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1. INTRODUCTION

Theobijectiveof this supplement is to give a straightforward explanation of the science
underlying the flood risk to Fairbourne, and the value and limitatiorth@tomputer

models used in flooébrecastingfor the area. The text is directed towards the rgpecialist
reader, so that they may be better informed when taking part in discussions about future
plans for the village.

It has been stated that the village ddiFbourne is at serious and increasing risk of severe
flooding from the sea, the Mawddach estuary, rivers draining thednidlandthe village,

and localised flooding which develops on the coastal lowland during storm events. It
appears to be the intentin of Gwynedd County Council to abandon and demolish the village
at some timeshortlyafter 2045 This decision has been widely reported by the national
media.

A survey was recently carried out by Arthog Community Council to obtain the views of
Fairboune residents to the proposed plans for the villggethog Community Council,
2021) ltis clear that there is a feeling by residents that they have not been adequately
involved in discussions:
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Residents areoncernedhat Fairbourne is being selected fdecommissioning without
adequate justification:
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sea level. We have the impression that Fairbourne is being singled out for

abandonment when in fact other towns/villages in the same area have been more

affected by storms and rising sea level. We would argue the village dbeuld
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It is known that he Fairbourne area Isdbeenhistoricallyaffected by floodindfig.1)

Figure 1

Flooding at
Morfa Mawddach,
1927



As a consequence of flosduch as the 192&vent, flood defenceembankments were
constructed along the estuary shore and alongsideAfon Arthog. No widespread flooding
has occurred in the area since the construction of these embankm@imisstructures vere
strengthened and increased in height during the 2016 Fairbourne flood alleviation scheme
and now provide aigh degreeof protection (fig.2).

Figure 2

Flood defence embankment
alongside the tidal mouth of the
Afon Arthog. Alrainage ditch
discharges through a culvert
under the embankment,
enclosed by the rectangle of
fence.

Figure3:

Tidal gate at the outlet of the
culvert, which opens at low tide
to allow outflow of drainage
water from Arthog Bog and
adjacent farmland.

Fairbourne nevertheless remains vulnerable to flooding from a series df sweas and
streams which cross the coastal lowland to discharge into the estuary through tidal gates

(fig.3).

A revised flood protection schenigproposed for Fairbournewhichincorporates the

existing sea wall, estuary and railway embankments,@leith a new section of

embankment to be built across agricultural lantmediatelyto the east of the village. The
objective of the scheme is to eliminate the risk of flooding from the Afon Henddol which
flows around Fairbourne, and of surface water flowgfrom the coastal lowland. The

scheme would also greatly reduce the length of estuary embankment that would need to be
maintained and perhaps upgraded to protect the village.
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A series of questionsave beeraddressed ithe accompanyindeasibility studyfor the
proposed new flood defence scherend will be further investigated here

X Is thereanyrisk of failure of the sea defences between Friog and Fairbourne?
Are the sand and shingle storm beach deposits along this section of the coastline
stable, or subject to erosion or deposition?

X What volume of water is likely to wash over the sea defenioemughwave
overtopping during a worst case storm event?

x Is the estuary embankment around the north of Fairbourne village of sufficient
height to prevent overtopping from the estuary during a worst case storm event?
Is the embankment of sufficiently substantial construction to withstdathage and
prevent throughflowat times of high water level in the estuary?

X Would the village be adequately protect against flooding from the Afon Henddol
and surface water accumulatingnthe coastal lowland during a worst case storm
event?

x Can drainage water within the Fairbourne flood protection boundary be discharged
effectively into the Mawddach estuary duringdafter a worst case storm event?

The methodology for answering these questions will generally begin by examining field data
collected in Fairbourne and the wider local area. Computer modelling will then investigate
anyincrease in flood risthich mightoccur as a result of climate change uphe year

2065.

2.SEA CONDITIONS

Much of the argument for the abandoning of Fairbourne is centred arguadictions ofsea
level risewhich maylead to flooding from the sea and estuary. In this sectionntian
scientific factors affecting current and future sea levelsamasidered

Tides are fundamental to coastal processAgyiaph of tidal heights at Barmouth for a
typical monthis shown in figd.
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Figure4: Typical tidal data for Barmouth



The tidal graplshows complex variatios during themonth. The most obvious feature is the
approximately wice-daily high tidecaused by interaction between the Earth and moon. A
high tide occurs at the point closetst the moon due tagravitationalattraction, and furthest
away from the moordue to rotational inertia acting on the water body where the
gravitational force from the moon is lowe§tg.5).

Figureb:

’:::::,:’::@;?f Tidal influence of

the moon

During each monthvariatiors between periods ofpring and neap tide are caused by the
alignment of the Earthmoonandsun. Every fortnight, the sun and moon lie in
approximately the same line, so that tidal effects are increased. This produces particularly
high spring tidegfig.6).

Figure®6:

,,,,, e Spring tides produced
,,,,,, e by a suamoon
alignment.

