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Sea level rise increases the frequency and
severity of coastal flooding and rates of coastal
erosion. Sea level rise will continue far beyond
the 215t century, even if global temperature
increase is limited to 2°C above pre-industrial
levels. This POSTnote sets out the causes and
likely future levels of sea level rise and its
implications. It updates POSTnote 363 on Sea
Level Rise, published in September 2010.

Background

Global mean sea level (GMSL) has risen 20 cm since 1900,
at an average rate of 1.5 mm per year during 1901-1990.%2
During 1993-2014 it rose on average 3.2 mm per year.® The
rate of sea level rise during the 20" century was faster than
at any point since reaching near modern-day levels around
3,000 years ago.* Higher sea levels increase the likelihood
of coastal flooding and speed up coastal erosion, which
poses problems for UK coastal communities, businesses,
infrastructure and habitats.® Current UK annual damages
from coastal flooding are estimated at £540 million per year,
and will almost certainly increase with future sea level rise.®

Causes of Sea Level Rise

Human greenhouse gas (GHG) emissions have increased

global surface temperatures,’” which causes sea level rise in

two main ways:8

B Thermal expansion. The oceans increase in volume
as they become warmer.

B Added water. The amount of water in the oceans is
increasing as ice sheets and glaciers melt.

From 1993 to 2014 GMSL rose 6.4 cm. 40% of this rise was
caused by thermal expansion, 20% by the Greenland and
Antarctic ice sheets and 25% by glaciers elsewhere. The
final 15% was due to other forms of water transfer from land
into the ocean, such as human groundwater use.3

Overview

B Global average sea level has risen by 20 cm
over the last century. It will continue to rise,
but how much and how fast it rises depends
on human greenhouse gas emission levels.

M Sea level change varies locally from the
global average. Local sea level rise will be
higher in southern England than in Scotland.

B Sea level rise increases the risk of coastal
flooding and erosion. 50 cm of local sea
level rise would make about 200 km of UK
coastal flood defences vulnerable to failure.

B The impacts of coastal flooding are highest
during extreme sea level events, which will
become more frequent as sea levels rise.

B Shoreline Management Plans provide the
framework for coastal adaptation planning.

Ice Sheet Contribution to Sea Level Rise

Satellite observations show that the net sea level
contributions from the Greenland and Antarctic ice sheets
increased considerably over the past decade.®1° During
2005-2014 they contributed 21% and 11% respectively,
accounting for almost a third of total GMSL rise.31! Their
contributions are projected to continue to increase because
of climate change, but the future rate is uncertain.®

The Greenland and Antarctic ice sheets, which hold by far

the largest potential future sea level contributions, cause

sea level rise through two primary processes of ice loss:

B Surface Melting. The ice sheet volume decreases
when surface melting in summer (ablation) exceeds
accumulation from snowfall. If the meltwater runs off
into the ocean, it contributes to sea level rise.

B Ice Sheet Dynamics. Acceleration of ice sheet flow
increases iceberg calving and ice loss into the ocean.

Greenland Ice Sheet

Summer temperatures in Greenland are high enough for the
ice sheet to experience widespread surface melting, which
is projected to be the dominant process of future ice loss.'?
There is evidence that a sustained temperature increase
above a certain threshold (between 1.6°C-4°C above pre-
industrial levels314) will cause near-complete loss of the ice
sheet, with GMSL rise up to 7 m in over a millennium.8
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Antarctic Ice Sheet

In contrast to Greenland, the current climate in Antarctica is
so cold that most of the ice sheet is not affected by surface
melting; ice loss is mainly due to ice sheet dynamics. The
Antarctic ice ‘sheet’ rests on bedrock and extends out over
the surrounding ocean as floating ice ‘shelves’. These ice
shelves have a buttressing effect, slowing the flow of the ice
sheet into the ocean. Thinning or breakup of ice shelves,
caused by atmospheric warming from above and oceanic
warming from below, reduces their buttressing effect and
leads to accelerated ice sheet flow towards the ocean.'®
Observations show that, on average over 1994-2012,
Antarctic ice shelves thinned at accelerating rates. Minor
thickening of some ice shelves in East Antarctica was more
than offset by rapid thinning of West Antarctic ice shelves.t®

The ‘grounding line’ is the boundary between the floating ice
shelf and the ice sheet grounded on the bedrock. As the ice
shelf thins and oceanic warming melts the ice at the
grounding line, previously grounded ice becomes afloat. In
areas where the bedrock behind the grounding line is below
sea level and slopes downward, such as West Antarctica,
the grounding line retreats deeper and further under the ice
sheet. As ice sheet flow speed is proportional to ice sheet
thickness at the grounding line, this retreat leads to further
ice shelf thinning and grounding line retreat. This process,
called ‘Marine Ice Sheet Instability’ (MISI), is self-sustaining
until the grounding line reaches a point where the bedrock
rises upward again.'” In West Antarctica, where the ice
sheet rests on a bedrock basin that extends well below sea
level, MISI could eventually cause much of the ice sheet to
become afloat and collapse.*® Most of the East Antarctic ice
sheet is grounded above sea level, but some parts that are
grounded below sea level may also be vulnerable to MIS|.*°

Past and Future Sea Level Change

Changes in sea level occur on a range of timescales, from
hours (e.g. tides) through to centuries and millennia. It is
impossible to predict future sea level rise exactly, but
computer models can provide projections of the range of
possible future changes. These projections depend on
future GHG emissions and subsequent rates of temperature
increase, as well as model uncertainties. See POSTbrief 25
on Projecting Future Sea Level Rise for more details.

