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Abstract Considerable progress has been made in under-
standing the present and future regional and global sea level
in the 2 years since the publication of the Fifth Assessment
Report (ARS) of the Intergovernmental Panel on Climate
Change. Here, we evaluate how the new results affect the
ARS’s assessment of (i) historical sea level rise, including
attribution of that rise and implications for the sea level bud-
get, (ii) projections of the components and of total global
mean sea level (GMSL), and (iii) projections of regional var-
iability and emergence of the anthropogenic signal. In each of
these cases, new work largely provides additional evidence in
support of the AR5 assessment, providing greater confidence
in those findings. Recent analyses confirm the twentieth cen-
tury sea level rise, with some analyses showing a slightly
smaller rate before 1990 and some a slightly larger value than
reported in the ARS. There is now more evidence of an accel-
eration in the rate of rise. Ongoing ocean heat uptake and
associated thermal expansion have continued since 2000,
and are consistent with ocean thermal expansion reported in
the ARS. A significant amount of heat is being stored deeper
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in the water column, with a larger rate of heat uptake since
2000 compared to the previous decades and with the largest
storage in the Southern Ocean. The first formal detection stud-
ies for ocean thermal expansion and glacier mass loss since the
ARS have confirmed the ARS finding of a significant anthro-
pogenic contribution to sea level rise over the last 50 years.
New projections of glacier loss from two regions suggest
smaller contributions to GMSL rise from these regions than
in studies assessed by the ARS; additional regional studies are
required to further assess whether there are broader implica-
tions of these results. Mass loss from the Greenland Ice Sheet,
primarily as a result of increased surface melting, and from the
Antarctic Ice Sheet, primarily as a result of increased ice dis-
charge, has accelerated. The largest estimates of acceleration
in mass loss from the two ice sheets for 2003—2013 equal or
exceed the acceleration of GMSL rise calculated from the
satellite altimeter sea level record over the longer period of
1993-2014. However, when increased mass gain in land wa-
ter storage and parts of East Antarctica, and decreased mass
loss from glaciers in Alaska and some other regions are taken
into account, the net acceleration in the ocean mass gain is
consistent with the satellite altimeter record. New studies sug-
gest that a marine ice sheet instability (MISI) may have been
initiated in parts of the West Antarctic Ice Sheet (WAIS), but
that it will affect only a limited number of ice streams in the
twenty-first century. New projections of mass loss from the
Greenland and Antarctic Ice Sheets by 2100, including a con-
tribution from parts of WAIS undergoing unstable retreat, sug-
gest a contribution that falls largely within the likely range
(i.e., two thirds probability) of the ARS. These new results
increase confidence in the ARS likely range, indicating that
there is a greater probability that sea level rise by 2100 will lie
in this range with a corresponding decrease in the likelihood
of an additional contribution of several tens of centimeters
above the likely range. In view of the comparatively limited
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state of knowledge and understanding of rapid ice sheet dy-
namics, we continue to think that it is not yet possible to make
reliable quantitative estimates of future GMSL rise outside the
likely range. Projections of twenty-first century GMSL rise
published since the AR5 depend on results from expert elici-
tation, but we have low confidence in conclusions based on
these approaches. New work on regional projections and
emergence of the anthropogenic signal suggests that the two
commonly predicted features of future regional sea level
change (the increasing tilt across the Antarctic Circumpolar
Current and the dipole in the North Atlantic) are related to
regional changes in wind stress and surface heat flux.
Moreover, it is expected that sea level change in response to
anthropogenic forcing, particularly in regions of relatively low
unforced variability such as the low-latitude Atlantic, will be
detectable over most of the ocean by 2040. The east-west
contrast of sea level trends in the Pacific observed since the
early 1990s cannot be satisfactorily accounted for by climate
models, nor yet definitively attributed either to unforced var-
iability or forced climate change.

Keywords Global mean sea level - Regional sea level -
Sea-level observations - Sea-level projections

Introduction

Understanding and projecting regional and global mean sea
level change is of critical importance to assessing socio-
economic impacts and for planning for adaptation in the high-
ly populated low-lying coastal zones of the world. Today,
about 10 % of the world’s population (>600 million people)
and about 65 % of the world’s cities with populations of great-
er than 5 million are located at elevations less than 10 m above
sea level [1], and ~150 million people live within 1 m of the
high tide level [2]. Over the last four decades, rapid migration
towards the coast and development has significantly increased
exposure of populations and assets to extreme sea level
events, with about 270 million people and US$13 trillion
worth of assets being exposed to such events in 2010 [3].
Continued population growth, economic development, and
urbanization, combined with additional sea level rise and as-
sociated increase in frequency of extreme sea level events,
will further increase the risk and impacts in coastal zones [4].

Planning for and adapting to sea level change requires an
assessment of the expected magnitude of change and its un-
certainties. Working Group I (WG1) of the Fifth Assessment
Report (ARS) of the Intergovernmental Panel on Climate
Change (IPCC) assessed sea level change from several per-
spectives: (1) past sea level change with an emphasis on pre-
vious warm intervals, the past millennium, and over the in-
strumental period (since ~1700); (2) contributions to global
mean sea level (GMSL) rise during the instrumental period;
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(3) projections of GMSL change during the twenty-first cen-
tury and over the longer term (to 2500); (4) projections of
twenty-first century regional sea level change; and (5) projec-
tions of twenty-first century sea level extremes and waves [5].

The calibrated uncertainty language of the IPCC uses terms
to indicate the assessed likelihood of an outcome or a result.
Where referring to the IPCC assessment of likelihood of an
outcome, we follow their convention in italicizing the terms.
For example, /ikely means that there is a probability of two
thirds or more than the outcome may lie within the likely range
whereas very likely means a probability of at least 90 % within
the range. Uncertainty is quantified using 90 % uncertainty
intervals unless otherwise stated. The 90 % uncertainty inter-
val, reported in square brackets (e.g., 0.21 [0.16 to 0.26]m), is
expected to have a 90 % likelihood of covering the value that
is being estimated; it is only specific to the very likely range
when identified as such.

The AR5 concluded that twenty-first century global mean
surface air temperature (SAT) change is likely (i.e., two thirds
probability, NB not very likely) to lie within the 5-95 % range
(i.e., from the 5th to the 95th percentile) of the Coupled Model
Intercomparison Project Phase 5 (CMIP5) model projections;
this is a measure of the spread resulting from different choices
of structure and parameters in the models [6]. Accordingly, the
ARS interpreted the 5-95 % range of model results as the
likely range for each of the GMSL rise contributions that is
projected on the basis of CMIPS results (thermosteric, gla-
ciers, ice sheet surface mass balance) [5], and for consistency,
the model 5-95 % range was also interpreted as likely for
projected contributions from rapid ice sheet dynamics and
land water storage. As an example, reporting a /ikely range
of projected sea level rise of 0.2 to 0.8 m means that it is /ikely
(i.e., at least 66 % probability) that sea level will lie within the
0.2 to 0.8 m uncertainty range, and a probability of 33 % or
less that it will lie outside that range (not necessarily symmet-
rically distributed). The AR5 was not able to assess a very
likely range for projected GMSL rise because there was (and
still is) no assessment available of the very likely range for
global mean SAT change, and because the probability of ice
sheet dynamical changes that would give rise to greater values
could not be robustly quantified.

