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Executive Summary

Changes in sea level represent an integration of many aspects of climate change, and thus occur over a broad
range of temporal and spatial scales. The primary contributors to sea level change are the expansion of the
ocean as it warms and the transfer of water currently stored on land, particularly from glaciers and ice sheets.
The amount of sea level change depends on global aspects of the climate system as well as on regional and
local phenomena that may strongly modulate the global rise at any given location. In addition to being
affected by a rise in mean sea level, coastal and island communities and ecosystems are also impacted by
changes in extreme sea level events and surface waves. We consider sea level measured with respect to the
surface of the solid Earth which itself may be moving (relative sea level) and sea level relative to the Earth’s
center of mass.

Past Sea Level Change

Records of past sea level change from both geological data and modern instrumental data provide critical
information for placing the current rates of change in the context of natural variability, and for understanding
the processes that determine future change. Our assessment of important information on historical sea level
relevant to Earth’s current climate is:

* During the middle Pliocene about 3 million years ago, CO, concentrations were about 350 to 415 ppm,
temperatures were about 2°C to 3°C above preindustrial values and sea level was 10 to 30 m above
current values. Most of the additional ocean mass came from the Greenland and West Antarctic Ice
Sheets, with additional contributions from the East Antarctic Ice Sheet.

* There is high confidence that during the last interglacial (warm) period, global mean sea level (GMSL)
was more than 6 m higher than current values, and low confidence that it reached 10 m above current
values. The lower value requires glacier melting, thermosteric rise, and contributions from the Greenland
and West Antarctic Ice Sheets whereas the higher values also require a contribution from the East
Antarctic Ice Sheet. Modelling studies indicate about about half of the Greenland contribution was related
to solar insolation and half to surface warming.

* There is high confidence that rates of sea level change during the last interglaciation were 1 to 2.5 m kyr~
' Entering the last two interglacial highstands (when sea level was within 10 m of present values) rates of
sea level rise were from 5.6 m kyr ' to 10 m kyr ' (although faster rates may have occurred over shorter
periods). These latter periods reflect transitions from glacial to interglacial conditions and only provide
upper limits for land-ice loss.

* For the past 2000 years, paleo sea level data provide high confidence for an increase in the late 19th
century (1840-1920) from relatively low rates of change during the late Holocene (order tenths of mm a~
" to modern rates of rise (order mm a '). Long tide-gauge records and reconstructions of global averaged
sea level extending back to the 19th century confirm this acceleration.

* Tide gauge and satellite observations indicate that it is virtually certain that global mean sea level has
been rising during the 20th century at rates of 1.7 mm a ' over the 20th century and 3.2 mm a ' since
1993.

» Satellite and in situ data also show large regional variability around the global mean trend.

* In addition to the mean rise, global mean sea level shows interannual variability mostly related to ENSO-
driven changes of the global water cycle and ocean mass.

Contributions to Sea Level Change

In situ and satellite observations of the oceanic and cryospheric contributions of sea level change have led to

an improved understanding of historical change. Since the early 1970s:

* tis very likely that the ocean has continued to warm and expand. About 40% of the observed GMSL rise
is a result of ocean warming, about 30% since 1993.

* Glaciers have contributed about 35% of the observed GMSL rise and their contribution has increased
significantly over recent decades.

* Both the Greenland and Antarctic ice sheets have made only small contributions to GMSL since the early
1970s. However, their rate of contribution has increased rapidly since the early 1990s and it is likely to
have been of a similar magnitude to thermosteric sea level rise since 2005.
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* The increased storage of water in dams has been partially offset through the depletion of groundwater.
The rate of dam building has slowed and groundwater depletion now exceeds the rate of storage in
reservoirs.

* The sum of estimated components (ocean thermal expansion, glaciers, ice sheets and land water) is
consistent with the observed sea level rise, within uncertainties; the difference in central estimates is
about 25% or less over the last 40 years, during the altimetry era (1993-2010), and over the period that
Argo measurements have been available (2005-2010).

Our understanding of and ability to model the observed sea level rise has improved.

* General circulation models reproduce the observed variability (principally a result of large volcanic
eruptions) and the global mean trend (to an accuracy of better than 20% on average) in thermosteric sea
level rise and upper-ocean (<700 m) heat content.

* Recent analyses have demonstrated that it is likely the abyssal (*3000 m) ocean is warming.

* Improved glacier inventory and mass balance data sets, including for marine terminating glaciers, have
led to improved estimates of historical glacier contributions. Some glacier models now include glacier
hypsometry, allowing glacier projections to reach a new equilibrium in a warmer climate.

* Modelled surface mass balance for Greenland and Antarctica is in agreement with the available limited
observations.

* Satellite observations of volume and mass change and ice-sheet motion have revealed significant
dynamic changes in the ice sheets. Our current understanding of the causes of increased ice discharge in
Greenland and Antarctica is that they have been largely triggered by local changes in ocean circulation
and associated heat transport. However, this understanding is incomplete. Any potential link between
these local circulation changes and increasing greenhouse gases has not been well explored.

* The sum of the simulated contributions explains the observed sea level rise since the early 1970s and
indicates a faster rate of rise since the early 1990s, in agreement with the increase in the observed rate of
rise.

* The largest increase in the storage of heat in the climate system over recent decades has been in the
oceans and thus sea level rise from ocean warming is a central part of the Earth’s response to increasing
greenhouse gas concentrations. Independent estimates of radiative forcing of the Earth by greenhouse
gases, volcanic and anthropogenic aerosols, the observed heat storage and surface warming combine to
give an energy budget for the Earth that is very likely closed, and is consistent with our best estimate of
climate sensitivity. Observations of changes in the Earth’s energy storage are thus a powerful tool for the
detection of climate change as well as a constraint on climate sensitivity and future warming.

