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Purpose and Status of this Report
This report reflect on-going discussions between the Dynamic Coast team (DC), Historic Environment Scotland (HE!

Orkney Islands Council (OIC) and partners. Its purpose is to collate our evidence and ensure partmerfedren

key aspects.

Structureof Report
This report has been structured to be practitioner focused. It leads with an executive summary and proposel

Resilience and Adaptation Options, followed by contextual information and methods within a techmuabsy

finishing with key results. The report is expected to be viewed alongside online reswiangesy.DynamicCoast.com
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Executive Summary

1. The Bay of Skaill is world famaassthe location oEkara Brae, the Neolithic Village whictithin the Heart
of Neolithic Orkng World Heritage Site. Coastal erosion is known to have occurred over millennia in Or
indeed the discovery of Skara Brae itself was an outcome of coastal erosion. The current research shd
erosion continues to threaten the site and is set tar@ase in extent and rate over the coming decadéh
climate change

2. Whilst direct coastal flooding is not anticipated to be a major concern, sttaosvn debris and wave spray i
currently an issue and is expected to increase in the years to come.

3. The atificial concretedefences at Skara Brae have served to protect much of the archaeological interes
the site over the last 80 years, although current foreshore lowering in front of the site has led to underr
of the toe of theconcretedefences, tiis contributing to cracking dfs facia and blowholes developing on
the seaward face, together with flanking erosion at either end of the defefide=erosion risk remains and
is set to worsen with climate change.

4. Much of the remainder of the bay is natural (undefended) and beach sediment is free to move along a
across shore and in places to roll landwards. In the coming decades this is likely tbomplae adjacent
farmland and built assets near the shore.

5. Given the juxtaposition of assets and the anticipated risks, athaizk approach is proposed where erosior
is accommodated through ladoiased adaptation for the much of the bay, and a combiapgroach of
defence improvements and natural enhancements are deployetkata Brae

6. Close working between landowners, local and national organisations is essential to safeguard internat
and locally important assets from the worsening impactsliofate change. As these approaches are
developed, naturdbased measures are recommended in strong preference to preferred over traditional
engineering approaches, to buy time and plan for adaptation. This study also highlights the importanc
adaptational approaches, including support for relocation, for infrastructure and buildings on increasingj

mobile shores.




Adaptation and Resiliend@ptions at tke Bay of Skaill

A,

X

ynamic Coast

Bay of Skalll Supersite Summary

Introduction
This report sets out the information needed to identify Coastal Resiliencédaptation Options for the Bay of

Skaill (Orkney) and reflects the shared view of Dynamic CoastrielEnvironmentScotland (HES)and Qkney
IslandsCouncil (OIC)Its scope covers the area between the rocky headlands bounding the Bay of Skaill siml aim
support key partners in their planning for anticipated increases in the threats of coastal erosion and fldbiding.
report, including theExecutive Summamnd Technical Annex Summang not precise predictions of a certain

future, rather they arescenarios based on a realistic and precautionary interpretation of available evidence. As such
the details within should not be interpreted as management decisions in themselves, but supplementary evidence
on which orgarsations and landowners may choosedcton now and in the futureThe information here allows
government agencies to improve coastal erosion risk framing within policy and practice, allowing more coastal
erosion resilient decisions to be taken au@liver their statutory requirements. Bumssesand communitiesnay

use this report to identify risks and opportunities to improve continuity.

National Coastal Context

¢CKS HamT 58YyFYAO /2Fad LINRP2SO0G LlzmtAaKSR | NBOASg 2
erodiblecoast DynamicCoast.cojnlt showed that the period since the 1970s has seen a 22% fall in the extent of
{O2GfF yRQa &aK2NBa I OONBGAY3a aSIHglFINRaz | odz AYONBI a

the average erosion rate to 1 m/yrhik coastal response is consistent with climate change and is expected to

quicken as sea levels continue to rise.

The latest research (Dynamic Coast phase 2) incorporates new tidal surveys and shows that erosion is currently
affecting more shores than walse case in 2017 and anticipates that by 2100 accretion will be rare and erosion will
dominate much of the soft coast. These projections are based on the high emissions sea level rise' acghario
FYGAOALI S 2@SNJ mko 2 Fding & gréatelthaRidndyr by tAefeiid ofdlelcentihg A £ 0
increased threat of coastal erosion also increases the risk of coastal flooding, so that planning ahead for coastal
change, both inland and at the shoreline, is both pragmatic and necegsarizuther details see National Overview

and Technical Annexes for Work Stream 2 and 2RAv(DynamicCoast.com/reporxs

Local Coastal Conteahd Anticipated Change at Bay of Skaill
The Bay of Skaillwgorld famous for its Neolithic village Skara Bbag the archaeological sensitivityf the area

extends well beyond the site as excavated and presented to the pubtitthe area schedule¢EM90276under
the Ancient Monuments and Archaeological Areas 979 extendingo Skaill House and Skaill Home Farm to the
south and west and den to MHWS to thenorth andnorth-west of the Property in Careln addition, there is a

scheduled broch on theorth side of the bay (SM1475) aséveralunschedulegrehistoric burial moundo the

Lt OdA FGSR OKFy3S G2 alSly 1 A3IK 2FGSNI {LINAYyI&EsS o6FasSR 2y |
i2Q TAIANBO O
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eastof Mill Croft. The area has been subject to extensive archaeological geophysical survey filRbcamude

the discovery of @ist burialat SkailFarm, excavated under the HES human remainsffatbntract, and a wall and
eroding archaeological material at the north end of the Bayw being monitored by th&rchaeology Institute,

University of the Highlands and Island$e current state of knowledge is that Skara Bras abandoned

4,500years ago due to lge-scale coastal changasd wage-exposed by coastal erosion in a storm in 1850- Pre
industrial sea levels slow rate here, though latest projections expect Orkney to experience some of the quickest sec
level rises in Scotland, with levels expected taipeo 1 m higher by 2130As a result, although past erosion has

been modest, erosion is expected to expand to affect more areas aadctederateover the coming decades.

Historic Environment Scotland are leaders in clinditange research aratlaptationin the historic environmenand
have commissionedesearch into the exposure of Skara Braibe Heart of Neolithic Orkney World Heritage Site
Management Plan 20149 (ew management plan in preparatior(limate Vulnerability Indexand HESrisk

assessmenteports acknowledge the current and anticipated risks to the site and its sudimgrarchaeologyrich

areas.Given the genuinely complerulti-phased development and void spaces within the Neolithic strusiaed
the extent of unexcavated archaeological deposittpcation (orperhapsbetter termed reconstructionynay well
prove unrealisticand unattractive Thesteady and near completess of the Mill, adjacent t&kara Brae, serves as a

starkreminder of the high energgtorm beach at Skaill.

A valuableevidence baseompiisingdetailed partial and complete bagrrestrial laser scaring (TLS3urveys in 2010,
2014,2016 & 2018wascommissionedy HESTHs dataidentifiesconsiderable dynamisiin the upper beach (around
MHWS) with significant erosion around MHWS in 2010 (similar to 1890s position) and significant MHWS accretio
noted in 2016 & 2018. The defauationalapproachfor D& y I Y A O sHoglinéchhangenodelling uses the latest
MHWSsurvey and calibrates futurer@sion to 2100usingthe recent changedetween the latest angenultimate
survey for examplea 2018MHWSvs 2010(ensuring a >5year time gapjowever, given theanportanceof the World
Heritage Site, a more precautionary approach has been adopiiih this report,wherebythe latest survey2018)

is compared with the 1970dHWSto average outny $ort-term fluctuations(presentedin the Vegetation Edge and
Elevation Change sectis) in this report An even more precautionary approach (worst case) of 2&LQ970s has

also been undertaken fdhe sake otompleienessNeverthelesswhilstMHWS has stabilised and advanced seawards

in recent yearscurrentlythe base of theseawallis exposedby toe erosiorand thevegetation edges retreating.As

such the Neolithic village behind the seawall remains at risk today, and any anticipated MHWS stability in the shor

term doesnot necessarily provide reassurance tomagers.

