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PREFACE

Thisdocument is intended t@rovide guidance on the construction of skwel scenarios to
support impact, vulnerability and adaptiah assessments. ftummarigs key material from
previous IPCC Working Group (WG) | and VWGsBssments on sea lewslangeand placs

some relevant posAR4(IPCC Fourth Assessment Repbtgrature, published prior to 30

June 2010in a context base®n those assessments. Material included here from the post
ARA4 literature has not been subject to the formal review and scrutiny of an IPCC assessment
process.The TGICA does not have a mandate to provide a review or assessment of new
literature, and thisguidance note does not attempt to provide such an assessmiEm
quantified scenarios remain within the full range of uncertainties signalled in the AR4. There
is no intent, expressed or implied, that this document be treated as a formal update to the
AR4

Some aspects of thdocumentare exploratory but are designed to assist those compiling
Impact assessments, where the range of assessed material is insufficient. They may also help
authors of the Fifth Assessment Reptotunderstand how different typge of information

canbe brought together in developing coastal adaptation frameworks.

The views expressed in this document and any aspects of expert judgment that go beyond
those documented in thehird and Fourth IPC&8ssessmenReportsare solely those fothe
authors.

The terminology for likelihood of occurrence/outcome, except where explicitly stated,
follows that used in AR4. This approach is fully explained in the AR4 uncertainty guidance
document available from https://www.ipcc-wgl.unibe.ch/publicabns/wgl-ar4/wgl-
ar4.htmland is summarised below:

Virtually certain > 99% probability of occurrence
Very likely > 90% probability

Likely > 66% probability

About as likely as not 33 to 66% probability

Unlikely < 33% probability

Very unlikely < 10% probability

Exceptionally unlikely < 1% probability
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CONSTRUCTING SEAEL SCENARIOS RMHACT AND ADAPTANO
ASSESSMENT OF COARREAS: A GUIDANODBCUMENT

R.J. Nicholls S.E. HansdnJ.A. Lowe R.A.Warrick X. L8, A.J. Lorand T.R. Cart&r

Executive Summary

Globatmean sedevel rise is one of the more certain impacts of hunmaduced global
warmingandA & gAff RNAGS 20t AYLI OGA FyRAFRLELII
key element in assessing these issues is the developmiestealevel rise scenarios (or

plausible futures). Thiguidancedocument summarise key relevant material concerning

sealevel rise scenario development for the2Centuryfrom previousWorking Groug and

Working Grougl assessmentsf the IPCC

The document describes the mechanisms which contribute to-lesal change and a
methodology for combining available data on these mechanisms to create suitableveta

rise scenarios for impact and adaptation assessments. Each component of thevaseas
scenario, including the global volume of the ocean, regional effects due to differential
thermal expansion of the ocean and dynamic effects and vertical land movements due to
various natural and anthropogenic causes, are reviewed and methods to estiimede
changes are considered that are consistent with the IPCC SRES emission scenarios.
Procedures for évelogng relevant scenariosare illustrated, including the minimum
requirements, and example sdavel scenarios are also included

In the period betwea publication of the fourth IPCC assessment (AR4) and before the
publication of the fifth assessment (AR5) in 2218 4, this Guidance Document considers
the different needs of impact assessment, adaptation planning and-temmg decision
making. This inables consideration of seavel rise during the ZiCentury, which may be of
high consequence, though of low or unquantifiable probability, that exceeds the projections
of the quantifiable portions of sekevel budget reported in the AR4. In the absende o
assessed results for such changes, this is not quantified here, but merely disaugked
context of its possible applicationn sensitivity studies and loAgrm vulnerability
assessmentsThe quantified scenarios that are presentetinmain consistentwith the full
range of uncertainties signalled in the AR4.

It is plannedfor an update of this sedevel scenario guidand® be preparedfollowing the
release of the ARS5.

! School of Civil Engineering and the Environment and Tyndall Centre for Climate Change Research, University of
Southampton, U.Kr.j.nicholls@soton.ac.u&.e.hanson@soton.ac.uk

% Met Office Hadley Centre (Reading Unit), University of Reading, jBksKn.lowe @metoffice.gov.uk

3 Faculty of Science, Health and Education, University of the Sunshine Coast, Anstialiek@usc.edu.au
4Adaptation, Technology and Science Programme (ATS), UNFCCC Secretarialt uthariingStrasse 8, 53175 Bonn,
Germanyxlu@unfccc.int

° Department of Geography, Durham University, DurhBid,l 3LE, Ul4;j.long@durham.ac.uk

® Finnigh Environment Institute, Box 1461N;00251 Helsinki, Finlandm.carter@ymparisto.fi
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CONSTRUCTING SEA-LEVEL SCENARIOS FOR IMPACT AND ADAPTATIO N
ASSESSMENT OF COASTAL AREAS: A GUIDANCE DOCUMENT

1 Introduction

Globatmean sedevel changeis one of the more certain impacts of humarduced global
warming and one whichs expected tocontinue for centuries due to the time scales
associated with climate processes and feedlsaeken if greenhouse gas (GH@&Missions
concentrations were to be stabiliseMeeHLet al, 2007) Given the large and growing
concentration of population and economic activity in the coastal zone, as well as the
importance of coastal ecosystems, the pntial impacts of sedevel changehave evoked
widespread concern for more than two decad@RrTHand TTus 1984; MLLIMANet al,
1989; WARRICIet al., 1993)

Sane potential impacts ofa change insea level have already been assessed locally,
nationaly, regionally and globallfe.g. BiLsmeet al, 1996; MLEANet al, 2001) However,

the scope of assessment and the methodologies employed have varied signifieagtbe
LAVEGALEINERBNd NCHOLLS2001; NcHoLLand MMURA 1998) Most of thesestudies have
been based on scenarioalternative images of the future, which help in the assessment of
future developments in complex systems that are either inherently unpredictable, or have
high scientific uncertainties. The reliability sifenariosand difficulties associated witktheir
development and us®, have emerged as major problenand constraing for impact and
adaptationstudies.

To assist scientists, engineers and policy analysts who are assessing ohpactpotential
responses to sekevel change, this guidanaocumentaims to explain why and how sea
level scenarios are developett alsoprovides guidance on the usef observational and
scenario sedevel data within such studiesas well as associatethveats.Scenarios are
mainlydeweloped forperiods between 30 and 100 years into the futuas this corresponds

to the decade to century scale of most impact studies, but brief conaiaber is also given

to post-2100 scenarios. This guidance considers the full range of situationsctisas of

little data and few or no previous studies to those where significant data and experience of
earlier studies are available.

The need for sedevel change scenarios as part of impaad adaptationassessments is
considered, followed by discussionf the strengths and limitations of sdavel
observatioral analysis and scenario developmenMost information is drawn from the
Intergovernmental Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) and the
discussioron sealevel changeavhichit has stimulateg with some reference back to earlier
reports such as th&hird Assessment Report (TARY appropriateFor example, in the AR4,
the quantifiedrangeof projected global mean sdavel rise idetween 18 and 59 cm by the
2090s, representig the modelbasedrange of sedevel change due to thermal expansion,
melting of small glaciers or surface melting of the main ice shisets Table SPM3 in IPCC
(2007¢)) in the TAR, globahean sea levels were estimated to rise between 9 and 88 cm
from 1990 to 2100(CHURcHet al., 2001) This change in range is due to a combination of
newer modelling techniques, better understanding of processes and better use of
observational constraintsut it excludes the largerpotential contribution of sedevel rse

from dynamic ice discharge or collapskthe Greenland and Antarctic ice she¢ieeHLet

2
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al., 2007) The AR4 highlighted the potential for sea level rise to exceed current model
based projections, but did not quantify the potential additional conttibns as a sufficient
basis in the literature was lackiftPCC, 2007a;dlowever, he AR4 provide an illustrative
estimate of theadditionalsealevel changef observed dynamic discharge processes were to
increase linearly with temperature. In that egsglobal average sea levels would exceed
modetbased projections by an addition@l.l to 0.2m by the 2090Qshut even higher
contributions from this sourceould notbe excludedIPCC, 2007a p.45; 2007¢c p.Mhile
large sedevel rise scenarios>(1m rie) resulting from dynamic ice loss of the polar ice
sheetsare generallyconsideredas having lower probabilitduring the 2% century, they
cannot be ruled out based on our current understanding. It is important to remember that
the magnitudes of theotential impactsassociated with high selavel rise scenarioare of
sufficient concern to merit consideration in impactulnerability and adaptation studies
(NicHoLLand @zENAVE2010)

In addition, other relevant climate change parameters and-olamate scenarios for coastal
areas considered relevant in the AR4 assessment are briefly introdidedoLL®t al,
2008a; NcHoLL®t al, 2007) Such genarios might be important in more detailembastal
impact andadaptationassessments.