A week after the spring tides, the moon and sun will be positioned at right angles when
observed from the Earth. The cumulative tidal effect is reduced, and lower neap tides are
produced(fig.7). :

Figure7:

Neap tides produced
by the sun and moon
aligned at right angles
relative to the earth.

These normal stronomical tdes occur as bodies of water move through the oceans in
response to the grawttional effects of the moon and sun. However, thater flows are

often heavily constrained by the distribution of land masses. Maximum tidal heights vary
considerably around the coast of Britain @g.These are highesthere converging coasts
create a funnel shape into which tidal flows @@ncentrated The greatestidal ranges are

found in the Severn estuary, Megambe Bay and the English Channel. On more open
sections of coast, the tidal range is less extreme. The current maximum daily tidal range for
spring tides at Barmouth is 5.5m.



Figure 8

Variations in tidal range
around the coast of

Mean Speing i s o .- e
Tidal Range E Britain.

(Ahmadian, Morris, &
Falconer, 2010).

High gring tides alone are unlikely to cause coastal flooding. The risk becomes greater
when the water height is increased bgt®rm surge.

Surges are generated by low pressure weather systems, with the most extreme being
hurricanes. The low atmospheric pressure causes a rise in the sea surface beneath the
storm. Descendingtormwinds depress the mass of water immediatbglow the storm
centre, which isthen pushed outwards bghe circulatingwinds to create the surg€ig.9).

storm
depression

PES) B SN storm surge astronomical
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Figure9: Creation of a storm surge beneath a low pressure weather systel

Once generated, storm surges travel across the ocean in the same manner as the tides.
Figl0shows a computer model produced using DELFT 3D software to illustrate a worst case
scenario of a hurricanérce storm travelling through the Irish Sd2eftares, 2017)Thelrish

Sea im semienclosedbody of water, sdhe associated surge relativelyweak The

maximum surge height is predicted to be 1m above the level of the astronomical tide. The
storm surge may contribute to coastal flooding if it sktbaccur during a maximum spring

tide.



Figure 10:Storm surge as a consequence of a hurriciomee stormtravelling through the Irish Sea.

Afurther risk forcoastal floodhgisthe actionof waves There are three main factors that

affect wave formation: wind velocity, fetch, and duratidetch is the distance over the

water that the wind can blow uninterrupted. The greater the wind velocity, the longer the
fetch, and the greater duration the winddws, then the more energy is converted to waves

and the bigger the waves. However, if wind speed is slow, the waves will be small. It takes all
three factors acting together to create big waves.

The Irish Sea is sheltergdith only relatively narrowconrections to the souttalong St.

' } & P Channel and to the north along tlidorth Channelsothe majority of waves are
locally generatedThe wind direction leading to the largest wavatsFairbourne is from the
south west, where the fetch direction extesdut into the Atlantic.Modelling predicts that
the maximum wave heiglabove specified tidal heighfior the central Irish Seaould be8m
(fig.11). Thisstorm wave heightvould be expected to occur once in 50 years.

Figurell:

Distribution of extreme
wave heights with a 50
year return period
(Bricheno, Wolf, &
Aldridge, 201}

significant wave height (m)



Wave Height (m)

Observations of waves in Cardigan Bay were compiled by Thompson, Karunarathna, & Reeve
(2017) for a series of severe storms which cawsddnsive damage to the promenade in
Aberystwyth during January 2014. It was found that waves reached a maximum height of

7m above specified tidal height under extreme storm conditions offshore from Aberporth

Figure 12:

Wave heights in Caigbn
Bay at an offshore
recording point (blue)
during storm conditions.
A computer model (red)
is shown for comparison.
(Thompson et al. 2017)
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Wave height tends to reduce on moving from open sea towards the coastline. The
maximum wave height abe to the coast at Fairbourne is unlikely to exceed 6m.

Climate change

Phillips, Thomas and Morgan (2017) haeenpiled data from the Barmouth tidal gauge in
order to investigate the current trend in sea level. Graphs are shown i8.fig.1
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Figurel3:

Average and maximum
sea levels recorded at
Barmouth railway bridge
for the period 1991
2016.

(Phillips, Thomas and
Morgan, 2017).



Bestfit straight linesappliedto the datagivesomewhatambiguous results. Whilst mean sea
level has risen by approximately 0.1m between 1990 and 2015, the maximum sea level has
remainedapproximatelyconstant during this period.

An examination of storm surges shows considerable variation from year todegsending
on the relatively random occurrence of severe storms. However, the average surge height
seems to have remained approximately constant over the period 1281 6(fig.14)

Annual Average Maximum Surge 1991-2016

1.100 . _
¥ = -0.0025x +5.6603 Figure 14:
R'=00222;p=048

0900 Maximum storm surge
0800 - ‘ heights recorded at
' S Barmouth railwaybridge for
0.600 the period 19912016.
0500 v (Phillips, Thomas and
0.400 Morgan, 2017).