Dynamic Coast research anticipates the beach at Bay of Skaill to retreat betqesrby 2050 and 1629 m by 2100.
However, due to the elevation of the dune interior, direct marine flooding is not expected to impact coastal buildings

and infrastucture (despite wavehrown debris becoming a growing issu&jven the importance of the sitiecally,

2 Calculated change to Mean High Water Springs, based on UKCP18 RCP8.5 (High Emissions Scenario) 95% siéaSleveéb idge Jt
02Q FTAIdzNBO ®
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internationally, in cultural and economic terms,ighsober assessment of future risks should assistha

implementation of resilience and adaptation actions within the bay.

Future Resilience and Adaptation Planning
The emerging consensusrldwideis that adapting to climate change sooner will greatly reduce societal aisks

costs in the long run. Recent research on climate change adaptation at the coast shows that landward retreat of asse

( \ is likely to be requiredin all but exceptional casp® manage long

As climate change quickens erosion

and increases flood risk, our attention
needs to &ift from short-term

engineering choices at the coast, to need for coastal adaptation is increasingly urgent (globally and

dynamic, adaptational laned

management inland, to enhance

\ social and economic resilience. ) aspects of these concepts are explored within the NatiG@varview

Report, the following text explores management optionsBaty of

term risks from sea level rise, regardless of any coastél ris

management options taken noyHaasnoot et al 2019)Where the

locally), more transformative solutions are needed. Whilst generic

Skaillwithin an international context of bespractice. To aid users of this report in adopting this approach to
adaptation, Dynamic Coast has identified actions that catakennow, that will provide both physical and policy
windows to make space for any adaptation to be implemented. These are highlamtedefinedand further
explored inthe National Overview Repaaindalign with the Intergovernmental Panel on Climat& | y3S 6Lt / /

report on coastal climate change

Coastal adaptation to climate change risks]udingerosion risk, requires a #hink of the boundary between land
and sea, where current land areas will either disappear (due to erosion) or clsahgéantively, due to erosien
induced floodingThis may require transformation of existing communities, policy, planning and infrastriggtstieems

now andoverthe coming decadesNational Overview reportvww.dynamiccoast.com/reports.hthlFor example, in

Scotland the emerging Clyde Marine Planning Policy providesxemplarof best practice at the coast,

in supportof more transformativeforms of adaptation that may be applicabte Bay of Skaithnd elsewhereWhilst
adaptive and transformative approaches mt beroutinelytaken forward by local authoritietheywill nevertheless

be increasingly require@cross both urban and rural shoregen availableflood risk management options are
ineffective or wherecoastal changeequiresa more flexible approacfincluding land use changeasyoidanceand
relocation). Practical implementation mechanisms are also required along with strategic plans and policies, so the
adaptation measures such as realigning key infrastructure such as roads are ready to be rolled out and implement
when erosion happensSimilarly, suppat may also be requiredo assist with privatehomeowners who find
themselves at riskT hisapproachwould shift erosion management from reactive to proactive, and in doing so, optimise

the longterm societal resilience to coastal climate change withl&#@st social and economic costs.

Dynamic Coast provides the evidence base to assess current and future coastal erosion risks for local governmen
make riskinformed decisions and policy instruments. The generic coastal risk management and adaptation option

can be accessed in the Nata Overview Report, but their application in the contexBaly of Skailk listed inTable

11
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1below. These lie along a spectrum fralming nothing or noractive interventior; accommodate erosiofy adapting
development plans and relocating existing assetasion resisteither using taditional engineering structures or
nature-based solutions, such as beach feeding; anddwancing the coasteawards, perhaps using artificial offshore
structures or largescale beach feeding Q. mega nourishment schemgsee National Overview Repdor context).
Tablel outlinesthe past erosion ratesbserved atin the Bay of Skailndidentifies both areas at greatest risk and
management and adaptation optiongll risk management and adaptation responseguire robust appraisal to allow

organisations better management of coastal erosion risk and improve societal and ecosystem resilience.

Coastal erosion, floodirigand erosiorrelated flooding (* mainly via wave and spray, rather tharundation) are
considered as the key riske be investigated aBay of Skailhow and ino the future. Landowners andbcal
authorities have responsibility for, and powers to address, coastal erosion and flootowal authoritiesalso have
sharedpowers under the Flood Risk Management (Scotland) Act 2009 and the Climate Change (Scotlar@i$, Act 20
including a statutory duty to report on climate change adaptation progress. Guidance on planning for coastal chang

can befoundin SNH2019, https://www.nature.scot/guidanceplanningaheadcoastaichangg. Figure2 and Tablel

sub-divide the bay into management units to identify coastal erosion risk and managemenmiaahgs toa) improve
resilience of natural and societal assets in the shemn and b) adaptation options to improve loigrm resilience of

Bay of Skaillo the same risksEeach management option will have differing impacts on sediment dynamics, beach
function and he natural capital that beactune systems provide. Importantly, these responses to managing coastal
erosion risks involve both the management of activities on land as well as at the coastaBaggé Skailias sections

of traditional, hard engineeringerosionresist structures that have required costly replacement or repair. At these
points and elsewhereagsultantbeach lowering and retreat has weakened the natural capital afforded by the beach

and dunes (such as natural erosion protection); urgetioa is requiredf this natural capitais to berestored.

\ It is important to note that many of the adaptation options presented in

/- This requires strategic Table1 and associated text requirgtrategic planning decisions to be
development planning decisions

to be taken now, to provide
physical and policy space to This includes providing space for relocation of assetsland riskiree
accommodate future erosion by

adaptation to minimise societal
impact and cost. ./ position. For example, if planning permission is granted now for assets or

takennow, to provide the physical and policy space needed for the future.

sites, but also space for accommodating beach inland of their present

infrastructure on land that may be at erosion risk in the future, the
opportunity for future landward adaptation to occur is constrained, becomes more expensive, or bothbased
strategic plans that account for future risks are needed when planning today (gl Development Plans), to create
YR &l ¥FS3dzr NR Wg A Y R dmnodag Erosibh hyhdaptatiyh vilhenhimsébgietal idpact and
cost; concepts acknowledgedithin the National Planning Framework andrecentlyrevisedNational Land Us

Strateqgy

12


https://www.nature.scot/guidance-planning-ahead-coastal-change
https://www.gov.scot/binaries/content/documents/govscot/publications/consultation-analysis/2020/08/npf4-analysis-reponses-call-ideas/documents/national-planning-framework-4-analysis-responses-call-ideas/national-planning-framework-4-analysis-responses-call-ideas/govscot%3Adocument/national-planning-framework-4-analysis-responses-call-ideas.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/progress-report/2020/07/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-20212/documents/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-2021/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-2021/govscot%3Adocument/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-2021.pdf
https://www.gov.scot/binaries/content/documents/govscot/publications/progress-report/2020/07/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-20212/documents/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-2021/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-2021/govscot%3Adocument/first-annual-progress-report-getting-best-land-land-use-strategy-scotland-2016-2021.pdf

Adaptation and Resiliend@ptions at tke Bay of Skaill Dyn am iC Coa st
[>C

DynamicCoast.com @DynamicCoasts

A) } /
Point of Sors /4
Howana-Geo 4 24
3 R N\

G

“Akenahowe | West Stove

7
Midstove

7] -
Orkney Island qﬁ ¢
X

INeth

apad % (
LA g N sed |7
| Hangabacks " 'p \td\View '
pAI O
Geo of Snusgar‘.A
LT
L

Bay of Skaill

Hole o' Row

|
\
|
|
(Natural Arch) |

Figurel Location map of Bay of Skaill. Grid squares are Easting aiFigure2 Management unit areas fdResilience and Adaptation Optic
Northing of size 1 km x 1 km. Crown copyright and database rightdetailedin Tablel.
2020 100017908.