2 Potential impacts ofa change inrelative sealevel

The main physical impacts associated with changes in sea level are summaifiabtéih

Table 1: The main physical impacts of relative degel rise, which requeé sealevel scenarios for their
analysid.

Physical Impacts

a. Surge (sea)

1. Inundation, flood and storm damage -
b. Backwater effect (river)

2. Long-term wetland loss (and change)

3. Altered patterns of erosion and accretion (direct and indirect morphological change)

a. Surface Waters

4. Saltwater Intrusion

b. Ground-water

5. Rising water tables/ impeded drainage

These impacts will vary spatially in line with variations in sea level, which can be significant
(seeFigurel), reflecting the processes occurring at each location. For instiNeajgaseki
Japan, exhibits a sudden abrupt sdavel change due to a natural phenomenoan (
earthquake)which would cause significant and unavoidable chan@esigkok Thailand,
shows acceleration in the rate of sdavel rise due to increasing human intervention (more
rapid subsidence due to groundwater extractiomhich can be anticipated; sea level at
Helsinki, Finland, appears to be falling due to postglacial isostatic uptlitdand surface
which may offset the potential impacts of any rise in sea |ldvwgurel alsoillustrates that

! Other classifications of the physical impacts of relativelseal rise are found in the literature, but they are all similar
and can be mapped ontdé scheme shown in Table 1.



Proof

substantial interannual and inteidecadal variabilityn sea level occurs. This means that for
individualperiods ofa year to severalecades, sesevelchangecan deviate from the long
term observed trend, even showirtje oppositetendency, making it particularly important
that the longterm underlying trend is identified in impact studies

oo ¢ %l et ' —— Nezugaseki, Japan -

o <— 1964 Earthquake Abrupt change (post
earthquake in 1964)

—=—Bangkok, Thailand -
Accelerated rise (human
induced subsidence -
groundwater extraction
post 1960)

<«— 1960'sincreased groundwater
extraction

Wﬂ

I 250mm Grand Isle, USA - Rapid
rise (natural deltaic plain
subsidence)

——Helsinki, Finland -
Falling trend (natural
land uplift exceeds
global-mean rise)

—*— Sydney, Australia -
Gradual rise

1900 1920 1940 1960 1980 2000

Figurel: Selected observed sdavel records over the fbearly 21" centuries, illustrating different types of
relative sedevel changgvertical axis, increments of 250 mnijhe offsets between records are for display
purposes. Data from the Permante8ervice for Mean Sea Leviettp://www.pol.ac.uk/psmsil).

The standard impact approach is often described as-down because it combines
scenarios downscaled from global climate models to the local scale avéequence of
analytical steps that begin with the climate system and move through biophysical impacts
towards socieeconomic assessmerfCARTERet al., 1994) As part of this framework it is
necessary to determineelative sealevel changavhich is commsed of the sum of global,
regional and local trends related to changing oceans and land levels (see Settidrhese
components and their drivers are commonly linked within an impact assessment as
illustrated inFigure2.

It is important to remember that at all stages of a scendninlding process, a diverse range

of uncertainties are encountered. A large uncertainty surrounds futGkGemissions and

the possible evolution of the underlying drivers, as reflected in a wide range of future
emissions pattvays in the literature. This uncertainty is further compounded in going from
pathways to greenhouse gas concentrations in the atmosphere; from concentrations to
global and regionatlimate change; from climate change to potential and actual impacts;
and finally from these to the formulation of adaptation and mitigation measures and
policies.These uncertainties are discussed further in the following sections.


http://www.pol.ac.uk/psmsl/
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Figure 2: Summary of a methodology commonly applied for developing-leeal scenarios for impact
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assessment and adaptation planning. MShean sea level; Eglextreme sea level.

3 Understanding relative sedevel change

3.1 Componentof relative sedevd change

Relative sea level can change over a wide range of timedcafeseconds to centuries$:or

instance, significant selavel variability can occur over years or even several decades due to

a range of processes and largeale atmospheric circulath changes such as the El Nifio

Southern Oscillation (ENSO) phenomenon or the North Atlantic Oscillation ,(NAO)
depending on the locatiofe.g. BSHARIN2004; bmBARet al., 2005)

However, this guidance is concerned with changes in sea level over xh&Ghgear to 100
yearperiod,whererelative sea level is the sum wfo major components:

1. Globatmean sedevel change k d), b result of the change in the global volume of the

ocean. In the 20/21% Century, this is expected to be primarily due {d) thermal

expansion of the ocean as it warms, (2) the melting of small glaciers and ice caps due to

humaninduced globalarming(BNDOFret al,, 2007; MeEHIet al., 2007) and (3) changes
in the mass balance of the Greenland and Antarctic ice shedtigh is less certain
(SHerPHERAND WINGHAM 2007) Estimates of the recent rates of skavel change

associated with indidual components and their sum reported in AR4 are illustrated in

Figure3.

Modificationto globalsea level is also possible duedmanges irthe hydrological cycle,
including global groundwater depletion, impodiment of water in reservoirs and land

drainage(e.g. ®Aoet al, 2008) However, BiDoFret al (2007 p.41902 y Of dzR S
land contribution is either small (<0.5mm/yr) or is compensated by unaccounted or
dzy RSNB A GA Yl (SR itGshyt GodsilededAiiriher yh &his guidghee.
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Figure 3: The estimatedbudget of the components ofglobal mean sea level chang®g),their sum (B)
compared to theobserved rate of rised). The blue (or upper) bar represents the 90% erromgeafor1961 to

2003 andthe brown (or lower) bar, the 90% error range @893 to 2003 The difference between the
estimated budget and observed rate of sleael change (D), illustrates that, whilst agreement has improved in
the more recent period, therés still a tendency to under predict observed dewgel rise.For the sum, the

error has been calculated as the square root of the sum of squared errors of the contributions. Likewise the
errors of the sum and the observed rate have been combined to olkererror for the differencgadapted

from Figure 5.21 inIBDOFret al., 2007)