21st Century Changes in Sea Level

In 2013, The Intergovernmental Panel on Climate Change
(IPCC) projected a 66% or greater likelihood that GMSL rise
by 2100 will lie within the ranges of 28-61 cm, 36-71 cm or
52-98 cm for a low, medium or high GHG concentration
scenario respectively. The IPCC states that additional
GMSL rise above these ranges could be caused by a
collapse of marine-based sectors of the Antarctic ice sheet
initiated through MISI.8 Several studies since the IPCC
report have suggested that MISI may already be underway
in West Antarctica.?%21.22 Quantifying this potential additional
Antarctic contribution currently presents the largest source
of uncertainty in future sea level projections (POSThbrief 25).
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Local Variations in Sea Level Change

Sea level change is not uniform globally. Tide gauge

observations show that sea level around the UK has risen

on average 1.4 mm per year since 1900, slightly below the
global average.?®?* Sea level change varies locally from the
global average due to a range of factors, including:

B Gravitational effects. The mass of the present-day ice
sheets pulls ocean water towards them and distorts sea
level globally. Ice sheet mass loss causes sea level to
drop locally and rise further afield; for instance, ice loss
from Greenland causes sea level rise above the global
average in the tropics, and below average in Europe.?®

B Changes in ocean circulation patterns. For example,
studies suggest that changes in the Atlantic overturning
circulation and the Gulf Stream could cause higher sea
level rise along the US east coast than in Europe.2%:27

m  Vertical land movement. Relative sea level (RSL),
defined as the sea level relative to the Earth’s crust,
takes into account the movement of the land as well as
the sea. Much of the land in Northern Europe is still
readjusting after it was weighed down by large ice
sheets during the last Ice Age. For example, southern
England is subsiding by about 1-2 mm per year,
whereas Scotland is rising by a similar amount.?® This
means RSL rise is higher in London than in Edinburgh.

Relative Sea Level Projections for the UK

RSL is the preferred metric to inform local impact and
adaptation planning. The most recent projections of future
UK RSL were published as part of the Met Office UK
Climate Projections (UKCP) in 2009,2° before the latest
IPCC projections.? The Met Office is currently advising users
to wait for the new UKCP, due to be published in 2018.
Preliminary work suggests the new RSL projections will be
20-30% higher than those from 2009.%° In 2009, the UKCP
included a worst case scenario of 1.9 m of RSL rise by 2100
(named ‘High++’), intended for adaptation planning where
high levels of protection are required,?® such as in the
Thames Estuary (Box 1). The new UKCP will report on an
updated ‘High++" scenario for 215t Century sea level rise. It
will also report on related work for the Environment Agency
(EA) to provide RSL projections beyond 2100.

Changes in Sea Level over Millennia

During the Last Glacial Maximum (20,000 years ago), when
the ice sheets were much larger, GMSL was approximately
130 m lower than today. Subsequent warming of about 4°C
caused those ice sheets to shrink and sea level to rise to
near modern-day levels. However, while temperatures
stabilised roughly 11,000 years ago, the ice sheets took a
further 8,000 years to stabilise, so sea level continued to
rise by a further 45 m before reaching near-modern levels
around 3,000 years ago.3! Geological records show that
during slightly warmer periods in the past, when the ice
sheets were smaller than today, GMSL has exceeded 5 m
above present-day levels.® For example, during the Last
Interglacial (129-116,000 years ago), when global
temperatures were similar to today, GMSL was 6-9 m higher
than at present.3?
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Beyond 2100: Long-term Sea Level Rise Commitment

The 2015 Paris Agreement aims to cut GHG emissions to
keep global temperature increase “well below” 2°C above
pre-industrial levels, and “pursue efforts” to limit it to 1.5°C.33
However, even if these targets are met, sea level rise will
continue throughout the 215t century and for many centuries
beyond because GHGs remain in the atmosphere for a long
time and there is significant inertia of the climate system.3!
Nonetheless, the amount and rate of short- and long-term
sea level rise will depend on emission levels in coming
decades. Unabated emissions would further accelerate the
rate of sea level rise and lock in ice sheet contributions of
many metres, over centuries to millennia. 343536

Implications of Sea Level Rise for the UK
Local sea levels are highest during extreme events, which
can lead to coastal flooding and erosion. Extreme sea level
events arise from a combination of waves, tides and storm
surges. When the atmospheric pressure on the sea surface
is reduced during storms, the sea level temporarily rises.
Combined with strong onshore winds, this causes storm
surges, such as during the 2013/14 UK winter storms which
caused widespread coastal flooding.3” Sea level rise makes
extreme sea level events more frequent for two reasons: it
reduces the level of beaches through increased erosion and
because the sea level is higher, the added height from
extreme sea levels required to cause coastal flooding is
less.®® For example, in the Thames Estuary (Box 1), a
current 0.1% annual chance of coastal flooding increases to

Box 1. Case Study: Thames Estuary 2100 Plan (TE2100)

There are 1.3 million residents and an estimated £275 billion of
property assets located in London and the Thames Estuary floodplain.
The TE2100 Plan sets out the Environment Agency’s strategy to
protect this area from coastal flooding up to 2100 and beyond, and
was approved by Defra in 2012. It covers an extensive system of
coastal defences, including the Thames Barrier, other smaller barriers,
350 km of flood walls and embankments, pumping stations and flood
gates. The plan uses an ‘Adaptive Pathways’ approach, using a
baseline estimate of 90 cm of RSL rise by 2100, which is adaptable to
changes in the rate of RSL rise up to a worst case scenario of 2.7 m
by 2100, based on the UKCP ‘High++’ scenario. To this end, the plan
identifies 10 indicators of change that will trigger certain adaptive
responses or major interventions (e.g. a new Thames Barrier) at an
earlier or later time, as required.