Resilience and Adaptation Options at Bay of Skaill
Table 1 outlines the management options along the coast which are recommended to be considered alongside

dynamic adaptational landse planning aspects inland.
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Tablel Rsk management, Resilience and Adaptation Option8#&yrof SkaillAreasr N3 3INR dzZLJSR o6& YI y I 3SYSy i dzyAdx LI &d FyR | yiAiOALkeimdiRion&te ofiththéda I £ 2y IEAARS WR2 y20KAY3IQ AYLI AOIGA2)
Management Shore 6Do nofhin, . . . .
Unit A?rea Character & Coastal Changes | Likely Ghort Ter mé Matoasgte imerove short-termresilience) |4 ong Ter mé Man ag donieprove Rpgttérm resilience)
Assets Implications
In addition to continued deployment of short term options:
Sergzﬁl upper Non-Active Intervention: Non-Active Intervention:
. 1. Monitor change/no intervention (now onwards): Natural sections 1. Monitor change/no intervention: Natural sections of beach erode. Cost: zero;
Some areas 0 ' . . Bick- ' Risk: moderate
foreshore sand. | Low Water Access road of beach exposeq. Cost: zero; Risk: moderate. .
1. Northern _ 19721 2018: expected to be Accommodate Erosion: Accommodate Erosion:
Bay Steep sand cliff. J'r17 m undermined (<5 1. Develop Dynamic Adaptive Policy Pathway, to enable existing 1. Develop Dynamic Aplaptive Polic'y Pathway, to .enable existing assets to be
North headland little change yrs). assets to be adapted/excavated/relocated, if or when their present adapted / relocated, if or when their present location becomes untenable due to
to access road High Water Continued gravel location becomes untenable due to erosion risk. Choice of timing erosion risk. Choice of timing depends on local trigger points, space on land needs
| 18901 1970: over-wash depends on local trigger points, space on land needs safeguarded for safeguarded for options. _ _ o
+20m landward of beach. options. 2. Realign farm boundaries: Agricultural land value unlikely to justify defence cost,
. N . 1970i 2018: 2. Reroute field boundaries and roadway (0i 20 yrs): Road gives boundary realignment would avoid future risks and associated maintenance costs.
i ' ceess roa -11m Lois of dune & secondary access to church car park (may not justify defence cost). Cost: moderate; Risk: low _ o
™ Farmland Volume unxnown - Substantial long-term capital and maintenance savings from re-routing | 3- Realign roadway: Road alternative access to church carpark (may not justify
£ YN Unk q N/A archaeological road inland Cost: moderate: Risk: low. defence cost). Long-term capital and maintenance savings from re-routing road
Natural shore kr?ovr\]/gwn an Vegetation Edge remains. Erosion Resist: inland. Cost: moderate; Risk: low
20087 2019: Beach is 25 m from ' Erosion Resist:

archaeological
remains?

-3 m (-0.3 m/yr)

main road (B9056)

1. Reprofile beach: (07 10 yrs): Short-term local repair to upper beach
profile to improve natural resilience of beach. Cost: low; Risk: low

2. Feed beach: (01 10 yrs): Short-term local repair to whole beach
profile improving natural resilience of the beach. Cost: low; Risk: low

1. Install defences for road: Cost: high; Risk: high

Advance:

1. Mega nourishment (2050) beach & dune reshaping would benefit the entire bay
and reduce erosional risk. Cost: high; Risk: low

Sandy beach,
gravel upper
beach

Non-Active Intervention:

2 Northern In addition to continued deployment of short term options:

' Shallow dune 1. Monitor change/no intervention (now onwards): natural sections of i ion:
Bay ridge : bench g _ bt : Non-Active Intervention:
Junction of Continued gravel each exposed. ?OSt' zero; Risk: moderate 1. Monitor change/no intervention: Natural sections of beach exposed. Cost: zero;
access road to Low Water over-wash Accommodate Erosion: Risk: moderate
beach path 1972i 2018: landward of beach | 1 pevelop Dynamic Adaptive Policy Pathway, to enable existing Accommodate Erosion:
‘{s\?\w -7m Be_ach lowering assets to be adapted / relocated, if or when their present location 1. Develop Dynamic Adaptive Policy Pathway, to enable existing assets to be
ANXC 2 Hi h.Water adjacent to becom_es unter_nable due to erosion risk. Choice of timing depgnds on ' adapted / relocated, if or when their present Io'cation becomes untenable due to
% 1 18901 1970: defences. local trlgggr points, space on land needs safgguardeg for options. erosion risk. Choice of timing depends on local trigger points, space on land needs

+11m Loss of farmland & | 2. Reroute field boundaries and roadway (0i 20 yrs): Road secondary safeguarded for options
| Seaview 13;0%2018: unknown g;ﬁ;f;;%{;ﬁ:}::;#iﬁé@ﬁySn?rt Ojr?qs:gg?:?;iiﬁost():.ol_s?.ng—term 2. Realign farm boundaries and roadway: Agricultural land value unlikely to justify
e D (house) Volume archaeological pd te: Risk: | 9 9- : defence cost; Road secondary access to church carpark (may not justify defence
Natural shore Road (B5096) NA remans. mo era e., ISK. 1OW. cost). Long-term capital and maintenance savings from road re-routing. Cost:
with sloped . Loss of dune. Erosion Resist: moderate; Risk: low
) Farmland Vegetation Edge N ) ) o . i
gabions at Unknown 5008( 2019: Road threatened by | 1. D_efend (071 30 yrs): Construct defences at road. Cost: moderate; Risk: | Erosion Resist:
Seaview archaeological | +3 M (+0.3 miyr) 2060 high ) . 1. Defend Road: Cost: high; Risk: high
. 2. Reprofile beach: (07 10 yrs): Short-term local repair to upper beach .
remains profile to improve natural resilience of beach. Cost: low; Risk: low Advance:
3. Feed beach: (0i 10 yrs): Short-term local repair to whole beach 2. Mega nourlshm_ent (2_050) bea.ch_ & fjune .reshaplng would benefit the entire bay
profile improving natural resilience of the beach. Cost: low; Risk: low and reduce erosional risk. Cost: high; Risk: low
Management Shore 6Do nofhin
nag Character & Coastal Changes Likely 6Short Ter md OpHomam(tpermpeonetshort-term resilience) |6 Long Ter md Man a g(® mpmte loBgpterm oesilsence)

Unit Area Assets Implications
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Sandy beach,
gravel upper
beach

Non-Active Intervention:

1. Monitor change/no intervention (now onwards): Natural sections
of beach exposed. Cost: zero; Risk: moderate

In addition to continued deployment of short term options:
Non-Active Intervention:
1. Monitor change/no intervention: Natural sections of beach exposed. Cost: zero;

Footpath to

-560 m3 (shore)
-180 m3 (veg edge)
20147 2018:

Increasing flood
risk to Mill burn &
visitor centre area

becomes untenable due to erosion risk. Choice of timing depends on
local trigger points, space on land needs safeguarded for options.