Projections for the 21st Century

Under all the RCP scenarios, the time-mean rate of GMSL rise during the 21st century is very likely to
exceed the rate observed during 1971-2010. Ocean thermal expansion and glacier melting are likely to make
the largest contributions to GMSL rise during the 21st century. Surface melting from Greenland is very
likely to make a positive contribution. For the period 2081 to 2100 compared to 1986 to 2005, GMSL rise is
likely to lie in the range 0.27-0.50 m for RCP2.6, 0.32—0.56 m for RCP4.5 and RCP6.0, and 0.41-0.71 m for
RCP8.5. Although RCP4.5 and RCP6.0 are very similar at the end of the century, RCP4.5 has a greater rate
of rise earlier in the century, RCP6.0 later. Under RCP 8.5, the likely range reaches 0.84 m in 2100. Larger
values than these ranges cannot be excluded, but the current state of scientific understanding is insufficient
for evaluating their probability.

We have medium confidence in these ranges. The agreement of process-based models with observations and
physical understanding is a cause for confidence and an advance since the AR4, but two considerations
particularly restrict our confidence. First, we do not have high confidence in our ability to model rapid
changes in ice-sheet dynamics. At the time of the AR4, there was an insufficient scientific basis for making
projections of these effects. In the ranges given here, the central estimate of this contribution is 0.12 m from
the two ice sheets combined, and is the main reason why these ranges are higher than those given in the
AR4, which did not include such a contribution. Second, semi-empirical models give higher projections than
process-based models. This might point to some presently unidentified or underestimated contribution. For
RCP4.5, semi-empirical models give central projections in the range 0.73—1.15 m, and similarly for SRES
A1B, and their upper bounds extend to about 1.5 m. It is not understood why semi-empirical models project
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a higher rate of rise than process-based models and there is no consensus about the reliability of semi-
empirical model projections.

Beyond 2100

Longer-term sea level projections depend critically on future emission scenarios.

* QOcean thermosteric sea level rise will continue for centuries to millennia, unless global temperatures
decline.

* Surface melting of the Greenland Ice Sheet is projected to increase with increasing surface temperatures
and to exceed accumulation for global average temperatures above 3.1 + 0.8 °C, leading to ongoing decay
of the ice sheet. The loss of the ice sheet is not inevitable, however, because it has long time scales and it
might re-grow to its original volume or some fraction thereof if global temperatures decline, depending
on cumulative greenhouse gas emissions.

* For Antarctica, accumulation is expected to increase for low-emission scenarios but at some, as of yet
poorly defined value, surface melting will begin to contribute significantly to sea level rise.

* Confidence in the models capability to project sea level contributions from dynamic ice-sheet changes in
Greenland and Antarctica beyond 2100 is low. In Greenland, dynamic mass loss is limited by
topographically defined outlets regions, and solid-ice discharge induced from interaction with the ocean
is self-limiting as the ice-sheet margin retreats inland from the coast. A significant portion of the
Antarctic Ice Sheet is grounded below sea level and is potentially subject to instability leading to self-
accelerated ice loss.

* For 2500, the projected sea level rise ranges from 0.03 m to 1.2 m for low-emission scenarios and from 1.
7 to 5.6 m for high-emission scenarios. Models used for these projections lack fundamental processes that
can trigger instabilities, suggesting that they may underestimate sea level rise.

The Regional Distribution of Sea Level Change

Regional sea level change will result largely from a combination of ocean dynamical changes and changes in
the gravity field and land height associated with contemporary and historical (recent glacial-interglacial
transition) mass exchange between land ice and the oceans.

* There is high confidence that over the next few decades, regional sea level changes will be dominated by
interannual to decadal sea level variability caused by internal (dynamical) variability of the climate
system. This variability will remain important through the 21st century and beyond.

* There is also medium to high confidence that the pattern of long-term trends in sea level associated with
ocean dynamics will progressively dominate the regional pattern of sea level change toward the end of
the 21st century, at least for the upper end of the projections. However, the confidence in the projected
regional pattern remains low.

* There is high confidence that in the 21st century, there will be a significant contribution to regional sea
level changes from melting land ice in the form of a dynamical steric response of the ocean and in the
form of gravitational, solid Earth, and rotational responses to the varying distribution of water on the
Earth.

It is very likely that in the 21st century, these factors together will result in a total regional pattern of sea
level change which will deviate significantly from the global mean. However, while the pattern of change
remains uncertain, it is very likely that over the majority of the ocean regional sea level rise will be positive.

Extreme Sea Level Events — Surges and Waves

21st century projections of extreme water levels and waves are developing based on depictions of future
storminess in a warming climate using both dynamical and statistical approaches. Uncertainties in the
projected atmospheric forcing, however, make it difficult to specify regional changes in storm-driven
extremes.

It is likely that 21st century projected increases in extreme sea levels will occur as a result of an increase in
mean sea level. There is low confidence in changes in the contribution to extreme sea levels by storm surges
caused by atmospheric forcing alone. If the expected frequency of flooding of coastal infrastructure is not to
increase, the allowance for GMSL rise needs to be greater than the central GMSL rise projections.
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Sea and swell waves reflect changes in surface winds and storm patterns, hence it is likely that climate
change will have an impact on significant wave heights and other wave properties. Dynamical and statistical
techniques for sea and swell wave projections are improving, and ensemble assessments of wave-model
projections are beginning to quantify uncertainties. However, wave projections are only as good as the wind
fields used to generate them, and significant uncertainties are involved in the specification of future winds,
particularly storm winds. For ocean waves, inter-comparison studies are beginning to identify regions of
robust change in model ensembles (e.g., wave height increases in the southern ocean). However,
uncertainties remain high. Accordingly, there is low confidence in regional wave projections, with medium
confidence assigned to wave-field changes associated with the poleward migration of winter storm tracks at
mid-latitudes, which in the Southern Ocean is associated with a trend toward a more positive Southern
Annular Mode state and more energetic waves.
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13.1 Introduction

This chapter provides a synthesis of past and contemporary sea level change at global and regional scales,
explains the reasons for that change, and provides projections of sea level change for the 21st century and
beyond.