1990 1995 2000 2005 2010 205 2020

1.000

Maximum Surge (m)

Timescale (yrs)

On the basis of these observatioms, significant increase in storm surge height in excess of
current sea conditions would be expected at Fairbourne for the period @06&. An

increase in mean sea level of approximately 0.5m is predigtéh the risk of coastal

flooding primarilydependent onthe maximum tidal heightluring a spring tide

corresponding with a storm surge.

Models have been produced for future seadkxise based oa variety ofassumptions

relating tocarbon emissions. These assumptions are in turn dependent on political actions
by governments around the world, and wide variations are seen in the results of the models.
A widely accepted sea leveloatel is UKCPQ9 (fidgp)l giving a maximum likely sea level rise

up to 2065 of 0.3m.

Figure 15:

UKCPO09 predictions for
relative change in sea
level for different carbon
emissions scenarios
(UK Government, 2014)

Based on the published datih appears reasonable to assumenaximumincrease in mean
sea level at Fairbourne of 0.50p tothe year2065. There is no strong evidence to suggest
that maximumexcessvave height, including storm surge, will increase from the current
extreme valueof 8m estimated forthe central area of the Irish Se& maximum irshore
excess wave height of 6m at Fairbourne is a reasonable assumption up to the year 2065.
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3. ESTUARY SYSTEM

To investigate the risk to Fairbourne of flooding from the Mawddach estuary, it is necessary to
examine the response difie estuary to storm events.

The course of the estuary between the sea at Barmouth and the upper tidal limiDudgellauis
shown in figures 16 and 17.

lower basin

middle basin

Figure B: Thelower and middle basins of thdawddach estuary.

Figure 17:The upper estuary basin. Arrows indicate the approximate tidal limits
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Water depth {cm)

Water depth recorders were installed on the rivers Mawddach and Whnion a short distance
downstream from the tidal limitdo investigate idal effectsin the upper basirfHall, 2008. A
typical recording is shown in fig.18.

Afon Mawddach: Llanelltyd Bridge
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Figure 18:Hydrographfor the Afon Mawddach near the tidal limit

The underlying pattern of the hydrograph is produced by river flow, which shows a steady base level
of around 30cm. A storm flood event was recorded when the river levelmosty to 150cm.
Superimposed othe river discharge are a series of twidaily tidal peaks which closely correspond

to tidal peaks measured at Barmouth. It is apparent that tidal flows only reach the rivers at the head
of the estuary during spring cycles, and the lower neap tides atreapresented.

A comparison of thabsolute heights of tidal peaks at Barmouth and on the rivers at the estuary
head indicate that the tidal flow loses height as it travels along the length adgheary (fig.19).

This is in contrast to estuaries such as the Severn, where the tidal peak increases in height as it
travels upstream.

Tidal peak elevation (cm) relative to a

Figurel9: Tidal maximum heights at the estuary mouth and at the estuary head
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The reduction in tidal heightllong the Mawddach estuary sainlydue to water entering wetlands
within the upper basin (fig.20here it is temporarily stored until the tide falls again.

Figure D: Wetlands in the uppeestuary basin(left) Phragmitesaustralisreed beds
(right) Wet woodland of willow, alder and birch above reedsed

A hydrograph recorder waastalledat Penmaenpool bridge (fig.21), close to the headland which
marks the boundary between the upper and middle estuarsims

Figure 21:

(above) Location of the
hydrograph recorder at
Penmaenpool bridge.

(below) Example
hydrograph record.

Water depth (m)
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Tidalpeaks are very prominent. A significant feature is the asymmetric shape of the peaks, with a
rapid tidal rise which inundates the estuary wetlands, then a more gradual fall as the wsdiainl
on a falling tide.

The mountainous region is reguladffected by storm events, which can create floods on the rivers
Mawddach and Whnio«fig.22)

Figure 22:Flooding on the Afon Mawddach near the tidal limit at Llanelltyd.

Thisoften leadsto extensive flooding of low lying agriculaltand in theupperestuarybasin
between Dolgellau and Penmaenpool (fig.23).

Figure 3: Flooded fields near Penmaenpool.

In the lower estuary basiduring a major river flooévent, at low tidethere is only a limited effect
on thewidth of the waterchanneldlowing between sand banks. Salt mai@iongside the lower
basinis exposed in much the same wayitas duringtimes of low river flow.

It can beconcluded that the lower estuary basin is so stroragiyninatedby tidal flows thatriver

flooding has no effect on the maximum tidal level recorded at Barmouth railway bridge. At high
tide, river floodwater remains in temporary storage within the upper and middle estuary basins, and
is gradually released when the tide falls.model for estuary war flows at a time of river flooding

is given in fig.24.

14



LOW TIDE

river flooding of wetlands
and agricultural fields in
the upper basin

river flowlargelyconstrained
to the central channels of
the lower basin

HIGH RISING TID

tidal peak advances up
the estuary, overriding
the river flow

HIGH FALLING TIDI

tidal peak continues to advance
up the estuary until it dissipates
into the flooded wetlands

outflow
begins

water behind the tidal peak
loses momentum as the tidal
level begins to fal

15

Figure 24:

Model for river
and tidal flows
during a period of
flooding at the
head of the
estuary.