The ARS assessment of sea level change made three im-
portant advances beyond the Fourth Assessment Report
(AR4) [7]. Firstly, the ARS demonstrated that, when an allow-
ance for potential ice sheet contributions is included, the ob-
served GMSL rise is consistent with the sum of the estimated
contributions since 1900, and that models and observations
are consistent regarding the contributions from thermal expan-
sion and glaciers over the last 50 years. The budget was closed
for 1993-2010 (corresponding to the period of continuous
satellite observations of sea level and ice sheets), and for
1971-2010 (with reasonable estimates of ice sheet contribu-
tions). These findings imply improved physical understanding
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of the causes of past GMSL change and greater confidence in
the reliability of models for making projections.

Secondly, the AR5 included future rapid changes in ice
sheet dynamics in its sea level projections. This could not be
done in the AR4 because there were no existing models and
insufficient scientific understanding of the accelerations in ice
sheet outflow that had only recently been observed [7].
Accordingly, the AR4 did not provide a best estimate or likely
range of twenty-first century sea level change. By the time of
the ARS, understanding and modeling of these contributions
from ice sheet dynamics had developed sufficiently to allow
an assessment of a /ikely increase of global mean sea level for
each of the four representative concentration pathways
(RCPs) of future atmospheric composition [8,9] used by
WG1 for climate projections (for example, 0.52 to 0.98 m
by 2100 for RCP8.5) [5]. The AR5 could not exclude the
possibility of higher sea levels, but concluded that only the
collapse of the marine-based sections of the Antarctic ice
sheet, if initiated, could cause GMSL to rise substantially
higher (estimated at several tenths of a meter) than the likely
range in the twenty-first century [5]. However, significant un-
certainties, particularly related to the dynamical Antarctic ice
sheet contribution, remain.

Thirdly, the inclusion of the effect of rapid ice sheet dy-
namical change meant that the ARS, unlike the AR4, was able
to make projections of the regional distribution of sea level
change. This led to the conclusion that, by the end of the
twenty-first century, it is very likely that regional sea level
rise will be positive over about 95 % of the world ocean,
and that about 70 % of the global coastlines are projected
to experience a relative sea level change within 20 % of the
GMSL change [5].

The ARS projections of twenty-first century sea level
change have been criticized for taking a “moderate line”
[10], for being “conservative” [11], and for being
“misleading” [12]. As explained by Church et al. [13], such
criticisms are based in part on a misunderstanding of how the
results are reported, particularly with regard to the IPCC cal-
ibrated uncertainty language and on whether the results were
given for 2081-2100 or for 2100. For example, under the
highest scenario considered, the ARS reported a /ikely range
(with two thirds probability) of 0.45 to 0.82 m for 2081-2100
and 0.52 to 0.98 m for 2100, but Kerr [10] reported the latter
as “a worst case of | m.”

In the two and a half years since March 2013, the cutoff
date for literature assessed by the ARS, there has been consid-
erable progress in understanding several of the key issues on
sea level change discussed by the ARS. In this review, we
summarize the main findings by the ARS and discuss how
literature published since the cutoff date compares to the
ARS assessment, including whether any modification of that
assessment is required, and with particular attention to projec-
tions beyond the likely range.

Historical Sea Level
The Tide-Gauge Record (~1770-2015)

The ARS [5,14] concluded that the trend in GMSL for 1900 to
2010 was 1.7+0.2 mm year ' (1.5 mm year ' from 1901 to
1990), and accelerated during the twentieth century in the
presence of multi-decadal variability, with estimates that
ranged from 0.000 [-0.002 to 0.002]mm year > to 0.013
[0.007 to 0.019]mm year 2. New and longer tide-gauge re-
cords have become available since the ARS. Updates of two of
the GMSL reconstructions used in the AR5 give 1.77+0.28
[15] and 1.9+0.3 mm year ' since 1900 (and 3.1+
0.6 mm year ' for 1993 to 2009) [16], in the upper half of
the ARS range. Hay et al. [17] considered the “fingerprints” of
mass loss from glaciers and ice sheets in their reconstruction
of GMSL. These effects on regional sea level are due to the
change in the geopotential field (jointly determined by gravi-
tation and Earth rotation) and the elastic response of the lith-
osphere, both practically instantaneous and caused by the geo-
graphical redistribution of mass on the Earth’s surface when
mass is transferred from land into the ocean. As shorthand, we
later (section “Regional Projections and Emergence Time of
the Forced Signal”) refer to these effects as “GeLi.” By this
method, they estimated a trend of 1.2+0.2 mm year ' for 1901
to 1990, which overlaps the AR5 range of 1.5+0.2 mm year '
for the corresponding period, but is lower primarily because
their estimate has very little sea level change during 1950—
1970. Including the GeLi fingerprints is an advance over as-
suming geographically uniform sea level contributions from
land ice (as in Church and White [18]), but estimating the
magnitude of the weight factors for the many fingerprints used
by Hay et al. in the presence of large regional decadal vari-
ability is challenging given the time-varying and incomplete
distribution of observations. Hamlington and Thompson [19]
drew attention to the tide-gauges from the Arctic, Alaska and
Japan that are included in Hay et al. [17] but not the other
reconstructions. The Arctic gauges have negative trends for
1950-1970, and high-latitude gauges in general have the most
uncertain glacial isostatic adjustment [16]. However, Hay
(personal communication) reports that their results are essen-
tially unchanged if they use the same tide-gauge data set as
Church and White [18].

Becker et al. [20], Bos et al. [21], Beenstock et al. [22], and
Dangendorf et al. [23] suggested that long-term variability in
local and global mean sea level has resulted in previous stud-
ies underestimating uncertainties. Using refined uncertainty
estimates, Becker et al. and Dangendorf et al. estimated a
larger uncertainty, due to unforced and naturally forced vari-
ability, and thus argued the minimum long-term anthropogenic
GMSL trend since 1900 is 1 and 0.6 mm year ', respectively
(both at the 99 % confidence level). Since the variability can
be of either sign, these studies also imply the possibility that
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the anthropogenic GMSL trend could be larger than observed,
and partially offset by variability. Beenstock et al. [22] argued
that tide-gauges with trends that were not significantly differ-
ent to zero should be excluded from the global mean, that the
longer tide-gauge time series are from locations with larger
rates of sea level rise, and therefore, that GMSL estimates
reported in the ARS are biased high. We disagree with the first
argument, which could be made to disprove the existence of
any global mean trend that is partly obscured by local vari-
ability, whereas averaging over many locations reduces that
variability. The second argument is doubtful because it as-
sumes constant regional patterns of forced sea level change
through the century.

A number of different techniques have been used to esti-
mate acceleration of local relative sea level (for example, see
Visser et al. [24]), but the results are controversial (see for
example Kenigson and Han [25]; Piecuch and Ponte [26]).
Haigh et al. [27] demonstrated the difficulty of estimating
accelerations from local tide-gauge observations, the necessity
for long time series (Douglas [28] argued that almost 50 years
was required), and the importance of removing unforced and
naturally forced variability.