Erosion Resist

Low dune cliff, Low Water _ Risk: moderate
3. Central bay | inland negative | 1972i 2018: Foreshore & beach Accommodate Erosion: Accommodate Erosion:
Beach path to radient -23m : 1. Develop D ic Adaptive Policy Path ot I isti . . . .
- E%m over-wash b A Fk;l due t o K. Choi ?t' ing d d adapted / relocated, if or when their present location becomes untenable due to
115 ' ' accelerating. | ec?rtn.es un eqat e duelo er?su()jn ”Sd' of|ce 0 dm:j'?g e[ign son erosion risk. Choice of timing depends on local trigger points, space on land needs
| 1970(712018. Road threatened by (?ca ngger points, space on land needs safeguarded for options. safeguarded for options.
Toilet block & 24 rln : 2050 Erosion Resist: 2. Relocate (2050): Public Toilets & car park, Identify and relocate any built and/or
gifklnga Volume Public toilets 1. Defend (07 30 yrs): Construct defences at house and road. Cost: archaeological assets
/ erravoe Yolume . Pick- hi _ e
X (house), NA threatened by 2040 | , gg-dpig‘ti?é Rbggcrr:l?& 20 yrs): Short-term local repair to upper beach P , e
AR farmland, Vegeiation Edge Skerravoe profile to improve natural resilience of beach to Toilet Block & house 1. Defend Road and house: Cost: high; Risk: high T ;
Natural shore unknown and 20087 2019: threatened by 2060 Cost: low: Risk: low 2. Feed beach (2050): Longer-term repair to eroded beach profile, improving the
+5 m (toilets : ’ : . natural resilience of the beach adjacent to Toilet Block & Skerravoe. Cost: low;
known om ((soluth)) 3. Feed beach (0i 20 yrs): Offers short-term local repair to eroded RisLIi' low " J ! v W
archaeological beach profile, improving the natural resilience of the beach adjacent to N
remains Toilet Block & Skerravoe. Cost: low; Risk: low Advance:
1. Mega nourishment (2050) beach & dune reshaping would benefit the entire bay
and reduce erosional risk. Cost: high; Risk: low
Sandy beach,
gravel upper Low Water o ) ] _
beach 19727 2018: In addition to continued deployment of short term options:
Low dune cliff, -29m Non-Active Intervention:
inland negative | High Water Non-Active Intervention: 1. Monitor change/no intervention: Natural sections of beach exposed. Prospect of
gradient to 19021 1972: ) - , . unknown archaeological remains being exposed. Cost: zero; Risk: moderate
former winter +14 m 1. Monitor change/no intervention (now onwards): Natural sections A d Erosion:
loch 1972i 2010: of beach exposed. Prospect of unknown archaeological remains ccommodate Erosion:
: -12m VE retreat being exposed. Cost: zero; Risk: moderate 1. Develop Dynamic Adaptive Policy Pathway, to enable existing assets to be
20107 2018: contl:wuets and Accommodate Erosion: adapted / relocated, if or when their present location becomes untenable due to
+12'm accelerates. ) _ _ . erosion risk. Choice of timing depends on local trigger points, space on land needs
4 Mill to Sk Volume LW & HM retreat 1. Develop Dynamic Adaptive Pollpy Pathway, ?o enable eX|st|.ng safeguarded for options.
- MITHTo Skara 20107 2014: dominates. assets to be adapted / relocated, if or when their present location 2. Identify and relocate archaeological assets inland: Removes assets from

coastal erosion risk. Requires major archaeological excavation and is partially
destructive. Relocation problematic given unexcavated land landward is part of a
larger archaeological site. Cost: high; Risk: low.

o | Skara Brae +1,800 m? (shore) Mill eroded 1. Defend (07 10 yrs): Extend defences from existing at Skara Brae to Erosion Resist:
Natural shore Farmland -180 m? (veg edge) | completely by 2035 protect access path to site. Cost: moderate; Risk: moderate 1. Defend (by 2050 onwards): Extend defences to protect path to Skara Brae. Cost:
Scheduled \1/9e(c)12efalt|907nz'Edqe {check extents of 2. Re-p_rofl!e beagh (01 20 yrs): Off_e_rs short-term local repair to beach moderate: Risk: moderate.
monument Pgs Iloss (_'0 1 miyr) orig building} grgstl'olr(])’\lxllmeir:Izlrl]()nghe natural resilience of the beach adjacent path. 2. Re-profile beach (2050 onwards): Longer-term repair to eroded beach profile
Unknown P y Path eroded by 3 Food bench (0:|' 20 yrs): Offers short-term local repair to eroded improving the natural resilience of the beach adjacent path. Cost: low; Risk: low
archaeological aml 0 1mf 2050 . A yrs). - p ; 3. Feed beach (2050 onwards): Longer-term repair to eroded beach profile,
remains 2 O(r)r']Es'l'OZS()Sl(’:';' -1 miyr) thah‘:hcfggtf'IE’V&WS{;’IZ'T&&“ natural resilience of the beach adjacent to improving the natural resilience of the beach adjacent to path. Cost: low; Risk: low
-2.5m loss (-0.4 . o . Advance:
m/yr) 1. Mega nourishment (2050) beach & dune reshaping would benefit the entire bay
20151 2019: and reduce risk of erosional breach and erosion-related flooding. Cost: high; Risk:
-1 mloss (-0.25 low
m/yr)
Management Shore 6Do nofhin
Unit A?rea Character & Coastal Changes Likely 6Short Ter md OpHomam(tpermmpeowetshort-term resilience) |6 Long Ter md Man a g(® mpmvte loBgpterm oesilience)
Assets Implications
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Veneer of sand

In addition to continued deployment of short term options:

archaeology?

+50 m2 (veg edge)
Vegetation Edge
201571 2019

-5m

2. Feed beach (0i 20 yrs): Offers short-term local repair to eroded
beach profile, improving the natural resilience of the beach adjacent to
path. Cost: low; Risk: low