Relative sea level rise is one such indicator, and local monitoring
shows that RSL in the Thames Estuary rose at a rate of 4.5-4.7 mm
per year during 1999-2014, higher than both the global average and
the projected rate of 4 mm per year in the TE2100 plan.40 However,
the average for the past 70 years is still below both of these. Lead-in
times are crucial, as sufficient warning of accelerations in RSL rise is
required to start planning for major interventions. As part of a NERC
grant, TE2100 is working together with researchers to reduce these
lead-in times and detect accelerations sooner.4! With 50 cm of RSL
rise, a new Thames Barrier will need to be built further downstream.
This is projected to happen in 2070, but could be as soon as 2055
with higher rates of RSL rise, and decision-making and planning will
need to start at least 20 years prior. Beyond 2100, London could be
protected with defences against long-term sea level rise of up to 5
m.*2 Protection against higher levels of sea level rise would involve
high-volume mechanical pumping to drain the River Thames.*?
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a 0.7% annual chance with 50 cm of sea level rise, and
becomes an 8.3% annual chance with 1 m of sea level
rise.*? Climate change can, in principle, also affect extreme
sea level events by increasing storminess,** which some
have argued may have been a factor in the 2013/14
storms.*® However, it is mean sea level rise that has been
shown to be the dominant contributor to the rising trend of
extreme sea level events,*® and is likely to continue to be
50.2° Exposure to coastal flooding is also increased by
growing population, property assets and infrastructure in
coastal areas.*”48

In the UK Climate Change Risk Assessment 2017 (CCRA),
the Committee on Climate Change (CCC) identifies flooding
and coastal change as one of six top climate change risks to
UK communities, businesses and infrastructure.> Coastal
flooding is also a top four priority risk in the National Risk
Register.*? If current defences are maintained, around 2,000
properties are at risk of being lost to coastal erosion in the
next 50 years.5° Coastal erosion rates will increase with sea
level rise.552 Modelling work undertaken for the CCRA
analysed the future risk of coastal flooding for the UK and
concluded that 50 cm of RSL rise would make 200 km of
coastal flood defences (20% of total length of defences in
England) highly vulnerable to failure. If these defences were
lost, the number of properties estimated to be exposed to an
extreme sea level event with a 0.5% annual chance of
occurring would increase from 122,000 to 312,000.53

Coastal Adaptation and Management

Sea level rise, both in the short and long term, presents one
of the biggest adaptation challenges to climate change.*”5
The UK CCRA recommends that more action is needed to
reduce risks from coastal flooding and erosion to
infrastructure services (Box 2), and to coastal habitats and
heritage with the potential loss of natural flood protection.®

Infrastructure Resilience

Much critical UK infrastructure is located along the coast,
including roads, railways (Box 2), ports,> and nuclear power
stations,>® which need to be resilient to coastal flooding and
erosion, and long-term future sea level rise. Critical national

Box 2. Case Study: Railway Line at Dawlish, Devon

The coastal railway line at Dawlish is the only rail link to South Devon
and Cornwall and one of the most expensive sections of the network
to maintain, at an estimated £2.1 million per year.8 During the winter
storms of 2013/14, part of the sea wall at Dawlish was breached and a
section of the railway washed away, severing rail links to the South
West for two months as repairs were carried out, with direct costs
estimated at £50 million. Line restrictions and closures due to coastal
flooding are projected to increase from 10 days per year to 30-40 days
per year by 2040 and up to 84-120 days per year by 2100, for a RSL
rise scenario of 55-81 cm, with associated increased maintenance
costs of £5.8-£7.6 million per year.5” A recent Network Rail resilience
study concluded that maintaining the line in its current position and
strengthening the sea walls (estimated cost of £398-£659 million over
20 years) is better value for money than re-opening an old unused line
north of Dartmoor (at a cost of £875 million), or building a brand new
line between Exeter and Newton Abbot (up to £3.1 billion).58
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Box 3. Managed Realignment

Managed realignment is the strategic relocation of structures or
change in land use to manage coastal flood and erosion risk and limit
environmental damage. It can provide a useful alternative adaptation
option to holding the line, and may be more cost effective in certain
situations.® It can also reduce pressures on coastal defences, and
create new habitats that can act as natural flood protection.t® Many
Shoreline Management Plans recommend holding the line in the short
term up to 2025, but switch to managed realignment thereafter, with
about 10% of the coast of England and Wales likely to see
realignment by 2030, and almost 15% by 2060. Achieving this will
require an increase in the current rate of managed realignment, from 6
km to 30 km per year.%! Implementation of managed realignment can
face political, social and funding challenges, although community
support increases if flood risk is reduced, e.g. at Steart in Somerset
and Medmerry in Sussex.263

infrastructure is organised into 13 sectors, such as energy
and transport. Each has a lead Government Department
responsible for assessing the sector’s resilience and
working to improve it if necessary, in annually produced
Sector Resilience Plans.®

