the falling tide.

Flooding from filslope runoff

The mountainous hinterland above Fairbourne has mainly thin podsolic soils overlying low
permeability mudsbnes, slates and igneous rocks. This results in quick saturation and fast runoff
during rain storms.

Figure 51

Mountain land above
Arthog.

Modelling was carried out to determine the effects of an extended period of heavy storm rainfall
overthe mountains above Fairbourne. This made use of hillslope hydrology software developed
previously to investigate flooding in the Mawddach catchméfdl{& Cratchley2015).

The model divides the land surface into 50m squares. The soil and subsoil depth and water
conductivity within each square are then estimated, based on the underlying geataipuperficial
deposits, slope angle, and type of land use. The selected #usks of the soil and subsoil are each
subdivided into layers (fi§2).
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A storm event extending over several days is simulated as a series of 15 minute time intervals.
During each time interval, rainfall is added to the grid square. Water moves betagers of the

soil and subsoil according to the conductivity and degree of saturation. Water may be transmitted
down the slope to adjacent grid squares in response to the hydraulic head, and may be lost to the
underlying bedrock according to its permditly. Where the uppermost soil layer becomes
saturated, the excess water is released at the surface as overland flow, and may enter a stream
channel.

Figure 52

Mathematical
structure of the
hillslope hydrological
model.

Water flow in open streams and channels is modelled using hydraulic equations based on the
gradient, roughnss and wetted perimeter of the channelhe model takes into account work done
during the 2016 Fairbourne floaglleviation scheme. This included raising the heights of sections of
the river banks of the Afon Henddol where it crosses fields after degsogficom the hills to the

south of Fairbourne (fig.53).

Figure 53 Drawings indicating sections of the river banks of the Afon Henddol wi
have been raised to prevent overbank floodiljack and Vaich, 2012)
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The model was run using data for an excepdigtorm event which extended over three days in
February 2004. Hourly rainfall recordings were available for the duration ctdne (fig53).

Figure 54

Rainfall pattern over the
Meirionnydd coastal region
during one hour of the
severe storm event in
February 2004.

This storm resulted in severe flooding on the Afon Wnion in Dolgellab%ig.

Figure 55:Flooding on the Afon Wnion in Dolgellau in February 2004, following several
of continuous heavy frontal rainfall.

The objective of the ilislope runoff modelling was to estimatbe volume of water reaching the
southern boundary of the proposdeairbourneflood protection areaat the railway embankment
Results are shown in fip below.

It was found that the runoff caused a rise in the water table to within 5cm of the ground surface in
the fields south of theailway. Stream flow, however, remained within the channels and no
overbank flooding occurred. This is a reasonable result, since the catchment area of the stream
draining from the hillside above Fairbourne is relatively small. It was concluded #hakitting

railway embankment provides adequate protection for the village of Fairbourne against storm water
runoff from the surrounding hills.
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Figure56. (above) Flood model for the hillslopes above Fairbourne aftaulation of two days of
continuous heavy rai