Changes in sea level occur over a broad range of temporal and spatial scales, with the many factors
contributing to sea level change making it an integral measure of climate change (Church et al., 2010; Milne
et al., 2009). The primary contributors to sea level change are the expansion of the ocean as it warms and the
transfer of water currently stored on land, particularly from glaciers and ice sheets (Church et al., 2011b).
The largest increase in the storage of heat in the climate system over recent decades has been in the oceans
and thus sea level rise from ocean warming is a central part of the Earth’s response to increasing greenhouse
gas concentrations. Because of their large size, even a modest increase in loss of mass from the Greenland
and Antarctic ice sheets has the potential to become the dominant source of future sea level rise. Although
glaciers elsewhere have much less mass altogether than the ice sheets, they are relatively more sensitive to
climate change and thus also make an important contribution to sea level rise. These factors affect the
volume of water stored in the ocean and thus global averaged sea level.

In this chapter, we emphasize that the amount of sea level change depends not only on global aspects of the
climate system but also on regional and local phenomena that may strongly modulate the global rise at any
given location (Milne et al., 2009). These latter influences are particularly important to local planning
efforts, which require knowledge of how local sea level may change relative to the land. We thus discuss the
primary factors that cause regional sea level to differ from the global average and how these may change in
the future. In addition to being affected by a rise in mean sea level, coastal and island communities and
ecosystems are also impacted by changes in extreme sea level events and surface waves. We therefore also
address projected changes in surface waves and the consequences of sea level and climate change for
extreme sea level events.

The First IPCC Assessment (Warrick; Oerlemans, 1990) laid the groundwork for much of our current
understanding of sea level change. This included the recognition that sea level had risen during the 20th
century, that the rate of rise had increased compared to the 19th century, that ocean-thermal expansion and
the mass loss from glaciers were likely the main contributors to the 20th century rise, that during the 21st
century the rate of rise was projected to be faster than during the 20th century, and that sea level would
continue to rise well after greenhouse gas emissions were reduced. They also concluded that no major
dynamic response of the ice sheets was expected during the 21st century, leaving ocean-thermal expansion
and the melting of glaciers as the most likely main contributors to the 21st century rise. The Second
Assessment Report (Warrick et al., 1996) came to very similar conclusions.

By the time of the Third Assessment Report (Church et al., 2001), full process models, including coupled
atmosphere-ocean general circulation models (AOGCMs) and ice-sheet models, largely replaced energy-
balance climate models as the primary techniques supporting the interpretation of the observations and for
the projections of sea level. This approach allowed for the first time a focus on the regional distribution of
sea level change in addition to the global averaged change. By the time of the Fourth Assessment Report
(AR4) (Solomon et al., 2007), there were more robust observations of the variations in the rate of global
average sea level rise for the 20th century (rather than just 20th century trends), some understanding of the
variability in the rate of rise, and the satellite altimeter record was long enough to reveal the complexity of
the time-variable spatial distribution of sea level. Although sea level was addressed in many chapters in the
AR4 in recognition of its integration with other aspects of climate change and its interdisciplinary nature,
three central issues remained. Firstly, as in all previous Assessments, the observed sea level rise over
decades was larger than the sum of the individual contributions estimated from observations or with models
(so-called sea level budget problem), although in general the uncertainties were large enough that there was
no significant contradiction. Secondly, it was not possible to make confident projections of the regional
distribution of sea level rise. Thirdly, there was insufficient understanding of the potential contributions from
the ice sheets. In particular, the AR4 recognised that existing ice-sheet models were unable to explain the
recent observations of ice-sheet dynamics and that understanding of these effects was too limited to assess
their likelihood or to provide a best estimate or an upper bound for their future contributions.
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Despite changes in the scenarios between the four Assessments, the projections for 2100 (compared to 1990)
for the full range of scenarios were remarkably similar, with a reduction in the upper end in more recent
reports that likely reflects the smaller increase in radiative forcing in recent scenarios due to smaller GHG
emissions and the inclusion of aerosols: 15 to 110 cm in the FAR, 13 to 94 cm in the SAR, 9 to 88 c¢m in the
TAR, and 18 to about 80 cm or more in AR4 (when extended to 2100 and including an allowance for a
dynamic ice-sheet response).

Since the AR4, it is virtually certain that sea level has continued to rise at a rate faster than the 20th century
average (Chapter 3) and contributions from glaciers and ice sheets (Chapter 4) have very likely continued to
increase. Improved and new observations of the ocean (Chapter 3) and the cryosphere (Chapter 4) and their
representation in models have resulted in better understanding of 20th century sea level rise and its
components. Here, we bring all aspects of sea level change together, drawing on the published refereed
literature, including as summarised in earlier chapters of this Assessment, and by the analysis of model
projections. We make extensive use of results from the World Climate Research Programme’s Coupled
Model Intercomparison Project phase 5 (CMIP5) and their application to estimate contributions of sea level
change.

In Section 13.2, we introduce the major causes of sea level change and summarize the models used to
understand and project sea level change. The growth and decay of ice sheets are the largest control of sea
level over millennial time scales and we discuss their dynamics and their potential to make rapid
contributions to future sea level change. Building on Chapters 3 (Oceans) and 5 (Paleoclimate), past sea
level changes are summarised in Section 13.3. Section 13.4 discusses our understanding of sea level change
over recent decades and underpins understanding for projections of global averaged sea level. We use an
ensemble of climate, ice-sheet and glacier models to project contributions to sea level change, including the
dynamic response of the ice sheets (Section 13.5) and bring these together to project sea level change for the
21st century and beyond in Section 13.6. We include the use of semi-empirical models developed using
historical data to provide an additional approach for projecting 21st century sea level change. We also
consider the potential for crossing critical thresholds that could result in large, prolonged responses and
essentially irreversible commitments.