Shoreline Management Plans

Because of the length and varied nature of the UK coastline,
no single coastal adaptation approach is suitable for all
regions. Non-statutory Shoreline Management Plans
(SMPs) set out locally-specific long-term coastal
management strategies.®> SMPs recommend approaches to
managing the flood and erosion risks to the coastline in the
short term (up to 2025), mid-term (2025-2055) and long-
term (2055-2105). In England and Wales, 22 SMPs have
been developed by Coastal Groups, with members from
local councils, the EA or Natural Resources Wales (NRW),
to cover the entire coastline. Scotland faces less pressure
from coastal flooding, because of upward land movement,
lower population density and smaller flood plains. The
Scottish Environment Protection Agency (SEPA) and local
authorities have developed SMPs for eight sections of
Scottish coastline that are vulnerable to coastal flooding and
erosion.®667 Northern Ireland currently has no SMPs, but
their development is being considered.%®

SMPs were first developed in the mid-1990s, and updated

to a second round, SMP2, in 2006-2012, which factor in sea

level rise projections. SMP2 recommendations are informed

by natural coastal processes, but are also influenced by an

understanding of the value of the assets at risk versus the

potential cost of maintaining, or building, coastal defences to

keep the coastline in its current position. SMPs recommend

four different coastal management policy options:®°

B Hold the line. Defend coastline position with hard (e.g.
sea walls) or soft (e.g. beach nourishment) defences.

B Advance the line. Build new defences on seaward side
to reclaim land. Rarely implemented in the UK.

B Managed realignment. Allow coastline to retreat to a
new line of defences further inland (Box 3).

B No active intervention. Let coastline evolve naturally.

Implementation of SMPs is managed by the Coastal

Groups, with local authorities managing coastal erosion.
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Box 4. Case Study: Fairbourne, Wales

Fairbourne is a coastal community in Gwynedd, North Wales, built
behind a shingle bank on a low coastal plain, with about 500
properties and 1,100 residents. The village is currently just above the
mean high water mark, but without further protective action it will face
regular inundation with sea level rise of 36 cm or more. Depending on
the rate of sea level rise, this could happen as soon as the 2050s.
With 50 cm of sea level rise, perhaps by around 2070, the village will
become unsustainable in its current location.8' The SMP for
Fairbourne recommends managed realignment for some areas around
the village as soon as 2025, and for the village itself from 2055. It
states that the village's coastal defences can and should be
maintained for the next 40 years (from 2014), but beyond that time the
community should be relocated to avoid catastrophic flood risk.”

Fairbourne is the first UK case of having to move a community
because of sea level rise, and therefore raises new challenges. When
the SMP was adopted by Gwynedd Council in 2013, there was a lack
of clarity in communicating the risks and the SMP timeline to residents
and the media, leading to some reports claiming the village would be
lost as soon as 2025, instead of 2055. Property values in the village
were affected, which may have further financial implications for
residents.” Itis also unclear where the residents should be relocated
to, and how the move will affect local businesses. A community action
group, Fairbourne Facing Change, was set up in 2014 to challenge
the SMP. In response, Gwynedd Council has set up a Fairbourne
Project Management Board to engage with the community and other
stakeholders on the SMP, and to develop a plan for the move.

The EA (or NRW or SEPA) manage coastal flooding and
keep a strategic overview over all forms of flood and erosion
risk management, inland and at the coast, to ensure it is
sustainable. Funding for coastal protection schemes is
through ‘partnership funding’, where the Government pays a
share (or sometimes all) of the total cost, and any shortfall is
sourced elsewhere, usually from local authority funds or
private sector investment. However, some local authorities
suggest that it is challenging to fund coastal adaptation
schemes via this funding source and it may result in just
replacing defences following extreme events rather than the
implementation of adaptation plans and strategies. A 2016
House of Commons Library briefing paper provides a
detailed overview of Flood risk management and funding.

Adaptation for Coastal Communities and Cities

The UK CCRA further identifies risks from sea level rise to
the viability of coastal communities (Box 4) as a research
priority.® In major coastal cities, the number of people and
property value at risk is extremely high, and relocation may
not be an option.*” Major coastal defence upgrades,
informed by the SMPs, are being developed in Hull and
Portsmouth.”>73 However, adaptation responses will have to
cope with long-term uncertainty and high-impact sea level
rise scenarios.” The TE2100 ‘Adaptive Pathways’ approach
(Box 1) is widely considered as best practice in adaptive
coastal planning, but is yet to be implemented in other UK
coastal cities.

Endnotes

1 Rhein et al., 2013. Observations: Ocean. In: Climate Change 2013: The
Physical Science Basis. Contribution of WG1 to the IPCC ARS.

2 Church and White, 2011. Sea-Level Rise from the Late 19t to the Early 21st
Century. Surveys in Geophysics.

POST is an office of both Houses of Parliament, charged with providing independent and balanced analysis of policy issues that have a basis in science and technology.

