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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 global averaged sea level change are the
expansion/contraction of the ocean as it warms/cools and the transfer of water to/from the ocean/land,
particularly from glaciers and ice sheets. The amount of sea level change at any given location depends on
global aspects of the climate system as well as on regional and local phenomena. As a result, regional sea
level change may differ from the global average. We consider sea level measured with respect to the surface
of the solid Earth which itself may be moving (relative sea level), and also sea level relative to the Earth’s
centre of mass (geocentric sea level). We also consider changes in extreme sea level events and surface
waves as these may also impact coastal and island communities and ecosystems.

Sea Level Observations

Paleo sea level records from warm periods during the last 3 million years provide medium-to-high
confidence that global mean sea level was more than 6 m higher than present when global temperature
was 2°C-3°C warmer than present. During the Last Interglacial Period, for the time interval in which
global mean sea level was above present, the maximum 1000-year average rate of global mean sea level rise
very likely exceeded 2.0 m kyr ', likely exceeded 4.1 m kyr ', and was unlikely to have exceeded 5.8 m kyr .
Faster rates lasting less than a millennium cannot be ruled out. Because these periods give only a limited
analogy for future anthropogenic climate change, we do not consider that they provide upper bounds for
global mean sea level rise during the 21st century. [Chapter 5, 13.2.1, Figure 13.3]

It is very likely that the rate of global mean sea level rise has increased during the last two centuries.
Paleo sea level data from many locations around the globe indicate low rates of sea level change during the
late Holocene (order tenths of mm yr ') and modern rates (order mm yr ') during the 20th century. It is very
likely that global mean sea level has risen ~1.7 [1.5 to 1.9] mm yr ' during the 20th century, and between 2.8
and 3.6 mm yr ' since 1993. It is likely that global mean sea level has accelerated since the early 1900s, with
estimates ranging from 0.000 to 0.013 [-0.002 to 0.019] mm yr °. [Chapter 3, Chapter 5, 13.2.1-2, Figure
13.3].

Understanding of Sea Level Change

Since the early 1970s, ocean warming and expansion and glacier melting have been the dominant
contributors to global mean sea level rise, together explaining about 80% of the observed rise. Both the
Greenland and Antarctic ice sheets have made only small contributions to global mean sea level since the
early 1970s. However, their rate of contribution has increased since the early 1990s, partly due to increased
outflow caused by warming of the immediately adjacent ocean, and has been of a similar magnitude to
thermosteric and glacier contributions since 2005. Reservoir impoundment exceeded groundwater depletion
for the majority of the 20th century but the rate of groundwater depletion has increased and now exceeds the
rate of impoundment. The closure of the observational budget for recent periods within uncertainties
represents an advance since the AR4 in physical understanding of the causes of past global mean sea level
change, and provides an improved basis for critical evaluation of models used for projecting sea level
change. [Chapter 3; Chapter 4; 13.3.6; Figures 13.4 and 13.5; Table 13.1]

AOGCM-based estimates of the thermal expansion and glacier contributions, and the estimated
change in land water storage, which is relatively small, together account for about 70% of the
observed rate of Global Mean Sea Level rise for 1901-1990, and over 80% for 1971-2010 and 1993-
2010. The difference between the observed rate of global mean sea level and the sum of the modelled terms
and the contribution from land water storage prior to 1970 is consistent with zero, but is potentially
explained by long-term contributions from ice sheets, the possible underestimate in modelled thermal
expansion from not including preindustrial volcanic forcing, or greater mass loss from glaciers during the
1930s due to unforced climate variability. Model-based estimates of ocean thermal expansion and glacier
contributions increase from 1990, in agreement with the global mean sea level record. Increasing ocean
thermal expansion and glacier loss are the largest contributions but loss of mass by the ice sheets, not
included in the models, also contributes to the observed increase in rate. This simulation of past global mean
sea level rise is a further scientific advance relative to the AR4, and is a reason for increased confidence in
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using these same process-based models and methods for projections. The evidence now available gives a
clearer account than in previous IPCC assessments of 20th century sea level change. Progress in ice sheet
modelling since the AR4 has enabled an assessment to be made of the contribution to sea level rise from ice
sheet dynamics. [Chapter 3; Chapter 4; 13.3.6; Figures 13.4 and 13.5; Table 13.1]

The Earth’s Energy Budget

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. [Box 13.1]

Global Mean Sea Level Rise Projections

It is very likely that the rate of global mean sea level rise during the 21st century will exceed the rate
observed during 1971-2010 for all RCP scenarios. For the period 2081 to 2100, compared to 1986 to
2005, global mean sea level rise is likely to be in the range 0.29—0.55 m for RCP2.6, 0.36—0.63 m for
RCP4.5, 0.37-0.64 m for RCP6.0, and 0.48-0.82 m (0.56—0.96 m by 2100 with a rate of rise 8—15 mm
yr ' over the last decade of the 21st century) for RCP8.5. Unlike in the AR4, these projections include a
contribution from changes in ice-sheet outflow, for which the central projection is 0.11 m. There is only
medium confidence in these ranges of projected global mean sea level rise, because there is only medium
confidence in the likely range of projected contributions from models of ice sheet dynamics, and because
there is no consensus about the reliability of semi-empirical models, which give higher projections than
process-based models. Larger values cannot be excluded, but current scientific understanding is insufficient
for evaluating their probability. [13.5.1, Table 13.5, Figures 13.8 and 13.9]

Global mean sea level rise will very likely continue beyond 2100, with ocean thermosteric sea level rise
to continue for centuries to millennia, unless global temperatures decline. Longer-term sea level rise
depends on future emissions. The amount of ocean thermal expansion increases with global warming (0.2—
0.6 m°C ") but the glacier contribution decreases over time as their volume (currently ~0.6 m sea level
equivalent) decreases. Currently available information indicates that the dynamical contribution of the ice
sheets will continue beyond 2100, but confidence in projections is low. The few available model results
indicate global mean sea level rise by 2300 is likely to be less than 1 m for greenhouse gas concentrations
below 500 ppm CO,-equivalent scenario but rise as much as 1-3 m for concentrations above 700 ppm CO,-
equivalent. [13.5.2, Figures 13.10 and 13.11]

With its present topography, surface melting of the Greenland ice sheet is projected to exceed
accumulation for global mean surface air temperature over 3.1 [1.9—4.6]°C above preindustrial,
leading to ongoing decay of the ice sheet. The reduction in surface elevation as ice is lost increases the
vulnerability of the ice sheet; taking this into account, one study estimated a lower threshold of 1.6 [0.8—
3.2]°C. The loss of the ice sheet is not inevitable because surface melting has long time scales and it might
re-grow to its original volume or some fraction thereof if global temperatures decline. However, a significant
decay of the ice sheet may be irreversible on millennial time scales. In the 21st century surface melting is
projected to remain small on the Antarctic ice sheet, while we have medium confidence that snowfall will
increase. On longer timescales and with higher greenhouse gas scenarios, the increase in surface melting
could exceed the increase in accumulation. [13.3.3, 13.4.3, 13.4.4,Figure 13.11]

Regional Sea Level Change Projections

It is very likely (high confidence) that in the 21st century and beyond sea level change will have a
strong regional pattern, with many places experiencing significant deviations of local and regional sea
level change from the global mean change. This regional sea level change will result from a combination
of dynamical ocean change, mass changes of the ocean from contributions from glaciers and ice sheets,
including the regional patterns from both contemporary and past changes in land ice, and regional changes in
atmospheric pressure. Over decadal periods, the rates of regional sea level change as a result of climate
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variability can differ from the global average rate by more than 100% of the global average rate. By the end
of the 21* century, it is very likely (high confidence) that over about 95% of the ocean will experience
regional sea level rise, but less than about 5%, mostly high latitude regions near current and former ice
sheets and melting glaciers, will experience a sea level fall. About 75% and 80% of the global coastlines are
projected to experience a sea level change within 20% of the global mean sea level change, for RCP4.5 and
8.5, respectively. In both cases the maximum of the probability density function is larger than the global
mean sea level, however, the arithmetic mean is lower than the global mean (0.3 m versus 0.37 m for
RCP4.5; 0.56 m versus 0.68 m for RCP8.5, respectively). [Section 13.6.5, Figures 13.15-13.17].

Projections of Extreme Events and Surface Waves

It is very likely that there will be an increase in the occurrence of future extreme sea level and flooding
events. The combined effects of mean sea level rise and changes in storminess will determine future
extremes. There is high confidence that extremes will increase with global mean sea level rise, however,
there is low confidence in region-specific projections in storminess and storm surges. The impact on the
return period for exceeding given threshold levels is likely to be high, for example with current 100-year
return period events decreasing to 10-year and possibly 1-year events by the end of the 21st century. [13.7.2,
Figure 13.19]

Wave projections are presented with low confidence. This reflects the challenge of down-scaling future
wind states from coarse resolution climate models into regional and global wave model projections. The
regions with the largest projected changes in surface wave height are the Southern Ocean, associated with
the projected strengthening of the westerlies, and the tropical South Pacific, associated with a projected
strengthening of austral winter easterly trade winds. A consistent mean decrease in surface wave height is
projected for all other ocean basins. [13.7.3; Figure 13.20].
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13.1 Components and Models of Sea Level Change
13.1.1 Introduction and Chapter Overview

Changes in sea level occur over a broad range of temporal and spatial scales, with the many factors
contributing make it an integral measure of climate change (Church et al., 2010; Milne et al., 2009). The
primary contributors to contemporary 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).
Observations (Chapter 3) indicate 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.