In Section 13.7, we present regional relative sea level change for the next several decades and to 2100. We
include all aspects of regional sea level change that are a direct result of both past and future climate change,
including large-scale land motions and gravitational effects related to climate-related mass redistribution
within the Earth system. However, we do not do not address several aspects of local relative sea level change
that do not involve climate but which may be important for assessing its impacts. For example, local relative
sea level rise resulting from vertical land motion associated with the compaction of sediments or the
withdrawal of water or petroleum products is not considered. This issue may be important in densely
populated deltaic regions and elsewhere and might combine with climatically induced sea level change to
raise the risk for coastal populations in these regions. Extreme sea level events at the coast occur as a result
of natural variability in climate, oceans, storm surges and waves. We assess projections of these extreme
events for a number of regions based on the current literature (Section 13.8) and provide some general
guidance on potential ways to consider these changes. However, we do not provide comprehensive global
projections of changes in extreme events. Also, we do not consider tsunamis that result from land
movements. Our observations and understanding of sea level change remain incomplete and we synthesize
current understanding and identify key uncertainties throughout the chapter and in Section 13.9.

13.2 Components and Models of Sea Level and Land-Ice Change

This section provides background information on our current understanding of the processes that influence
past and present sea level changes and projections of future changes. To isolate the contribution of
contemporary climate change to sea level changes observed during the 20th century and projected for 21st
century and beyond, the relevant processes are separated into those that are influenced by contemporary
climate change (Section 13.2.1.1) and those that are not (Section 13.2.1.2). Models used to interpret
observations of past sea level changes and project future changes are introduced in Section 13.2.2. A final
section (13.2.3) discusses the mechanisms through which land ice can change and thus contribute to sea level
change.
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The height of the ocean surface at any given location, or sea level, is measured either with respect to the
surface of the solid Earth (relative sea level) or the Earth’s center of mass (absolute sea level). The former is
the more relevant quantity when considering the coastal response to changes in sea level. Relative sea level
has been measured using tide gauges during the past few centuries and estimated or reconstructed for longer
time spans from geological records (see Section 13.3.1 and Chapter 5). Absolute sea level has been measured
over the past two decades using satellite measurements that quantify the height of the ocean surface relative
to a geocentric reference such as the reference ellipsoid (Lambeck, 1988).

Any process that causes vertical motion of the ocean surface or ocean floor will result in sea level change.
Height changes of the ocean surface can be affected by flow within the atmosphere and oceans, changes in
ocean volume and mass, and changes in the Earth’s gravity field. The latter is influenced by tides, changes in
Earth rotation and mass redistribution which can occur within or between the various components of the
Earth System (e.g., solid Earth, atmosphere, hydrosphere, cryosphere). Height changes of the ocean floor are
driven by tectonics, isostatic deformation of the solid Earth, erosion/deposition, sediment compaction, body
tides and changes in Earth rotation. Note that height changes of the ocean surface and ocean floor are not
independent. For example, changes in ocean-floor height can lead to changes in ocean-surface height
through perturbations to the gravity field and the volume of the ocean basins. Conversely, height changes of
the ocean surface that relate to a redistribution of ocean mass will influence the height of the ocean floor
through isostatic adjustment.

13.2.1 Components of Sea Level Change
13.2.1.1 Components Related to Contemporary Climate Change

The processes through which contemporary climate change can influence sea level (Figure 13.1) involve
changes in the ocean and atmosphere, ice grounded on land (land ice), the hydrological cycle,
erosion/deposition processes, and the climatic responses to volcanic activity.

[INSERT FIGURE 13.1 HERE]

Figure 13.1: Schematic diagram illustrating climate sensitive processes that can influence sea level. Changes in any
one of the components or processes shown will result in a sea level change. The term 'ocean properties' refers to ocean
temperature, salinity and density, which influence and are dependent on ocean circulation. The term “sedimentary
processes” includes erosion, deposition and compaction of sediment.

Atmosphere-ocean momentum transfer (through surface winds) as well as heat and mass (freshwater)
exchange result in ocean currents which cause the sea surface to deviate from an equipotential of the Earth’s
gravity field (defined by the marine geoid; Lambeck, 1988). Heat and water-mass exchange result in changes
in the temperature, salinity and density structure of the ocean. Changes in temperature and salinity affect sea
level through the associated changes in ocean water volume (thermosteric and halosteric effects,
respectively). Note that changes in temperature affect global average ocean volume whereas changes in
salinity do not; both temperature and salinity changes can influence regional sea level change (Church et al.,
2010). Changes in the density structure influence ocean currents and therefore the topography of the ocean
surface supported by this flow. In addition, regional atmospheric pressure anomalies cause sea level to vary
through the so-called atmospheric loading (inverted barometer) effect (Wunsch and Stammer, 1997). The
exchange of momentum, heat and freshwater at the ocean surface as well as atmospheric loading can cause
sea level to vary on a broad range of space and time scales, some of which can be relatively short lived, such
as waves and storm surges, while some are sustained over several decades or centuries and may be
associated with atmospheric modes of climate variability (Miller; Douglas, 2007) or internal ocean
variability (White et al., 2005a).

Water mass exchange between the terrestrial cryosphere, land and the oceans will lead to a change in global
mean sea level (GMSL) by the simple addition/subtraction of water mass to/from the ocean basins. However,
the local sea level response may deviate from this global mean change through a range of processes. An
influx of freshwater changes ocean temperature and salinity and hence changes ocean currents (Yin et al.,
2009). The coupled atmosphere-ocean system can also adjust to temperature anomalies associated with
surface freshwater anomalies through air-sea feedbacks, which can result in dynamical adjustments of sea
level (Okumora et al., 2009; Stammer et al., 2011). Water mass exchange between land and the ocean also
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results in an isostatic adjustment of the ocean floor and change in the gravity field as a consequence of
isostatic deformation and water mass redistribution (Farrell; Clark, 1976). These changes affect the Earth’s
inertia tensor and therefore Earth rotation, which produces an additional sea level response (Milne and
Mitrovica, 1998).