2. Regional and/or local spatial variatioimssealevel change due to three causes:

a. Meteo-oceanographic factore k dy)[ includingdifferences in the rates of oceanic
thermal expansion, changes in lotgrm wind and atmospheric pressure, and
changes in ocean circulatiqggauch as the Gulf Streape.g. loweand GREGORY2006)
and in the Indian OcearHaNet al., 2010Q. These factors could be significant, causing
large regionaldepartures of up to 5€100% from the global average value for the
thermal expansion component of séavel change. However, coupled atmosphere
oceanclimate models of these effects under global warming do not agree where
these largeithan-average changes illvoccur (MEeHLet al, 2007; RRDAEN®L al,,
2011) At a local scale toohsts in wind (wave) climatean raise sea levetsarkedly
in lagoonal systemgMaLHADASt al, 2009) which can have a dramatieffect on
local coastal systems#sources.This regional component of sekevel change has
tended not to be included ifmpact assessments to date, although the UKCIP0O2
scenarios did include guidan¢euLmeet al., 2002) Some procedures to include it in
future assessments are included in this guidance

b. Changes in the regional gravity fietif the Earthd k g [due to ice melting (caused
by redistribution of mass away from Greenland, Antarctica as well as small glaciers).
This means that global séavel change caused by the melting of an ice shedt wil
y2i 0S S@Syfté& RAAGNAOdzI SR I-mean valueBeg It S
Section 5.5.4.4 iniBDoFret al, 2007) If a polar ice sheet melts, then the volume of

2 UK Climate Impacts Programrtp://www.ukcip.org.uk/
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water in the oceans increases, but at the same time, the gravitational pull frem t

ice sheet on the oceans close to the ice sheet falls. The net effect of these processes

is that sealevel rise occurs faster in areas further away from the source of the
melting. For example, in the case of melting Greenland ice, there would be &ss se

level rise than the global average in the North Atlantic, near to Greenland,
progressing to an enhanced skavel rise (compared to the global eustatic value) at

low latitudes and in the southern ocea(R.AG 2006) Each potential mass source or

sink (@eenland ice sheet, Antarctic ice sheet, small glaciers, water storage on land)
gAtf LINRPRdzZOS AlGa 26y Ldvel dhanyd meastidd @ifitley 3 S N1
coast(e.g. MTROVICAL al., 2001)

c. Vertical land movements (uplift and subsidenge \{v), due to various natural and
humaninduced geological processé&4RISTENSEat al, 2007, Box 11.5;MERYand
AUBREY 1991; EIcsoNet al., 2006; RLTIER 2004; SviTskI 2008) Vertical land
movement occurs in most places. Natural causes ircl(id neotectonics(2) glacic
isostatic adjustment (GIA), and (3) sediment compaction/consolidation. These
changes can be regional, slow and steady, as in the case of GIA, but also localised,
large and abrupt, for example as associated with earthquakes., Nezugaseki,
Figurel).

In addition, human activity has often influenced rates of subsidence in susceptible
coastal lowlands such as deltas by land reclamation and by lowering water tables
through water extration and improved drainagéNicHoLLet al, 2007) These
humanenhanced processes are generally localised to Holoegeedeposits and

can locally exceed the magnitude of changes expected due to climate change
through the 2% Century(BrRp 1993; RENCH1997; bNGet al., 2006; NcHOLLS1995)

(e.g., Bangkolgigure 1).

Other processes such as changes in discharge near the mouth of large rivers may also
influence mean sea level, and this might also be investigated withimpacdt assessment, if
relevant.

The inclusion of regional components of relative sekvel change is important when
developing scenarios for impact anédaptation assessmentsince they provide a link
between (global) climate change andregional to local)coastal management strategies
(GHRISTENSE al,, 2007; NcHoLLst al., 2007)

3.2 Combiningthe component®f sealevelchange

Relative sedevelchangefor a specific location needs to consider the contributions from the
componentsat the global, regionaland local scales already discussed. It is possible to
integrate these for a given site usiigjuation Iwhich also outlines the ideal way that each
component could beonsidered

DRSL= DSLG + DSLRM + DSLRG + DSLVLM Equation 1

Where,
k w{ [s the changén relative sea level

k {c[ Iis the change in global mean sea level
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k {rls is the regional variation in sea level from the global mean due to meteo
oceanographic factors

k {rE is the regional variation in sea level due to changes irStite NQr&viagional
field

k {w[uis the change in sea level due to vertical land movement

Using Equation 1, relative séavel scenarios can be developed according to the data
available.

4 Sealevel senario development

There are several different methods of determining pegpriate sealevel scenarios
according to the purpose of the assessment and available data. These include using
observed data (Sectiod.l), processhased or statistical models (Sectiofsand 4.3),
sensitivity analysis (Sectiogh4) or synthetic methodsincluding consideration of extreme
sealevel rise(Section4.5). In addition, common technical challengesnfronting analysts
include reconciling global scenarios with local needs (Sedti®nand specifying scenarios
over different time horizons (Sectigh?).

4.1 Extrapolated trends

Extrapolation of sedevel trends from observeddata is useful as a direct method for
creating relative sedevel scenarios formore localisedimpact assessmentas historic
records will include changes in water level due both vertical land movementsand
changes in the levelfahe sea surface.

The main source of informatiofor extrapolated trendss tide gauge records, and a major
global data source is the Permanent Service for Mean Sea Level (PSKtStymental
records of sedevel change measured with tide gauges awilable both locally and
globally and users should regularly consult the PSMSL and other data providers as, in
addition to new measurements, important losigrm historic measurements are sometimes
added to the archivéDouGLAS1997; HiGHet al., 2009;WoobwoRTHet al., 2009b) Other
sources of sedevel data such as the World Ocean Circulation Experiment (WO®BE)
National Oceanographic Data Centre (NG@Y National Tidal Centre of Austrélimay

also offer suitable data, while national and portceharbour authorities should be consulted
for data as well However, ligh quality datasets most useful ftliis methodare strongly
biased towards the developed world, with very limited letegm data in some regions (e.g.
small islands, Africa, much tife souhern oceans). The longest record possible should be
used adongterm (>50 year) measurements of mean sea level are required to determine
the most robust trendgDouGLAS1992) While a trend can be extracted from any length of
record, shortterm records (particularly shorter than 36 years, or two lunar nodal cycles)
should be used with cautioand the length of sedevel record which has beeanalysed
should be explicitly reported.

3 http://www.pol.ac.uk/psmsl/

* http://www.bodc.ac.uk/projeds/international/woce/

® http:/Avww.nodc.noaa.gov/General/sealevel.html

® http:/Avww.bom.gov.au/oceanography/projectatc/ntc.shtml

"Data archaeology is important in stvel studies (Woodworth, 2006). If you identify historic data that is not in one of
these archives, this data should be reported to the PSMSL.
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Based on the available séavel records, a global averageeansealevel rise over the 20
Century of 0.14 0.05 m has been estimated by the IP@G@porret al., 2007) From 1961
to 2003 the average rate was 1#80.5 mm/yr, while the rate was even greater between
1993 and 2003 when satellite measurements show thatdreased to 3.1+ 0.7 mm/yr. It is
unclear if this postl993 trendreflectsshort-term variability in globaimean sedevel rise or
indicates a systematic acceleration in the rate of glolbatan sedevel rise: this is a
guestion that further monitoringcan help to resolve. Satellite observationsseh levelsare
now collected routinelfe.g. [EULIETTEt al, 2004)and some recent worKGHURCHand WHITE
2006; HLcATEand WOODWORTH 2004; WWoDwWORTHet al, 2009a) has combined the
altimeter record withtide gauges to produce gridded séevel data sets. These can extend
back to the 1950s or earlier but have not yet, to our knowledge, been used fdegela
scenario development.