POST is grateful to Erik Mackie for researching this briefing, to NERC for funding his parliamentary fellowship, and to all contributors and reviewers. For further information

on this subject, please contact the co-author, Dr Jonathan Wentworth. Parliamentary Copyright 2017. Image copyright © CC BY JPL NASA


http://researchbriefings.parliament.uk/ResearchBriefing/Summary/CBP-7514
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_Chapter03_FINAL.pdf
https://link.springer.com/article/10.1007/s10712-011-9119-1
https://link.springer.com/article/10.1007/s10712-011-9119-1

POSTNOTE 555 June 2017 Rising Sea Levels

Page 5

3 Chambers et al, 2016. Evaluation of the Global Mean Sea Level Budget
between 1993 and 2014. Surveys in Geophysics.

4 Kopp et al, 2016. Temperature-Driven Global Sea-Level Variability in the
Common Era. Proceedings of the National Academy of Sciences.

5 ASC, 2016. UK Climate Change Risk Assessment 2017 Synthesis report.
Adaptation Sub-Committee of the Committee on Climate Change, London.

6 Edwards, 2017 (in review). Current and Future Impacts of Sea Level Rise on
the UK. Government Office of Science, Foresight Evidence Review.

7 IPCC, 2013. Summary for Policymakers. In: Climate Change 2013: The
Physical Science Basis. Contribution of WG1 to the IPCC AR5.

8 Church et al., 2013. Sea Level Change. In: Climate Change 2013: The Physical
Science Basis. Contribution of WG1 to the IPCC ARS.

9 Shepherd et al, 2012. A Reconciled Estimate of Ice-Sheet Mass Balance.
Science.

10 Vaughan et al, 2013. Observations: Cryosphere. In: Climate Change 2013: The
Physical Science Basis. Contribution of WG1 to the IPCC ARS.

11 Forsberg et al, 2017. Greenland and Antarctica Ice Sheet Mass Changes and
Effects on Global Sea Level. Surveys in Geophysics.

12 Vaughan et al, 2013. From Ice to High Seas: Sea-level Rise and European
Coastlines. The ice2sea Consortium, Cambridge, UK.

13 Gregory and Huybrechts, 2006. Ice-Sheet Contributions to Future Sea-Level
Change. Philosophical Transactions of the Royal Society.

14 Robinson et al., 2012. Multi-stability and Critical Thresholds of the Greenland
Ice Sheet. Nature Climate Change.

15 Pritchard et al., 2012. Antarctic Ice-Sheet Loss Driven by Basal Melting of Ice
Shelves. Nature.

16 Paolo et al, 2015. Volume Loss from Antarctic Ice Shelves is Accelerating.
Science.

17 Schoof, 2007. |ce Sheet Grounding Line Dynamics: Steady States, Stability
and Hysteresis. Journal of Geophysical Research.

18 Joughin et al, 2011. Stability of the West Antarctic Ice Sheet in a Warming
World. Nature Geoscience.

19 Mengel and Levermann, 2014. [ce Plug Prevents Irreversible Discharge from
East Antarctica. Nature Climate Change.

20 Favier et al, 2014. Retreat of Pine Island Glacier Controlled by Marine Ice-
Sheet Instability. Nature Climate Change.

21 Joughin et al, 2014. Marine Ice Sheet Collapse Potentially Under Way for the
Thwaites Glacier Basin, West Antarctica. Science.

22 Rignot et al, 2014. Widespread, Rapid Grounding Line Retreat of Pine Island,
Thwaites, Smith and Kohler glaciers, West Antarctica, from 1992 to 2011.
Geophysical Research Letters.

23 Woodworth et al., 2009. Trends in UK Mean Sea Level Revisited. Geophysical
Journal International.

24 Kendon et al., 2016. State of the UK Climate 2015. Met Office, Exeter, UK

25 Bamber and Riva, 2010. The Sea Level Fingerprint of Recent Ice Mass Fluxes.
The Cryosphere.

26 Yin et al., 2009. Model Projections of Rapid Sea-Level Rise on the Northeast
Coast of the United States. Nature Geoscience

27 Ezer et al., 2013. Gulf Stream’s Induced Sea Level Rise and Variability along
the US Mid-Atlantic Coast. Journal of Geophysical Research: Oceans.

28 Bradley et al, 2011. An Improved Glacial Isostatic Adjustment Model for the
British Isles. Journal of Quaternary Science.

29 Lowe et al., 2009. UK Climate Projections Science Report: Marine and Coastal
Projections. Met Office Hadley Centre, Exeter, UK.

30 Met Office, 2016. Is UKCP09 Still an Appropriate Tool for Adaptation Planning?
Marine Projections. Met Office Hadley Centre, Exeter, UK.

31 Clark et al., 2016. Consequences of Twenty-First Century Policy for Multi-
Millennial Climate and Sea-Level Change. Nature Climate Change.

32 Dutton et al, 2015. Sea-Level Rise Due to Polar Ice-Sheet Mass Loss During
Past Warm Periods. Science.

33 UNFCCC, 2015. Paris Agreement. United Nations Framework Convention on
Climate Change.

34 Golledge et al, 2015. The Multi-Millennial Antarctic Commitment to Future Sea-
Level Rise. Nature.

35 Winkelmann et al., 2015. Combustion of Available Fossil Fuel Resources
Sufficient to Eliminate the Antarctic Ice Sheet. Science Advances.

36 DeConto and Pollard, 2016. Contribution of Antarctica to Past and Future Sea-
Level Rise. Nature.

37 Wadey et al, 2015. Assessment and Comparison of Extreme Sea Levels during
the 2013/14 Storm Season in Two UK Coastal Regions. Natural Hazards and
Earth System Sciences.