Erosion and deposition of sediment can result in sea level change directly through changes in ocean-floor
height due to the mass transfer itself and indirectly through the associated isostatic response of the solid
Earth (Watts 2001). Compaction of sediments can also contribute to local sea level change (Ericson et al.,
2006). These changes in turn influence the regional gravity field which causes further sea level change.
Although these processes are active regardless of climate change, climate change can influence their rate and
spatial distribution and so contribute significantly to local sea level change, particularly over millennial
timescales. However, the component of this process related to contemporary climate change has a negligible
influence in most areas over century timescales and so will not be considered further in this chapter.

13.2.1.2 Components Not Related to Contemporary Climate Change

There are a number of processes that occur independently of contemporary climate change that have
contributed to the sea level changes measured by tide gauges and satellites and hence are important for
understanding the observational record (Section 13.4). In addition, some of these processes will continue to
contribute significantly to sea level change in the coming decades to centuries and so should be included
when attempting to project future sea level changes and their impacts (Sections 13.5, 13.6, 13.7, 13.8). Five
processes fall under this category: the isostatic adjustment of the solid Earth to past (as opposed to current)
surface mass redistribution; the dynamic response of ice sheets to past climate change; changes in the
hydrological cycle associated with non-climate-related anthropogenic activity; tectonic processes; and
coastal processes resulting in erosion, deposition and compaction of sediment.

The isostatic response to a redistribution of surface mass includes both an elastic and viscous deformation of
the Earth. The elastic component is instantaneous whereas the viscous is a delayed response that can persist
for tens of millennia after a given surface loading change. Mass transfer from land ice to oceans during the
most recent deglaciation (~20 to ~6 ka) is one process that contributes significantly to present-day viscous
isostatic deformation and therefore sea level change in many regions (Lambeck; Nakiboglu 1984). Because
this process, known as glacial isostatic adjustment (GIA), contributed to sea level change in the past century,
and will continue to contribute in the coming centuries, it must be considered when interpreting paleo-sea
level, tide-gauge and satellite records for past and contemporary climate-related signals (Section 13.3) as
well as in projections of regional sea level change (Sections 13.7).

Anthropogenic processes that influence the amount of water stored in the ground or on its surface in lakes
and reservoirs, or cause changes in land-surface characteristics that influence runoff or evapo-transpiration
rates, will perturb the hydrological cycle and potentially cause an observable sea level change (Sahagian
2000). Such processes include water impoundment (dams, reservoirs), irrigation schemes and ground water
extraction (Section 13.4). While some of these changes are a response of society to contemporary climate
change, they are included in this section because of their anthropogenic nature.

Deformation of the solid Earth due to convective flow of the mantle, or tectonic processes, cause, on
average, relatively low rates of sea level change (< O[0.1 mm yr '] (Moucha et al., 2008), with the exception
of earthquakes, which can cause rapid local changes and tsunamis (Broerse et al., 2011). Coastal processes
are important in areas that experience high rates of sedimentation or erosion, most notably deltaic regions
(Blum and Roberts, 2009; Syvitski et al., 2009; Vaughan and Spouge, 2002). However, they are less
important as a source of sea level change in other areas. These tectonic and coastal processes are not
considered in this chapter.

13.2.2 Models Used for Sea Level Studies

Several types of models have been used to simulate changes in global mean and regional sea level. These
include atmosphere-ocean general circulation models (AOGCMs; Chapter 9) that simulate the dynamical sea
level response to a given climate change, models of the cryosphere (glaciers and ice sheets; see Section
13.2.3), and isostatic models that simulate the static sea level response to surface-mass redistribution. More
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recently, semi-empirical models have been used to derive an empirical relationship between temperature or

radiative forcing and sea level (Section 13.6.1.2). There are also models that predict extreme sea levels due

to storm surges and waves (Section 13.8). Some general information on these different model types is given
below.

AOGCMs, which have components representing the ocean, atmosphere, land and cryosphere, simulate the
dynamic response of sea level to natural variability of the climate system as well as to anthropogenic
changes (Vizcaino et al., 2008). Information about past volcanic eruptions or changes in solar radiation is
usually used as external forcing to assess natural variability on decadal time scales. Dynamical processes
simulated by climate models include climate modes of variability such as ENSO, PDO or NAO and their
impact on sea level through changes in ocean circulation and the associated redistribution of water mass
properties (heat and freshwater) (White et al., 2005a). Changes in the strength of the Atlantic meridional
overturning circulation (AMOC) and its effect on sea level are also represented (Lorbacher et al., 2010; Yin
et al., 2009). AOGCMs also simulate the response of the coupled climate system to anthropogenic increases
in greenhouse gases and aerosols. Changes in sea level occur as a dynamic ocean response to changed
atmospheric circulation and the associated changes in wind stress and air-sea heat and freshwater fluxes
(Timmermann et al., 2010).

Isostatic models are used to simulate the static sea level response to past and contemporary changes in
surface water and land-ice mass redistribution and atmospheric pressure changes. Application of these
models tends to fall into two categories: those that focus on interannual and annual variability driven by
contemporary changes in the hydrological cycle and atmospheric loading (Clarke et al., 2005; Tamisiea et
al., 2010), and those that consider secular trends associated with past and contemporary changes in the
cryosphere and land hydrology (Lambeck et al., 1998; Mitrovica et al., 2001; Peltier 2004; Riva et al.,
2010a). These models typically have four components: a model of space-time changes in the surface load of
interest (e.g., land ice, terrestrial water storage), a model of the solid Earth to simulate the isostatic response
to the surface load, an algorithm to compute the static redistribution of ocean mass (known as the sea level
equation), and an algorithm to compute changes in Earth rotation and the sea level changes associated with
this feedback mechanism. A number of currently used isostatic models do not include rotational feedback,
but this component signal can be significant (Gomez et al., 2010b). The accuracy of the computed sea level
response depends largely on the accuracy of the adopted surface load and Earth model components. The
viscous properties of the solid Earth are less well known than the elastic properties and so computations of
longer term changes (centuries to millennia) have larger uncertainty than those that require only computation
of the elastic response.