In areas of rapid subsidence such as delta plains, or subsiding aitiglysis of shorter
recordscanstill provide a constraint on the rate of subsidenceg(eBangkok ifrigurel) or

the Louisiana coastal pla{RENLANANd RMSEY 1990) For example, groundwater and other
sub-surface fluid withdawals have produced significant subsidence in susceptible areas
over the 20th Century, greatly exceeding the climatéuced trends. Such subsidence is
most severe in cities built on deltas, many of which can be found in Asia as shown by the
examples givenn Table 2. GRossand MUIRWOOD (2006 and SrviTsk(2008 both found
recent subsidenceéo have been a contributory factor to the flooding of New Orleans by
Hurricane Katrinan 2005). In the agricultural areafahe Fens, UK, oxidation and loss of
peat has led to a decline in land levels afer 4 metres since 1851(Waltham, 2000
Appropriate pojections of the net humatinduced subsidence through the 2LCentury
need to beassessed as part afverall scenariodevelopment, including socieconomic
factors(NicHoLLst al,, 2007, see Table 6.1)

Table2: Examples of maximum reported humanduced subsidencen coastal citiesluring the 20 Century
(adapted from NcHOLLSL995)

City Maximum Current Status
Subsidence (m)

Tokyo 5
Slowed to near natural rates due to reduced groundwater

Osaka 3 extraction.

Tianjin 2 Note: in Bangkok more widespread and slower human-
induced subsidence has spread to areas outside the central

Shangahi 3 city (IGES, 2007; PHIEN-WEJ et al., 2006). Similar trends may
apply elsewhere.

Bangkok8 2

Jakarta >1 Ongoing, little management response i sea flooding reported
in Jakarta in December 2007, Metro Manila discussed by

Metro Manila >0.5 RoODOLFO and SIRINGAN  (2006) and groundwater
extraction(DELINOM, 2008; DELINOM et al., 2009)

New Orleans 3 Ongoing, difficult to manage as primarily related to drainage,
rather than groundwater extraction

8 See Figure 1
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It is also important to remember thaimpacts are often more retad to temporal extremes
of sea level(storm surges)rather than the annual average valugRecords of observed
water levels can provide evidence for these extreme levels with return periods at specific
locations.Longterm studies of extreme sea levelsrough the 28' Century trend(HaiGHet

al.,, 2010; WAS/ARouUPR 1998; WobwoRTHNnd BACKMAN 2004; ZAANGet al., 2000)have
concludedthat there is little evidence of systematic departure from the glel&an trend,
i.e. any change in extreme levels is tteme as the mean sdavel change.However,for
the future this situation may changes projections for the 21 Century suggest that it is
likely thatintense tropical cyclone activity witicrease(KNuTsoret al., 2010;SLomMoNet al.,
2007) Lookingto the 2T Century, the potential for more intense storms is a factor that
must be considered in the development of deael scenariosseeTable3 and Sectiorb.2).

4.2 Model based glbal-mean sedevel change

Climate model simulations are commonly undertaken to estimate the magnitude and rate of
sealevel change resulting from global warming related factdis.address theincertainty
associated with climate system dynamansd future GHG emissionshe IPCQGleveloped a

NI y3aS 27F W ((Striosjrdlate8 @ hdwdaianyagSsacieconomic and
technological factors may influence future emissions and climate chéseggEAppendix 3.

In addition, foreach future scenario a range for potential sea levels prasented rather
GKFY aAy3t,pased @San iensendlé of YimakeSnibdel outpuBontinued
development of emissions scenarios is to be expected, including scenarios where
greenhousegas emissions are stabils®r peak and then decline. Indeedhet currentlPCC
SREScenaric are expected to be superseded in tHeCCFifth Assessment{AR5) bya
community-led Representative Concentration Pathway (RCP) apprfdois<et al., 2010)

The AR4 provides projections for the quantifiable components of the $mzel budget
(Figure 3) using a hierarchy of modelsThese rangdrom coupled Atmospher®cean
General Circulation Models (AOGCMs) through Earth Systems Modéfgeanediate
Complexity (EMICs) to Simple Climate Models (SCMs) forced by a variety of emissions
scenarios to model global sdéavel change(a discussion of the different models can be
found in RNDALLet al. (2007) For each SRES marker scenario, changpresented by 5 to

95% ranges based on the spread of AOGCM results, not including uncertainty in carbon
cycle feedbacks (sdégured).

The ranges are narrower than in the TAR mainly because of improved inionnzbout
some uncertainties in the projected contributions but the midpoint of the each range is
within 10% of the TAR model average for the same period. However, due to limited
understanding of some interactionsnd because these models do not incomger future
changes in dynamic ice discharge from polar ice shemtgher a best estimate nor
likelihood value is assigned to the rang®teEHLet al., 2007)

Figure4 shows that during the ZLCentury, thermal expansion is theminant contribution

to modelled sealevel changewith glaciers, ice caps and the Greenland Ice Sheet also
projected to contribute positively. The results also show that although the overall range of
sealevel rise has been reduced due to improved infotima on uncertainties, under all the
SRES scenarios the average rate ofleeal rise is still expected to exceed the 1.8mm/yr
rate observed between 1961 and 2Q08s impact assessments often need to estimate
impacts of sedevel rise for intermediate pé&vds, the values provided in Table 10.7 of the
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AR4 report(MeeHLet al, 2007)can be used tgeneratetime seriesof the projected sea
level rise under various SRES scendgeas HINTER2010) Section4.7 offers a method fo
constructing intermediate sekevel rise scenarios based on Table 10.7 fidigeHLet al.
(2007)the results of which are tabulated rable5 of this document.
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Figure4: Global average sel@vel rise pojections and uncertainties (5 to 95% ranges) 2090 to 2099 (relative to

1980 to 1999) for the six SRES marker scena@ostributions from the individual components are also
shown. Rt of the presemtday ice sheet mass imbalance due to recent ice floeel@cationis presumed to
persist unchanged(Source: Figure 10.338dHLet al, 2007) The uncertaintiesfrom the individual sedevel
change components and their combination are described in AppendidMEmiet al.,(2007).

4.3 Modektbased regional sekevel change

To date, most coastal impact and adaptation assessments have ignored regional variations
in sealevel scenarios, largely due to a lack of technical guidance and access to the necessary
data in a usable form. Nevertheless, regional and local ass&®ts would benefit from
considering the components of séevel change (SectioB) on a more individual basis, as

the uncertainty forclimate-inducedsealevel change during the 2century at any sitds

likely tobe larger than the globahean scenarios suggest.

431 Metecoceanographirgg factors (a&SL

Regional variations in atmospheric circulation, ocean circulation and warming rates, spatial
variations in mass redistribution and the interactions between them can lead to significant
deviations of regional sel@vel dange from the globalkaveraged trend. There are two

main methods for estimating regional variations usingdelleddata.
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4.3.1.1 General Circulation Models

a. Single model outputs Complex climate models (AOGCMs) have been used to
simulate the geographic distriftion of sealevel change caused by ocean processes
(GREGOR®t al, 2001) Thermal expansion can be calculated from the change in
three-dimensional ocean temperature structure in the ocean components of the
models. Model results for the thermal expansi@omponent of sea level derived
directly from the AOGCMs, reveal that some regions show a rise substantially more
than the global average rise (up to twice the global average), and others show a sea
level fall for this componet (CGHuRcHet al, 2001}°. Keyfeatures of such regional
variations in sedevel rise and some possible underlying causes are analysed in
GREGORet al. (2001) This lack of similarity in spatial patterns between the models
means that confidence in regional skavel projections is cuently low.

b. Ensemble model outputs AR4 has made more and newer results from models
available(IPCC, 2007pdhe combined (or ensemble) outputs of which are shown in
Figure5. As in the TAR results, this combirmdput shows asealevel rise that is
smaller than average in the Southern Ocean and larger than average in the Arctic.
This variatiorhasbeen attributed to enhanced freshwater input from precipitation
and continental runoff, steric changes or wind ssechangdLANDERERL al., 2007)
or thermal expansiofflLoweand GREGORY2006)

4.3.1.2 Pattern scaling

The regional pattern of thermal expansionder SRES forcitigcan be approximated using

a patternscaling method similar to that previously applied for otleimate variablege.g.
MITCHELL2003; &NTERet al, 1990) In applying the patterscaling method to sea level,
"standardised” (or "normalised") patterns of region#hermal expansionchange, as
produced by coupled AOGCMsare derived by dividing thevarage spatial pattern of
change for a future period (e.g. 202100) by the corresponding globalean valueof
thermal expansionfor the same period. The resulting standardised -kaeel pattern is
thereby expressed per unit of globalean thermal expansin. The patternscaling
approach, has beeformalisedwithin an integrated assessment modelling systeailed
SImCLIM (asascribed imMppendix 2 and used byvaLsHet al, (1998) who produced scaled
scenarios of regional sdavel rise for the Gold Coast of eastern Australia using the outputs
from a suite of simulations with the Commonwealth Scientific and Industrial Research
OrganisationCSIRPgeneral circulation model.