a|t0[¥ rock Non-Active Int fion: Non-Active Intervention:
platiorm Low Water on-aclve Niervenlion. , _ 1. Monitor change/no intervention: Natural sections of beach exposed. Cost: zero;
Upper beach 19727 2018: 1. Monitor change/no intervention (how onwards): Natural sections Risk: high
and dune bluff -5_0 m of beach exposed. Cost: zero; Risk: high Accommodate Erosion:
defended by High Water Accommodate Erosion: — _ .
concrete sea 19021 1972; i ) ) . 1. Develop Dynamic Adaptive Policy Pathway, to enable existing assets to be
wall +6m _ 1. DevetI0|t3 Dbynayliﬁad/aptllve F%“%y Patﬁwat)r/], to enablet?mst;m adapted / relocated, if or when their present location becomes untenable due to
19721 2010: Foreshore lowering assets to be adapted / relocated, It-or when their presentjocation erosion risk. Choice of timing depends on local trigger points, space on land needs
8m (0.7 m by 2050, 1.6 becomes untenable due to erosion risk. Choice of timing depends on safeguarded for options
. . local trigger points, space on land needs safeguarded for options. . : . .
EN 20101 2018: m by 21008); toe I i 99, .p P g P 2. Identify and relocate archaeological assets inland: Removes assets from
g +20m exgosur.e dseawa Erosion Resist: coastal erosion risk. Requires major archaeological excavation and is partially
4| Volume undermine 1. Enhanced defences (now onwards): Ongoing repairs at sea wall toe destructive. Relocation problematic given unexcavated land landward is part of a
| 20101 2014: Increased wave to avoid undermining, dune face blowouts, flanking; anticipate need to larger archaeological site. Cost: high; Risk: low.
Artificially Skara Brae & +100 T3 (shore) energy and risk of raise parapet, insert flanking wall and enhanced toe protection. Cost: | 3. Erosion Resist:
defended shore | structures +20 m’ (veg edge) | seawall failure high; Risk: moderate _ 1. Feed beach: Longer-term repair to eroded beach profile, improving the natural
Scheduled 20141 20138' 2. Re-profile beach (07 20 yrs): Offers short-term local repair to beach resilience of the beach adjacent to defences. Cost: moderate; Risk: moderate
monument +3’5%O m> (shore) erosion, improving the natural resilience of the beach adjacent path. 2. Local Offshore breakwater (2050): Reducing approaching wave energy to reduce
+4 m® (veg edge) Cost: low; Risk: low storm impacts. Cost: high; Risk: moderate
Vegetation Edge 3. Feed beach (07 20 yrs): Offers short-term local repair to eroded Advance:
20081 2019: beach profile, improving the natural resilience of the beach adjacentto | — _ _ _ _
no change path. Cost: low; Risk: low 1. Mega noun;hment (2950) Beach & dune re;haplng would bgneflt the entire b'ay
and reduce risk of erosional breach and erosion-related flooding. Cost: high; Risk:
low
Sandy beach & In addition to continued deployment of short term options:
tllll—i:fappeg rf)de Low Water Non-Active Intervention: Non-Active Intervention:
Elﬁffocrg]mpslsssd 19707 2018: 1. Monitor change/no intervention (now onwards): Natural sections 1. Develop Dynamic Adaptive Policy Pathway, to enable existing assets to be
of soft glacier -50m of beach exposed. Prospect for at-risk archaeology. Cost: zero; Risk: adapted / relocated, if or when their present location becomes untenable due to
tills and sand High Water moderate erosion risk. Choice of timing depends on local trigger points, space on land needs
19021 1972: Accommodate Erosion: safeguarded for optiqns. _ _
6. West of +6 m i ) ) - 2. Monitor change/no intervention: Natural sections of beach exposed. Prospect
Skara Brae 19727 2018: 1. Develop Dynamic Adaptive Policy Pathway, to enable existing for at-risk archaeology. Cost: zero; Risk: moderate
) i +8m Slow episodic cliff assets to be adapted / relocated, if or when their present location .
g% e b ble d ; isk. Choi f timina d d Accommodate Erosion:
Py Volume: collapse. ecomes untenable due to erosion risk. Choice of timing depends on _ _ _
< 20107 2014: local trigger points, space on land needs safeguarded for options. 1. Re-profile beach (now onwards): Short-term local repair to beach erosion,
=5 | Farmland | 202 Loss of farmland i ing th | resili f the beach adj def : low:; Risk:
f +900 m? (shore) and archaeology Erosion Resist: |mpor|owrt19t e natural resilience of the beach adjacent to defences. Cost: low; Risk:
SEREAEE | Scheduled -80 m?3 (veq edae ) . " i ~ . moderate
Natural shore monument 2014i 2(01§: %) L Sr?)spi(r)?}ﬂ:;Er%&\l/?:g(?r:ezgz;lrjsrgl g;ﬁirznigogf ttiremblgggl] raedpj:;lcretﬂtbpe;ﬁh 2. Feed beach (now onwards): Longer-term repair to eroded beach, improving the
Unknown +1,200 m? (shore) Cost: Io’w; Risk: low natural resilience of the beach adjacent to defences. Cost: low; Risk: moderate

Erosion Resist:

Advance:

1.

Mega nourishment (2050) Beach & dune reshaping would benefit the entire bay
and reduce risk of erosional breach and erosion-related flooding. Cost: high; Risk:
low

* LW = Low Water, HW = High Water, VE = Vegetation Edge; negative values are changes in a landward direction (lost to sea)
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The section below briefly expands, by area and manageraption, some of the key points emerging frarablel.

( \ For example,fiNon-Active Intervention (NAI) is the preferred policy
The greatest societal resilience

and lowest costs for Bay of Skaill option at Bay of Skaillthen beach and/or dune cordon erosion or

will occur when coastal risk lowering will continue to occur, in both the short and letegm and the
management decisions are made
alongside adapting landbased _ _
policies now to accommodate archaeology at eémancedrisk At Bay of Skailthere are no recommended

\ future erosion. ) options to Advancethe current coastal position usingrosion resist

existing Skara Brae seawall will continue to be undermized place

options (i.e.onshore oroffshore traditional engineering structures such
as seawalls orbreakwaters. However, use of a larggcale nature-based erosion resisbption, such as a mega
nourishment programme (or sand engine), would benefit the entire bay and enableuthent beachdune position
to be advanced seawardnd protection offered to the existingeawall Depending on the volume of feed and
renourishment programme, this would provide an engineered but nabased solution to erosion for the entire bay
into the longer term. All other recommendegtosion resist measuregnature-based and traditioal engineering)
would be applied to specific areas of the bay as detailethlnlel and summarised below. Importantly, in all areas
where any NAI, advance or any typkerosion resistmeasures are implemented in the short and longgm, it is
recommended that landbased policies are adapted now wmccommodate erosionby restricting future new
development in areaanticipatedto be eroded by 2100. This makes spacéofmchdune systems to respond naturally
YR Re@ylIYAOLFLftte G2 O2Fadrt OfAYFI(S OKIy3aIBYyawLD OGYAY
the amount of permanent development (i.e. conventional brick and mortar) permitted in areskatowever, fort-
term economic benefits in these areas can potentially occur through innovative measures such as permittes
temporary development, such as assets that are demountable and/or can be relocated inland as landward erosic

expands andjuickens.

The risks and management options are broadly similar aaibsd the Bay of Skaill areas with the exception of the
existing seawall at Skara Bragnastal Iboding (although groundwater flooding is highlighted in the HES CiSRw)

an issuesoall the avaiable optbnsbelowfocus onmanagingcoasal eroson.

Proposeddpproach
Landbased adaptatioris recommended forll the bay apart from Skara Bra¢p accommodate erosion bgllowing

landward retreat of natural beactune systems anfécilitating landward relocation afssetdurther inland.However,
Area 5 (Skara Brae) may well be an area wheysi@n resstisthe only viableoption due to the unique characteristics
of the Neolithicvillage at least in the short to medium terrin all other areas, short term optionsdos on reprofiling
the upper bech and or locabeach feeding with sedimer{actions which buy timg in association with lardased
adaptation andrelocation of assets inland to ridkee sites However, ovethe longer term avhole bay and nature
based option would be mmeganourishment programméo enhance the beachnd allow a shift seaward his would
alsoobviate any need to remove the existiagificial defences at Skafrae itself since at that point a substantial

protectivebeach wouldie to seaward.
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In the currentabsence otnhancedresilienceoptions,the present and growing risk to the site remaimss such the
necessary planning for an emergenejocation of the remains of Skara Brae should be planned for, in response to a
breach of the sea wallUrgent repairdo the sea wall and enhancement of the beach in front of Skara #raeld be
prioritised. This gregreen approach (a mix of traditional ahthture-Based solutionsshould buy time for a longer

term strategy to manage Skara Brae, but alsdrew up adaptation actions with landowners to provide climateart
strategies to manage growingutfire risks, these should include the relocation ofriak assets (buildings and

infrastructure).

It should be acknowledgell K| & &SI f S@St N an8 thaRk a@terciimate vatiablids (témperatuie2 f |
humidity and rainfallalso present risks to the assea#sthin the Bay of Skaill, otharon-climate variablesre also
changing. For exampléhe ability ofsociety and the scientificommunityto respond to ballenges is increasing\s
such we should ensure future managare as unconstrained as possibiich a dynamic adaptive approaatormed

by up-to-date monitoring and risk assessments should alfature manager to move between strategies as required.