The First IPCC Assessment (Warrick and 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) , 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 observations and the projections of sea level. This
approach allowed consideration of 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 mean trends over the 20th century), 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. Nevertheless, three central issues remained. First, the observed sea level rise over
decades was larger than the sum of the individual contributions estimated from observations or with models
(Rahmstorf et al., 2007; submitted), although in general the uncertainties were large enough that there was
no significant contradiction. Second, it was not possible to make confident projections of the regional
distribution of sea level rise. Third, 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 represent the
recent observations of ice sheet accelerations and that understanding of ice sheet dynamics was too limited to
assess the likelihood of continued acceleration or to provide a best estimate or an upper bound for their
future contributions.

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 the reduction in the upper end in more recent
reports likely reflecting 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 when including an allowance for a
dynamic ice sheet response).

Results since the AR4 show that for recent decades, sea level has continued to rise (Chapter 3). 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 (this chapter).
Paleo records of past sea level changes constrain glacier and ice sheet response to warmer climates as well as
extend the observational record to provide a longer context for current sea level rise (Chapter 5).

This chapter provides a synthesis of past and contemporary sea level change at global and regional scales.
Drawing on the published refereed literature, including as summarised in earlier chapters of this Assessment,
we explain the reasons for contemporary change, and assess and provide projections of sea level change for
the 21st century and beyond. We emphasize that the amount of sea level change at any given location
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depends not only on global aspects of the climate system but also on regional and local phenomena that may
strongly modulate the global rise (Milne et al., 2009). We 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, we address
projected changes in surface waves and the consequences of sea level and climate change for extreme sea
level events.

In the remainder of Section 13.1, we introduce the major causes of sea level change and summarize the
models used to understand and project sea level change (both those associated with anthropogenic climate
change and those that are not). Building on Chapters 3 (Oceans) and 5 (Paleoclimate), the record of past sea
level changes is summarised in Section 13.2. Section 13.3 discusses our understanding of the causes of sea
level change over recent decades. This understanding underpins projections of global averaged sea level
change. In Section 13.4, we assess an ensemble of climate, ice sheet and glacier model contributions,
including the dynamic response of the ice sheets, and bring these together to assess sea level change for the
21st century and beyond in Section 13.5. Section 13.5 also assesses semi-empirical models developed using
historical data to provide an additional approach for projecting 21st century sea level change. Section 13.5
also discusses the potential for crossing critical thresholds that could result in large, sustained responses and
essentially irreversible commitments.

In Section 13.6, we assess all aspects of regional sea level change that are a result of both past and future
climate change. However, we do not address several aspects of local relative sea level change that are not
climate related but which may be important for assessing its impacts. For example, we do not consider local
relative sea level rise resulting from vertical land motion associated with the compaction of soil or the
withdrawal of water or petroleum products.

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 13.7). 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 13.8.

13.1.2 Fundamental Definitions and Concepts

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 a geocentric reference such as the reference ellipsoid
(geocentric sea level). The former is the more relevant quantity when considering the coastal impacts of sea
level change. Relative sea level has been measured using tide gauges during the past few centuries (Section
13.2.2 and Chapter 3) and estimated for longer time spans from geological records (Section 13.2.1 and
Chapter 5). Geocentric sea level has been measured over the past two decades using satellite altimetry
(Section 13.2.2 and Chapter 3).

The temporal average, known as Mean Sea Level (MSL; see Glossary), is used to remove the effects of tides,
storms and waves. Apart from Section 13.7, which considers high frequency changes in ocean surface
height, the use of ‘sea level’ elsewhere in this chapter refers to MSL. It is common to average MSL spatially
to define Global Mean Sea Level (GMSL; see Glossary). Integrated over the ocean, relative sea level change
(or GMSL) gives the change in ocean water volume, which is directly related to the processes that dominate
climate-driven sea level change (ocean warming and land ice melting). In contrast, integrating geocentric sea
level change over ocean area does not result in ocean volume change due to changes in ocean basin volume
caused, largely, by the on-going deformation of the Earth to the most recent global deglaciation (Mitrovica
and Peltier, 1991). A small correction (=0.15 to —0.5 mm yr ') is required to estimate ocean volume change
(Tamisiea, 2011). Note that local relative sea level change differs, in general, from the globally integrated
value because of spatial variability in both the sea surface and ocean floor height change (see FAQ 13.1).

Any process that causes vertical motion of the ocean surface or ocean floor will result in relative sea level
change. Height changes of the ocean surface can be affected by flow within the atmosphere and oceans,
changes in ocean volume, and changes in the Earth’s gravity field. The latter is influenced by tides, changes
in Earth rotation, and mass redistribution that 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
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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.

13.1.3 Sea Level Change Caused by Contemporary Climate Change

Contemporary climate change influences sea level through changes in the ocean and atmosphere, ice
grounded on land (glaciers and ice sheets), the hydrological cycle, and the climatic responses to volcanic
activity (Figure 13.1). Figure 13.2 is a navigation aid for the different sections of this chapter and sections of
other chapters that are relevant to sea level change.

[INSERT FIGURE 13.1 HERE]

Figure 13.1: Climate sensitive processes and components that can influence sea level and are considered in this
chapter. 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.

[INSERT FIGURE 13.2 HERE]

Figure 13.2: Schematic representation of key processes and components 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 or component 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 the section numbers given at the
bottom of each box. Note gravity and solid Earth effects change the shape of the ocean floor hence global mean sea
level.

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 (the geoid). These ocean currents advect changes in temperature and salinity at the ocean
surface into the ocean interior and therefore, together with ocean mixing, determine the temperature and
salinity structure of the ocean. Changes in temperature and salinity affect sea level through the associated
changes in ocean water density (thermosteric and halosteric effects, respectively). As a result, changes in
ocean currents, ocean density and sea level are all tightly coupled such that changes at one location impact
both local sea level and sea level far from the initial change. While both temperature and salinity changes
can contribute significantly to regional sea level change (Church et al., 2010), only the thermosteric
component produces a significant contribution to global average ocean volume (Gregory and Lowe, 2000).
Regional atmospheric pressure anomalies also cause sea level to vary through atmospheric loading (Wunsch
and Stammer, 1997). All of these processes 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 and ocean modes of climate variability
(Miller and Douglas, 2007; White et al., 2005).

Water mass exchange between the terrestrial cryosphere, land, and the oceans will lead to a change in GMSL
by the simple addition/subtraction of water mass to/from the ocean basins. This signal of added mass to the
ocean propagates rapidly around the globe such that all regions experience a sea level rise within days of the
mass being added (Lorbacher et al., 2012). In addition, an influx of freshwater changes ocean temperature
and salinity and hence changes ocean currents and local sea level (Stammer, 2008; 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
(Okumura et al., 2009; Stammer et al., 2011). Water mass exchange between land and the ocean also results
in contemporary sea level change due to vertical movement of the ocean floor associated with visco-elastic
Earth deformation and change in the gravity field as a consequence of this deformation and the ice water
surface mass redistribution (Farrell and Clark, 1976). These changes affect the Earth’s inertia tensor and
therefore rotation, which produces an additional sea level response (Milne and Mitrovica, 1998). This short-
term response is captured in so-called ‘sea level fingerprints’ (Clark and Lingle, 1977; Conrad and Hager,
1997; Mitrovica et al., 2001).
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13.1.4 Sea Level Change Not Caused by Contemporary Climate Change

There are a number of processes that occur independently of contemporary climate change that have
contributed to past sea level changes and hence are important for understanding the observational record and
projecting sea level change (Section 13.2). Five processes fall under this category: deformation of the Earth
in response to past (as opposed to current) surface mass redistribution; the ongoing response of ice sheets to
past climate change (see Section 13.1.5.1); changes in the hydrological cycle and ground subsidence
associated with anthropogenic activity; tectonic processes; and coastal processes.

Surface mass transfer from land ice to oceans during the most recent global deglaciation contributes
significantly to present-day sea level change due to the on-going visco-elastic deformation of the Earth and
the corresponding changes ocean floor height and gravity (glacial isostatic adjustment, GIA; Lambeck and
Nakiboglu, 1984; Peltier and Tushingham, 1991).

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 evapotranspiration
rates, will perturb the hydrological cycle and potentially cause a sea level change (Sahagian, 2000). Such
processes include water impoundment (dams, reservoirs), irrigation schemes and ground water extraction
(Section 13.4). In some coastal locations, the subsidence caused by anthropogenic processes, such as ground
water extraction, can dominate the total sea level change. However, due to the highly localised extent of this
subsidence, these processes are not explicitly considered in this chapter.

Sea level changes due to tectonic and coastal processes are not considered in this chapter. 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) and significant secular relative sea level
changes due to post-seismic deformation (Watson et al., 2010). Coastal processes can result in sea level
change directly through changes in ocean-floor height due to sediment transfer and compaction (Ericson et
al., 2006) and indirectly through the associated isostatic response of the solid Earth (Watts, 2001). These
changes in turn influence the regional gravity field, which causes further sea level change. Coastal processes
are particularly important in areas that experience high rates of sedimentation or erosion, most notably
deltaic regions (Blum and Roberts, 2009; Syvitski et al., 2009). While they can dominate sea level change in
these localised areas, they are less important as a source of sea level change at regional and global scales.
Estimates of sediment delivery to the oceans (Syvitski and Kettner, 2011) suggest a contribution to GMSL of
order 0.01 mm yr .