38 Lowe et al, 2010. Past and Future Changes in Extreme Sea Levels and Waves.
In: Understanding Sea-Level Rise and Variability. Wiley-Blackwell, pp. 326-375.

39 Environment Agency, 2012. Thames Estuary 2100 plan: Managing Flood Risk
through London and the Thames Estuary.

40 Environment Agency, 2016. TE2100 5 Year Monitoring Review.

41 University of Southampton, 2016. E-Rise: Earliest Detection of Sea-Level Rise
Accelerations to Inform Lead Time to Upgrade/Replace Coastal Flood Defence
Infrastructure, NE/P009069/1.

42 Reeder et al., 2009. Protecting London from Tidal Flooding: Limits to
Engineering Adaptation. In: Adapting to Climate Change, Adger, Lorenzi & O’
Brien, Cambridge University Press.

43 Hall et al, pers. comm. Adapting London’s Flood Protection to Multi-Centennial
Sea Level Rise.

44 Mann et al., 2017. Influence of Anthropogenic Climate Change on Planetary
Wave Resonance and Extreme Weather Events. Nature Scientific Reports.

45 Schaller et al, 2016. Human Influence on Climate in the 2014 Southem
England Winter Floods and Their Impacts. Nature Climate Change.

46 Menéndez and Woodworth, 2010. Changes in Extreme High Water Levels
Based on a Quasi-Global Tide-Gauge Data Set. Journal of Geophysical
Research: Oceans.

47 Hallegatte et al, 2013. Future Flood Losses in Major Coastal Cities. Nature
Climate Change

48 Stevens et al., 2015. Estimating the Long-Term Historic Evolution of Exposure
to Flooding of Coastal Populations. Natural Hazards and Earth System
Sciences.

49 Cabinet Office, 2015. The National Risk Register of Civil Emergencies, 2015
Edition.

50 Environment Agency, 2014. Flood and Coastal Erosion Risk Management.
Long-Term Investment Scenarios (LTIS) 2014.

51 Dawson et al., 2009. Integrated Analysis of Risks of Coastal Flooding and Cliff
Erosion under Scenarios of Long Term Change. Climatic Change.

52 Masselink and Russel, 2013. Impacts of Climate Change on Coastal Erosion.
Marine Climate Change Impacts Partnership: Science Review.

53 Sayers et al, 2015. Climate Change Risk Assessment 2017: Projections of
Future Flood Risk in the UK. Committee on Climate Change, London.

54 Hinkel et al., 2013. Coastal Flood Damage and Adaptation Costs under 215t
Century Sea-Level Rise. Proceedings of the National Academy of Sciences.

55 Adam et al., 2016. A Systematic Assessment of Maritime Disruptions Affecting
UK Ports, Coastal Areas and Surrounding Seas from 1950 to 2014. Natural
Hazards.

56 Brown et al., 2013. Implications of Sea-Level Rise and Extreme Events around
Europe: a Review of Coastal Energy Infrastructure. Climatic Change.

57 Dawson et al., 2015. Sea-Level Rise Impacts on Transport Infrastructure: The
Notorious Case of the Coastal Railway Line at Dawlish, England. Journal of
Transport Geography.

58 Network Rail, 2014. West of Exeter Route Resilience Study.

59 Hino et al., 2017. Managed Retreat as a Response to Natural Hazard Risk.
Nature Climate Change.

60 Townend et al, 2010. Managed Realignment: A Coastal Flood Management
Strategy. Flood Risk Science and Management

61 Kovats and Osborn, 2016. UK Climate Change Risk Assessment Evidence
Report: Chapter 5, People and the Built Environment. Report prepared for the
Adaptation Sub-Committee of the Committee on Climate Change, London.

62 Team Van Oord, 2014. Steart Coastal Management Project.

63 McAlinden, 2015. Managed Realignment at Medmerry, Sussex. Institution of
Civil Engineers.

64 Cabinet Office, 2016. Summary of the 2016 Sector Security and Resilience
Plans.

65 Nicholls et al., 2013. Planning for Long-Term Coastal Change: Experiences
from England and Wales. Ocean Engineering.

66 Ghimire et al, 2012. Coastal Flooding in Scotland: A Guidance Document for
Coastal Practitioners. Scottish Government.

67 Edwards, 2013. SPICe Research Briefing PB13-1459.

68 Cooper, 2015. Shoreline Management Planning in Northern Ireland. Northern
Ireland Assembly Knowledge Exchange Seminar Series (KESS).

69 Defra, 2006. Shoreline Management Plan Guidance. Volume 1: Aims and
Requirements.

70 Haskoning UK, 2012. West of Wales Shoreline Management Plan 2 - Cardigan
Bay and Ynys Enlli to the Great Orme Coastal Groups.

71 Marshall et al., 2015. Fairbourne Moving Forward: Frequently Asked
Questions. Fairbourne Project Management Board.

72 McLachlan et al., 2015. Flood Risk Management Plan: Kingston upon Hull and
Haltemprice Catchment within East Riding of Yorkshire. East Riding of
Yorkshire Council.

73 East Solent Coastal Partnership, 2013. Southsea and North Portsea Island
Coastal Flood and Erosion Risk Management Schemes.