From the timings of hydrograph peaks, it is found that the tidal peak takes approximately
35 minutes to travel the length of the estuary from Barmouth to Llanelltyd (fig.25).

Figure 25 Passage time for tidal peaks along Mawddach estuary.

Estuarytidal model

Theassumedpattern for the discharge dfiood waterin the Mawddach estuargystemwas tested
by comparison with a RIVER 2D computer modieke model is set up by creating a grid of points at
which the elevations dae estuary bed are recorded. The grid is extended to surrounding areas of

land within the flood plain.

Figure 26:

Finite element
triangulated grid
for the estuary
hydrological model.
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The RIVER 2D program models the estuary water flow in e s#gborttime steps whichin total
cansimulate one or more tidal cycles. Inflows from rivers can be specified, and may vary with time
to represent the occurrence of a flood event. Rising and falling tidal heights at the mouth of the
estuary are spefied, along with the occurrencef any tidal surge.

The area of the estuary model is divided into a number of elements, witedakarwater surface
elevation and thevectorflow velocitycomputed at each time step. The basontrolling equation is
the conservation of mass:

change .

) i W

in stored = inflow - oul °
volume

volume volume

which can be expressadathematically as:

where: H is water surface elevation, t is time, agadud g, are discharge components in the x and y
directions.

Water will flow away from points with higher water surface elevation, as a result of hydrostatic
pressure created by thdifferences in hydraulic head.

Ox
~ Figure Z:

Water flow due to
Qy differences in hydraulic
4 head.

"

Py &

The flow velocity, however, getermined bythe momentumof the water. The flow is fastest when
momentum is high.Anequation keeps an account of changes in momentum:

change in _ change due i lossdue to ) loss due to
momentum to bed slope bed friction turbulence

Changes in the elevation of the channel bed will alter the momentum of the overlying column of
water. A fall in the channel bed provides gravitational potential energy which caorberted into

kinetic energy to increase the momentum of the flow. Conversely, a rise in the bed will remove
kinetic energy and momentum from the flow (fig.28). Changes in momentum are again computed as
components in the x and y grid directions.

Momentum can be removed from the water flow by friction with the channel bed. For a sand bed,
this may be the result of transferring energgysand grainso create advancing dunes and ripples.
Greater amounts of energy can be removed when the water flow [gai$seugh and over salt

marsh vegetation at high tide. The program allows different frictional parameters to be applied to
sand banks and salt marshes within the estuary.
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Figure28:

Riwver bed factors

bed slope affecting water flow.
gravitational force

A more complex aspect of water flowtigbulence This is a rotational motion which can be created

in various situations, for example: when water flows over rapids or a weir; when fast flowing water is
forced to change direction around a bend in the channel; or when water flows through tall
vegetationsuch as reed beds.

Figure ®: (left) Turbulencecounteracting the forwards motion of a water flow.
(right) Turbulencegenerated in the tidal Afon WniomearDolgellau.

The RIVER 2ogramhas effective functions for simulating the wetting and drying of saltmarshes
during tidal cycles. tffers opportunities to investigate the effects of salt marsh, reed beds and wet
woodlands in enhancing temporary water storage. el incorporates aeddy viscosity

coefficient which is useih simulatingthe turbulent shearstressesvhich are higtior water flows
through dense, talWegetation but low for unimpeded flows across grasslariee model indicates

that reed beds andvet woodland can increaswater depth on the floodplaiby up to 60cm in
comparison to grassland, withconsequent increase iemporarystorage andeduction in tidal

height in the upper basin.

In initial models, theidal flows through theestuary mouth vere modelled bysimplyvarying the
external sedevelasa sine curve of 4m amplitude. Whilst this produced realistic patterns of inflow
and outflow for the lower estuary basin, the time taken for the passage of a tidal peak up the
estuarywas an order of magnitude too slow.
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The program was modelling the passive gravitatianavementof an elevated water mass on the
surface of a body of stationary watelt becameclearthat the real physical situation involves the
dynamic inflow oBubstantial water volumes at high velocities through the whole depth of the water
column at the estuary mouth during a rising tide. A revision of the estuary mouth boundary
condition was carried out, to model rising tides as transient inflows varyingaitally between 0

and 4 000ms?. Falling tides continued to be modelled by sinusoidally varying water level elevation
at the estuary mouth. This combination of boundary conditions produced satisfactory timings for
the movement of tidal peaks up the estry.

The sequence begins with water inflow through the estuary mouth on a rising tide. (fig.30). Water
flow reaches 5n1sthrough the estuary mouth at the time of maximum water level increase at mid
tide.

Depth

492
.4 43

394

345
285
246
-1 a7
1.45
093

0.00

Fig.30: Water flowthrough the estuary mouth at the period of maximum inflow on a rising tide.