13.1.5 Models Used to Interpret Past and Project Future Changes in Sea Level

Atmosphere-ocean general circulation models (AOGCMs) have components representing the ocean,
atmosphere, land and cryosphere and simulate the MSL change resulting from the natural forcings of
volcanic eruptions and changes in solar irradiance, and anthropogenic increases in greenhouse gases and
aerosols (Chapter 9). AOGCMs also exhibit internally generated climate variability, including such modes as
the E1 Nino Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), the North Atlantic
Oscillation (NAO), and others which affect sea level (White et al., 2005). Critical components for global and
regional changes in sea level are changes in surface wind stress and air-sea heat and freshwater fluxes (Lowe
and Gregory, 2006; Suzuki and Ishii, 2011; Timmermann et al., 2010) and the resultant changes in ocean
density and circulation, for instance in the strength of the Atlantic meridional overturning circulation
(Lorbacher et al., 2010; Pardaens et al., 2011a; Yin et al., 2009). As in the real world, ocean density,
circulation, and sea level are dynamically connected in AOGCMs and evolve together.

Geodynamic surface-loading models are used to simulate the relative sea level response to past and
contemporary changes in surface water and land-ice mass redistribution and contemporary atmospheric
pressure changes. The sea surface height component of the calculation is based solely on perturbations to the
geoid, so there are no considerations of ocean dynamic effects. 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
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(Lambeck et al., 1998; Mitrovica et al., 2001; Peltier, 2004; Riva et al., 2010). 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 Earth to simulate the deformational response to the surface load (Peltier, 1974;
Zhong et al., 2003), an algorithm to compute the static redistribution of ocean mass (Farrell and Clark, 1976;
Kendall et al., 2005; Mitrovica and Milne, 2003), and an algorithm to compute changes in Earth rotation and

the sea level changes associated with this feedback mechanism (Milne and Mitrovica, 1998; Mitrovica et al.,
2005).

More recently, semi-empirical models based on statistical relationships between observed GMSL and global
mean temperature (Grinsted et al., 2010; Rahmstorf, 2007b; Vermeer and Rahmstorf, 2009) or total radiative
forcing (Jevrejeva et al., 2009; Jevrejeva et al., 2010) have been used to project sea level. The form of this
relationship is motivated by physical considerations, whereas the parameters are determined from
observational 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, 2007b) or
explicitly determined by the model with a wide range of time scales (Grinsted et al., 2010).

Storm-surge and wave projection models are used to assess how changes in storminess and global and
regional MSL change impact extreme sea levels and wave climates. The two main approaches involve
dynamical (Lowe et al., 2010) and statistical models (Wang et al., 2010). The dynamical models are forced
by near-surface wind and atmospheric pressure fields derived from regional or global climate models (Lowe
et al., 2010).

In this chapter, we use the term ‘process-based models’ (see Glossary) to refer to sea level and cryosphere
models (13.1.5.1) that simulate the relevant processes and interactions, in contrast to semi-empirical models
which do not attempt to simulate the individual underlying processes. While these two approaches are
distinct, it is important to note that semi-empirical methods are often employed in components of the
process-based models (e.g., glacier models in which surface mass balance is determined by a Degree Day
method, or in which calving rate is determined by water depth).

13.1.5.1 Models Used to Project Changes in Ice Sheets and Glaciers

The representation of glaciers and ice sheets within AOGCMs is not yet at a stage where projections of their
changing mass are routinely available. Additional process models (as described here) use output from
AOGCMs to evaluate the consequences of projected climate change on these ice masses.

The overall contribution of an ice mass to sea level involves changes to either its surface mass balance
(SMB) or changes in the dynamics of ice flow that affect outflow (i.e., solid ice discharge) to the ocean.
SMB is primarily the difference between snow accumulation and the melt of snow and ice (ablation). The
contemporary ice sheets are close to a steady state that has taken several thousands of years to evolve in
which SMB and outflow are nearly in balance (Huybrechts, 2002), and it is therefore very likely that their
net contribution is much smaller than the magnitude of either of these terms. Although some ice sheet
models used in projections incorporate both effects, most studies have focussed on either 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 topography may significantly affect SMB or dynamics. For instance,
in an experiment with CO; initially increasing at 1% yr ' and then stabilising after 140 years at 4 x CO,,
Vizcaino et al. (2010) found that SMB changes were not discernibly affected by the changing geometry of
the ice sheets until about year 150 in Antarctic and about year 250 in Greenland, at which point the lowered
surface elevation contributed to SMB changes.

To project the sea level contribution of land ice, it is necessary to compare the model results with a base state
that assumes no significant sea level contribution. This base state is taken 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 (Box,
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submitted-b; Huybrechts et al., 2011) and this contribution, although difficult to quantify, should be included
in the observed sea level budget (Gregory et al., submitted) and the projections.

The two steps required for making a projection of future sea level with ice sheet SMB and dynamical models
are simulating the local climate forcing affecting change of the ice sheet, and simulating the response of the
ice sheet in terms of mass fluxes. For example, projecting Greenland’s SMB relies on the simulation of
regional climate change over the ice sheet and the ice sheet model’s ability to simulate how these regional
changes affect SMB. Similar issues exist for Antarctica, where simulations of changing mass outflow rely on
the ability to simulate regional oceanographic change and ice flow dynamics. Where changes in outflow are
associated with changes in grounding line position, one must account for the volume of ocean water
occupying the space formerly covered by ice, which reduces the associated sea level rise (SLR).

Regional climate models (RCMs), which incorporate or are coupled to sophisticated representations of the
mass and energy budgets associated with snow and ice surfaces, are now the primary source of projections of
ice sheet SMB. 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 (Bougamont et al., 2007; Fausto et al.,
2009). These models require information on the state of the atmosphere and ocean at their lateral boundaries,
which are derived from reanalysis data sets or AOGCMs for past climate, or from AOGCM projections of
future climate.

Because of limited understanding, the AR4 was unable to quantify the SLR that may be caused by ice sheet
dynamical change on decadal timescales. Since the publication of the AR4, there has been substantial
progress in understanding the relevant processes as well as in developing new ice sheet models that are
capable of simulating them, such that a quantitative assessment of SLR due to ice sheet dynamics for the
next century is now possible. However, these efforts are still in their infancy, and the published literature
does not yet offer a sufficient basis for a time-dependent or scenario-dependent assessment. Moreover, there
are still challenges to fully understanding the mechanisms as well as in modelling them, with associated
uncertainties.

Ice sheet dynamics (see Chapter 4) rely on coupling mechanisms with the rest of the climate system that
have not traditionally been included in models of the Earth system. There are reasonably clear links between
ice dynamics and climate forcing in the case of potential surface melt water affecting basal lubrication in
Greenland (Bartholomew et al., 2010) and ice shelf collapse in Antarctica (Vaughan, 2008). In addition,
changes in the coastal seas surrounding Greenland and Antarctica are now recognised as being important in
causing ice dynamical changes. The most likely links are between water temperature at depth and iceberg
calving in Greenland (Holland et al., 2008a), and submarine melt experienced by ice shelves in Antarctica,
leading to grounding line retreat (Holland et al., 2008b; Jacobs et al., 2011; Thoma et al., 2008). Detailed
regional ocean models are needed to simulate the flow in sub-ice shelf cavities (Hellmer et al., 2012; Thoma
et al., 2008) and the melt rates experienced by these shelves, and confidence in the ability of global Earth
system models to adequately represent these regional oceanic phenomena is low. This will clearly affect the
predictability of the SLR contribution from ice dynamics. Models of ice dynamics require a fairly complete
representation of stresses within an ice mass in order to represent the response of ice flow to changes at the
marine boundary and the governing longitudinal stresses (Schoof, 2007a). For Antarctica, there is also a
need to employ high spatial resolution (<1 km) to capture the dynamics of grounding-line migration robustly
so that results do not depend to an unreasonable extent on model resolution (Durand et al., 2009; Goldberg et
al., 2009; Morlighem et al., 2010). One alternative approach is to parameterise grounding line physics in a
coarser-resolution model (Gladstone et al., 2010b; Pollard and DeConto, 2009; Schoof, 2007b) but because
grounding line migration is likely to be the primary control of the SLR contribution from Antarctica
(Vaughan, 2008), rigorous efforts are needed to validate any such parameterizations. Another approach is to
use models with adaptable spatial resolution (Gladstone et al., 2010a; 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 (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 this is relatively straightforward in a one-dimensional model, this technique is difficult to
incorporate into three-dimensional ice sheet models that 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;
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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 from glaciers is the very large
number of glaciers (the World Glacier Inventory contains more than 120,000) in comparison to the number
for which mass budget observations are available (~300; Radic and Hock, 2010). Statistical techniques are
used to derive relations between observed SMB 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.

13.2 Past Sea Level Change
13.2.1 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
climate change. Since the AR4, important progress has been made in understanding the amplitude and
variability of warm-climate sea level largely through better understanding of and accounting for the effects
of GIA on coastal sequences. Here we summarize the assessment by Chapter 5 on the constraints provided
by the record of paleo-sea level variations during times when global temperature was similar to or warmer
than today.

13.2.1.1 The Middle Pliocene

During the Middle Pliocene (3.3 to 3.0 Ma), there is medium confidence that global mean surface
temperatures were approximately 2°C—3°C warmer than for pre-industrial climate (Chapter 5). Multiple lines
of evidence suggest that global mean sea level was above modern levels during warm intervals of the mid-
Pliocene, implying reduced volume of polar ice sheets. The best estimates from the various methods used
imply that sea level was 10 + 10 m above present during the warmest periods of the Pliocene (medium
confidence), and there is low confidence that sea level was more than 20 m above present. Direct geological
evidence, together with ice sheet simulations, suggest that most of the variation in ice volume occurred in the
Greenland and West Antarctic ice sheets with only a slightly reduced East Antarctic ice sheet compared to
today.