There are now more estimates of acceleration of GMSL
over the nineteenth to twentieth century and these are gener-
ally larger than those available at the time of the ARS, ranging
from 0.0042+0.0092 [15] to 0.02+0.01 mm year > [16] (see
Cahill et al. [29]; Hay et al. [17]; Hogarth [30]; Olivieri and
Spada [31]; Spada et al. [32] for intermediate estimates). Jorda
[33] estimated that at least 2.2 mm year ' of the recent sea
level trend estimated from altimetry cannot be attributed to
unforced multidecadal variability, implying that the change
in trend between 1900 and 1990 and the altimeter period is
at least partly forced.

In summary, recent analyses confirm the twentieth century
sea level rise, with some analyses showing a slightly smaller
rate before 1990 and some a slightly larger value than reported
in the ARS. There is now more evidence of an acceleration in
the rate of rise.

The Satellite Altimeter Period

According to the ARS, the rate of sea level rise measured by
the TOPEX/POSEIDON/Jason1/2 satellite altimeter missions
over 1993 to 2012 was 3.2+0.4 mm year ', with interannual
variability that was related to climate variability, particularly
the El Nino-Southern Oscillation phenomenon. Cazenave
et al. [34] found a deceleration from the first to the second
decade of the altimeter record, but demonstrated that there was
no significant reduction of the underlying rate of sea level rise
over this two-decade period if the effects of interannual cli-
mate variation on the storage of water on land (particularly in
Australia; Fasullo et al. [35]) and thermal expansion are ex-
cluded. Confirming the importance of interannual variability,
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Yi et al. [36] have shown that since the La Nifia event of 2010,
the rate of sea level rise has been substantially larger than the
1993-2015 average as a result of a decrease of water stored on
land, increased ocean thermal expansion, and faster loss of
mass from the ice sheets (particularly Greenland).

As a result of a major and ongoing effort to improve the
quality of the altimeter records [37], the ERS-1/ERS-2/
Envisat GMSL trend over 1993 to 2010 was revised upward
from 1.59%0.5 to 2.36+0.5 mm year ' compared with their
TOPEX/Jason estimate of 2.98+0.4 mm year ' over the same
period. Watson et al. [38] examined the quality of the TOPEX/
Jason1/2 altimeter record by a careful comparison with sea
level measured by coastal and island tide gauges. They found
small but significant trends in the sea level biases, mostly in
the first 6 years (the TOPEX satellite) of the record. After
correction for these biases, they estimated a corrected GMSL
trend over 1993 to mid-2014 of 2.6 to 2.9+0.4 mm year '
(dependent on the vertical land motion correction adopted),
and found an acceleration of 0.041+0.058 mm year 2, in con-
trast to the deceleration reported by Cazenave et al. [34]. (The
acceleration is not significantly different from zero, but it is
significantly different from the deceleration over the same
period of —0.057+0.058 mm year  if these bias drifts were
not corrected.) Reprocessing of the TOPEX record is currently
underway and should shed light on the validity or otherwise of
these corrections and revised GMSL estimates.

Analysis of 13 years (2002-2015) of data from GRACE,
Global Navigation Satellite System, satellite laser ranging and
the Ocean Circulation and Climate of the ocean bottom pres-
sure [39] give an acceleration of global mass (non-steric) com-
ponent of 0.04:£0.09 mm year 2, similar to the above satellite
altimeter estimate (for latitudes less than 65 ©) but with larger
uncertainty estimates. This ocean mass is the balance between
accelerated mass loss from the Greenland and West Antarctic
Ice Sheets and increased mass gain in land water storage and
parts of East Antarctica, and decreased mass loss from glaciers
in Alaska and some other regions.

The recent analyses confirm that the rate of sea level rise
since 1993 is larger than prior to 1990, with suggestions of a
slightly smaller rate than reported in the ARS and with a small
(but not statistically significant) acceleration.

Sea Level Contributions
Steric Sea Level Change

The ARS estimated rates of thermal expansion of 0.8 [0.5 to
1.1]mm year ' for 1971 to 2010 and 1.1 [0.8 to 1.4]
mm year ' for 1993 to 2010. Some of the studies discussed
in the ARS (e.g., Lyman et al. [40]), but not all (e.g., [41,42]),
reported a sharp spike in ocean heat uptake in the early 2000s
followed by a slowing of the rate of heat uptake (and thus
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ocean thermal expansion). Since then, Abraham et al. [43]
published a major review on the evolving observing system,
the reduction of XBT biases, and estimates of heat content and
thermosteric sea level trends over different periods, generally
confirming the ARS assessment of trends since 1971 and
1993. These estimates are dependent on a range of uncer-
tainties, including ocean climatologies used, vertical resolu-
tion [44,45], and mapping techniques [46].

The apparent surface warming “hiatus” has prompted
many studies, including a focus on ocean heat uptake, but with
less attention specifically addressing the related thermosteric
sea level change. Balmaseda et al. [47] and Chen and Tung
[48] demonstrated an ongoing ocean heat uptake during the
hiatus, but with a greater accumulation deeper in the water
column, between the depth of most previous upper ocean es-
timates (300 and 700 m) and 2000 m. Balmaseda et al. [47]
demonstrated a clearer response to volcanic eruptions than
earlier studies (e.g., Domingues et al. [49]) and a greater rate
of heat uptake after 2000 then in the 1990s. Chen and Tung
[48] argued that most of the heat uptake occurred in the North
Atlantic and in the Southern Ocean whereas Nieves et al. [S0]
argued for the importance of heat uptake in the 100- to 300-m
layer of the Indian and Pacific Oceans.

Ocean heat content changes are directly related to top of the
atmosphere net radiation fluxes [51]. Allan et al. [52] used at-
mospheric reanalysis and twentieth century simulations to ex-
tend the CERES satellite radiation observations of the Earth’s
global energy balance (anchored to the estimates of ocean ener-
gy uptake; Loeb et al. [53]) back to the 1980s. Smith et al. [54]
extended these series back to 1960 and demonstrated an increas-
ing ocean heat uptake, the impact of volcanic eruptions, and that
the spike in ocean heat uptake and subsequent decrease in the
rate of ocean warming after 2000 in some studies was probably
an artifact of errors in XBT bias corrections and/or incomplete
ocean coverage. Wunsch and Heimbach [55] used a sophisticat-
ed data assimilation technique to infer a deep ocean cooling, in
direct contrast to the direct observations of Purkey and Johnson
[56]. The reason for this difference in the Wunsch and
Heimbach results is unclear but could relate to the omission of
the geothermal heat flux from the ocean seafloor (approximately
equivalent to the difference between their results to the direct
observations) or the dominance of upper ocean observations
over the sparse deep observations in their analysis.