Fig.3 shows the tidal inflow traviéng up the estuary through the channel constriction between the
lower and middle basins &archynys, where velocities reach 3ms

As the tide turns and begins to fall, outflow begins at the estuary mouth (fig.32). Fast flow occurs
within the channel system, with slower drainage from the extensive tidal flats of the lower estuary
basin.

Channel water levels show a progressive decline upstream through the estuary, eventually reaching
the upper basin where drainage occurs from the salt marshes and reed bed3)(fig.3
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Figure 31:

1.03

Peak tidal
inflow travelling
up the estuary
from the lower
to the middle
basin
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Figure 32:
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Outflow beginning
at the estuary
mouth on a falling
tide, with outflow
from salt marshes
north of
Fairbourne
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2 Figure 33:

199
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Drainage
beginning from
the salt marshes
and reed beds in
the upper basin.




The simulated hydrograph for Penmaenpool is given iB4igin comparison with thactual
hydrographrecorded at Penmaenpool bridge, this shows a similar asymmetric pattern with rapid
water rise on the incoming tide followed by a more grall roughly exponential fadls water flows
out of temporary storageni the reed beds and salt marshes of the upper estuary basin.

Figure 3k

Simulated hydrograph for
Penmaenpool Bridge.

The wholeestuary model is considered to give a satisfactory representation of tidal fldws.
appears very unlikely that the water height against the estuary flood embankment at Fairbourne
could exceed the combined tidal and flood surge height at the estuary mouth. Sea waves rapidly
dissipate within the enclosed and sheltered waters of the astuparticularly during shallow tidal
flow across the extensive salt marsh.

It is predicted that the maximum water height against the Fairbourne embankment for the year
2065 would be produced by a maximum 6m spring tide combined with a maximum stagen afur
2m, giving a total of 8m above chart datum.

10.0m
8.4m
concrete flood protection
wall embankment
pebble -
storm agricultural land

sand beach

Figure 35 Heights of land components above Chart Datum

Surveying indicates that the height of the Fairbourne embankment is above the pretietechum
water level, but the freeboard of 0.4m is small. It would be advisable to raise the height of the
section of flood embankmermiorth of Fairbourne villagby 1mas a precautionary measure at some
time before 2065.
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4. HILLSLOPE SYSTEM

It has beersuggestedhat Fairbourne is at serious risk frdlood water descending from the hills to

the south of the village. The objective in this section is to examine the mechanisms of hillslope
runoff, and to estimate thenaximum flood discharges for the Afon Henddol 8&and Afon Morfa

under worst case storm conditions as predicted for the year 2065. These water volumes will then be
used as inputs to a hydrological model for the coastal lowland around Fairbourmgevilla

Figure 36 TheAfon Henddoln the Einion valley above Friog.

Hillsloperunoff takes placeafter rainfall. This magccurby water flowing across the ground surface,
or as shallow throughflow within the soil laydt.is not uncommon fothe majority of hillslope
discharge tdein the form ofshallow throughflow, with water releasddom springs at the base of
a hillside, or dischrged directly into a stream channel.

saturation level in —
superficial deposits

overland flow on saturated
v ground surface

quick throughflow

infiltration to bedrock

Figure 37 Mechanisms of hillslope runoff after rainfall

Anextremeexample of shallow throughflow in glacial deposits is shown in figIlB&. water flow
has reduced the mechanical strengtfithin the layer ofsuperficial deposg, leading to slope failure
and a landslide.
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Figure 38:

Shallow throughflow in
glacial deposits which led
to a slope failure and
landslip Bethesda.

Surface runoff of storm rainfall caxtcur when the soil and other superficial deposits become
saturated with groundwater, perhaps as a result of several days of continuous rainfall. Further
rainwater cannot enter the soilAlternatively,an extreme storrmaydeliver rainfall faster than the
rate at which water capercolateinto unsaturatedsoil.

Figure 39:

Overland flow as a
result of an intense
thunderstorm at
Trawsfynydd.

Hillslope runoff is crucial factor affedng flooding If rainfall is absorbed into the soil and subsoil
and then slowly released into a river over several days, the flood risk downstram will be low.
However, if the same volume of rainfall quickly reaches a river by overland flow or rapid
throughflow, then the river level will riseuddenlyand could causeeriousflooding downstream.

Soils

Hillslope runofiis strongly dependent on the hydrological characteristics of the soil and subsoil:

X the thicknessf these layers
X their porosity, which determines the amount of water which can be stored;
x their hydraulicconductivity which determines how rapidly water can enter and leave.
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A widerangeof soils are found in the Mawddach arearying greatly itheir hydrological
properties.Some examples are given below

B. Brown podzolic sah weathered
igneous rock

C. Stagnohumic gley on glacial till D. Cambic gley on Upper Cambrimale

Figure 40 Soil types commonly found in the Mawddach catchment.
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Ranker soil®ccur where thee is almost nonput of mineral material fronthe hardbedrock. The
profile shows a thin layer of poorly decomposgéat lying directly on the solid rock surface.