°The melting of mountain glaciers and dhieecaps is usually calculated outside of the climate model using predictions of
atmospheric surface temperature change and a model of glacier sensitivity to warming. The contsibfitioam large
Greenland and Antarctic ice sheets are also often trédtea similar wayalthough increasingly (especially for Greenland),
these are being represented by complex models that simulate thermodynamics and the ice dynamic response. Spatial
patterns from coupled AOGCMs do not include vertical land movementshese can be added locally for impact

analysis.

Y For small amounts of icemelt, their contribution to sea level can be considered globally uniform, as a first approximation.
The spatial patterns will therefore remain dominated by the thermal expansiorpa#nd circulation changes.

Mtis important to note, however, that pattern scaling has yet tadstedwith emissionscenarios which consider peak
and postpeak reductios in greenhouse gas emissions.

! Regional change indicated by AOGCMs alsoctefteanges in wind stress, ocean circulation and other factors, but are
largely due to changes in thermal expansion. The patterns are therefore referred to as thermal expansion

12
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Figure5: Variations indcd sealevel change (mjrom the global averagé.e., positive values indicate greater

local sea level change than global) during the 21st centitly the SRES A1B scenaridariation is due to
ocean density and circulatioand iscalculated as the diffrence between averages f@080 to 2099 and 1980
to 1999 as an ensemble mean over 16 AOGQ@¥gplingindicates where the variation between the models is
less than the ensemble meafSource: Figure 10.32 inBeHiet al.,, 2007))

4.3.2 Changes in the regionalrgvity field of the Earth(ze Srk)

This factor has not been widely considered to date, but could be significant, especially under
deglaciation of Greenland or Antarctica. fBw studies are now starting to construct
scenarios of future sekevel that recognise that changes in the gibland regonal gravity

field associated with mass exchange with the ocean will produceundorm patterns of

rise that will deviate significantly from a single global valMerrovict al, 2001- their
Figure 1; Bag 2006) This is particularly ingotant for future scenarios with a large ice melt
component but less so for those dominated by thermal expansion.

4.3.3 Vertical land movements (uplift and subsider{eeB\iwv),

Estimates of vertical land movement are essential to create relativdesesh rise scenarios
for impact and adaptation assessment, especially in deltas and cities suscetatible
subsidence(CHRISTENSE8t al, 2007; NcHoLL®t al, 2007) Potential methods to develop
thesedatasetsare well discussed, compared and integratedBiNGLEet al. (2007)but while
newer technologies promisgrecise measurement in the medidrand longterm, assuming
suitable observational networks are established,atimethodsare applied most readily at
the present time.

Observed sedevel records have been usdyy simply extrapolating the observed relative
sealevel change trend imt the future. This is theoreticallydebatable as it fails to
differentiate sealevelrise caused by historicalimate change from changes dttutable to

local land movements. By superimposing the extrapolation of observedesehchange

trends onto the projections of global warming related dewel rise (e.g. those from climate
model®) = & dzOK | LINE OSRdzNB ©2 dy R A ghipdedteelirBe ( KS
resulting from largescale processes associated with global warming. Therefore, to estimate
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the contribution of local land movement to relative skwel change in the future, th
climate change related portion of sdavel rise needs to be subtracted from the observed
local trend. Various methods have been advanced for adjusting this local feemdTrus
and N\RAYANAN1995),including theSimCLIM sekevel scendo generator(seeAppendix 2
which uses pattersscaling on 2th century changes to separate the twoomponents
(WARRICKet al, 2005) Hstorical experience islso unlikely to be a good guide to future
changesin tectonicallyactive area, as most vertical land changes may occur during
infrequent earthquake events which are not predictable, and can éxernn an opposite
sense totrends occurring between earthquakgblamiLToNand $ENNAN 2005; bNGand
SHENNAN 1998; DNGet al, 2003) Similarly, maturally subsiding areasuch as deltas, also
need tobe considered(cf. \AFEIDI®t al., 2008)as sibsidence can be significarg.g.up to
8mm/yr within the Mississippi deltéERicsomet al., 2006; BNLANNd RMSEY 1990; SVITSKI
2008)

Where neither modelled nor observed sksvel records are available,global dataseton

the GIA vertical componentadsed onthe models ofPELTIEK2000;2004)is available for
download®. However, note that all the other natural and humamluced geologial

components of sea level are not included.

Humaninduced subsidence

Humaninduced subsidencean also be important and needs to be captured in-leeel
impact studies(NicHoLL@&nd @QzeNAVE2010) although & many of the cases imable 2
demonstrate, humarnduced subsidence can be alleviated and avoided by careful planning
of groundwater withdrawal(NicHoLLS1995) Where data on this aspect of vertical land
movement is lackingas a sensitivity analysithe interpretation of the environmental
attitudes embedded in global scenarios might be used to derive assumptions about the
relative magnitude of humainduced subsidence (e.g. using the SRES storylines). Following
earlier work (NiIcHOLLS2004; NcHoLL®t al., 2008b) the following associations might be
made:

1. A1/A2 worldsi humaninduced subsidence is more likely;
2. B1/B2 worldsi humaninduced subsidence is less likely.

This qualitative information then needs to be translated into quantitative scenarios where
historical experience and/or hydrogeological analysis is required to provide realistictbmits
the selected scenario8ased oriTable2, in appropriate locations quite large magnitudes of
subsidence might be considered in the wbrcase. For exampl®ANG et al. (1995)
considered scenarios of up to 1 m humiaduced subsidence in Shanghai from 1990 to
2100, while(NicHoLLgt al., 2008a)considered a worstase humasinduced subsidence up

to 0.5 m from 2005 to the 2070s in all largort cities built on deltas.

4.4  Sensitivity analysis

Other approaches for constructing local desel scenarios based on SR&Sing make
gualitative use of available informatioRor exampleNicHoLLst al (2007)noted thatwhere

the local deviations tm the global mean from a set of climate models are not avaa|adl
+50% factor based on globalean changean be appliedsee also HLmEet al,, 2002)

Bpeltier GIA datasetshitp://iwww.psmsl.org/train_and_info/geo_signals/gia/peltier/
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It is possible temploy the maximum/minimum globahean sedevel rise data set available

at the IRCC Data Distribution Centre, which is based on the nine cases consid&rEGIORY

et al. (2001) or preferablyupdatesbased onthe IPCC ARZhis method gives a global set of
scenarios combining globalean and regional meteoceanographic effects thas globally
applicable and this approach has been used in several UK coastal impact assessments.
Arguably,this approachoverstates the uncertaintyn local sedevel changeand pattern

scaling may be a superior approach, especially as understanding jpétteens improves

45 Syntheticmethods, including consideration of extrensealevel rise

Even vinere no dataare available or the alternative ways of generating $eel scenarios
are not considered to be applicable, it is still possible to carry out smadtror sensitivity
analysigo sealevel rise Thismay be donéyy using a nominal value for the changdanal

sea level (e.g. 0.5m, 1m, 1.5mhere a specific timperiod may or may not bdefined The
method has been successfully used in a numbestuwdies from country to global scalésg.
NicHoLL®t al., 2008a; Sousset al, 2008) A range of values can be used to develop an
appreciation of the potential impacts or determine thresholds in the magnitude of impacts
vulnerabilities and adaptatio options A syntheticapproachalso provides an option for
addressing the issue of extreme de&el rise which is now considered in more detail.