Extended altimeter observations of sea surface height,
GRACE observations of ocean mass, and Argo observations
of upper ocean thermal expansion have shown an approximate
closure of the sea level budget (see Leuliette [57] for a re-
view). von Schuckmann et al. [58] and Dieng et al. [59] ar-
gued that ocean heat-uptake estimates were biased low be-
cause of inadequate coverage and mapping, particularly in
the region of the tropical Asian archipelago. Uncertainties in
the sea level budget are too large for the deep ocean contribu-
tion to be inferred [58—60].

Durack et al. [61] found that, in the CMIP Phase 3 (CMIP3)
and CMIP5 climate model simulations, 60 % of the heat up-
take occurred in the Southern Hemisphere. In contrast, the
observational estimates ranged from about 35 [62] to about
50 % [49], suggesting that historical ocean heat content esti-
mates may be biased low by various amounts because of lack
of data in the Southern Hemisphere. Based on Argo data from
2006 to 2014, Roemmich et al. [63] found an even larger ratio
of Southern to Northern Hemisphere ocean heat uptake (67 to
98 %) possibly as a result of greater negative aerosol forcing in
the Northern Hemisphere and/or ocean heat uptake processes.
This larger ratio raises concern about the use of the model
results for adjusting the observational estimates, as suggested
by Durack et al. [61]. One of the mapping techniques used in
Roemmich et al. [63] also directly addressed the mapping
deficiencies in the tropical Asian archipelago identified in
von Schuckmann et al. [58] and indicates that over the 2006
to 2014 period, the thermal expansion in the upper 2000 m
was 0.8+0.5 mm year ' (Didier Monselesan, personal com-
munication), and 0.9£0.5 mm year ' for the full depth ocean
(using the [56] abyssal ocean estimates), close to the ARS
estimate for 1993-2010.

Halosteric trends over the historical period from 1950 to
2010 are important regionally in reinforcing thermosteric
trends in the Pacific and counteracting them in the Atlantic
(generally of order 25 % of thermosteric trends) (Durack et al.,
2015) but are not important for the global ocean steric change.
Purkey et al. [64] demonstrated agreement between regional
ocean-mass trends determined from GRACE data and the dif-
ference between altimeter sea level observations and ocean
steric sea level change.

In summary, recent analyses clearly indicate an ongoing
ocean heat uptake and associated thermal expansion since
2000, with a significant amount of heat being stored deeper
in the water column and with the largest storage in the
Southern Ocean. Quantitatively, the new results are consistent
with ocean thermal expansion reported in the ARS, and with a
larger rate of heat uptake since 2000 compared to the previous
decades.

Glacier Mass Loss

Glacier mass loss was a major contributor to sea level rise
during the twentieth century. The ARS estimated sea level
contributions from glaciers of 0.69 [0.61 to 0.77]mm year '
for 1901-1990, 0.68 [0.31 to 1.05]mm year ' for 1971-2010
and 0.86 [0.49 to 1.23]mm year ' for 1993-2010. The esti-
mates diverge most before 1950 and after 2003. Extensions
and corrections to the glacier inventory, combined with a sig-
nificantly increased number of geodetic mass-balance and
glacier-length measurements, have led to convergence of the
various estimates such that they now agree within uncer-
tainties over all the periods considered [65]. There have been

@ Springer



Curr Clim Change Rep

only small changes in the average of these estimates, and
values are consistent with those reported in the ARS, increas-
ing confidence in those estimates.

Greenland Ice Sheet

The ARS found that the Greenland ice sheet has lost mass over
the last two decades and that the rate of loss has increased [66].
Mass loss was about equally partitioned between changes in
surface mass balance (SMB, snow accumulation minus run-
off) and increased discharge into the ocean as icebergs, with
the former dominating in southwest, central-north, and north-
east sectors and the latter in southeast and central-west sectors.
While on average, SMB has become progressively less posi-
tive over the last two decades, there have been considerable
spatial and temporal variations in rates of discharge.
Observations indicated that the contribution to GMSL had
very likely increased from 0.09 [-0.02 to 0.20]mm year '
for 1992-2001 to 0.59 [0.43 to 0.76]mm year ' for 2002—
2011, with a total of ~8.0+1.4 mm from 1992 to 2012, im-
plying an acceleration of ~0.05 [0.02 to 0.08]mm year ~.
These numbers include the contribution from glaciers periph-
eral to the ice sheet, because some methods used to measure
mass loss are unable to separate them from the ice sheet.
Several studies published since the ARS using various
remote-sensing techniques support the ARS conclusions.
Based on laser altimetry measurements from IceSat, Csatho
et al. [67] estimated a contribution from the Greenland ice
sheet to GMSL of 0.68 mm year ' for 2003—2009. Based on
gravity measurements from GRACE, Velicogna et al. [68]
found mass loss across much of the ice sheet for the 2003—
2013 period, and reported a contribution to GMSL rise of 0.77
+0.16 mm year ', with an acceleration of 0.069+
0.003 mm year 2. The largest losses occurred in the southeast-
ern and northwestern sectors of the ice sheet (70 % combined),
while the southwestern sector experienced the greatest accel-
eration in mass loss. SMB accounted for ~67 % of the total
mass loss during this period. Using Operation IceBridge, ice
thickness measurements to better constrain discharge rates for
178 marine-terminating outlet glaciers, Enderlin et al. [69]
found that 15 glaciers accounted for 77 % of the total mass
loss by discharge since 2000 and only 4 glaciers accounted for
50 % of the total. The contributions of SMB and discharge
were nearly equal until ~2006, but the contribution of dis-
charge has since decreased, with a corresponding increase in
mass loss due to SMB changes, which has reached 84 % of the
total since 2009. Enderlin et al. [69] estimated that the contri-
bution to GMSL increased from 0.43+0.09 mm year ' over
2000-2005 to 0.73+0.05 mm year ' over 2005-2009 and
1.05+0.14 mm year ' over 2009-2012, with an acceleration
0f 0.08£0.02 mm year 2, giving a total contribution of 8.23+
0.93 mm over 2000-2012. Wouters et al. [70] and Wu and
Helfin (2015) cautioned that these calculated accelerations are
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for short periods and are affected by longer term climate var-
iability. Based on radar altimetry measurements from
CryoSat-2 for the 3-year period starting in January 2011,
Helm et al. [71] confirmed the recent high contribution to
GMSL (1.04+0.07 mm year '), with greatest elevation
changes on the western, southeastern, and northeastern mar-
gins. Based on data from several measurement platforms,
Khan et al. [72] also documented recent pronounced thinning
of the northeast Greenland ice stream. Van Angelen et al. [73]
emphasized the importance of the observed persistent nega-
tive anomalies in the summertime North Atlantic oscillation
(NAO) index for the recent changes in the observed SMB,
which exceeded the CMIPS simulations, supporting the ARS
conclusion that internally generated regional climate variabil-
ity has been the dominant cause of recent negative SMB [5].
The CMIP5 models do not consistently project negative
anomalies in the summertime in the NAO index and a return
of the NAO to more positive values may lead to a partial
recovery in the SMB changes.

In summary, recent publications indicate an acceleration of
mass loss from the Greenland ice sheet, primarily as a result of
increased surface melting. The reported contributions and the
computed accelerations are at the upper end of the /ikely range
assessed in the ARS.