Knowledge of spatial and temporal changes in the cryosphere is required input to the above process models
that calculate the dynamic and static sea level response to changes in land ice. Information on models used to
study changes in the cryosphere is provided in Section 13.2.3. A small number of studies have adopted two
other approaches to estimate future changes in land ice: one involves considering limits on the rate and area
of mass loss through all processes, including dynamic outflow (Pfeffer et al., 2008), and another involves the
solicitation of opinion from experts in the field (often termed ‘expert solicitation’; Vaughan and Spouge
2002).

Storm-surge and wave models are usually regional in extent and are forced by MSLP fields and near-surface
wind fields obtained from regional and global climate models (Lowe et al., 2010) and large-scale changes in
sea level. Storm-surge models are used to assess changes in extreme sea level caused by changes in
storminess or GMSL rise.

Semi-empirical models are based on physical relationships connecting sea level to global mean temperature
(Grinsted et al., 2010; Rahmstorf 2007a; Vermeer; Rahmstorf 2009) or total radiative forcing (Jevrejeva et
al., 2009; 2010). The form of this relationship is motivated by physical considerations, whereas the
parameters are determined from empirical data — hence the term “semi-empirical” (Rahmstorf et al., 2011).
Although these models do not explicitly simulate the underlying processes, they assume that sea level rise is
caused primarily by changes in global ice volume and global ocean heat content in response to changes in
global temperature or radiative forcing with a characteristic response time. This response time could be
infinite (Rahmstorf, 2007a) or explicitly determined by the model as a probability density function with a
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wide range of time scales (Grinsted et al., 2010). Further detail and assessment of these models is provided
in Section 13.6.1.2.

Figure 13.2 is a graphic representation of the processes considered and models used to interpret past
observations and project future changes in sea level. This figure serves as a useful navigation aid for the
different sections of this chapter and sections of other chapters that are relevant to sea level change.

[INSERT FIGURE 13.2 HERE]

Figure 13.2: Schematic representation of key processes that contribute to sea level change and are considered in this
report. Colouring of individual boxes indicates the types of models and approaches used in projecting the contribution
of each process to future sea level change. The diagram also serves as an index to the sections in this report that are
relevant to the assessment of sea level projections via numbers given at the bottom of each box.

13.2.3 Models Used to Project Changes in Ice Sheets and Glaciers

Models used to assess the contribution of terrestrial ice masses to future sea level change can be divided into
three groups: ice-sheet surface mass budget (SMB) models; ice-sheet dynamics models; and glacier models.
The representation of these ice masses within AOGCMs is not yet at a stage where projections of their
changing mass are routinely available. Additional process models, using output from AOGCMs, are
therefore required to evaluate the consequences of projected climate change on these ice masses. In each
case, very different types of specialist process models are required to make these projections.

A distinction must be drawn between the flux of ice passing through an ice mass and the ice mass’
contribution to sea level. For instance, the flux through the Antarctica ice sheet can be measured by the
amount of snowfall annually accumulated on its surface (e.g., 5.0-5.8 mm yr ' SLE) (de Berg et al., 2006).
However for the Antarctic, the vast majority of this mass flux is balanced by ice outflow to the ocean so that
the actual contribution to sea level rise is likely to be a fraction (~5-10% for instance) of the throughput. The
balance between the fluxes of ice added and lost takes time scales of thousands of years to be established
(Pollard and DeConto, 2009); changes in either flux away from this long-term balance will make a
contribution to sea level change.

The overall contribution of an ice mass to sea level involves changes to either its SMB (primarily snow
accumulation and the melt and subsequent runoff of snow and ice) or changes in the dynamics of ice flow
which affect the outflow to the oceans. Some ice-sheet models incorporate both effects in their projections;
however most studies have focussed on either surface SMB or flow dynamics. It is assumed that the overall
contribution can be found by summing the contributions calculated independently for these two sources,
which is valid if they do not interact significantly. While this may be acceptable for the ice-sheet projections
over the next century, it may become an issue on longer time scales when, for example, changes in ice-sheet
geometry driven by dynamics may feedback on SMB.

Another general issue faced in projecting the sea level contribution of land-ice is that model projections are
generally made in comparison with a base state which is assumed to be a steady state (i.e., not making a
significant sea level contribution). This base state is generally assumed to be either the preindustrial period
or, because of our scant knowledge of the ice sheets before the advent of satellites, the late 20th century. In
reality, even in these base states, the ice sheets are likely to have been contributing to sea level change and
this contribution, although difficult to quantify, should be added to their projected contributions.

For both ice-sheet surface mass budget and dynamics, two distinct steps in making a projection of future sea
level can be identified. These are the local climate forcing affecting change in the ice sheet, and the response
of the ice sheet in terms of mass fluxes. An example would be the ability to project Greenland’s changing
SMB which relies on both the ability to simulate regional climate change over the ice sheet and the ability to
model how regional changes affect processes at the ice-sheet surface (e.g., Rae et al., submitted). Similar
issues exist for Antarctica, where simulations of changing mass outflow rely on the ability to simulate
regional oceanographic change and models of ice-flow dynamics (Gladstone et al., submitted).

Regional climate models are now the main source of projections of ice-sheet SMB. These models typically
operate at finer spatial scales and with a more complete physical representation of climate than AOGCMs.
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They require information on the state of the atmosphere and ocean at their lateral boundaries, which are
either derived from AOGCM scenario projections or reanalysis data sets. Such models are coupled to
sophisticated representations of the mass and energy budgets associated with snow and ice surfaces. A major
source of uncertainty lies in the ability of these schemes to adequately represent the process of internal
refreezing of melt water within the snowpack.