18



Adaptation and Resilience Options at the Bay of Skaill

{ U

ynamic Coast
>C U

\/

TechnicabBummary

Methods
Identification of Flood Protection Features

High resolution Digital Elevation Models (DEMs) were automatically analysed to identify the extent of the coaste
barriers protecting lowying areas of flood risk. Regular shor@mal profiles were extracted at 10 m intervals along
the DEM and analyseda tidentify the width of barrier and volumes of sediment above key flood elevations. These
Ftf268R LRGSYGAIE ONBIOK LRAYda G2 0685 ARSYGAFASR I f
profiles were then extended along the low poird§ potential flood corridors to enable detailed topography to be

compared with anticipated flood levels.

Anticipated Shoreline Recession due to Relative Sea LevelVRidiéied Brunn Rule

Relative sea level rise is expected to exacerbate rates of eradicoastal barriers, with knoadn effects for any
extant flood risks identified. Past rates of coastal erosion in the face of known rates of relative sea level change we
used to modify and train an equilibrium model (the Bruun Rule) for shorelinegehprediction (Dean and Houston,
2016). Shoreline change was then modelled to 2100 under low to high Representative Concentration Pathway (RC

scenarios within UKCP18, encompassing predicted changes in relative sea level.

Modelling Past and Future ErosiddoSMSCOAST

The Coastal Ontine Assimilated Simulation Tool (CoOSM&SAST, Vitousek et al., 2013s adaptedo simulate
coastal evolution under the climate change scenarios presented by UK Climate Projections 2018 (UKCP18). The m
uses a procesbkased approach to simulate shoreline change via warixen alongshore and croshore sediment
transport processes, as well as laiegm shoreline migration driven by relative sea level rise (RSLR). The model is
forced using local records of relative seadl change and wave hindcast data, as well as Ensemble Kalman Filtering
which assimilates the modelled shoreline to historic positions of Mean High Water Springs ovef ttenfi0y. The
forecast model was validated with recent shoreline position obesrns derived from higiesolution topographic
surveys, satellite imagery and aerial photography. Shoreline change was then modelled to 2100 under low to hic
Representative Concentration Pathway (RCP) scenarios within UKCP18, encompassing factorsrgioshased

changes in sea level rise and wave action

Vegetation Edge Analysis

The retreating vegetation edge is a clearly identifiable feature within remotely sensed imagery, high resolution DEM
and via ground survey. Its position can be extracted manually oragetomatically allowing timéapse comparisons

from data from differat time-periods. Multiple sets of aerial imagery over the last few decades have been compared

with comparable resolution ground survey to produce tisexies vegetation edge retreat positions.
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Updating the Extent of the Intertidal: CoasRay

Dynamic Cost developed a tool (CoastRay) to analyse the back catalogue of Sentinel 2 satellite imagery, using a
Normalised Difference Water Index, to demarcate areas which are always water (sea), alwayasteofland) and
areas which are intermittently water anland (the intertidal zone). This water occurrence index is converted into a
percentage figure, but the number of images used in the analysis and the median NDWI value are also availab
Results show that CoastRay can be used to inform potential chasgo the extent and geometry of the foreshore

and the low and highwater marks against previously published tide lines.

MappingCoastal ErosioBisadvantage

An assessment was additionally carried out to quantify @uastal Erosion Disadvantage gaxial vulnerability of

{ 020Gt yRQ&a 02 YYdz ) ilisin§ Bynainz Coag érasiin data f@MNIhe rec2ny past (1970s) through
to 2050. Mapping of soci@dzf Y SN} o Af A& Ay NBtlFGA2y (G2 O2Fadlft SN
from 2011 and the latest data from the Scottish Index of Multiple Deprivation (2016 & 2020). Building upon previou:
considerations of social vulnerability related ¢oastal erosion and flooding, th&ocial Vulnerability Classification
Indexis a derivative of that developed by Fitton (2015). It includes existing academic and policy literature concernin
coastal erosion and flooding vulnerability and identifies kediciators of social vulnerability to coastal erosion and
Ft22RAy3Id LG 48814 ltaz2z G2 SEGSYR {9t! Q& o6nHnmm0O SIN

et al (2018) flood risk vulnerability assessment, whicbhsdmt consider coastaerosion.
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Results
The following section provides the research results on coastal change (erosion/accretion), flood risk and coast

erosion enhanced flooding.

Coastal Change

Summary

1. The current state of knowledge is that thieolithic village oBkara Brae was abandone®d0 years ago due
to largescale coastal changes and wasesposedfor at least the second timby coastal erosion in a storm
in 1850.It has been a focal point afnvironmental and archaeological research since. Coastal erosion and
associated instability and sand blow in the coastal dunes that formerly fronted the village is thought to have
led to progressive inundation of the village by blown sand that led tovgésteial abandonment~ollowingits
abandonment, the villagky belowa veneer osanduntil frontal erosion progressng landwardrevealedbuilt
structures on the seaward face of the dunes. In 1925 and 1926 a seawall was conslyetbtiOffice of
Works(OoW)when it was first taken into state cate defend the site from further erosiorfhe structure has
been added tdby OoWand subsequent responsible state bodi@sth toe protection and repairs over the
years sinceThe existence of the seawall, and the survival of the site, is the direct consequence of sustainec
state intervention over a period of 100 yeatdowever,erosbn has continued in other parts of the bay,
particularly adjacent to the seawadllthough some limited areas have recently experienced relative stability.

2. Recent analysis (shown below) confirms changes to the lower beach, upper beach and vegetatedhietige, w
are of concern and present a risk to assets.

3. Low Water (LW)has progressively retreated across much of the bay, over tinigh Water (HW)has
undergone periodic fluctuation reflecting its high energy setting, whilsMégetation Edgbas progressely
retreated landwards over recent decades.

4. Some of these threats are well knowndeundermining of the artificial defences fronting Skara Brae), others
less so. Nevertheless, separate research methods independently suggest erosion to become widasgprea

quicken, as sea levels continue to rise, for the remainder of the present century and beyond.

The first phase of Dynamic Coast sumiseatithe coastal changes to Bay of Skaill (see pag€86Ibi0 repoibetween
1900, 1972 and 2014 he upper beach in front of the Skara Brae seawall defences show stability from 1972 to 2014
but further east and ndh shows instability with a landward migration of MHWS arebetation Edgever recent

decades.

The second phase 8fynamic Coasbutlined below, benefits frorboth Terrestrial Laser Scanning (TLS) of Skara Brae
and aeriaLiDARsurveys by HES 2018, and updated by multipl&/egetation Edgeurveys. Whilst these are discussed
in turn below, various interactive tools are available witww.Dynami€oastcomfor the user/reader to interrogate

the results.
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ExistinglropographyndFlood Levelwithin Bay of Skaill
The natural coastal sand dune ridge and gravel beach at the Bay of Skaill serves to protect the interior dunes a

adjacent farmland and built assets whilst the artificial sea wall protects the site of Skara Brae. Tibe efggation

of the dune ridge is generally abovemOD, rising inland to8 mand 9 mOD and although some areas close to the
shore lie at6 mOD, these are encircled B mOD contours. This means that the dunes are above current high
magnitude flood leved (see insert ofrigure3) and likely to remain so for decades to come. Nevertheless, spray and
wave thrown beach sediments present a current issue at the Bay of Skaill, including SkaiseBrmecommon with

other high energy shoredga Orkney

Given the topographyHigure3) the flood risk at the Bay of Skalill is regarded to be limited since the frontal dunes are
backed by gradients that rise inlartdowever a restricted corridoalongthe present course of the stream outlet from

the Loch of Skailinay be an issufor future fluvial flooding but not for coastal flooding given tisairroundngground

exceeds’ mOD and, with the outlet currently sediealing with coastal sediment, this waly to change substantially

in the future.