13.2.1.2 Marine Isotope Stage 11

Published studies of the magnitude of emergent shorelines attributed to marine isotope stage (MIS) 11 (~400
ka) have generated highly divergent estimates. Since the AR4, studies have accounted for GIA effects or
reported elevations from sites where the GIA effects are small. From the limited evidence, the assessment by
Chapter 5 is that MIS 11 GMSL reached 5-15 m higher than present (medium confidence), requiring a loss
of most or all of the present Greenland and West Antarctic Ice Sheets plus a reduction in the EAIS of up to 5
m equivalent sea level.

13.2.1.3 The Last Interglacial

Data syntheses suggest that during the Last Interglacial (LIG, ~130-116 ka), peak global warmth was 1°C—
2°C above pre-industrial temperatures (Chapter 5). There is robust evidence and high agreement that under
this warmer climate, sea level was higher than present. There have been a large number of estimates of the
magnitude of LIG GMSL rise from localities around the globe, but they are generally form a small number
of relative sea level reconstructions , and do not consider GIA effects, which can be substantial (Chapter 5).
Since the AR4, two approaches have addressed GIA effects in order to infer LIG sea level from observations
of relative sea level at coastal sites. Kopp et al. (2009) obtained a probabilistic estimate of global mean sea
level (GMSL) based on a large and geographically broadly distributed database of LIG sea level indicators.
Their analysis accounted for GIA effects as well as uncertainties in geochronology, the interpretation of sea
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level indicators, and regional tectonic uplift and subsidence. They concluded that GMSL was very likely
+6.6 m (95% probability) and likely +8.0 m (67% probability), relative to present, and that it is unlikely to
have exceeded +9.4 m (33% probability). The other approach, taken by Dutton and Lambeck (2012), used
data from far-field sites that are tectonically stable. Their estimate of 5.5-9 m LIG GMSL is consistent with
the probabilistic estimates made by Kopp et al. (2009). There is thus high confidence that during the LIG,
GMSL was more than 6 m higher than current values and less than 10 m above current values (Chapter 5).
Of this sea level rise, there is medium confidence that contributions from thermosteric and glacier changes
are <1 m, and ~2 m can be attributed to melting of Greenland, indicating that at least 3—4 m of sea level rise
can be attributed to mass loss from Antarctica (Chapter 5).

There is medium confidence that local LIG sea levels experienced a meter-scale fluctuation sometime
between 126 and 120 ka. Regional sea level variability and uncertainties in sea level proxies and their ages,
however, cause differences in the timing and amplitude of the reported fluctuation. Based on the
probabilistic assessment of LIG sea level by Kopp et al. (2009), for the time interval in which GMSL was
above present, the 1000-year average rate of GMSL rise very likely exceeded 2.0 m kyr ' (95% probability),
likely exceeded 4.1 m kyr ' (67% probability), and was unlikely to have exceeded 5.8 m kyr '. Faster rates
lasting less than a millennium could not be ruled out by their data. By having integrated a large number of
observations within a probabilistic framework, the estimate by Kopp et al. currently provides the most robust
evidence for the rates of sea level change during the LIG.

13.2.1.4 The Late Holocene

Since the AR4, there has been significant progress in resolving the sea level history of the last 7000 years.
From ~7 to 2 ka, interpretations of relative sea level records indicates GMSL rose 2-3 m to near present-day
levels. Local sea level records spanning the last 2000 years provide high confidence that fluctuations in
GMSL during this interval have not exceeded ~ £25 cm on time scales of a few hundred years (Figure 13.3;
Chapter 5). The most robust signal captured in the sea level records from both northern and southern
hemispheres supports the AR4 conclusion for high confidence in an acceleration that is widely interpreted to
mark the transition from relatively low rates of change during the late Holocene (order tenths of mm yr ) to
modern rates (order mm yr '). There is variability in the magnitude and the timing (1840-1920) of this
acceleration, however, as is also the case with tide gauge records (Chapter 3). By combining proxy sea level
records with tide gauge records at the same localities, Gehrels and Woodworth (submitted) concluded that
sea level began to rise above the late Holocene background rate between 1905 and 1945 CE.

[INSERT FIGURE 13.3 HERE]

Figure 13.3: (a) Paleo sea level data from salt-marsh reconstructions from two sites in North Carolina (purple symbols
is Sand Point, magenta symbols is Tump Point), with corrections for long-term subsidence attributed to glacial isostatic
adjusment (Kemp et al., 2011). Values are relative to a preindustrial average for AD 1400—-1800. (b) Tide gauge
reconstructions from Ray and Douglas (2011) (twilight blue), Church and White (2011) (autumn orange), and Jevrejeva
et al. (submitted) (light green line), relative to the mean for 1900—1905. Uncertainties are one standard deviation as
reported by the authors. (¢) Altimetry data sets from five groups (CU, NOAA, GSFC, AVISO, CSIRO) with mean of
the five shown as black line. (d) Comparison of the paleo, tide gauge, and altimetry data sets (same symbol and line
colors as in panels a-c. All tide gauge time series have been centered so that their individual mean is zero over their
common period (1900-2007). The altimeter time series has been shifted so that is mean value over the 1993-2007
period is equal to the mean value of the average of all three tide gauge time series over the same period. The tide gauge
and altimeter time series were then shifted vertically up by 150 mm in order to align with the paleo data.

13.2.2 The Instrumental Record (~1700-2010)

The instrumental record of sea level change is mainly comprised of tide-gauge measurements over the past
2-3 centuries and, since the early 1990s, of satellite-based radar altimeter measurements. The number of tide
gauges has increased since the first sites at some Northern Europe ports were installed in the 18th century.
However, Southern Hemisphere measurements only started in the late 19th century. Chapter 3 assesses 20th
century sea level rise estimates from various groups (e.g., Church and White, 2006; Church and White, 2011;
Douglas, 2001; Holgate, 2007; Jevrejeva et al., 2006; 2008; Ray and Douglas, 2011), and concludes that
even though different strategies were developed to account for inhomogeneous tide gauge data coverage in
space and time, and to correct for vertical crustal motions (also sensed by tide gauges, in addition to sea level
change and variability), long-term trend estimates in GMSL are very similar (~1.7 + 0.2 mm yr ' between
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1900 and 2010). Interannual and decadal-scale variability is superimposed on the long-term mean sea level
trend, but Chapter 3 noted that discrepancies between the various published mean sea level records are
present at these shorter time scales.

Chapter 3 also assesses the significance of the sea level acceleration since the beginning of the instrumental
record reported by a number of studies. Because of the presence of low-frequency oscillations (e.g., 60-year
oscillations; Chambers et al., submitted; in some tide gauge records), sea level acceleration results are
sensitive to the choice of the analysis time span. Chapter 3 concludes that the rate of sea level rise has
increased since the late 19th century and has continued during the 20th century. When a 60-year oscillation
is modeled along with an acceleration term, the estimated acceleration in GMSL since 1900 ranges from:
0.000 [-0.002 to 0.002] mm yr * (90% confidence) in the Ray and Douglas (2011) record, 0.013 [0.007 to
0.019] mm yr * in the Jevrejeva et al. (2008) record, and 0.012 [0.009 to 0.015] mm yr > (90% confidence) in
the Church and White (2011) record. For comparison, (Church and White, 2011) estimated the acceleration
term to be 0.009 £ 0.003 mm yr * over the 1880—-2009 time span when the 60-year cycle is not considered.

The high-precision satellite altimetry record started in 1992. Although there are slight differences at
interannual time scales in the altimetry based GMSL time series produced by different groups (e.g., Masters
et al., submitted), there is very good agreement on the 20-year long GMSL trend. After accounting for the ~
—0.3 mm yr ' correction related to the increasing size of the global ocean basins due to GIA (Peltier, 2009), a
GMSL rate of 3.2 + 0.4 mm yr ' over 1993-2010 is found by the different altimetry data processing groups.
The current 0.4 mm yr ' level of precision is derived from assessments of all source of errors affecting the
altimetric measurements (Ablain et al., 2009) and from tide gauge comparisons (Beckley et al., 2010; Nerem
et al., 2010). Chapter 3 discusses the significance of this higher GMSL trend since 1993 compared to mean
rates over previous decades. It concludes that there is high confidence that this higher rate, which is also seen
in tide gauge data over the same period, is real but does not necessarily reflect a recent acceleration,
considering the previously reported multi-decadal oscillations of the mean sea level.

[START FAQ 13.1 HERE]

FAQ 13.1: Why Does Local Sea Level Change Differ from the Global Average?

Shifting surface winds, the expansion of warming ocean water, and the addition of melting ice can alter
ocean currents which, in turn, lead to changes in sea level that vary from place to place. Past and present
variations in the distribution of land ice affect the shape and gravitational field of the Earth, which also
cause regional fluctuations in sea level. Additional variations in sea level are cause by the influence of
highly localised processes such as sediment compaction.

Along any coast, vertical motion of either the sea or land surface can cause changes in sea level relative to
the land (known as relative sea level). For example, a local rise can be caused by an increase in sea surface
height, or by a decrease in land height. Over relatively short time spans (seconds to years), the influence of
tides, storms and climatic variability—such as El Nifio—dominates sea level variations. Earthquakes and
landslides can also have an effect by causing changes in land height and, sometimes, tsunamis. Over longer
time spans (decades to centuries), the influence of climate warming—with consequent expansion of ocean
water and melting of land ice—is the main contributor to sea level change. Over these longer time scales,
various processes cause vertical motion of the land surface, which can also result in substantial changes in
relative sea level.