Mechanisms (see Chapter 4) that could potentially affect changes in ice-sheet dynamics rely on coupling
mechanisms with the rest of the climate system that have not traditionally been included in Earth System
models. Triggers for grounding line retreat are thought to be linked to the mass balance of ice shelves and in
particular the coupling between ocean circulation in sub-ice shelf cavities and the melt rates experienced by
these shelves (Holland et al., 2008b). Detailed regional ocean models are available but they are only
beginning to be employed as part of predictive global ocean circulation models (Thoma et al., 2008). While
the link between ice dynamics and climate forcing is reasonably clear in the case of ice-shelf melt in
Antarctica and potential surface melt water effects in Greenland (basal lubrication) and Antarctica (ice-shelf
collapse), the exact mechanisms linking climate change to enhanced calving in Greenland are not well
understood. This will clearly affect the predictability of this SLR contribution.

Models of ice dynamics have a fairly complete representation of stresses within an ice mass (and therefore
its flow), which are needed because the response of an ice mass to changes at its marine boundary is
governed by longitudinal stresses (Schoof 2007a). These advanced models, however, require several orders
of magnitude more computer time than ice-sheet models such as those used in AR4. In Antarctica, this
problem is exacerbated by the need to employ very high spatial resolution (<1 km) to capture the dynamics
of grounding-line migration robustly (i.e., so that results do not depend qualitatively on model resolution)
(Durand et al., 2009; Goldberg et al., 2009; Morlighem et al., 2010). An alternative approach is to
parameterise grounding line physics in a coarser-resolution model (Gladstone et al., 2010a; Pollard and
DeConto, 2009; Schoof 2007b) but since grounding line migration is likely to be the primary control of the
sea level rise (SLR) contribution of Antarctica, rigorous efforts are needed to validate any such
parameterizations. An alternative is to employ models with adaptable spatial resolution (Gladstone et al.,
2010b; Goldberg et al., 2009; Schoof, 2007a).

One-dimensional flowline models have been developed to the stage that modelled iceberg calving is in
agreement with many observations (e.g, Nick et al., 2009). The success of this modelling approach relies on
the ability of the model’s computational grid to evolve to continuously track the migrating calving front.
Although relatively easy to do in a one-dimensional model, this technique is difficult to incorporate into
three-dimensional ice-sheet models which typically employ a computational grid that is fixed in time.
Progress is being made in this area (Amundson et al., 2010; Benn et al., 2007; Nick et al., 2010; Pfeffer,
2007) but many challenges remain in basic process understanding and the need to ensure sufficient spatial
resolution in models.

The main challenge faced by models attempting to assess sea level change due to glaciers is the very large
number of glaciers (the World Glacier Inventory contains more than 120,000; Radic and Hock, 2010) in
comparison to the number for which mass budget observations are available (roughly 300; Radic and Hock,
2010). Statistical techniques are used to derive relations between observed mass budgets and climate
variables for the small sample of surveyed glaciers, and then these relations are used to upscale to regions of
the world. These techniques often include volume-area scaling to estimate glacier volume from their more
readily observable areas. Although tidewater glaciers are also likely to be affected by changes in outflow
related to calving, the complexity of the associated processes means that most studies limit themselves to
assessing the effects of SMB changes.

13.3 Past Sea Level Change
13.3.1 The Geological Record
Records of past sea level change provide critical context for understanding current changes and evaluating

projected changes. In addition to establishing a longer term reference for placing current rates of sea level
rise in the context of natural variability, these records provide insight into the sensitivity of sea level to past
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climate change. Here we summarize the constraints provided by the record of paleo-sea level variations as
assessed by Chapter 5.

13.3.1.1 Previous Warm Periods

13.3.1.1.1 The middle Pliocene

Mean global surface temperatures during the middle Pliocene (~3.3—2.9 Ma) are estimated from proxies and
GCMs to have been about 2°C to 3°C above pre-industrial, and CO, concentrations are estimated to have
been higher than pre-industrial values (350—415 ppm) (Chapter 5). There is high confidence that sea level
during the middle Pliocene was higher than present, indicating that there was significantly less ice at that
time than present, although there is no information on rates of sea level rise. Uncertainties in mantle dynamic
processes and regional sea level variability due to GIA (Raymo et al., 2011) result in medium confidence in
the most comprehensive estimate of 20 + 10 m (Miller et al., submitted). Direct geological evidence from the
Northern Hemisphere (Maslin et al., 2000) and Antarctica (Naish et al., 2008), together with climate-driven
ice-sheet models (Pollard and DeConto, 2009), suggest that most of the variation in middle Pliocene ice
volume was associated with the Greenland and West Antarctic ice sheets, with small changes in the East
Antarctic Ice Sheet (EAIS).

13.3.1.1.2 The Last Interglaciation

Accounting for tectonic and isostatic factors, emerged shoreline indicators dating from the Last
Interglaciation (LIG) provide high confidence that GMSL during the LIG was at least 6 meters higher than
present, with some evidence providing low confidence that it reached 10 m (Dutton and Lambeck,
submitted; Kopp et al., 2009). During this time of higher sea level, there is very high confidence that CO,
concentrations were similar to pre-industrial levels and medium confidence that LIG surface temperatures
were about 2°C warmer than pre-industrial temperatures (high confidence in high latitudes) (Chapter 5).

There is medium confidence that thermal expansion of the LIG water column was small (0.3 + 0.4 m in the
model results by McKay et al. (2011), leaving high confidence that the primary sources of the +6 m LIG sea
level highstand were from glaciers and the Greenland and West Antarctic ice sheets. There is little evidence
for how much glaciers retreated during the LIG, but the modern glacier budget provides an upper limit of
~0.6 m sea level equivalent (Radic and Hock, 2010). There is high confidence that Greenland contributed 2
m of sea level (Colville et al., 2011), with low-to-medium confidence that it contributed 4 m (Robinson et
al., 2011). Geological and modeling constraints for retreat of the West Antarctic Ice sheet (WAIS) during the
LIG are equivocal, but given the constraints from thermosteric, glaciers, and Greenland contributions for ~3—
5 m, some contribution is required to explain a LIG GMSL of +6 m, with an additional contribution from the
East Antarctic Ice Sheet if GMSL was +10 m.