As our scientific understanding improvescommon objective is to narrow the uncertainty
range ofexpectedsealevel risebased on model studiedHowever,because understanding

of some important effects driving sea level rise is too limited, the AR4 did not provide a best
estimate or an upper bound for sdavel rise, or assess its likeliho@dPCC, 2007a p 45;
SoLomonet al,, 2007) For example, the sea level projections do not include uncertainties in
climate-carbon cycle feedbacks nor do they include the full effects of changes in ice sheet
flow. Dynamic processes related to ice flow could increase the valnkty of ice sheets to
warming and increase sdavel rise, and these dynamic processes were not included in the
models used to provide quantitative projectioff®’CC, 2007c)rhe ARZ&mphasisecthat
additional contributions to se#vel rise from polaice sheets on century time scales could
lead to larger increases than the numerical $&2e| rise estimates presented in their Table
10.7(MEeEHLet al,, 2007)

However, the potential forises in sea leveh excess of 1 m isf particular relevance to
impact, vulnerabilityand adaptationassessmergtas it allows analysts to consider risk in the
context of the lifetime and nature of assets that would be affected by such largéegeh

rise scenario§see e,g, dLet al, 2006)™*. This guidance document ds not attempt to
guantify this extreme rangeand for its applicatioranalysts are encouraged to seek advice
from global sealevel and ice sheetexperts, complemented with new information being
assessed by théPCC, as it appears, includitiie IPCC ARXd(e to be approved in
2013/2014). A published example of an extreme scenario (called the H++ scenario) for the
UK coast is provided byoweet al. (2009) and is described in AppendiA3.6 A similar
synthetic case ialsoincluded in the scenariosffered as examples ihable5, below.

* Remember that here the main focus is on changes in tfeCEntunc up to a 100 year timescale
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4.6 Global to local senario integration

Computer models have been developed to facilitate the develognoénelative sedevel
change scenarios integrating global, regioaatl local contributions to sel@vel change.
SImCLIMWARRICK2009)is such an example and a full description of how it facilitates- site
specific sedevel change scwrios can be found iAppendix 2

Figure6 showsmultiple outputs of SImCLIM for two grid box locations representing zones of
presentday relative sedevel rise (Buenos Aires) and desel fall (Stockholm)Note the
spread in projections based on a range of assumptions concernibglglealevel response

to climate and different SRES emissions scenaldésh the projected increase in the
eustatic rate of sedevel rise during the Z1century, by 2100 many regions currently
experiencing relative selevel fall owing to Gl&ouldinsead have a rising relative sea level
(for example, Stockholm as shown in the rifjlaind panel inFigure6 and as discussed by
JoHANSSOSRt al., 2004)

Ideally, given the large uncertainty about the future glebsan and other amponents of
sealevel rise,adaptationand planning assessments need to assess a range of scenarios to
define the relevant response surface for dewsel rise (and other change scenarios, as
appropriate), and test the robustness of different adaptation aseres.However, it is
impractical to consider the full range, and a s4di reflecting the range, as Higure®6, is
should be selectedThere are two approaches to such an analysis:

1. Drive the analysis with individual downscalgidbatmean scenarios (taking account
of global, regional and local changes), so that resultgtferselectedscenario will
have immediate meaning;

2. Drive the analysis with a suite of scenarios tbatompassethe range of the
downscaled globamean scearios. This is a guided sensitivity analysis that will
provide a response surface, which can then be used for interpolation of any
intermediate scenario
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Figure6: Six projections of sekevel change for Buenos Aires (left) andc®holm (right) for the period 1990

2100 generated using thSimCLIM system (ség@pendix Zor details). Also plotted are the observed changes

in sealevel as derived from the respective local tide gauge records, referetecd890 with a 16year filter

applied (grey lines in the figure). The observed local trends in relativiegebchange are +1.57 mm/yr and

3.94 mm/yr for Buenos Aires and Stockholm, respectively, and are included in the future projections. The six
projections are selected to span a range of uncertainty in future GHG emissions, the climate sensitivity, spatial
differences in rates of change (primarily from oceanic thermal expansion, as projected by AOGCMs) and ice
sheet dynamics, as consistent with |P&RA.

16



Proof

Superficially these approaches are very similar, but the second approach places less
emphasis on scenario downscaling as the first analytical step, and leaves some of the
detailed scenario questions for later in the analysis. This can be helpfuleascénario
development and interpretation is more integrated into the overall analyatber than
OSAYISYREIRE,G Fa Ay (GKS F2NNSNI OF aSleveltisklsa Aa |
being considered. However, as the number of scenario tyye@sg considered increases, so

the combination of scenarios increases and linking the downscaled scenarios in a more
WiNI RAGAZ2YIFEQ AYLI OGO FaasSaayvySyd YlFLe 6S02YS Y

4.7 Intermediate time periods

In order to decide when and where to respond teetimplications of sedevel change, it is
useful for impact and adaptation assessments to consider intermediate time periods (see
example Appendix A3.6). This information is not available directly from AR4 but it is
possible, using a variety of methods, ¢ceate interpolated sea level curves. It must be
remembered however that the values created are generally based on a statistical, rather
than physics, approach and can therefore only be used for guidance.

One simple interpretation for globahean sea leel can be achieved using Equati@
below; assuming selevel rise in 1990 is zerdhis form of curve was chosen because it has
the same number of tuneable parameters as the constraints to which the curve can be
fitted; namelythe estimated rate and ammt of sealevel riseat the end of the 21 Century

and, for the limited number of cases for whialetual physical modelerived time series
were available, a quadratic was found to give a good fit.

x S(;L: a1t+a2t2 Equation 2
Where,

k {cE changen globalsea level (since 1990)

t = number of years since 1990

a; = trend in sea level change

a, = change in the rate of the sdavel trend

Figure 7 shows the sedevel curves created by Equation 2 ftire range of scenarios
reported in AR4 (estimated upper and lower limits are basedhens" and 95" percentile
reported).
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Figure7: Interpolations of therange of global setevel rise over the 21 Centuryusing Equation ®ased on
estimates reporté in IPCC AR4 (Table 10.MaeHLet al,, (2007) for 6 IPCC SRES scenarftos upper and
lower limitsrefer to the 8" and 95" percentiles of the sedevel distribution whichis assumedo be Gaussian.
Note: other influences on relative sea levels (esgbsidence) need to be added to these interpolatiéms
regional or local assessments.