74 Ranger et al., 2013. Addressing ‘Deep’ Uncertainty over Long-Term Climate in
Maijor Infrastructure Projects: Four Innovations of the Thames Estuary 2100
Project. EURO Joumal on Decision Processes.



https://link.springer.com/article/10.1007/s10712-016-9381-3
https://link.springer.com/article/10.1007/s10712-016-9381-3
http://www.pnas.org/content/113/11/E1434.abstract
http://www.pnas.org/content/113/11/E1434.abstract
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Synthesis-Report-Committee-on-Climate-Change.pdf
http://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_SPM_FINAL.pdf
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_Chapter13_FINAL.pdf
http://science.sciencemag.org/content/338/6111/1183
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_Chapter04_FINAL.pdf
https://link.springer.com/article/10.1007/s10712-016-9398-7
https://link.springer.com/article/10.1007/s10712-016-9398-7
http://www.ice2sea.eu/wp-content/uploads/sites/27/2013/05/From_Ice_to_High_Seas.pdf
http://www.ice2sea.eu/wp-content/uploads/sites/27/2013/05/From_Ice_to_High_Seas.pdf
http://rsta.royalsocietypublishing.org/content/364/1844/1709.short
http://rsta.royalsocietypublishing.org/content/364/1844/1709.short
http://www.nature.com/nclimate/journal/v2/n6/abs/nclimate1449.html
http://www.nature.com/nclimate/journal/v2/n6/abs/nclimate1449.html
http://www.nature.com/nature/journal/v484/n7395/abs/nature10968.html
http://www.nature.com/nature/journal/v484/n7395/abs/nature10968.html
http://science.sciencemag.org/content/348/6232/327
http://onlinelibrary.wiley.com/doi/10.1029/2006JF000664/full
http://onlinelibrary.wiley.com/doi/10.1029/2006JF000664/full
http://www.nature.com/ngeo/journal/v4/n8/abs/ngeo1194.html
http://www.nature.com/ngeo/journal/v4/n8/abs/ngeo1194.html
http://www.nature.com/nclimate/journal/v4/n6/abs/nclimate2226.html
http://www.nature.com/nclimate/journal/v4/n6/abs/nclimate2226.html
http://www.nature.com/nclimate/journal/v4/n2/abs/nclimate2094.html
http://www.nature.com/nclimate/journal/v4/n2/abs/nclimate2094.html
http://science.sciencemag.org/content/344/6185/735
http://science.sciencemag.org/content/344/6185/735
http://onlinelibrary.wiley.com/doi/10.1002/2014GL060140/abstract
http://onlinelibrary.wiley.com/doi/10.1002/2014GL060140/abstract
https://doi.org/10.1111/j.1365-246X.2008.03942.x
http://www.metoffice.gov.uk/binaries/content/assets/mohippo/pdf/r/4/state_of_the_uk_climate_2015.pdf
http://www.the-cryosphere.net/4/621/2010/
http://www.nature.com/ngeo/journal/v2/n4/abs/ngeo462.html
http://www.nature.com/ngeo/journal/v2/n4/abs/ngeo462.html
http://onlinelibrary.wiley.com/doi/10.1002/jgrc.20091/full
http://onlinelibrary.wiley.com/doi/10.1002/jgrc.20091/full
http://onlinelibrary.wiley.com/doi/10.1002/jqs.1481/full
http://onlinelibrary.wiley.com/doi/10.1002/jqs.1481/full
http://ukclimateprojections.metoffice.gov.uk/media.jsp?mediaid=87906&filetype=pdf
http://ukclimateprojections.metoffice.gov.uk/media.jsp?mediaid=87906&filetype=pdf
http://ukclimateprojections.metoffice.gov.uk/media.jsp?mediaid=88739&filetype=pdf
http://ukclimateprojections.metoffice.gov.uk/media.jsp?mediaid=88739&filetype=pdf
http://www.nature.com/nclimate/journal/v6/n4/full/nclimate2923.html
http://www.nature.com/nclimate/journal/v6/n4/full/nclimate2923.html
http://science.sciencemag.org/content/349/6244/aaa4019
http://science.sciencemag.org/content/349/6244/aaa4019
http://unfccc.int/files/essential_background/convention/application/pdf/english_paris_agreement.pdf
http://www.nature.com/nature/journal/v526/n7573/abs/nature15706.html
http://www.nature.com/nature/journal/v526/n7573/abs/nature15706.html
http://advances.sciencemag.org/content/1/8/e1500589.short
http://advances.sciencemag.org/content/1/8/e1500589.short
http://www.nature.com/nature/journal/v531/n7596/abs/nature17145.html
http://www.nature.com/nature/journal/v531/n7596/abs/nature17145.html
http://www.nat-hazards-earth-syst-sci.net/15/2209/2015/
http://www.nat-hazards-earth-syst-sci.net/15/2209/2015/
http://onlinelibrary.wiley.com/doi/10.1002/9781444323276.ch11/summary
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/322061/LIT7540_43858f.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/322061/LIT7540_43858f.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/558630/TE2100_5_Year_Review.pdf
http://www.southampton.ac.uk/news/2016/09/erise-flooding-defence-project.page
http://www.southampton.ac.uk/news/2016/09/erise-flooding-defence-project.page
http://www.southampton.ac.uk/news/2016/09/erise-flooding-defence-project.page
https://books.google.co.uk/books?hl=en&lr=&id=dsD5UdpEOPsC&oi=fnd&pg=PA54&dq=Reeder+T,+Wicks+J,+Tarrant+O.+Protecting+London+from+Tidal+Flooding:+Limits+to+Engineering+Adaptation&ots=4xnWsdogqR&sig=M89qawAt76fqxRHtHkSGzlxkOiI#v=onepage&q&f=false