Brown earth soilsaare deep and well drained. The upper A horizon consists ofratgdld plant
material.Below is the B horizon composed of mineral particles, rich in iron and showing a brown
colouration.

Podzolic soilshow sharply contrasting soil horizons. The A horizon is dark brown or black and
composed of acid humus. Below is a white or bleached bofitom which iron and other bases
have been leached by downwards percolating groundwater.

Brown podzolic soilareintermediate between brown earths and podzasdshow a smaller
amount of downwards leaching

Gley soilgesult from waterlogging. The activity of soil microorganisms is prevented and plant
material fails to decompose completely. This gives rise to peat accumulation if growth of vegetation
continues.

Cambic soilsre poorly developed soils lying on bed ratlshallow depth. Where the bed rock is
impermeable, gleying can occur.

When modelling hillslope storm runoff for this project, the HOST (Hydrology Of Soil Types)
classification system produced by the Instituate of Hydrology is used. Soil profildisidesl into a
series of classes (fig.¥Wwith known hydrological responses under storm conditions

Figure 41 HOST classification adibtypes.
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TheHOSTlassifiction depends on two factors:
x The permeability of the material underlying the sollhis forms the three rows of the chart.
x The height of the water table. This forms the four columns of the chart.
Both of these factors can be determined from published map data, without the neednyp @atr soil
sampling at every location in the field:

The permeability of the material underlying the soil is dependent on the geology of the bedrock. For
example, hard igneous rocks have low permeability, thinly bedded sedimentary rocks such as shales
hawe an intermediate permeability, whilsuperficial deposits such as glacial or estuarine sands have
high permeability.

The level of the water table can be predicted according to the location of a site. The sail is likely to
be wet, with a high water tabléef it receives downslope water flow from a large area. The soil is also
likely to be wet if the ground is level or has only a gentle slope. Drietesmilgo occur on steper
slopes, and where there isamly asmall catchment area providiran irflow of water. A measure of

the wetness at any point is given by the Kirkby index (Bevan, 1997):

wetness = In (a/ tak)

whereais upslope contributing area anfis slope angle (fig.42).

steep slope, small
catchment area Y
low wetness index

gentle slope, large
catchment area Y
high wetness index

Figure 42 Factors determining the Kirkby wetness index.

TheHOSBoIl type at any location, and itgydrological properties, can therefore be predicted from
the underlying geology and the location of the site on the hills|@seprovided by geological and
topographical map data

River routing

Once hillslope runoff reaches a stream, it will be route@ugh the river network to the coast. As

in the case of the estuary tidal flows discussed earlier, the rate at which water moves through the
river system will depend on the gradient of the channel, the frictional resistance of the bed, and the
amount ofwater turbulance produced.

Mountain streams are known to have bed characteristics which vary in a predictable way as the
stream is followed downstream (fig.43).
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Figure 43:
Sequence of ke
characteristics of
mountain streams.

Cascade reach

Afon Ty Cerrig,
Pared yr Ychain.

Step pool reach

Afon Mynach,
Tai cynheaf.

Plane bed reach

Afon Mawddach,
Ty'ny Groes.




Close to the source, streams usually display a cascade structure with the bed largely covered by
substantial blocks of rock. Downstream, the stream develops a step pool structure, with sections of
rapids separated by pools of calmer water. Continuingrikiveam, the stream can develop a plane
bed of gravel across the channel.

The changes bed formare aresponse to increasing water flow and decreasing channel gradient as
the stream descends from its mountain sourddnked to these changes are a dmtream

reduction in bed friction per unit width, and the amount of turbulance. These factors can be taken
into account by water flow calculations for river routing.

Hillsloperunoff model

Development begins hyroducinga topological modefrom digital elevation data on a 50m grid.

Figure 44:

Model for the
catchements of the
rivers Henddol and
Morfa in the hills
above Fairbourne.

The program then analyses the shajpé the hillslopeto determine the positions of streams

Figure 45:

Calculated locations of
streams. These have
been classified as:
first order (blue),
second order (red), or
third order (green).
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Streams have been classifed according to their stream order. The system begins by designating all
headwater reaches as first order. Where two first order streams meet, a second order stream is
formed. Where two second order streams meet, a third ordezasm is formed, as in fig.46:

Figure 46:

System for allocating
stream order numbers
to branches of a
stream network.

The allocation of stream order allows different values for turbulance and bed frictional resistance to
be applied downstram through the stream network according to channel size.

The next stage in setting up the model is to predict the distribution of different soil types across the
catchment areas of the rivers Henddol and Morfa, so that flood runoff can be estimatedditioa

to wetness index and geology, the HOST soil class can be affected by vegetation. Soils are found to
be deeper below woodlarsthan below grassland, due to increased incorporation of organic

material from leafand needldall and greater trappingfosoil particles washed down the hillslope.

wetness index
\ / soil/subsoil depth

geology — » | HOST soil class

—» | soil/subsoil texture

vegetation / \

conductivity
parameters

Figured7: Stages in the determination of soil parameters for thkslope model

Once the HOST soil class has been found, the soil and subsoil depth can be estimated, along with the
porosity and hydraulic conductivity of the soil and subsaoil.