5 Scenario choice and availability for impactand adaptationassessment

The scenario development discussed in Sedlimlargely quantitativebut in many cases a
high precisionrmay neitherbe required nor appropriate given the large range of potential
sealevel rise under alterative future scenariasAs an example, when looking at flood risk
management, extreme water lels are typically required ta40 cm accuracyArRAuJCaNd
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PuGcH 2008) For a local study, if resources are available, the impact assessment could
consist of local socieconomic scenarios and downscaled/processed -lsgal data
combined with a surge modehd vertical land movement observationslowever, it is also
important to remember that as impact assessments are commonly based on elevation data,
there is no requirement for a sdavel scenario with 10 cm accuracy when the
topographical data set genetglhas a vertical precision of 30 cm at the very best

Table 3: Summary table of sekevel components showing how they can be combined for impact and

adaptation assessment. Requirements for different levels of assessment arat@utlic

Level of assessment

Sea-level component
Detailed Intermediate Minimum
Downscaled SRES

Socio-economic scenario scenario™ or other Global SRES (or baseline')
relevant local scenario

Global sea-level .

change (including ice | SLo IPCC AR4 (and_extreme scenario

if applicable for impact studies)

melt)

Meteo-oceanographic Scaled up local deviations from Use + 50%
. L A1B diagram in AR4 (Figure
driven deviations from ) ¢ based on
SLam | o ; 10.32); use pattern scaling (based o
individual models in AR4 : HULME et al
for appropriate scenario equatlon or software e.g.
: SimCLIM 2002)
Regional sea-level
change
9 Assume
sL Correction for gravity Scale predictions according to 8';?;':%’

RG | effects MiTROVICA et al. (2001, Figure 1) .
eustatic sea-
level rise

Detailed local
Natural vertical land observations e.g. GPS, Regional patterns of land motions Assume no
movement LMy | long time series local tide | inferred from geological data / change
gauge or relevant GIA model estimates 9
geological data™®
Human induced Analys_ls O SIS EnEE Assume arbitrary changes based | Assume no
vertical land LMy | potential and relevant . :
.19 on geological setting change
movement human actions
Detailed local modelling Run sensitivity study with no
. using regional models or | change in storminess component, | Assume no
Changes in storm surge = : .
statistical downscaling then range of increase over change
driven by climate models | 50/100 year period®

*30 cm accuracy can be accomplished using LIDi§Rt Detection And Raimg for detailed case studies, but for national

and largerscale studies the accuracy will be lower.

® Downscaled population and GDP data available with guidance fhtp:/ciesin.columbia.edu/datasets/downscaled/

7 |f baseline (presentlay) conditims are used, this needs to be made explicit
'8 Consider a range of values if methods do not agree (see Section 4.3.3)

For example, ground water extraction. Note that hurvinduced subsidence can increase or decrease according to the
management option seléed

' Based on the estimates bbweand GREGOR(2005)for the UK in the future and additional knowledge of previous surge
events: suggested range * 33%.
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Table 3 summarises howsealevel scenarios might be developed with different levels

data availability including the minimum requirements for an impact assessment. Using as
little information as (i) a hard copy of IPCC reports for global s@onomic scenariQgii)

global sedevelrise projectionst50%to account forregional vaiations, (iii) anassunption

of no change in vertical land movemerdnd (iv) integrating thesevia Equation 2the
resulting sedevel change scenariagill still produce impact assessments which can inform
adaptation requirements. As more research on $&zl is conductedso future scenarios

can be improved, for example adding factors such as uplift/subsidence and/or improved
meteo-oceanographic drivers.

However, impact assessmemieed not be delayed until such information is available.
Rather, sedevel rise scenariosan evolve with the impact and adaptation assessments
from a first scoping of the problem and its issues towards a more detailed understanding of
impacts and ultimately to adaptation measures. This stresses that adaptation assessment
for sealevel changeanbe considered a process rather than expecting a single assessment
to address all issues to conclusion. Some examples olesehrise scenario development
under different levels of data availability are illustratedTiable4 and explained further in
Appendix 3 Users of this guidance need to make judgements on the appropriate level of
precision that they require.

Table4: Examples of sekevel scenarios used for impact analysis (see Appendix 3 for details).

Reference Level of assessment Area of interest

(KATSMAN et al., 2008) Detailed Northeast Atlantic Ocean
(SNoussi et al., 2008) Minimum - synthetic Country level (Morocco)
(DENNIS et al., 1995) Minimum Country level (Senegal)
(NicHoLLS et al., 2008a) Intermediate Global

(DEFRA, 2006) Intermediate Local-regional (England/Wales)
(Lowe et al., 2009) Detailed Country level (UK)

The choice of sekevel scenarios wilalso vary with the focus and objectives of the
assessment being carried out (sEgure8). Impact assessments should aim to identify the
magnitude of any thresholds for impacts and adaptation options across the full range of
projected sea levelse(g from the AR4 as well as through sensitivity studies using extreme
scenarios, where applicable; the extreme ranges being based on available knowledge (global
and local) with clear reasonimyovided.

For adaptation assessments tkelection of sedevel scenarios should be informed by the
lifetime and nature of assets at risk, planning horizons, risk aversion of affected
communities and decisiomakers, and the ability to upcale or change adaptation
responses over time. In practic many adaptation assessments or strategies with limited
time horizons or limited lifetimes of assets at risk may tend to focus on the range reported
in the AR4 However, there may be interest in the potential adaptation options under an
extreme range, ath their consistency to the adaptation options identified for tAR4range.

For instance, if the preferred or feasible adaptation option changed from protect to retreat
if the rise in sea level increased above thedelbasedAR4 ange, this would raise fficult
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guestions concerning the preferred netarm adaptation choices given the risk of locking
large-scale infrastructure such as human settlements in the coastal zone.

Sea-level scenario s .

L 4
*

Impact/Vulnerability Assessment

4

Adaptation Assessment

2
-~
~

Engineered Adaptation Response

\4

Magnitude of sea-level rise
Figure8: Possible relationship between séavel scearios, impact and adaptation.

Engineered adaptation responses, if selected within the adaptation assessment, will often

0S tAYAUSR o0& UGSOKy2ft23AO0IFf 2NJ 60dzRISGFNR O2y
As such engineered adaptation can be atlyo exercise, it is assumed that the design

scenario will be carefully evaluated and the uncertainty acthssfull rangeof scenarios,

along with the potential consequences and remedial adaptation options if sea level were to
exceed the chosen designesario, will again be a key consideration. This may lead to a
planned sequence of adaptation measures such as those being developed in the Thames
Estuary 2100 Project for Lond¢see Chapter 7 indweet al., 2009)

5.1 Range of Scenarios

While uncertaintiegemain large, it is prudent toonsidera wide range of scenarios so that
the full range of uncertainties and risks can be explored, and to aastithates of sedevel
change impacts being rendered invali@very time new sealevel projections become
avaibble. It is also advisable to use the most detailed data avaitatneappropriatefor the
scale of the impact analysig\s a basis for adaptation planning, the minimum requirement
is to use thefull rangereported in theAR4which represents the best aitable projections
for the currently quantifiable parts of the sdavel budget for the 2% century. The
consideration of a range of scenarios, including an extreme scerdlioys uncertainty,
sensitivity risks and long term adaptation planning to beincluded inthe analysis
particularly where assets of high economic, social or environmental value and long lifetimes
are concerned, and where netgrm adaptation choice could constrain the ability to-up
scale adaptation responses at a later stage. Haweit is important to note that the
literature underpinning any values can be expectedalter asscientific understanding
develops. Gnstrainng future sealevel change projectionkas been identified aa major
scientific priorityin a recent IPCC Wmshg?, for the Sed.evel Change chapter of the
approved outline of the IPCC Working Group | AR5, arduU®yet al. (2008)

Based on this,

2 http://www.ipce.ch/pdf/supportingmaterial/SLW_WorkshopReport_kuala lumpur.pdf
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Table 5 provides the range of globahean sedevel scenarios calculated from the
interpolation described in Sectich7 and other informationdiscussed in this guidance

Table5. Estimates of globanean sedevel rise for the last decade of the 2tentury (relative to 1980 to
1999)based on the interpolation calculations shown in Secdlonand Figure7, and combining sea level rise
with scaled up ice dischartfeo createa low estimate foran extreme H++) rangefor eachSRESeenario. The
upper estimate forthe H++range comes from assuming 2m at 210Mbte that these estimates are one
interpretation of AR4 WG 1 and are not meant to be regarded as an update to the values reported there.