https://books.google.co.uk/books?hl=en&lr=&id=dsD5UdpEOPsC&oi=fnd&pg=PA54&dq=Reeder+T,+Wicks+J,+Tarrant+O.+Protecting+London+from+Tidal+Flooding:+Limits+to+Engineering+Adaptation&ots=4xnWsdogqR&sig=M89qawAt76fqxRHtHkSGzlxkOiI#v=onepage&q&f=false
http://www.nature.com/articles/srep45242
http://www.nature.com/articles/srep45242
http://www.nature.com/nclimate/journal/v6/n6/full/nclimate2927.html
http://www.nature.com/nclimate/journal/v6/n6/full/nclimate2927.html
http://onlinelibrary.wiley.com/doi/10.1029/2009JC005997/full
http://onlinelibrary.wiley.com/doi/10.1029/2009JC005997/full
http://www.nature.com/nclimate/journal/v3/n9/abs/nclimate1979.html
http://www.nat-hazards-earth-syst-sci.net/15/1215/2015/nhess-15-1215-2015-discussion.html
http://www.nat-hazards-earth-syst-sci.net/15/1215/2015/nhess-15-1215-2015-discussion.html
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/419549/20150331_2015-NRR-WA_Final.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/419549/20150331_2015-NRR-WA_Final.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/381939/FCRM_Long_term_investment_scenarios.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/381939/FCRM_Long_term_investment_scenarios.pdf
https://link.springer.com/article/10.1007%2Fs10584-008-9532-8?LI=true
https://link.springer.com/article/10.1007%2Fs10584-008-9532-8?LI=true
http://www.mccip.org.uk/media/1256/2013arc_sciencereview_09_ce_final.pdf
https://www.theccc.org.uk/wp-content/uploads/2015/10/CCRA-Future-Flooding-Main-Report-Final-06Oct2015.pdf.pdf
https://www.theccc.org.uk/wp-content/uploads/2015/10/CCRA-Future-Flooding-Main-Report-Final-06Oct2015.pdf.pdf
http://www.pnas.org/content/111/9/3292.short
http://www.pnas.org/content/111/9/3292.short
https://link.springer.com/article/10.1007/s11069-016-2347-4
https://link.springer.com/article/10.1007/s11069-016-2347-4
https://link.springer.com/article/10.1007/s10584-013-0996-9
https://link.springer.com/article/10.1007/s10584-013-0996-9
http://www.sciencedirect.com/science/article/pii/S0966692315002197
http://www.sciencedirect.com/science/article/pii/S0966692315002197
https://www.networkrail.co.uk/wp-content/uploads/2016/11/West-of-Exeter-Route-Resilience-Study.pdf
http://www.nature.com/nclimate/journal/vaop/ncurrent/full/nclimate3252.html
http://onlinelibrary.wiley.com/doi/10.1002/9781444324846.ch4/summary
http://onlinelibrary.wiley.com/doi/10.1002/9781444324846.ch4/summary
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Chapter-5-People-and-the-built-environment.pdf
https://www.theccc.org.uk/wp-content/uploads/2016/07/UK-CCRA-2017-Chapter-5-People-and-the-built-environment.pdf
http://teamvanoord.com/downloads/Steart.pdf
https://www.ice.org.uk/disciplines-and-resources/case-studies/managed-realignment-at-medmerry-sussex
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/568546/sector_security_resilience_plans_14_11_2016.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/568546/sector_security_resilience_plans_14_11_2016.pdf
http://www.sciencedirect.com/science/article/pii/S0029801813000644
http://www.sciencedirect.com/science/article/pii/S0029801813000644
http://www.crew.ac.uk/sites/default/files/sites/default/files/publication/Coastal%20Flooding_300812_Final.pdf
http://www.crew.ac.uk/sites/default/files/sites/default/files/publication/Coastal%20Flooding_300812_Final.pdf
https://www.parliament.scot/ResearchBriefingsAndFactsheets/PB13-1459.pdf
http://www.niassembly.gov.uk/globalassets/documents/raise/knowledge_exchange/briefing_papers/series4/2015-04-15-kess-shoreline-management-planning-in-northern-ireland1.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/69206/pb11726-smpg-vol1-060308.pdf
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/69206/pb11726-smpg-vol1-060308.pdf
http://www.westofwalessmp.org/content.asp?nav=23&parent_directory_id=10
http://www.westofwalessmp.org/content.asp?nav=23&parent_directory_id=10
http://fairbourne.info/wp-content/uploads/2014/08/FAQ-Fairbourne-Moving-Forward-v8.pdf
http://fairbourne.info/wp-content/uploads/2014/08/FAQ-Fairbourne-Moving-Forward-v8.pdf
http://www2.eastriding.gov.uk/EasySiteWeb/GatewayLink.aspx?alId=622622
http://www2.eastriding.gov.uk/EasySiteWeb/GatewayLink.aspx?alId=622622
http://www.escp.org.uk/sites/default/files/coastal_schemes/Overview_and_Urgency.pdf
http://www.escp.org.uk/sites/default/files/coastal_schemes/Overview_and_Urgency.pdf
https://link.springer.com/article/10.1007/s40070-013-0014-5
https://link.springer.com/article/10.1007/s40070-013-0014-5
https://link.springer.com/article/10.1007/s40070-013-0014-5