Since 1992, satellites have measured the height of the ocean surface relative to the center of the Earth
(known as geocentric sea level). These measurements show differing rates of geocentric sea level rise around
the world during the past few decades (see FAQ 13.1, Figure 1a). For example, in the western Pacific Ocean,
rates were about three times greater than the global mean value of about three millimeters a year. In contrast,
those in the eastern Pacific Ocean are lower than the global mean value, with much of the west coast of the
Americas experiencing a fall in sea surface height during this period.

Much of the spatial variation shown in FAQ 13.1, Figure 1 is a result of natural climate variability—such as
El Nifio and the Pacific Decadal Oscillation—over time scales from about a year to several decades. These
climate variations alter surface winds, ocean currents, temperature and salinity, and hence affect sea level.
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The influence of these processes will continue during the 21st century, and will be superimposed on the
spatial pattern of sea level change associated with longer-term climate change, which also arises through
changes in surface winds, ocean currents, temperature and salinity, as well as ocean volume.

Tide gauges measure relative sea level, and so they include any changes resulting from vertical land motion.
Over many coastal regions, this motion is small, and so the long-term rate of sea level change recorded by
coastal and island tide gauges is similar to the global mean value (see records at San Francisco and Pago
Pago in FAQ 13.1, Figure 1a). The relatively large, short-term oscillations in sea level—seen in the tide
gauge plots as grey lines—are due to the natural climate variability described above. For example, the large,
regular deviations at Pago Pago are associated with the El Nifio-Southern Oscillation.

Changes in relative sea level over the past ~50 years have varied from place to place, due to spatial patterns
in both sea surface and land-height change. In some regions, vertical land motion has had an important
influence. For example, the steady fall in sea level recorded at Stockholm (FAQ 13.1, Figure 1a) is caused
by uplift of this region after the melting of a large (>1 km thick) continental ice sheet at the end of the last
Ice Age, between ~20,000 and ~9,000 years ago. Such on-going land deformation as a response to the
melting of ancient ice sheets is a significant contributor to regional sea level changes in North America and
northwest Eurasia, which were covered by large continental ice sheets during the peak of the last Ice Age.

In other regions, this process can also lead to land subsidence, which elevates sea levels, as it has at
Charlottetown, where a relatively large increase has been observed, compared to the global mean rate (FAQ
13.1, Figure 1a). Vertical land motion due to movement of the Earth’s tectonic plates can also cause
departures from the global mean sea level trend in some areas — most significantly, those located near active
subduction zones, where one tectonic plate slips beneath another, causing steady land uplift and therefore
relative sea level fall at Antofagasta (FAQ 13.1, Figure 1a).

In addition to regional influences of vertical land motion on relative sea level change, some processes lead to
land motion that is rapid, but highly localised. For example, the greater rate of rise relative to the global
mean at Manila (FAQ 13.1, Figure 1a) is due to sediment slumping and compaction. This is common in
many river deltas due to both natural and anthropogenic processes—such as the extraction of ground water
or hydrocarbons.

It is commonly assumed that melting ice from glaciers, or the Greenland and Antarctic ice sheets, would
cause globally uniform sea level rise, much like filling a bath tub with water. In fact, such melting actually
results in spatial variations in sea level due to a variety of processes, including changes in ocean currents,
winds, the Earth’s gravity field, and land height. For example, a computer model that simulates these latter
two processes predicts a regional fall in relative sea level around the melting ice sheets, because the land
tends to rise as the ice melts, and the gravitational attraction between ice and ocean water is smaller (FAQ
13.1, Figure 1b).

However, further away from the melting, sea level rise is enhanced, compared to the global average value.
Thus, if only the Greenland ice sheet was melting, many parts of North America and northwest Europe
would experience a sea level fall or a modest rise, compared to the global average. If either, or both, of the
ice sheets were melting, equatorial regions would experience a sea level rise larger than the global average,
with falls in sea level nearer the ice sheets (FAQ 13.1, Figure 1b).

In summary, a variety of processes drive height changes of the ocean surface and ocean floor, resulting in
distinct spatial patterns of sea level change at local to regional scales. The combination of these processes
produces a complex pattern of total sea level change, which varies through time as the relative contribution
of each process changes. The global average change is a useful single value which reflects the contribution
of climatic processes—land-ice melting and ocean warming, and represents a good estimate of sea level
change at many coastal locations. At the same time, however, where the various regional processes result in
a strong signal, there can be large departures from the global average value.

[INSERT FAQ 13.1, FIGURE 1 HERE]
FAQ13.1, Figure 1: (a) Mean rates of change in sea surface height (geocentric sea level) for the period 1993-2010
from satellite altimetry. Also shown are relative sea level changes (grey lines) from selected tide gauge stations for the
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period 1950-2010. For comparison, an estimate of global mean sea level change is also shown (red lines) with each tide
gauge time series. (b) Model output, showing relative sea level change due to melting of the Greenland ice sheet and the
West Antarctic ice sheet at rates of 0.5 mm yr ' each (giving a global mean value of 1 mm yr™).

[END FAQ 13.1 HERE]

13.3 Contributions to Global Mean Sea Level Rise During the Instrumental Period
13.3.1 Thermosteric Contribution

13.3.1.1 Observational

Important progress has been realized since AR4 in quantifying the thermosteric component of sea level rise.
This progress reflects (1) the detection of systematic depth-varying biases affecting historical XBT data
(Gouretski and Koltermann, 2007; Chapter 3), (2) the newly available Argo ocean (temperature and salinity)
data with almost global coverage of the oceans down to 2000 m since 2004—2005, and (3) estimates of the
deep-ocean contribution using ship-based data collected during the World Ocean Circulation Experiment
(WOCE) and revisit cruises (Johnson and Gruber, 2007; Johnson et al., 2007; Kouketsu et al., 2011; Purkey
and Johnson, 2010).

For the period 1971-2010, the thermosteric rate for the 0—700 m depth range is 0.6 [0.4-0.8] mm yr '
(Chapter 3). Accounting for the deep-ocean contribution, this value increases to 0.8 [0.5—1.1] mm yr ' for
that same period (Figure 13.4a). Over the altimetry operating period (1993-2010), the thermosteric rate for
the 0—~700 m depth range is 0.7 [0.4—1.0] mm yr ' and 1.0 [0.7—1.3] mm yr ' when accounting for the deep
ocean (Chapter 3). For the period 2005-2010, estimates of the thermosteric component 0.9 [0.6—1.2] mm yr '
(Chapter 3, Figure 13.5).

13.3.1.2 Modelled

GMSL rise due to thermal expansion is approximately proportional to the increase in ocean heat content
(Korper et al., submitted; Russell et al., 2000), and both of these can be calculated from AOGCM
simulations (Section 13.5.1). Experiments have been carried out with CMIP3 and CMIP5 AOGCMs forced
with historical time-dependent anthropogenic change in atmospheric composition since the late 19th century,
in most cases also including natural forcing due to volcanic aerosols and variations in solar irradiance. These
experiments provide the basis for the statistical detection of climate change and its attribution to forcing
agents (Chapter 10). Domingues et al. (2008) compared GMSL due to thermal expansion of the upper 700 m
of the ocean in observations with CMIP3 historical experiments. For 1961-1999, the simulations with
natural forcing as well as anthropogenic forcing had substantially smaller increasing trends than those
without the natural forcing, because the natural volcanic forcing tends to cool the climate system and reduce
ocean heat uptake (Levitus et al., 2001). The models including natural forcing are closer to observations,
though with a tendency to underestimate the trend by about 10% (Section 10.4.1).

Historical GMSL rise due to thermal expansion simulated by CMIP5 models is shown in Table 13.1 and
Figure 13.4a. The rate of thermal expansion increases during the 20th century because the ocean takes up
heat more rapidly as the climate warms. The model-mean rate for 1971-2010 is close to observations (Figure
13.4a, Figure 13.5a). For 1993-2010, the model-mean rate exceeds that observed, probably because ocean
warming in the AOGCMs during the first decade of the 21st century is at least as large as in the late 1990s,
whereas in observations (Chapter 3) there has been a decreased rate of ocean warming and hence thermal
expansion, possibly due in part to increased negative tropospheric aerosol and other radiative forcings
(Church et al., 2011b) not included in the model simulations. Following the major volcanic eruptions in
1963, 1982 and 1991, the modelled rate of expansion is substantially larger than the 20th century average, as
the ocean recovers from the cooling caused by the volcanic forcing (Church et al., 2005; Gregory et al.,
2006).

Gregory (2010) suggested that because AOGCMs are usually spun up without volcanic forcing, they may
underestimate ocean heat uptake in historical simulations. Imposition of volcanic forcing in models during
the 20th century therefore represents a net negative forcing relative to the control climate, whereas in reality
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volcanic eruptions should give zero long-term forcing, because they are a normal part of the system. The
hypothesis is that the apparent long persistence of the oceanic cooling following the 1883 eruption of
Krakatau in the CMIP3 historical simulations (Delworth et al., 2005; Gleckler et al., 2006a; Gleckler et al.,
2006b; Gregory et al., 20006) is a consequence of spin-up without volcanoes. Comparison of CMIP3
historical experiments with and without volcanic forcing indicates that this effect could lead to an
underestimate of 0.16 mm yr ' of thermal expansion on average during the 20th century. If this hypothesis is
correct, the results in Table 13.1 and Figures 13.4a and 13.5 are underestimated by this amount (see
Appendix for the implication for projections).