There is very high confidence that CO, concentrations were similar to pre-industrial levels, indicating that
warmer LIG surface temperatures were induced by the greater incoming summer solar radiation in the high
northern latitudes than at present and associated feedbacks (Chapter 5). Recent modeling results found that
~55% of the increase in Greenland melting during the LIG can be attributed to warmer temperatures, with
the remaining 45% caused directly by higher insolation and associated nonlinear feedbacks (van de Berg et
al., 2011). This suggests that of the 2—4 m contribution from the Greenland ice sheet to LIG sea level, only
~1-2 m can be attributed to temperature. In contrast, austral summer solar radiation in the Southern
Hemisphere was similar during the LIG as present, and the 3—4°C increase in LIG surface temperature over
Antarctica (Jouzel et al., 2007) relative to present remained too low to induce any significant loss from
surface melting. Modeling studies indicate that LIG mass loss from the Antarctic may have occurred through
warming at intermediate depths in the Southern Ocean (Overpeck et al., 2006).

Establishing the duration of the LIG sea level highstand is critical for deriving rates of sea level change
during the LIG. Closed system U/Th ages provide medium-to-high confidence that GMSL reached present
values about ~129-130 ka and began to fall significantly below present sea level by 116 ka (Dutton and
Lambeck, submitted). These contrast with other reconstructions which place the start of the LIG highstand at
~126 ka to 123.5 ka and ending by 119 ka (Lisiecki and Raymo, 2005; Rohling et al., 2008; Thompson and
Goldstein, 2005).
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There is high confidence that local LIG sea levels experienced a meter-scale fluctuation sometime between
120-126 ka, suggesting substantial sea level variability during warm climates (Hearty et al., 2007; Kopp et
al., 2009; Rohling et al., 2008; Thompson and Goldstein, 2005). Kopp et al. (2009) estimated a median value
for sea level rise during the LIG of 3.5 m kyr ' (67% range of —4.4 to 7.4 m kyr "), although the possibility of
higher rates on shorter timescales cannot be excluded. However, these rates are based on a LIG duration that
is 3—4 kyr shorter than the duration based on closed-system U/Th ages on fossil corals (Dutton and Lambeck,
submitted), suggesting the rates may have been ~70% lower. Dutton and Lambeck (submitted) found that
well-dated fossil-corals from many sites point to a 1-2 m change in sea level at ~125-126 ka, while geologic
constraints from Bermuda (Mubhs et al., 2002) exclude sea level changes greater than a few m in 1 or 2 kyr.
These (l)bservations thus provide medium-to-high confidence that sea level rose 1-2 m at a rate of ~1.0-2.5
m kyr .

In summary, there is high confidence that GMSL during the LIG was at least 6 meters higher than today,
with limited evidence that it reached +10 m. Of this sea level rise, contributions from thermosteric and
glaciers are <1 m, and 1-2 m can be attributed to direct melting of Greenland from higher Northern
Hemisphere solar insolation, indicating that at least 3—4 m of sea level rise can be attributed to land-ice loss
in response to some combination of ocean and surface temperature forcing. There is high confidence that
LIG sea level experienced a meter-scale fluctuation sometime between 120-126 ka, with the best-
consltrained records providing medium-to-high confidence that sea level rose 1-2 m at a rate of ~1.0-2.5 m

kyr .
13.3.1.2 The Last Two Deglaciations

The last two transitions from full-glacial to interglacial periods provide opportunities for using observations
to evaluate models of ice-sheet and sea level response to a warming planet. In each case, sea level continued
to rise from its glacial maximum lowstand well after global temperatures had warmed to near-present
interglacial levels. One strategy to infer possible future rates of sea level rise in a warm climate is to
constrain them to be less than the observed rates as former sea level approached or reached the present value.
These intervals of sea level rise represented continued ice-sheet disequilibrium response to deglacial forcings
rather than a near-equilibrium response to greenhouse forcing. Thus, they only provide upper limits for land-
ice loss and are not complete analogues for future changes.

Kopp et al. (2009) found that GMSL rose to the initial LIG highstand (when sea level was within -10 m) at
rates that likely exceeded 5.6 m kyr ' but were unlikely to have exceeded 9.2 m kyr . Based on a chronology
that places the start of the LIG highstand at ~123.5 ka, Rohling et al. (2008) used a 8'*O record from the Red
Sea to establish that rate of rise above present-day (0 m) sea level was 16 = 8 m kyr . Rohling et al. (2008)
considered the implications for a LIG duration from 119-128 ka and found that the rate of sea level rise into
the LIG was reduced to 8—13 m kyr '; that rate would be further reduced if the duration of the LIG highstand
is ~130 ka to 116 ka as suggested by closed-system U/Th ages on fossil corals (Dutton and Lambeck,
submitted; Muhs et al., 2011). During the present interglacial climate, sea level rose at an average rate of ~10
m kyr ' between 12 ka and 6 ka, when it reached near-present levels.

13.3.1.3 The Late Holocene

There is medium-to-high confidence that for the past ~5000 years, GMSL has been close to present sea level
but has not been constant. GMSL rose 2-3 m between about 6000 and 3000 years BP (Lambeck et al., 2004;
Lambeck et al., 2010). There is low-to-medium confidence that ~50% of this ocean volume increase can be
attributed to a Late Holocene ice reduction over Marie Byrd Land, Antarctica (Stone et al., 2003).

Spatial variability in sea level change during the Late Holocene has remained significant because of the
residual isostatic response to the last deglaciation (Milne and Mitrovica, 2008). Local sea level records
spanning this interval and based on consistent sea level indicators provide medium-to-high confidence that
fluctuations in global sea level during this interval have not exceeded ~ +25 cm on time scales of a