Calculations to determine HOST soil class are based on digitised ngggudagfy and land use,
prepared using a geographical information system (fig.48).

The final stage in setting up the model is to specify the input rainfall sequence foillgleperunoff
simulation. A four day preiod in February 2004 has been chosennvehgeries of closely grouped
weather fronts caused near continuous intense rainfall across Snowdonia (fig.49). This led to serious
flooding in Dolgellau and other towns, and the railway at Betws y Coed was washed away by flood
water. This event probabhgpresents a worst case river flood scenario for Fairbourne.
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Figure 48:

Map data for
determination of
soil class:

(above) vegetation

(below) geology

Figure 49 Hourly rainfaltequence for the February 2004 storm event.
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The simulation was carried oftdr the duration of the four day storm event. The output displays the
level of soil saturation, with green and yellow indicating a water table near the surface. Red colour

represents an open stream channel or surface water flooding.

AfonMorfa

Afon Henddol

Figure 50 Hillslope runoff model for the Henddol and Morfa catchments.

Hydrographswere obtained for the Afon Henddol and the Afon Morfa at the points at which they
pass through culverts beneath the railway embankment to the east of Fairbolimese will be

used as input to a coastal lowland flood model for the Fairbourne area.
Both hydrogaphs show similar patterns, with the maximum discharge from the Afon Henddol
slightly larger due to a catchment area of 3.5%kmcomparison to 3.2 kAfor the Afon Morfa. For

both rivers, the runoff progressively increases during the four days of tiengtvent. This is due to
increasing saturation of the soil and subsoil, so that rainfall interception decreases and the amount

of fast overland flow into streams increases.
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Modelled
hydrographs for
the February 2004
storm event



5. MARINE SYSTEM

It has been suggested that there is a serious and increasing risk of failure of the sea defences at
Fairbourne, leading to sudden catastrophic flooding of the village. This claim will be examined.

As a separate issue, sea water may wagtr the sea wall due to wave action during storms. The

risk of surface water flooding in the village will be evaluated by estimating the volume of wave
overtopping during a worst case storm event. A further concern would be erosion of the surface of
the landward side of the coastal embankment by overtopping waves.

Coastal erosion processes at Fairbourne have been examined in de®dllliyys, Thomas, and
Morgan (2017) They identified erosion taking place at #ed of the shingle spit afriog clif. This
erosionhadled to the failure of the sea wall in a storm during 2014, with localised flooding of the
nearby mobile home park. A contributing factor in the sea wall faderms to have beethe

removal ofshingle fronmthe landward slope of thpebble embankment to create a flarea in front

of huts at this locationlt is recommended that this material is replaced to strengthen the sea wall
structure.

gently sloping
landward side of the
storm beach

area where shingle has
been excavated ém the
landward side of the
storm beach

Figure 52 Coastal defences at Friog
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The sea wall was rebuilt by Natural Resources Waldsock armouradded (fig.53) The new
structure has provided good protection during subsequent storms, and there is no current risk to
this section of the shoreline. In the longer term, up to and beyond the year 2065, the risk of
catastrophic failure of the sea wall at Friogw appears to be low. In thanlikelyevent of failure,

the resulting flooding would be localised and would not be a threat to the village.

Figure 53:

Coastal defences at Friog
after repair of the sea
wall and addition of rock
armour.

Coastal erosion is, however, continuing at Friog. Future flood risk could be reduced by construction
of an offshore reef of boulders, similar to the structures added to the beach at Bor&#{fig.his

would cause waves to break the lower sandy bed, and sediment would accumulate in the
sheltered waterin front of the currentshinglestorm beach.

Figure 54 Boulder reefs providing coastal defences at Borth.
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Surveying carried out over a number of ye&hillips,Thomas, and Morgar2017)indicates that the
shingle storm beach in front of Fairbourne village is stable (fig.55), whilst the storm beach to the
north of the village is slightly increasing in volume.

Figure55: View northwardgowards Fairbourne, showing the very substantial shingle storm beach

Some beach material may be lost due to erosional wave action during storms, when waves break
higher on the shingle bardnd backwash carries shingle towards the.setmwever, this matéal is
normally replaced over the following months by constructive wave action (figed@n waves break
lower on the beach and the swash moves shingle back up the storm beach

Figure56. (above) erosional wave actidibelow) constructive wave action

It can be concluded that the storm beach and embankment in front of Fairbourne village is stable
and extremely substantial, so the risk of catastrophic failure is negligible.
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Wave overtopping

The problem of wave overtopping during storms will now bastdered. Arobjectiveis to estimate
the volume of water which could be transferred across the sea wall by wave action during a worst
case storm as predicted for the year 2065.