13.3.2 Glaciers
13.3.2.1 Observational

The aggregate volume and mass changes of global glaciers, defined here as all glacier ice exclusive of the
Greenland and Antarctic ice sheets, but including the peripheral glaciers surrounding the ice sheets, has
conventionally been determined by compilation and upscaling of a limited set of direct observations of mass
balance terms and by various methods of repeat mapping of surface elevation to detect elevation (and thus
volume) change. GRACE gravity methods have only recently been adapted to mass change detection for the
world’s glaciers. The details of observational methods are described in Chapter 4.

Overall, the combined records suggest that the net decline of global glacier volume began in the 19th century
before significant anthropogenic radiative forcing had started, and was probably the result of natural climatic
variability (Crowley, 2000; Gregory et al., 2006; Gregory et al., submitted). As assessed in Chapter 4,
observations, combined with improved methods of analysis and a new, globally complete inventory, indicate
that global glaciers, including those around the ice sheet peripheries, are very likely continuing to be
significant contributors to sea level (at more than 50% of the cryospheric total since about 1990), but are also
highly variable on annual to decadal time scales. From the assessment in Chapter 4, the global glacier
contribution to sea level was 0.87 [0.36—1.38] mm yr ' SLE during 1900-1990, 0.86 [0.64—1.07] mm yr '
SLE during 1971-2009, 1.04 [0.85-1.23] mm yr ' SLE during 1993-2009, and 1.03 [0.89—1.17] mm yr '
SLE during 2005-2009 (Table 13.1, Figure 13.4b, Figure 13.5a).

13.3.2.2 Modelled

Global glacier mass balance models have been constructed on the basis of models of the small sample of
well-observed glaciers. Confidence in global glacier mass balance models used for projections of global
changes (Section 13.4.2) thus arises from the ability of the models of the well-observed glaciers to reproduce
time series of historical changes of those glaciers using observed climate input. Because the model
parameters are mainly derived from or calibrated against observed glacier changes (Bahr et al., 2009;
Marzeion et al., 2011; Marzeion et al., submitted; Meier et al., 2007; Radic and Hock, 2011; Raper and
Braithwaite, 2005), the models cannot be independently evaluated against glacier observations.

Confidence that the AOGCM multi-model mean simulation of climate change provides accurate input for
glacier simulations can be gained by comparing results from a global glacier model using AOGCM
simulations of historical climate change with the same model using observed climate change. For the model
of Marzeion et al. (submitted), the simulated historical glacier changes in the two cases are very similar to
each other and to other observational glacier estimates since the 1970s (Figure 13.4b). In the 1930s, the
simulation using observational input shows a larger rate of glacier mass loss than the simulations using
AOGCM input. This arises from an episode of warming in Greenland, which was associated with unforced
variability of regional climate (Chylek et al., 2004), rather than with radiative forcing of the climate system,
and is therefore not reproduced by AOGCM experiments (Section 10.2). In our analysis of the budget of
GMSL rise (Section 13.3.6), we take the difference between the simulations using AOGCM input and the
simulation using observed input as an estimate of the influence of unforced climate variability on global
glacier mass balance (Figure 13.4¢).

13.3.3 Greenland and Antarctic Ice Sheets
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13.3.3.1 Observational

Knowledge of the contribution of the Greenland and Antarctic ice sheets to sea level changes over the last
two decades comes primarily from satellite and airborne surveys. Three main techniques are employed
(Chapter 4): the mass budget method, repeat altimetry, and temporal variation in the Earth’s gravity field.
The strengths and weaknesses of these methods are discussed in Section 4.4.1. The Greenland ice sheet’s
mass budget comprises its surface mass budget (the sum of ablation which is primarily ice and snow melt
and subsequent runoff, and accumulation primarily snowfall) and outflow (the flow over the grounding
lines). Antarctica’s mass budget is dominated by accumulation and outflow in the form of calving and ice
flow into floating (and therefore sea level neutral) ice shelves.

Observations indicate that Greenland is very likely to be experiencing a net loss of mass, and this rate of loss
is likely to have increased over the last two decades. Drawn from the assessment made in Chapter 4 (Section
4.4.2.2), Greenland’s contribution was 0.34 + 0.06 mm yr ' SLR between 1993 and 2009, and 0.61 + 0.18
mm yr ' between 2005 and 2009. Antarctica is also likely to be in a state of net mass loss and its contribution
to sea level is also likely to be increasing through time (4.4.2.3). The associated rate of sea level rise was an
average of 0.24 + 0.09 mm yr ' between 1993 and 2009, and 0.40 + 0.19 mm yr ' over the period 2005—
2009. The contribution of both ice sheets is 0.42 = 0.11 mm yr ' over 19932009 and 0.73 + 0.26 mm yr '
over 2005-2009. For context, the AR4’s assessment was 0.21 + 0.07 mm yr ' for Greenland and 0.21 + 0.35
mm yr ' for Antarctica, over the period 1993—2003.

13.3.3.2 Modelled Surface Mass Balance

Projections of future changes in the SMB of the Antarctic and Greenland ice sheets are obtained from
regional climate models (RCMs) of the future, or by computing it by various methods from downscaled
AOGCM or RCM simulations of future climate (Sections 13.4.3.1 and 13.4.4.1). A spatial resolution of a
few 10s km or finer is required in order to resolve the strong gradients in SMB across the steep slopes of the
ice sheet margins. Table 13.2 compares results derived using methods to simulate Greenland SMB in recent
decades on the basis of climate input from observations that are similar to those employed for projections.
The average and standard deviation of accumulation (precipitation minus sublimation) estimates for 1961—
1990 is 589 + 77 Gt yr ' from these models. This agrees with published observation-based accumulation
maps, for example 513 + 41 Gt yr ' by Bales et al. (2009) and 591 + 83 Gt yr ' by Burgess et al. (2010). For
SMB (shown in Table 13.2, accumulation minus runoff; drifting snow erosion is small over the Greenland
ice sheet), the same set of models give 333 + 96 Gt yr ' for 1961-1990.

All the models indicate that Greenland ice sheet SMB showed no significant trend from the 1960s to the
1980s, then started decreasing in the early 1990s, on average by 3% yr . This results in a statistically
significant and increasing contribution to the rate of GMSL rise (SMB trend column of Table 13.1, Figure
13.6). The largest trends are found in models with coupled snow and atmosphere simulations (RACMO?2 and
MAR). Van den Broeke et al. (2009) concluded that the mass loss during 2000-2008 is equally split between
SMB and dynamical change. Rignot et al. (2011) evaluated trends in Greenland SMB and ice outflow since
1992, when the ice sheets are assumed to be near balance; their results indicate that dynamics accounts for
~60% of the total mass loss. Sasgen et al. (2012) showed that SMB change, simulated by RACMO?2 (Ettema
et al., 2009, an earlier version of the model in Table 13.2), accounts for about 60% of the observed net rate
of mass loss during 2002-2010, and an observational estimate of the increase in ice outflow for the
remainder, for the entire ice sheet and its individual drainage basins. This satisfactory agreement gives
confidence in SMB simulations of the past, and hence also in the similar models used for projections of
future SMB changes (Section 13.4.3.1).

The recent trend towards increasingly negative SMB is caused almost entirely by increased melting and
subsequent runoff, with variability in accumulation being comparatively small (Sasgen et al., 2012); Figure
13.6). This tendency is related to pronounced regional warming, which may be attributed to a combination of
anomalous regional variability in recent years, for instance associated with the NAO or AMO, and
anthropogenic climate change (Hanna et al., 2008; Fettweis et al., submitted; Mernild et al., submitted;
Section 10.5.2.1). However, Greenland SMB models forced by boundary conditions from AOGCM
historical simulations (Rae et al., submitted; Fettweis et al., submitted) do not show statistically significant
trends towards increasing contributions to GMSL. The same is true of Greenland SMB changes calculated
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from AOGCM historical simulations of global-mean SAT change, which are the same methods used for
projections (Section 13.5.3.1, Appendix 13.A, Table 13.1, Figure 13.4e). It is possible that these models do
not simulate SMB trends as large as those observed because of the important contribution of regional climate
variability, which is not expected to be reproduced by AOGCM historical simulations (Section 10.2). There
is not yet sufficient evidence to evaluate how realistically AOGCMs simulate anthropogenic regional climate
change in Greenland, because the signal is relatively small. However, we have high confidence in
projections of future warming in Greenland because of the qualitative agreement of models in predicting
amplified warming at high northern latitudes (Section 12.4.3.1) for well-understood physical reasons, and we
have high confidence in projections of increasing surface melting because of the sensitivity to warming
demonstrated by SMB models.

All Greenland SMB simulations for the first half of the 20th century depend on reconstructions of
meteorological variability over the ice sheet made using empirical relationships dependent on observations
from coastal stations and estimates of accumulation from ice cores. Despite the similar input datasets in all
cases, the various climate reconstruction and SMB methods employed have led to a range of results (Box,
submitted-a; Box, submitted-b; Box et al., submitted; Fettweis et al., 2008; Hanna et al., 2011; Wake et al.,
2009). Hanna et al. (2011) have a substantial positive anomaly with respect to assumed balance in 1961—
1990, giving a GMSL contribution of —0.3 mm yr ' in the time-mean of 1901-1990, while Box (submitted-b)
has a weakly positive contribution and the others are about zero. In all cases, there is substantial variability
associated with regional climate fluctuations, in particular the warm episode in the 1930s, during which
glaciers retreated in south-east Greenland (Bjork et al., 2012). It has been argued that this episode was
connected with the NAO (e.g., Chylek et al., 2004), rather than with global climate change.