Antarctic Ice Sheet

In the near absence of surface melting and runoff, Antarctica’s
mass budget is dominated by snow accumulation and ice dis-
charge across the grounding line into floating ice shelves. In
the ARS assessment, the Antarctic ice sheet (including the
peripheral glaciers) was losing mass and /ikely contributed
0.27 [0.16 to 0.37]mm yearfl to GMSL over 1993-2010,
and 0.41 [0.20 to 0.61]Jmm year ' over 2005-2010, suggest-
ing an acceleration of ~0.01 [-0.02 to 0.05]mm year > [66].
The acceleration has been caused by an increase in discharge
in the Antarctic Peninsula and the Amundsen Sea sector of
West Antarctica, and was somewhat offset by a mass gain over
East Antarctica due to increased snowfall.

Papers published since 2013 largely corroborate the ARS
assessment. Based on GRACE measurements for the period
2003-2013, Velicogna et al. [68] estimated that the ice sheet
has contributed to GMSL rise at a rate of 0.18+
0.12 mm year ' with an acceleration of 0.03+
0.01 mm year %; greatest rates of mass loss are from the
Amundsen Sea area (equivalent to 0.32+0.02 mm year ),
which accounts for 94 % of the mass loss from West
Antarctica and the Antarctic Peninsula, with loss from both
areas being dominated by dynamics. Dronning Maud Land in
East Antarctica experienced a mass gain accounting for a fall
in GMSL 0f 0.17+0.02 mm year ' since 2008 [74]. Harig and
Simons [75] used techniques to increase the spatial resolution
of the GRACE data, thus better resolving regional variations,
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and arrived at similar estimates. As noted above, Wouters et al.
[70] and Wu and Helfin (2015) cautioned that these calculated
accelerations are for short periods and are affected by longer-
term climate variability.

Measurements of recent elevation changes over the
Antarctic ice sheet from CryoSat-2 show a contribution to
GMSL rise of 0.45+0.14 mm year ' since 2010, 75 % of
which is derived from the Amundsen Sea sector of West
Antarctica [76], and a contribution of 0.35+0.23 mm year |
since 2011 [71]. Sutterley et al. [77] compared four indepen-
dent estimates of the mass balance of the Amundsen Sea area,
identified by all studies as the primary region of Antarctica
currently experiencing mass loss. The four methods agree in
terms of mass loss and acceleration in loss at the regional
scale. The contribution to GMSL rise was 0.23+
0.01 mm year ' over 19922013 and 0.28+0.03 mm year '
over 2003-2011.

Rignot et al. [78] showed that the grounding lines of gla-
ciers draining the Amundsen Sea sector of West Antarctica
retreated by up to 35 km from 1992 to 2011. These rapid
retreats have proceeded along regions where the bed slopes
downwards away from the coast, the configuration which is
potentially subject to the marine ice sheet instability.
Upstream of the 2011 grounding line positions, there are no
major bed obstacles that would prevent irreversible retreat in
this sector of the West Antarctic ice sheet [78]. Ice sheet model
experiments suggest that current retreat of Pine Island Glacier
(PIG) [79] and Thwaites Glacier (TG) [80] may be
irreversible.

The ARS concluded that the changes in the Amundsen Sea
region are due to high ocean heat flux causing thinning of ice
shelves and grounded ice and grounding line retreat.
Schmidtko et al. [81] documented warming at the bottom of
the Amundsen and Bellingshausen seas that is linked to in-
creased heat content and to a shoaling of the mid-depth tem-
perature maximum over the continental slope, allowing warm-
er, saltier circumpolar deep water (CDW) access to the shelfin
recent years. Paolo et al. [82] found that thinning of Antarctic
ice shelves has increased since 1994, being most intense in the
Amundsen and Bellingshausen regions. The average thick-
ness of ice shelves has decreased by 5-8 % in less than two
decades, with some shelves thinning at rates that imply
complete loss in less than 100 years. Greatest thinning has
occurred near the deep grounding lines, consistent with
ocean forcing from increased flux of CDW across the
continental shelf.

In summary, recent publications support the ARS assess-
ment that mass loss from the Antarctic ice sheet is accelerat-
ing, with most of that loss coming from the Amundsen Sea
sector of the WAIS. Observations and model simulations since
the AR5 suggest that this acceleration may be associated with
a marine ice sheet instability that may have been initiated in
parts of the WAIS, and that this may have been triggered by

increased flux of CDW across the continental shelf. There are
also indications of increased accumulation in East Antarctica.

When the Antarctic and Greenland ice sheets are taken
together, the largest estimates of the acceleration in their con-
tribution to sea level (range from 0.112 to 0.140 mm year )
equal or exceed the acceleration in global mean sea level rise
(GMSLR) calculated from the satellite altimeter sea level re-
cord (0.099 mm year %) [38], although we note that the ice
sheet estimates (2003—2013) are only for the latter half of the
satellite altimeter period (1993 to mid-2014), during which
time the sea level acceleration may be larger. Wu and Heflin
[39] also reported increased mass gain in land water storage
and parts of East Antarctica, and decreased mass loss from
glaciers in Alaska and some other regions such that the accel-
eration in the ocean mass gain is consistent with the satellite
altimeter record.

The Sea Level Budget

Sea level estimates from satellite altimetry, GRACE observa-
tions of ocean mass, and Argo observations of thermal expan-
sion of the upper 2000 m of the ocean combine to close the sea
level budget since 2005 within uncertainties (see recent up-
dates by Leuliette [57] and Yi et al. [36]). There have not yet
been any new comprehensive attempts to close the budget
since 1993 with the revised satellite altimeter data, nor have
there been any new assessments of the budget of GMSL rise
before the satellite altimeter period. Hay et al. [17] suggested
that their lower rate of twentieth century GMSL rise is more
consistent than earlier reconstructions with the sum of contri-
butions. We note that there are several possible combinations
of'the contributions presented by Gregory et al. [83] that could
match the reconstruction of Hay et al. Moreover, their estimat-
ed rate of sea level rise prior to 1950 is slightly larger than that
of Church and White [18]. The small changes in the average of
the updated estimates of the glacier contribution from Marzion
et al. (2015) are unlikely to have a major impact on closure of
the sea level budget for any of the periods considered.

Attribution of Sea Level Change

Based on the understanding of physical processes and results
from climate models, the AR5 assessed the causes of observed
changes in the primary components that contribute to GMSL
change [84]. Advances in observations and understanding of
changes in global ocean heat content since the AR4 led them
to conclude that it is very likely that there has been a substan-
tial contribution from anthropogenic forcing since the 1970s,
which has thus contributed to thermosteric sea level rise. For
land ice, Bindoff et al. [84] concluded that it is /ikely that
anthropogenic forcing has contributed to mass loss of glaciers
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since the 1960s and surface melting of the Greenland ice sheet
since 1993. Based on the assessment of the components,
Bindoff et al. [84] concluded that it is very likely that there is
a substantial contribution from anthropogenic forcing to
GMSL rise since the 1970s. On the other hand, there was
too little evidence available to attribute the causes of the ob-
served mass loss from the Antarctic ice sheet since 1993.