Legend
2018 DTM
moD
B <=-1 £
] -1-0 Return Penod Still Level
[_Jo-3
G (yr) (mOD)
[ : - . 1 299
%’ ! - & 5 3.21
Ce ) 2 50 3.54
-8 100 3.63
200 3.73
B s-9
9-10 500 3.84
|:| 10-11 1000 3.93
[ ]>1 10000 4.23
Base year: 2008
Bathymeti
v 0 125 250 Metres
[ —|
Aerial imagery flown by OS (June 2016)
and obtained via the Dynamic Coast
project. Crown Copyright (&DB rights)
2020 OS 100017908.

Figure3 Topography, bathymetry and key flotelsfor Bay of Skaill

NaturalCoastal Flood Protection Features within Bay of Skaill
Automated terrain analysis has been carried out on$hailDSM to identify the extent of barrier features and identify

their overlap with areas at potential flood risdowever,the risingground levelsnland at Bay of Skailbeyond the
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dunefacemeanthat the interior is not at risk froncoastalflooding, even under the anticipateimof RSLR by 2100.
The extent of thecoastalflood protection featuresis depictedin Figured, with natural barrier front pointsymbolised
with barrier widths.To be noted is the lack of barrier featunshich lie atat-risk flood elevations, due to thaigh cliff

dune morphologysome barriers may be narrower than others ety few are at flood risk because of their width.

Bay of Skaill: Flood Protection Features

=

Dynamic Coast
= : 1St

Legend

Flood Protection
Barrier Toe Width
m
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25-50
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75-222
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2018 DTM
mOD r .

0 125 250 Metres
)
Aerial imagery flown by OS (June
2016) and obtained via the Dynamic
Coast project. Crown Copyright (&DB
>1 rights) 2020 OS 100017908.

Figure4 Extent of natural flood protection features at Bay of Skaill: The positions of the dune ridgetbaggraward and landwardre
derived from LIDAR automatic temaanalysis (toe of seawall at Skara Bed&o shown)The barrier widths are presented as front toe points,
however due to thenorphology of the cliff dunsystem, the protective capacity of these dunes at key flood elevations is vefgadiitown by
the lack ofbarriers at risk of flooding¢pblack rings around points).

Changeso Low Watert Bay of Skaill
Figure5 shows the observed changes to low wabgicomparing the Ordnance Survey Mean Low Water SMibyVS)

line surveyed in 1972vith a low water line derived from the CoasRay methodTheCoast XRay approach infers a
foreshore lowering adjacent to the Skara Brae site which has resulted in th®pasilow water retreating landwards
~55m from 1900¢2018 Giventhat the energy of storm waves at breaking point is depth dependémteshore
lowering will lead to a reduction in wave attenuation and an increase in wave energy at the beach. On l@alshore
would normally increase the risk of coastal flooding due to wave setup and overtopping, but the g8@a®D height

and width of the dune cordon at Bay of Skaill beagbgestshisto be unlikely.
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Figure5 Comparison beteenthe latest OS Mean Low Water Springs line (surveyed in 1972) and Low Water (80% water occurrence) from

Coast XRay

Changes tdligh Waterat Bay of Skaill
Figure6 depicts changes in the position of MHWS between 1900 and 2018 Bethef Skai(lSkara Brae HWas been

artificially fixed in position sincile 1920sby a seawa)| showing maximum shifts of 244 m in the central bay and

smaller shifts of §14 m in both the north and south of the bayigure7 detailsthe shiftsin MHWS in the sathern

part of the Bay of Skailand shows recent buildup of upper beach sediment between 1972 and 2017/201&s Th

suggestthe geometry of the upper beach is highly variali¢gh both phases of landward retreat and seaward gains

yet over the saméime period MLWS shows progressive landward retreat leading to shoreface steepening (sediment

loss at MLWS maesult ingain at MHWS)
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Figure6 MHW Spostion changedetween 1900 and 2018 Bay of Skaillith total distancevariationsfrom 1900 position.

Skara Brae MHWS change
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Figure7 MHWS position changes between 1900 & 2018 at Skara Bisertsshowtotal variation distances from 1900 position.
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A number ofhigh resolutiorDigital Elevation Models (DEMs)siXor Skara Bradue to the ongoing monitoring work
by HESo ensure the valuable cultural assetiising adequately protected and maintained. Part of this maintenance
also involvesissessing sediment movement surrounding the hard seafwating the %ara Brae sitefFigure8 shows

the changes in elevation from 2042014 and 20142018 across Skara Brae, highlightthg trends offoreshore
accretionanddune front erosion, as well as the magnitude and rateedfeat along the vegetation edgeast of the
site andto a lesser extenat the baseof the defence wall.The short time span of 4 years between eabbvation
surfacealsoemphasises the dynamisof sedimentacross thigelatively small scalewith the foreslore switching

between erosional and accretionairy under a decade.

" Dynamic Coast|

N

Bay of Skaill: Elevation Change

e
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Figure8 Changes in foreshore elevatiower the last decade across Skara Bfamm 2010(Lidar DTNMto 2014 (Terrestrial Laser Scan) and
2014 to 2018Terrestrial Laser Scan).

In 2018 two high quality Digital Surface Models (DSMf)he Skara Brae foreshore area were collected, aligws
check of data quality as well as an assessmeishoft-term upper beach variabilityFigure8). These demonstrate
internal consistency and indicate that substantial vertical change can occur in the uppentidziotone year.Low
beach gradientstaMHWSelevations as seen here canoducesubstantiallateral changein MHW Spositions over a

short period of timeasthe beach heighfluctuates.
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Vegetation Edge Changeross Bay of Skaill
Figure9 shows theVegetation Edgenonitoring from various sources: historic mag®902 and 197p recent aerial

imagery 2008 and 20%/6) and field survey April 2019).The position of the/egetationEdgeis a useful additional
indicator of coastal erosion since it defines the point at which landward assets become directly impacted by wav
erosion (eg. by undermining of the coastal bluff), as opposed to simply being at heightened risk due to thadppro

of another indicator such as MHWS. MHWS is used withiraiic Coasas a key coastal position indicator because

of its nationally timeseriesavailability from the @nanceSurvey. TheVegetation Edgés now being collected semi
automatically within Pnamic Coasas an added layer of data to complement MHWS as an indicator of cumulative
erosion that is relatively free from the sharm noise and fluctuation that affects MHW&dditionally, the rates of
change as well as distance changes can be atécldo gain a clearer understanding and more normalised viewveof

change in Vegetation Edgeigurel0).
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&8 1972-2008: -8m
@ 2008-2015: +0.5m
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2008 Eerror' 0 25:\1) % e — g Aerial imagery flown by OS (June 2016)
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—— 2015 (error: 0.25m) \ ; 5 project. Crown Copyright (&DB rights)
—— 2019 (error: 0.2m) & NP e A R ¢ 2020 OS 100017908.