Accumulation (precipitation minus sublimation) approximates SMB in Antarctica, since surface melting and
runoff are negligible in the present climate. There are model uncertainties in Antarctic accumulation because
drifting snow processes, which remove an estimated 7% of the accumulated snow (Lenaerts et al., 2012), and
snow hydrology are not accounted for by global models, and the ice sheet’s steep coastal slopes are not well
captured by coarse-resolution models. There are also uncertainties in observation-based estimates of
Antarctic SMB, which rely on sparse accumulation measurements with very little coverage in high-
accumulation areas. Observation-based SMB estimates of the Antarctic ice sheet, for example 1768 + 49 Gt
yr ' in Arthern et al. (2006), are generally lower than model-based SMB estimates, for example 1923 + 184
Gt yr ' for the average of results from the regional climate model RACMO2 of Lenaerts et al. (2012), and
the four global reanalysis models of Bromwich et al. (2011).

For the Antarctic ice sheets, interannual variability in accumulation is dominated by changes in precipitation.
However, global reanalysis data have been shown to contain spurious trends in the Southern Hemisphere
related to changes in the observing systems, for example the introduction of new satellite observations
(Bromwich et al., 2007; Bromwich et al., 2011). This problem also potentially affects RCMs that are forced
at the boundaries of their limited-area domain by global reanalyses. In the models in which the temporal
variability is deemed most reliable, no significant trend is present in accumulation over recent decades (see
also Section 4.4.2.3). This agrees with observation-based studies (Anschiitz et al., 2009; Monaghan et al.,
2006; Chapter 4) and implies that Antarctic SMB change has not contributed significantly to changes in the
rate of GMSL rise. Likewise, CMIP3 historical simulations do not exhibit any systematic trend in Antarctic
precipitation during the late 20th century (Uotila et al., 2007). Nothing is known observationally about
variability in Antarctic mass balance earlier in the 20th century, or about its long-term mean (Chapter 4).

GCM and RCM projections consistently indicate significant Antarctic warming and concomitant increase in
precipitation. We have high confidence in expecting a relationship between these quantities, on physical
grounds (Section 13.4.4.1) and from ice core evidence (Lemieux-Dudon et al., 2010; Stenni et al., 2011; Van
Ommen et al., 2004). The absence of a significant trend in Antarctic precipitation up to the present is not
inconsistent with the expected relationship, because observed temperature trends over the majority of the
continent are weak (Section 10.5.2.1) and trends in Antarctic precipitation simulated for recent decades are
much smaller than interannual variability (Uotila et al., 2007; van den Broeke et al., 2006). Based on limited
observational coverage, there is medium confidence that anthropogenic influence has made a significant
contribution to warming in Antarctica (Section 10.3.1.1.4). Ozone recovery, through its influence on
atmospheric circulation at high southern latitudes (Section 10.3.3.5), may offset some effects of greenhouse
gas increase in the 21st century, but Antarctic precipitation is nonetheless projected to increase (Polvani et
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al., 2011). Taking all these considerations together, we have medium confidence in model projections of
future Antarctic SMB increase, but we note that, if these projections are incorrect, it implies an
underestimate in projections of GMSL rise (Section 13.5.1.3).

[INSERT FIGURE 13.4 HERE]

Figure 13.4: Modeled and observed global-mean sea level contributions and total sea level from 1900 to 2008. All
curves have an arbitrary offset and are set to zero in the time-mean of 19862005 (the reference period for the
projections). The grey lines are derived from individual AOGCM simulations and the black line from the average of the
AOGCM-based results. (a) Thermal expansion, with the observations since 1971 in blue and the 5-95% uncertainty
shaded. (b) Glacier melting, with the observations of Marzeion et al. (submitted), Leclercq et al. (2011) and Cogley
(2009). (¢) Estimated changes in land water storage due to human intervention. (d) Observed sea level (blue - tide
gauges; red - altimeter) and modeled sea level (black, the sum of terms in a to ¢, and black dashed also including the
terms in e). (e¢) Additional terms: modeled Greenland SMB changes since 1900 (dashed green, the average of four
individual estimates in dotted green, and for comparison the modeled Greenland SMB changes from the results shown
in Figure 13.5 in black), a possible long term Antarctic ice sheet contribution (dashed blue), the possible underestimate
of thermal expansion due to AOGCM preindustrial simulations not including volcanic forcing (orange), and the
possible greater mass loss by glaciers in high northern latitudes prior to 1950. The two ice sheet series are joined to the
observed changes in Greenland and Antarctica (from Chapter 4) in 1992. (f) The residual (black, observed GMSL rise —
modelled expansion — modelled glaciers — land water, the difference between blue and black in d), and the sum of the
additional terms (purple, from e). (g) Trends in sea level calculated over 18 year periods (the length of the altimeter
record), from tide-gauges (blue; Church and White, 2011), altimetry (red dot), and models (black and dashed black, as
in d); also the observed rates of the contributions from the Greenland (green dashed) and Antarctic (blue dashed) ice
sheets and their sum (blue dots) since 1992.

[INSERT FIGURE 13.5 HERE]

Figure 13.5: Observed global-mean sea level contributions and observed and projected total sea level from 1993 to
2010. (a) Observed contributions to GMSL from 1993 (ocean thermal expansion, red, Chapter 3; Glaciers, dark blue
and Ice Sheets, light blue and green, Chapter 4; Land water storage, brown, Section 13.4). (b) Observed GMSL from
satellites (light blue dashed) and estimated from tide gauges (dark blue solid) and the sum of contributions from (a,
red). The shading indicates 5-95% confidence limits. The mean sea level from modeled thermal expansion, modeled
glaciers and land water storage from Figure 13.4 is shown in black. (¢) The projected sea level rise (Section 13.5)
relative to the 1986-2005 average (black and coloured lines for the four scenarios, with shading indicating the likely
range). Also shown is the observed sea level from (b), set to have the same value as the projections over 1993 to 2001.

[INSERT FIGURE 13.6 HERE]
Figure 13.6: Annual-mean surface mass balance (accumulation minus ablation) for the Greenland Ice Sheet, simulated
by regional climate models for the period 1960-2010.

Table 13.1: Global mean sea level budget (mm yr ') over different time intervals from observations and from model-
based contributions. Uncertainties are 5-95%. The AOGCM historical integrations end in 2005; projections for RCP4.5
are used for 2006-2010. The thermosteric, glacier and ice sheet SMB contributions are computed from the CMIP5
results.

Source 1901-1990 1971-2010 1993-2010 2005-2010

Observed Contributions to GMSL Rise

Expansion 0.8[0.5to 1.1] 1.0 [0.7 to 1.3] 0.910.6 to 1.2]

Glaciers 0.87 [0.36 to 1.38] 0.86 [0.64 to 1.07] 1.04 [0.85 to 1.23] 0.30[0.27 to 0.34]"

Greenland 0.34 [0.28 t0 0.40] 0.63 [0.48 t0 0.78]

Antarctica 0.18 [0.09 to 0.27] 0.31[0.15t0 0.47]

Land Water —0.11 [-0.16 to —0.06] 0.12 [0.03 to 0.22] 0.38 [0.26 t0 0.49] —0.33 [-0.54 to —
0.101°

Total 2.9[2.5t03.2] 1.8 [1.4 to 2.2]

Observed GMSLR 1.5[1.3 to 1.7] 2.01.7 to 2.3] 3.2 [2.8 t0 3.6] 2.3[1.7t0 2.9]

Modelled Contributions to GMSL Rise

Expansion 0.25 [-0.06 t0 0.56]  0.83 [0.36 to 1.30] 1.42 [0.94 to 1.91]

Glaciers 0.88 [0.47 to 1.28] 0.87 [0.57 to 1.18] 1.18 [0.63 to 1.73]

Total incl Land Water 1.0 [0.5 to 1.5] 1.8 [1.3 to 2.4] 3.0[2.2t0 3.7]

Residual® 0.5 [-0.1 to 1.0] 0.2 [-0.5 to 0.8] 0.2[-0.6 to 1.1]
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Notes:

(a) For 2005-2010 the figure for glaciers refers only to the glaciers on Greenland and Antarctica, peripheral to the ice
sheets. The other glaciers in the world are included in the figure for land water for this period.

(b) For 2005-2010 the figure for land water is from GRACE observations of water mass change on all land areas except
Greenland and Antarctica, and includes both liquid water storage and glaciers.

(c) Observed GMSL rise — modelled expansion — modelled glaciers — land water.

Table 13.2: Surface mass balance and rates of change for the Greenland Ice Sheet calculated from ice sheet surface
mass balance models. The sea level equivalent is shown for the model-average SMB anomaly. A negative SMB
anomaly of 360 Gt yr ' means an increase of 1 mm yr ' in the Greenland contribution to sea level rise. Uncertainties are
one standard deviation. Note that a negative SMB anomaly means that SMB has decreased, but not that SMB has
become negative. It can be seen that SMB remains positive in nearly all cases, by comparing the first and last columns.
Uncertainty in individual model results reflects temporal variability, that is one standard deviation of annual time series;
the uncertainty in the model average is one standard deviation of the various model averages.