lllustrative SRES marker scenario
estimates | g1 B2 A1B ALT A2 A1FI
upper 0.12 0.11 0.13 0.14 0.09 0.10
AR4
int lated Range (m)
Interpolate lower 0.06 0.06 0.07 0.08 0.07  0.07
2025
upper 0.25 0.25 0.25 0.25 0.25 0.25
H++ Range (m)
lower 0.09 0.10 0.11 0.11 0.11 0.13
upper 0.23 0.23 0.26 0.27 0.23 0.26
AR4
int lated Range (m)
Interpolate lower 0.12 0.10 0.12 0.15 0.13 0.5
2055
upper 0.75 0.75 0.75 0.75 0.75 0.75
H++ Range (m)
lower 0.22 0.25 0.27 0.26 0.29 0.33
upper 0.34 0.38 0.42 0.40 0.43 0.50
AR4
interpolated Range (m)
p lower 0.16 0.15 0.17 0.22 0.19 0.23
2085
upper 1.52 1.52 1.52 1.52 1.52 1.52
H++ Range (m)
lower 0.39 0.45 0.51 0.48 0.53 0.63
AR4 upper 0.38 0.43 0.48 0.45 0.51 0.59
interpolated Range (m)
Interp lower 0.18 0.16 0.19 0.24 021  0.26
2095
upper 1.83 1.83 1.83 1.83 1.83 1.83
H++ Range (m)
lower 0.46 0.53 0.60 0.57 0.63 0.75

5.2 Short term variations, including extreme events

Short term variations (<30 years) are not considered in depth in this guidance, although it
must be recognised that many impacts on the caastl inshore marine environments will
result from extreme events affecting sea level such as storm surge. The magnitude of
extreme events at any particular time or place is influenced by tidal conditions, storm
severity, decadascale variability and regmal mean sea level. While these phenomena are
not formally additive, for a first approximation they can be summed as demonstrated by
LowEeet al. (2001)for the North Sea. Analysis of the high quality Newlyn tide gauge record
suggests this was a reasonalalssumption for the 20th CenturfARAuJcand RIGH 2008;
HaiGHet al,, 2010)

2 |and ice sum comprises G&IC and ice sheets, including dynamics, but excludes thesdsdesheet discharge
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To date future changes in storm surges due to meteorological change have only been
simulated at a small number of locations, with significant differences in the response
dependingon the region. While it is desirable to include changes in extreme water levels
that result from changes in atmospheric storminess, the method of so doing will depend on
the scope of the individual impact study. Where time permits, employing both dynamic
simulation of storm surges and statistical dowealing approaches is the most
comprehensive approadte.g. HUNTER2010)

However, it is important to note that flood levels will increase and become more frequent
as sea level rises even if storm integsiind behaviour remains unchangéske Figure9).

The addition of current surge, tide (and wave) levels to projected changes in sea level can
provide a first approximatiorfor impact and adaptation assessments. dddition, for
assessments in regions affected by storm surges it is advisable to at least consider the
impacts of increases of 120% across the range of return periods as a sensitivity analysis
(cf. DEFRA, 2006\ new assessment @oastal impacts from>dreme sea levelsvill be
available in November 2011 as part of the IPCC8REX

Annual maximum sea level for Southampton (Dock Head) , UK
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Figure9: Time series of annual extreme sea levels at Southammpton,adt§ing trend is apparent and this is statistically
similar to the rise in @an sea leveglHaigHet al., 2010)

6 Other climate change factors

As already noted, selavel rise is only one aspect of possible changes to coastal climate
given global warming. Other aspects of coastal clintatealsobe expectedto change with
many advese and some beneficial effects that will often interact with $=zel rise
(NicHoLLst al., 2008a; 2008lg seeFigure2 and Table6).

To date, most impact assessments of coastal atease simply considered sdavel rise
only and assumed all other climate factors are constant. Howetber, relevant climate

= IPCGSpecial Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation
(SREX).
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attention to some of the factors that mig be considered, although quantitative scenarios
are beyond the scope of this guidance.

As indicated in Sectiob.2, long-term variability in track location, intensity and frequency of
coastal storms is of most concern, asstlwill change the occurrence of storm damage,
including flooding and wave attack and has a high impact potefetigl EERSM&L al., 2000;

CHuRctet al,, 2001;voNSrorcrand WoTH 2008)

The possibility of more intenseopical cycloness a particularconcern: it has been argued

that increases in tropical cyclone intensity over the past three decades are consistent with

the observed changes in sea surface temperat(BeAaNUEL 1987; \W&BSTERt al, 2005),
although this is controversial and being widelgbated (KNuTsonet al., 2010) Changes in
other storm characteristics are less certain and the number of tropical and-exjeal
storms might even reducéMeeHLet al., 2007) A new assessment of tropical and extra
tropical cycloness also includedh the forthcomingPCC SREX

Table6: Main climate drivers for coastal systems, their trends due to climate change, their main physical and
ecosystem effects, and the source of scenarios. Symbols for tregdsA Yy ONB I 4 ST K

variable.Acronyms: GCM General Circulation Models; RGMRegional Climate Modelé\dapted fromTable
6.2 inNicHoLLst al.(2007)

Climate Driver
(trend)

Main physical and ecosystem effects on coastal
systems

Possible source
of scenarios

CO, concentration

(y)

Increased CO2 fertilisation; decreased seawater pH (or
6ocean acidificationd) neg
other pH sensitive organisms.

Explicit scenario
input to GCM
simulations

Sea surface
temperature (SST)

(y, R)

Increased stratification/changed circulation; reduced
incidence of sea ice at higher latitudes; increased coral
bleaching and mortality; poleward species migration;
increased algal blooms

GCM, RCM

Wave climate

Altered wave conditions, including swell; altered
patterns of erosion and accretion; re-orientation of

GCM, RCM and

N

. R) beach planform.. ocean models
Altered flood risk in coastal lowlands; altered water GCM, RCM and

Run-off (R) quality/salinity; altered fluvial sediment supply; altered catchment
circulation and nutrient supply. models

Given the combination of high concern and scientific uncertainty, this factor may be best
considered by sensitivity analysgs2 NJ |

Ao KFEG ATFTKE

Lyl teana

storminess in addibn to sealevel rise. However, it is also important to note that there is a
high interannual and interdecadal variability of storm occurre(eg. WASAROUR 1998;
ZHANGet al., 2000) and it is difficult to discern lortgrm changes from natural varidlby in
observations unless long time series (@Dyears) are available.

7 Concluding remarks

Sealevel change is one of the observed consequences of global waramdgfuture sea
level riseis inevitablein a warming worldput the rates and geographitgatternsof this
rise remain uncertain(IPCC, 2007bHowever, itis possible to develouseful scenarios of
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sealevel rise at any location, conduct an imp&cinerability assessment andtart to
consider suitable adaptation policies/planning. Tiehoiee of specific scenarios and
robustness of these results will vary according to the data available and/or the assumptions
made for each sekevel change componentas well as the nature and lifetime of the
potential assets at riskso these should thereforealways be made clear within the
assessment report.

Importantly, scenario development is only one step in a process, and the effort made
towards scenario development should be proportional to the resources of the overall study
and the question being pose As noted in the text, scenarios are expected to develop and
improve as part of the olgoingadaptationassessment procest)is guidance is expected to
continue to evolve with our improving scientific understandiBgnilarly, the understanding

of sea ével rise will improve, and the demand for scenarios oflsgal rise is one factor
that will facilitate this improvement.

Lastly, gzen the large uncertainties in future conditions, there is some riskdkatevel rise
assumed for a selected adaptatiomeasures maye exceeed. Hence,in addition to
scenario development, ongoing monitoring of actual-t&eel rie as well as an appreciation
of developments in understanding of future skavel rise in the scientific literature are
essential so that adtdonal measures can be implemented in a timely manner, if required.
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