Since the ARS, several new studies have quantified the
contribution of anthropogenic forcing to changes in the
thermosteric and glacier sea level components, which have
been the largest contributors to GMSL rise since 1900
[5,83]. Marcos and Amores [85] compared the global
thermosteric rise derived from observations of ocean temper-
ature between 0 and 700 m to results derived from the CMIP5
experiments associated with “natural” (solar and volcanic)
and “historical-only” forcings, where the latter include forcing
from anthropogenic greenhouse gases and aerosols. For each
of the two sets of experiments, they used a signal-to-noise
maximizing empirical orthogonal function analysis to separate
the signal that is a result of the forcing from the internal var-
iability of the system. This forced response was projected on
to the observations to compute the fraction of variability as-
sociated with the forced response. On this basis, they find that
87 % (range of 72 to 100 %) of the observed thermosteric sea
level rise since 1970 is associated with anthropogenic forcing.

Slangen et al. [86] compared observed estimates of
thermosteric sea level rise from 1957 to 2005 over the full
depth of the ocean to CMIPS experiments forced by five dif-
ferent scenarios, including the natural and historical forcing
used by Marcos and Amores [85] as well as anthropogenic-
only, greenhouse gas-only, and anthropogenic aerosol-only
forcings (Fig. 1). They find that the best agreement between
the observed and modeled thermosteric sea level change is
with the experiments that include all anthropogenic forcings,
indicating a substantial anthropogenic influence on the ob-
served period of sea level change. The addition of natural
forcing that accounts for externally forced variability in the
historical experiment improves the agreement on decadal time
scales. Based on multiple regression analyses of observed
temperature changes onto the simulated responses to the var-
ious forcings, Slangen et al. [86] derived the scaling factors
(Pest) by which the simulated responses must be multiplied to
obtain the best fit to the observations. These indicate that the
modeled anthropogenic response (Bes=1.08+0.13) and a re-
duced modeled natural-only response (3.,=0.70+0.30) fit the
observations best, similar to what was found in attribution
studies of global mean surface temperature [84].

Marzeion et al. [87] simulated changes in global glacier
SMB since 1851 using a calibrated glacier model forced by
the climatology from the natural and historical CMIP5 exper-
iments and compared these with observations of global glacier
SMB since 1960. Although the natural forcing causes nega-
tive SMB over the full-modeled period, the simulated SMB is
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too positive compared to the observations since 1991. In con-
trast, the SMB simulated by the historical forcing is consistent
with the observations for the full period, accounting for an
increasing percentage of the total mass loss that reaches 69+
24 % since 1991. The additional contribution to GMSL from
the anthropogenic influence is ~35 mm, with most of this
coming in recent decades.

In summary, the first formal detection studies for ocean
thermal expansion and glacier mass loss since the AR5 was
published have confirmed the ARS finding of a significant
anthropogenic contribution to sea level rise over the last
50 years.

Glacier and Ice Sheet Projections
Glaciers

The ARS projected twenty-first century changes in global gla-
cier SMB (except for Antarctic glaciers) from CMIPS global
mean surface air-temperature projections using a parameter-
ized scheme derived from the results of four published glacier
models, with each glacier model given equal weight in the
projections [88]. Each of the glacier models includes detailed
treatments of SMB and the evolution of glacier hypsometry.
Projected glacier mass losses for 2100 outside Antarctica sug-
gest a likely contribution of 0.05 to 0.17 m of sea level equiv-
alent (SLE) under RCP2.6, corresponding to loss of 15 to
55 % of present glacier volume, and 0.10 to 0.26 m SLE under
RCP8.5, or 35 to 85 % [5].

Two new studies have examined regional changes in gla-
cier mass over the twenty-firs century. Clarke et al. [89]
modeled glacier mass loss by 2100 for western Canada.
They used Atmosphere-Ocean Global Circulation Models
(AOGCM) projections for the four RCP scenarios to force a
regional glacier model that includes SMB and, for the first
time, a detailed physics-based model of ice dynamics that
better represents changes in glacier hypsometry. Sensitivity
tests of the model excluding ice dynamics show that ice-
volume loss is systematically underestimated. Model projec-
tions for 2100 suggest that, relative to 2005, western Canada
glaciers will lose ~60 % of their volume for RCP2.6 and
~80 % for RCP8.5, as compared to model results from
Marzeion et al. [90], which suggest ~80 % mass loss for
RCP2.6 and 100 % for RCPS8.5, amounting to a difference
of <1 mm GMSL. Marzeion et al. [91] noted that other
twenty-first century projections similarly showed relatively
small differences in glacier mass loss under large differences
in forcing scenarios, and concluded that these small differ-
ences are because the twenty-first century response is domi-
nated by the response to climate change during the previous
century (i.e., committed glacier loss to previous warming) as
well as the effect of hypsometric changes that reduce glacier
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sensitivity to the forcing as the glaciers decrease in size and
retreat to higher elevations.

Lang et al. [92] used a regional climate model coupled to a
surface energy balance model to calculate changes in SMB of
glaciers in Svalbard under RCP8.5. Their modeled domain is
based on a fixed topography, and thus does not capture chang-
es in glacier elevation and hypsometry that can significantly
influence rates of mass loss [91]. By 2100, they find that the
accumulation area of all glacierized areas in Svalbard will
disappear, with a contribution of ~7 mm SLE corresponding
to a loss of 31 % of present volume. This contribution is ~25—
50 % of previous estimates [90,93], with the large differences
suggested to reflect the lower resolution climate models and
more simplified SMB models used in the earlier studies.

In summary, new studies of glacier loss from two regions
suggest contributions to GMSL rise that is less than studies
assessed by the ARS that included simulations from these
regions (e.g., [90]). Because the ARS did not provide regional
estimates, it is not possible to make direct comparisons to
these regional studies. Additional regional studies are required
to further assess whether there are broader implications of
these results.

Greenland Ice Sheet

The Greenland ice sheet loses mass through a combination of
changes in SMB and dynamical changes associated with dis-
charge into the ocean, including enhanced basal sliding, and
the interaction between SMB and ice flow. The ARS included
both of these components in projections for the twenty-first
century. Projections of SMB were made based on a relation
between mass loss and temperature derived from regional cli-
mate modeling forced with CMIP5S AOGCMs [94], with ad-
ditional allowances for methodological uncertainties and
changes in ice sheet topography [88]. Projections of rapid
change in discharge were based largely on flowline modeling
of four of the larger outlet glaciers, with results scaled up by
~5 times because these glaciers drain ~20 % of the ice sheet
by area [95], giving /ikely ranges 0f 0.02 to 0.09 m by 2100 for
RCP8.5, and 0.01 to 0.06 m for the three RCPs of lower
forcing, for which there was insufficient information to assess
scenario dependence [88]. Likely ranges for projections of the
total contributions to GMSL rise by 2100 relative to 1986—
2005 range from 0.04 to 0.12 m for RCP2.6 to 0.09 to 0.28 m
for RCP8.5 [88]. In general, the contributions from SMB and
dynamics were assessed as nearly equal for each scenario
except RCP8.5, where SMB is greater.