Reference and Model’ Mean SMB SMB Trend |Mean SMB Anomaly (with Respect to 1961—

1961-1990 1991-2010 1990 Mean SMB)"

Gt yr'l Gt yr'2 Gt yr'l

1971-2010 1993-2010 2005-2010

RACMO2, Van Angelen et al. 410+ 110 —12.7+3.5 -25+118 —-82+ 110 —170 £ 86
(2012), 11 km RCM
MAR, Fettweis et al. (2011),25km 423 + 112 -16.9+34 —42 + 138 -130 £+ 120 -231+£79
RCM
PMMS5, Box et al. (2009), 25 km 357 £65 -8.9+3.1 -1+£70 -38 £ 80 -82+76
RCM
ECMWFd, Hanna et al. (2011), 5 km 279 + 99 -73+3.7 -8+102 -43+£97 —-86 + 68
PDD
SnowModel, Mernild and Liston 194 + 77 -9.44+2.6 -32+90 —68 + 88 —129 + 85
(submitted), 5 km EBM
Model Average 333£96 -11.0+£3.8 -22+17 -72 +37 —140 £ 62
Model Average SLE (mm yr ') 0.06 £ 0.05 0.20£0.10 0.39+0.17
Notes:

(a) The approximate spatial resolution is stated and the model type denoted by PDD = positive degree day, EBM =
energy balance model, RCM = regional climate model.

(b) Difference from the mean SMB of 1961-1990 in the models of Table 13.2. This difference equals the sea level
contribution from Greenland SMB changes if the ice sheet is assumed to have been near zero mass balance during
1961-1990 (Hanna et al., 2005; Sasgen et al., 2012).

13.3.4 Contributions from Water Storage on Land

Changes in water storage on land in response to climate change and variability (i.e., water stored in rivers,
lakes, wetlands, the vadose zone, aquifers, and snow pack at high latitudes and altitudes) and from direct
human-induced effects (i.e., storage of water behind dams and groundwater pumping) have the potential to
contribute to sea level change. Estimates of climate-related changes in land water storage over the past two
decades rely on global hydrological models because corresponding observations are deemed inadequate. In
assessing the relation between terrestrial water storage and climate, Milly et al. (2003) and Ngo-Duc et al.
(2005) found no long-term climatic trend in total water storage, but rather large interannual to decadal
fluctuations, equivalent to several millimetres of sea level. Recent studies have shown that interannual
variability in observed GMSL is correlated with ENSO indices (Nerem et al., 2010) and is inversely related
to ENSO-driven changes of terrestrial water storage, especially in the tropics (Llovel et al., 2011). During El
Nifio events, sea level (and ocean mass) tends to be higher because ocean precipitation increases and land
precipitation decreases (Cazenave et al., accepted), whereas the reverse happens during La Nifia events, as
seen during the 2010-2011 La Nifia event (Boening et al., submitted).

Direct human interventions on land water storage also induce sea level changes (Gornitz, 2001; Huntington,
2008; Lettenmaier and Milly, 2009; Sahagian, 2000). The largest contributions come from reservoir filling
behind dams and groundwater withdrawal (for agricultural, industrial, and municipal use). Over the past
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half-century, tens of thousands of dams have been constructed to create artificial reservoirs, with the
resultant storage offsetting some of the sea level rise that would otherwise have occurred. Chao et al. (2008)
reconstructed the history of water impoundment in the nearly 30,000 reservoirs built during the 20th century
and estimated the resulting nominal reservoir storage up to 2007 of ~23 mm of sea level fall (mostly since
1940), with a stabilization in recent years. Chao et al. further assumed the reservoirs were 85% full, and by
including seepage into groundwater, estimated from a model, they obtained a total of 30 mm of sea level fall
(equivalent to a rate of sea level fall of 0.55 mm yr ' from 1950 to 2000). Their seepage estimate is
unrealistically large because it assumes aquifers are infinite and have no interfering boundary conditions
(Konikow, submitted; Lettenmaier and Milly, 2009). Chao et al. argued that sedimentation of reservoirs does
not reduce their sea level contribution, but this argument is disputed (Gregory et al., submitted). Based
primarily on observational data, Lettenmaier and Milly (2009) suggested a smaller contribution, because of a
loss of capacity to sedimentation at 1% yr'. Given these concerns, we disregard both the seepage, and the
smaller effect of sedimentation, and in our budget calculation (Section 13.3.6) we assume the (negative) sea
level contribution from reservoir storage to be 85% [70—100%], with the lower limit coming from Pokhrel et
al. (2012), of the nominal capacity, or —0.2 mm yr ' over 1971-2010.

Human-induced groundwater depletion partly cancels the effect of reservoir storage. For example, Konikow
(2011) estimated this contribution to be 0.26 + 0.07mm yr ' over 1971-2008 and 0.34 + 0.07 mm yr ' over
1993-2008 (based mostly on observational methods to estimate change in water storage), whereas Wada et
al. (2012) estimated values of 0.42 £+ 0.08 mm yr ' over 1971-2008 and 0.54 + 0.09 mm yr ' over 1993—
2008 (based on modelling of water fluxes). We use the average of these two series with the difference as a
measure of the uncertainty. Pokhrel et al. (2012) also estimated groundwater depletion, but Konikow
(submitted) argued that their underlying assumptions of defining depletion as equivalent to groundwater use,
and allowing unlimited extraction to meet water demand, leads to substantial overestimates of depletion.

Accounting for reservoir impoundment, Wada et al. (2012) proposed that the net contribution of changes in
human-induced land water storage to sea level is 0.15 + 0.09 mm yr' for 1971-2008 and 0.25 + 0.09 mm yr_
" for 1990-2000.

Additional information on global terrestrial water storage is provided by temporal changes in satellite gravity
measurements from the GRACE satellite mission since 2002. GRACE cannot separate the contribution of
individual water reservoirs nor distinguish between climate and anthropogenic effects. The GRACE-based
total water volume trend in the world’s largest river basins since 2002 is small and not significantly different
from zero (Llovel et al., 2010a; Ramillien et al., 2008). However, given the short time span of GRACE
observations, this short-term trend is mostly the result of interannual variability and any long-term trend is
not detectable, in agreement with model-based studies. GRACE results also suffer from low spatial
resolution and contamination by GIA (Lettenmaier and Milly, 2009). For example, in some river basins
adjacent to mountain ranges (e.g., Indus, Ganges, Brahmaputra), GRACE cannot clearly separate land
hydrology from glacier mass changes (Matsuo and Heki, 2010), whereas at high latitudes, estimates of
GRACE-based water storage change are affected by GIA uncertainty.

In summary, model-based estimates of climate-related changes in water storage on land do not show
significant long-term trends for the past decades. On the other hand, human-induced changes (reservoir
impoundment and groundwater depletion) have each contributed at least several tenths of mm yr ' SLE.
Reservoir impoundment exceeded groundwater depletion for the majority of the 20th century but
groundwater depletion has increased and now exceeds current rates of impoundment. Their combined net
contribution for the 20th century is estimated to be small.

13.3.5 Ocean Mass Observations from GRACE (2002-2010)

As discussed in Chapter 3, it is now possible to directly estimate the ocean mass change using space
gravimetry data from GRACE since 2002 (Cazenave et al., 2009; Chambers, 2006; Chambers et al., 2004;
Chambers et al., 2010; Leuliette and Miller, 2009; Llovel et al., 2010b). These measurements represent the
sum of total land-ice plus land-water components, and thus provide an independent assessment of these
contributions. However, GRACE is also sensitive to mass redistribution associated with GIA and requires
that this effect (on the order of —1 to —1.3 mm yf'; Chambers et al., 2010; Paulson et al., 2007; Peltier, 2009;
Tamisiea, 2011) be removed before estimating the ocean mass component. Most recent estimates (e.g.,
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Leuliette and Willis, 2011; von Schuckmann and Le Traon, 2011) report a global mean ocean mass increase
of 1.2+ 0.4 mm yr ' over 2005-2010 after correcting of the GIA factor. The associated error results from the
low signal-to-noise ratio over the oceanic domain and uncertainty in model-based GIA correction (Quinn
and Ponte, 2010). Chapter 3 notes that the GRACE-based ocean mass increase is compatible, within error,
with the altimetry based GMSL minus steric trends over the same time span. While the GRACE-based ocean
mass is somewhat lower than observed estimates of the total land ice plus land water contributions over
2005-2010, the difference remains compatible with quoted uncertainties (see Section 13.4.6 and Table 13.1).

The simultaneous availability of altimeter, GRACE, and Argo measurements provides a means of testing
these relatively new observation systems. In terms of global averages, the sum of global ocean mass from
GRACE and global thermosteric sea level change from Argo should roughly equal the total sea level change
observed by satellite altimetry, although there is still a missing contribution from the deep ocean below 2000
m. As longer data time series from these observing systems become available, they will provide more
powerful constraints on closure of the sea level budget.

13.3.6 Budget of GMSL Rise

Drawing on Sections 13.1-13.5, the budget of GMSL rise (Table 13.1) is analysed for the periods 1901—
1990 (the 20th century, excluding the period after 1990 when ice sheet contributions to GMSL rise are likely
to have increased; Sections 4.4 and 13.3.1.1), since 1971 (when significantly more ocean data became
available and systematic glacier reconstructions began), since 1993 (when satellite sea level altimetry
began), and since 2005 (during which ARGO and GRACE data are available). Other contributions, including
runoff from melted permafrost, change in atmospheric moisture content, and sedimentation in the ocean, are
not considered in the budget because they are negligible compared with the uncertainties.

The observational budget cannot be rigorously assessed for 1901-1990 or 1971-2010 because there is
insufficient observational information to estimate ice sheet contributions with high confidence before the
1990s, and ocean data sampling is too sparse to permit an estimate of global mean thermal expansion before
the 1970s. For land water storage (Figure 13.4c), we use the GRACE observational estimate for 2005-2010
and the estimated 