Figure9 Vegetation Edgénesfrom 1902, 19720S map digitisation008, 2015aerial image digitisation) and019(ground survey) foBay
of Skaill with focus on Skara Brae.
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FigurelOVegetation Edge change across the Bay of Skadlsured betwee2008;2015

Thepasttime-seriesVegetation Edge change Bay of Skaitanbe converted intaa rate (n/yrO and projected
forward to 2050 and 2108s a way of visualisingpastal edge chandeased orpresentconditions This method is
similar to the geomeic shore retreat projections presented in the first phase of Dynamic Ceagtrell shows
progressive landward shifts of théegetation Edgacross much of th8ay of Skaill, although the rate is variable.
Relatively rapid rates occur in the south and adjacent to the entexfeawallat Skara Bragut less change occurs
toward the centreof the bay. Projecting thpastrates forward to 2050 and 2100 shows some areas to undé&gégo
of retreatby 2050 and 50 m by 21@thilst others appear relatively stab{€igurell). However, erosion at specific
points is known to negatively impact on adjacent coastal edges and so the position of the future ¥eggddtion

Edgeis more likely than not to become more uniformly distributed landward.
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1Bay of Skaill - (draft) Results
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Figurell Anticipatedrecent veg edge retreat ratds/ 2050 and 2100. The position of the eroded lines depends on a linear extrapolation of past
rates, no impact of eroded areas on stable adjacent areas (unlikely), and no artificial intervention.

Volumetric Changes within Bay of Skaill
The elevation changes captured by the datasets depicté&dguare8 allow annual volumetric change rates to be

calculated for the periodbetween 201@2014 and 20142018acrosshe Skara Brae sitdhe marking of these zones
gives areas to sum elevation change across, thereby giving volumes for these gpaetit his volumetric
quantification shows thathe rate of loss in sediment volume has been steadyss the vegetation edge asda

wall base with an influx of sediment across tkorefacein more recent yearsThe limited coverage of the

elevation surfaces means thatfull assessment of sediment movement in and out of the entire bay system cannot
be made, but it is likely that due to tleurved nature of thaV LJ2 Ghay3hier@ is a limited supply of sediment into
the systen and the primary sediment being mobilised is from other partsezfch and the vegetation edge clipping
back.This is further supported by theeawardpointingarch shaes seen in theandaerial imagery oFigurel2,

representing erosionabusgshapesat the wave breaking zone.
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Bay of Skaill: Volume Change
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Figurel2 Comparison of rates of volume change across each geomorphic section outline in white, frqg0281p) and 20122018
(bottom).
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FutureShorelind>rojections
Future projections are based on the Modified Bruun Rule which are projected forward basddKGi®18

Representative Concentration Pathway 8.5 (RCP8.5) using the&sentile estimate, given the precautionary
principle. The coastal change incorporates shore face gradient and is calibrated with recent coastal chafipeskata
anticipated shorehes are not intended to be reliable detailed predictions, but a precautionary future scenario of many
possible scenarios to inform the possible scale of chaRiggirel3 shows the anticipated future positions of MHWS
eachdecack through to 2100estimated using &Modified Bruun Rulealculation for a future relative sea level rise of
1.02m at Bay of Skai(UKCP18 RCP8.5@#rcentile. In the southern half of thbay, the amount of landward retreat
(erosion)reaches-7 m by 2050 and28 m by 2100with a maximum switch in historic erosion radé one transect

from stablgno changg(1972;2018 to -0.5 m/yr(2050;2100). The amount of landward retreat is anticipatealtte up

to -29 m by 2100 in the northern part with erosion rates of betwe@d t0-0.8 m/yrby 2100

\ 1972-2018: 0.00 miyr
3 =1 2018-2050: -6 m (-0.2 miyr)
NN S = 2050-2100: -29 m (0.6 miyr)

1972-2018: +0.01 mlyr
2018-2050: -4 m (-0.1 m/yr)
2050-2100: -26 m (-0.5 m/yr)

1972-2018: +0.17 m/yr
2018-2050: -5 m (-0.2 m/yr)
2050-2100: -15 m (-0.3 m/yr)

¢ 1972-2018: +0.67 m/yr
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Legend
- = 2018 MHWS

Modified Bruun MHWS [##°
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——— 2060 250 Metres
—— 2070 e :
—— 2080 1972-2018: +0.02 m/yr Aerial imagery flown by OS (June 2016)

2018-2050: -4 m (-0.1 m/yr) and obtained via the Dynamic Coast

—— 2090 2050-2100: -20 m (-0.4 m/yr) project. Crown Copyright (&DB rights)
— 2100 2020 OS 100017908.

Figurel3 Future MHWS frorModified BruurRule (using the precautionary MHWS change from 1&@1PL8 as calibratioy excludingthe
artificially defended shores at both Skara Brae and a property (Seaview) in the north of the bay.
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Figurel4 Future MHWS from Modified Bruun R(lising the precautionary MHWS change from k@8 as calibration)excluding the
artificially defended shores at both Skara Brae and a property (Seaview) in the north of the bay.

The retreat rates, as explained, are based on both the rate of sea level rise expected in the future and the rates
retreat recorded in the pst and present, with a maximum erosion limit set by the erodability of a backdune area. As
shown in the sections on MHWS, Vegetation Edge and elevation changeteshoohanges can reflect a large amount

of dynamism in the Bay of Skaill system. Theesftre Modified Bruun Rule retreat for Bay of Skaill can be calculated
based on shorterm (201@;2018) MHWS change which is moderate and accretionary in places with only partial
coverage across the front of Skara Br&eg@rel5), and on a more representative and precautionary lorgem
(1972,2018) erosional trend in MHWS changégrel3, Figureld).
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Figurel5 Future MHWS from Modified Bruun Rule using (using the-$iiont MHWS change from 2042018 ascalibration, i.e. national run)
excluding the artificially defended shores at both Skara Brae and a property (Seaview) in the north of the bay.

Figure 16 incorporates the horizontal offset between MHWS and the Vegetation Edge. This provides a cleare
perspective on the timings of when the (wegetated) beach will coincide with assets. The snoad to theeastof
B9056 at the north oFigurel6, is at immediate threat. Seaview (the northern house) house is expected to become
increasingly exposed as the edgfethe vegetation retreats landwargdarguably this has already startedth -8 m of
retreat between 1972 and 2018, avegiag-17 cm/yr. Adjacent to the northern house, anticipated Vegetation Edge
retreat based on Modified Bruun MHWS retreaincides wih the B9056 between 2D and 2®%0. The path from the
Skara Brae visitor centre to the site could be impacte®®y0. While this is by no meanan exact projection of
Vegetation Edge retreagpplying the ~40 m offset between the current MHWS and Vegetdfidge to the future
MHWS projections helps to visualtmings of when thain-vegetated beach and dune face will impact on Kaged
assetsThisgeneralisation also does not mean that tegetationEdge across the cerdat-southern sectiorof the bay

isfixed in place, as seen by recent retreaFigurelO.
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Figurel6 FutureVegetation Edgeositions under thdlodified BruurRule excluding the artificially defended shores at both Skara Brae and a
property (Seaview) in the north of the bay.

A useful way of depicting the effect of these planimetric changes is to construct cross sections normal to the coas
Figurel7 depicts two cross sections: one taken through the imiint of the Skara Brae seawall, the other taken
through the dunes immediately to the east of the sea Waillthe marker pst shown in the bottom scene é¢figure

18). These cross sections show that, without the seawall, s bf retreatat the dune crestvould have occurredp

to the present day, witrapproximately half of Skara Brae lost. If the seawalle breached or removed, then the
orange line is an approximate guide to the anticipated position of the equilibrium shoreline and provides justificatior
for the continued maintenance of the seawall. The two further cross sections show the position dfitare
undefended shore, the light red line with a 2 m horizontal offset to the equilibrium prafieefended shorejo

reflect the shoreface retreat anticipated by the Modified Bruun Rule by 2BkBfuel19). Leftundefended most of

the Skara Brae monument (up to thé& Bouse) would be lost over the next thirty years. The dark red line incorporates

23m (2 m by 2050 and additional 21 m by 2160horizontal retreatanticipated by the Modified Bruun Rule by 2100.
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