Since the ARS, several studies that documented large spa-
tial and temporal variability in discharge of outlet glaciers
(section “Greenland Ice Sheet”) suggest that a simple extrap-
olation and scaling of a few of the largest glaciers for projec-
tions may be inaccurate. Csatho et al. [67] found that mass loss
is not proportional to the drainage basin area, and that the
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majority of Greenland mass loss during the 2003—-2009 period
(~80 %) was due to thinning of small to moderately sized
drainage basins rather than the four large glaciers modeled
by Nick et al. [95]. In contrast, Enderlin et al. [69] found that
these four glaciers represented 42 % of the ice sheet discharge
change from 2000 to 2012 as opposed to the 20 % expected
from an assumption of proportionality with drainage area.
Based on assumptions about regional variations in discharge
through the twenty-first century, Enderlin et al. [69] estimated
a contribution to GMSL rise of 80 mm, similar to the upper
limit of the ARS likely range for the RCP8.5 scenario
(85 mm).

A number of studies have documented rapid drainage of
supraglacial lakes to the base of the ice sheet through con-
duits, confirming earlier studies that suggested that such
drainage increases the rate of short-term ice motion by
basal sliding [96,97]. Leeson et al. [98] showed that the
area over which supraglacial lakes are distributed will in-
crease by ~50 % by 2060 under RCP8.5. However, studies
since the AR5 support the conclusion that enhanced basal
lubrication makes an insignificant contribution to the likely
range of sea level rise over the twenty-first century. Some
studies suggested that this occurs through the subglacial
drainage system becoming more efficient with increased
discharge, thus reducing basal sliding [99,100]. Mayaud
et al. [101] forced a subglacial hydrological model of the
western ice sheet margin in the Paakitsoq region with sur-
face runoff that was derived from climate model output for
the RCP2.6, 4.5, and 8.5 scenarios. They showed that as
runoff increases in response to a warmer climate, the sub-
glacial drainage system transitions from a less efficient
network with associated higher basal sliding to a more
efficient network with an associated reduction in basal slid-
ing. Shannon et al. [102] used four ice sheet models forced
by a regional climate model under the A1B scenario to
examine the contributions of changes in SMB and of out-
flow associated with enhanced basal sliding. Enhanced
basal sliding was represented by a set of parameterizations
that encompasses the range of observations of annual run-
off and increase in basal ice flow. Experiments for changes
in SMB only find a contribution to GMSL rise by 2100
ranging from 47.5 to 61 mm, lying within the ARS likely
range of 30 to 150 mm for the same scenario [88]. Shannon
et al. [102] found that the contribution from basal sliding
remains below ~5 % of the contribution from SMB.

The ARS assessed the positive feedback between SMB and
ice sheet height as contributing 0 to 15 % of SMB change
over the course of the twenty-first century. Based on cli-
mate projections under the A1B scenario used to force five
ice sheet models, Edwards et al. [103] found that the SMB-
elevation feedback accounts for an additional 1.8-6.9 %
(95 % confidence interval) sea level rise by 2100, in agree-
ment with the ARS.
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Fiirst et al. [104] forced an ice sheet model that accounts for
basal lubrication and ocean thermal forcing of ice discharge
with reanalysis data over the period 2005-2010. The conse-
quent mass loss, of which ~40 % is from ice discharge, con-
tributes 0.62 mm year ' to GMSL rise, similar to observations
(section “Greenland Ice Sheet”), giving confidence in the ice
sheet model. With forcing from an ensemble of ten CMIP5
AOGCMs under the four RCP scenarios, Fiirst et al. [104]
found the contributions to GMSL rise by 2100 relative to
2000 range from 0.04+£0.02 m (1 std. dev.) for RCP2.6 to
0.10£0.03 m for RCP8.5, which are in good agreement with
the ARS likely ranges. Of this mass loss, the contribution from
SMB dominates, with discharge decreasing by 2100 as the
margin thins and retreats from the coast; enhanced basal lu-
brication accounts for less than 1 % of the discharge.

In summary, projections of Greenland mass loss support
the ARS assessment that enhanced basal lubrication will make
an insignificant contribution sea level rise over the twenty-first
century. Projections of mass loss from discharge and SMB fall
within the ARS likely ranges, but differ from the ARS in sug-
gesting a greater contribution from SMB, with decreasing dis-
charge associated with the ice sheet margin retreating from the
coast.

Antarctic Ice Sheet

The ARS projected the contribution to GMSL from the
Antarctic ice sheet for changes in SMB (primarily changes
in snow accumulation) and outflow across the grounding line
to floating ice shelves. In the latter case, mass is subsequently
lost in roughly equal amounts by calving and marine melt
from the lower ice surface (Rignot et al. [105]. Projections
of the combined (SMB and outflow) contribution to GMSL
by 2100 relative to 19862005 were assessed to fall in a likely
range of —0.04 to 0.16 m for RCP2.6 and —0.08 to 0.14 m for
RCP8.5 [88]. Projections of the outflow contribution to
GMSL by 2100 were assessed to fall in a likely range of
—0.02 to 0.185 m, with no scenario dependence specified
due to insufficient information. The assessed contribution

from a potential marine ice sheet instability (MISI) (section
“Antarctic Ice Sheet”) lay outside the /ikely range of the out-
flow contribution and was characterized by a magnitude of an
additional several tens of centimeters [5].

Studies published since the AR5 can be divided into three
groups: those for Pine Island Glacier (PIG) and the other gla-
ciers of the Amundsen Sea Embayment (ASE); studies of the
whole of the West Antarctic ice sheet (WAIS) and individual
East Antarctic glaciers; and studies of the whole of Antarctica.

Favier et al. [79] reported a comparison of three models of
the PIG’s evolution over 50 years in response to a step change
in melt starting from a situation similar to the present day.
They obtained a three- to six fold increase in the rate of mass
loss compared to the present-day observations with GMSL
contributions in the range of 9 to 25 mm over 50 years.
Further experiments in which the initial change in melt is
removed suggested that PIG’s current retreat may be irrevers-
ible. In similar experiments, Seroussi et al. [106] found GMSL
contributions of up to 20 mm in 50 years. Both papers are
consistent with the AR5 assessment that PIG’s end-of-the-
century contribution can be characterized by centimeters of
GMSL rise, and lie well within the AR5 assessment of the
likely contribution from Antarctic rapid ice dynamical change
(Table 1) [5].

At the time of the ARS, there was no evidence of
grounding-line retreat for PIG’s larger neighbor Thwaites
Glacier (TG). Subsequent research has shown, however, that
retreat in other parts of the ASE (most notably TG) is just as
pronounced as for PIG [78]. Joughin et al. [80] simulated the
consequences of this retreat and found a moderate contribu-
tion to GMSL over a century of <0.25 mm year ' (similar to
PIG’s assessed contribution) with larger rates (>1 mm year ')
predicted as the grounding line retreats on to deeper bedrock
after 200 to 900 years.