Wave datavas compiledor a point approximately 5km ofhore from Liwyngwit, south of
Fairbourne for the period19802016(Phillips, Thomas, and Morga®017) This ishown in fig.57.
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Figure 57:

Wave data collected ofhore
from Liwyngwril for the period
19802016

A majority of waves originate
from the south westpetween
compass bearings 21and 270.

Most waves have a period
between 0 and 5 seconds, with ¢
maximum recorded wave period
of between 11 and 13 seconds.

Most waves have a height of les:
than 1.0m. The highest waves
recorded were between 4.0 and
4.5m.

The wave period is the time required for one complete wave length to pass a fixed point, usually
measured between two successive wave crédtave period is of importance asgstlinked to the
amount of kinetic energy carried by the wave swalllind blowing acrosshe seaproduceswaves.
The stronger the winds and the longer their duration, the memnergy will beransfered to the

water and the deepethis energy wilpenetrate below the sea surface.

When waves move across the sea, there is no actual flow of water from place to place. Instead
the water moves in orbits beneath the surface, creating a wiavegh as it moveslownwards and
acrestas it movedack upvards(fig.58)
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Figure 58:

Wave transmission by circular
motion of the underlying body of
water.

Alongerperiod wavehas larger orbits of underlying water which extend to a greater depth below
the surface before the motion dies outn this way, a long period swell carries a larger amount of
wave energy. On approaching a coast, a long period sarthake contact with the sea bed

earlier,which causesvaves to overturn and break further from the shasa a gently shelving
beach

!
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Figure59: Water motion beneath long and short wavelength swells.

Current wave action at Fairbournleas beemmodelled byPhillips, Thomas, and Morg§2017) and
verified by wave observations during stormswas found thabffshore extreme wave can reacla
height of5.9maboveastronomicatidal level,with anassociated period of 10&conds.These
extreme storm conditions would be expected once in 100 years.
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Tothe southof Fairbourne villagevaves maintain most of their height until arouB80m from the
shingle bankwhere sea bed depth is sufficiently shallowitdluencethe wavemotion. There isa
substantial reduction in height, then around 200m from the shore, the wave breaks and runs up
onto the shingle bankfig.60)

Figure59: Wave modelling byhillips, Thomas, and Morg&2017) for an extreme storm
with an offshore wave height of.9m aboveastronomicatide height. Wave height
reduces to less than livy the time thatthe shingle banlat Fairbournes reached

Futher alongthe shorein front of Fairbourne villagehe waves start to break slightly further
offshore at around 1100rfrom the shingle bank

The modelling by PhillipFhomas, and Morgadid not identify any wave overtopping of the shingle
bank aroundrairbourne village under extreme storm conditions for current sea level, storm surge
and wave heights.

Further investigations for the current study were carried out ugROTOSoftware This was
developedin the Netherlanddor the safetyassessment ofoastaldefences. The prograim
intended to model wave actioat dykes ancembankmentstructures with aslopingseaward face.
Roughnessand permeabilityof the embankment materials are taken into accoumtakingthe
modelsuitable forinvesigatingthe Fairbourneshingle storm beach and sea wall

The input parametersequired by the progranmare: the still waterlevelat the embankmentthe
angleof wave approach to the shore lina representativavave periodthe wave heighiat the
embankmentandthe storm duration It is also necessary to enter the geometric profile of the
embankment, along with details of its constituent materials.

During a storm, there are likely to be waves breaking on the shore with a varietyesedifperiods.

The longer waves carry the most kinetic energy, so are most likely to overtop the embankment. The
software uses value calledhe spectral wave perioth its calculations. This represents the wave
period for high energy but relatively sonon wavesobservedduringa storm. It is abouf0% of the
maximum wave periodbserved

Calculations dependisoon the heightsof the waves duringhe storm. It is found thatatypical
distribution of wave heights is heavily skewid.60). If the numerically most common wave height
is found, relatively few waves are lower than this, but higher waesirquite frequently. It is, of
course, these higher waves which are most likely to overtop the embankment. The wave height
used by the program forstcalculations itherefore the significant wave heightwhich is defined as
the average height of the highest osieird of all waves

37



Figure 60:

Spectrum of wave heights
experienced during a typical
storm.

Wavesapproaching Friog are parallel to the shore but further along the codsaiabourne waves
approachat a slight anglef 1 to the shoreling(fig.61)

Figure61: Approach angle of waves at Fairbourne village.

The software carries out a stdiisal simulation of a sequence of waves approaching during the
storm. The program determines the energy of each wave from its swell period, which in turn
predicts its behaviour on contacting the shoreline. The likelihood of wave overtopping varies
accordng to whether the wave plunges or spills onto the storm beach.

The height reached by the highest 2% of incoming waves is deternTihisghoint is measured
vertically with respect to thstill waterline.

The program calculates how much watgaisses theseaward crest of the embankmeand is

assumed to overtop the structure. In practice, some or all of this water may be dis