Cornford et al. [109] simulated the response of the WAIS to
both atmospheric and oceanic forcing derived from regional
models that were forced, in turn, by climate models for the
A1B and E1 (strong mitigation) scenarios (Fig. 2). In particu-
lar, the oceanic forcing includes the influx of warm water

Table 1 Projections of mass loss
by rapid ice-sheet dynamics from

the Antarctic ice sheet for the
twenty-first century ARS

Reference Region of ice sheet Mass loss (m) Period

all of Antarctica —0.020 to 0.185 1996-2100
Favier et al. [79] PIG 0.009 to 0.025 20002050
Seroussi et al. [106] PIG up to 0.020 2000-2050
Joughin et al. [80] TG up to 0.025 2000-2100
Gong et al. [107] Lambert up to 0.009 2000-2100
Sun et al. [108] Totten up to 0.020 2000-2100
Cornford et al. [109] WAIS up to 0.200 2000-2100
Levermann et al. [110] all of Antarctica (RCP2.6) 0.02 to 0.140 2000-2100
Levermann et al. [110] all of Antarctica (RCP8.5) 0.04 t0 0.210 2000-2100
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Fig. 2 Net change in volume
above flotation in the WAIS over
the course of the combined
experiment in of both
atmospheric and oceanic forcing
derived from regional models that
were forced, in turn, using climate
models for the AIB and El
(strong mitigation) scenarios.
Only the Amundsen Sea
Embayment experiences a net
loss (AV) in all of the combined
experiments. Nonetheless, the
result is a net loss over West
Antarctica as a whole. Note that
Thwaites glacier does not retreat
in the combined anomaly
experiments (which use the
synthetic accumulation), and the
ASE could contribute an extra 9 x
10° km?® loss by 2100 and 40x
10% km® by 2200. (From [109])
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under the Filchner-Ronne ice shelf reported by Hellmer et al.
[111], although this only occurs towards the end of the current
century. Substantial mass loss is therefore dominated by the
ASE and contributes up to 50 mm GMSL by 2100, including
a contribution from the retreat of TG. Increased outflow is
compensated by an increase in SMB, particularly for the
Filchner-Ronne sector. This compensation is, however, weak-
er in the E1 scenario, producing the surprising result that the
contribution to GMSL is larger in this mitigation scenario than
in A1B. This results from the contributions from outflow (oce-
anic forcing) and SMB being independent, with the latter
responding to greenhouse forcing. The compensation term
(additional outflow between 0 and 35 % of SMB) employed
by the ARS may therefore over estimate this effect and hence
exaggerate the contribution to GMSL rise. Finally, more ex-
treme scenarios, in which melt rate is increased across all ice
shelves from 1980 (at odds with the regional modeling results
and observations), produce contributions of up to 200 mm by
2100 (Table 1). In more idealized modeling, Wright et al.
[112] identify Institute and Moller ice streams draining into
the Filchner-Ronne ice shelf as close to the threshold for re-
treat, albeit on a millennial timescale, with associated contri-
butions of ~0.14 m to GMSL over this timescale.

Gong et al. [107] used a similar methodology to Cornford
et al. [109] for the Lambert Glacier and found that increased
outflow is more than compensated by increased SMB, and
that only loss of the Amery ice shelf (for instance by large-
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scale crevassing, see the following section) leads to GMSL
rise (up to 9 mm by 2100 depending on the area lost). Sun
et al. [108] also used similar methods and obtain a contribu-
tion from Totten Glacier, East Antarctica, of no more than
20 mm by the end of the century.

Pollard et al. [113] investigated the consequences of
crevasse-based loss of the large ice shelves followed (in their
model) by the collapse of the ice cliffs left at grounding lines,
resulting in large contributions to GMSL of the order of ten
meters per millennium (10 mm year '). Kuipers Munneke
et al. [114] used a model of firn densification to assess the
probability of meltwater ponding on Antarctica’s ice shelves
in the future, which may then lead to their destabilization
through large-scale crevassing such as caused the collapse of
the Larsen B ice shelf [115]. However, they found this effect
would not be important outside of the Antarctic Peninsula
during the present century, in accord with the assessment by
the ARS.

Levermann et al. [110] developed a probabilistic approach
to projecting the contribution of Antarctica to GMSL by
employing linear response functions based on the response
of three ice sheet models from the SEARISE exercise [116]
to an idealized step increase in marine melt. A scaling is de-
veloped between global mean temperature change and ocean
temperatures around Antarctica based on the CMIP5 ensem-
ble, which combined with the response functions forms a
probabilistic framework for making projections. The approach
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successfully reproduces the observed contribution between
1992 and 2001, provided a suitable delay between global
mean and regional ocean temperatures is used. With this delay,
66 % probability ranges of end-of-the-century GMSL change
are 0.02-0.14 m for RCP2.6 and 0.04-0.21 m for RCP8.5.
These ranges are broadly similar to the ARS assessed likely
range (—0.02 to 0.185 m), for which scenario dependence was
not assessed, but the upper end for RCP8.5 is slightly higher.
A potential contributing factor to the slightly larger range may
be the retreat patterns displayed the SEARISE models, which
in some cases are fairly extensive.

In summary, new studies suggest that a MISI may have
been initiated in parts of the WAIS, but that only a few
WALS ice streams will experience MISI during the twenty-
first century. New projections of mass loss from the
Greenland and Antarctic Ice Sheets by 2100, including a
MISI contribution from parts of WAIS, suggest a contribution
that falls largely within the /ikely range (i.e., two thirds prob-
ability) of the ARS. These new results increase confidence in
the ARS likely range, indicating that there is a greater proba-
bility that sea level rise by 2100 will fall in that range with a
corresponding decrease in the likelihood of an additional con-
tribution of several tens of centimeters above the /ikely range.

Projections of Global Mean Sea Level Rise by 2100

The ARS assessed two categories of models used for projec-
tions of twenty-first century sea level rise: process-based
models that simulate the underlying processes and interac-
tions, and semi-empirical models (SEMs) that are based on
statistical relationships between observed GMSL and global
mean temperature or total radiative forcing (RF) [5]. The ARS
assigned medium confidence to process-based projections,
due to (i) understanding of the modeled physical processes,
(i1) the consistency of the models with wider physical under-
standing of those processes as elements of the climate system,
(iii) the consistency of modeled and observed contributions,
and (iv) the consistency of observed and modeled GMSL. As
discussed at length in the ARS, SEM projections are based on
the assumption that future sea level change will have the same
relationship to global mean temperature change or RF as it had
in the period of calibration. This assumption implies uncer-
tainty that is difficult to quantify. Consequently, there is low
agreement and no consensus in the scientific community
about their reliability, giving one reason for which they were
assigned low confidence by the ARS. The other is that, in
nearly every case, SEMs projected a substantially higher sea
level by 2100 than the process-based models, but no satisfac-
tory physical explanation was available for this. To date, there
have been no new projections of sea level using revised esti-
mates of sea level to train semi-empirical models. Orlic and
Pasaric [117] analyzed three variants of semi-empirical

models and showed that the projections are similar through
the middle of the twenty-first century but diverge after that and
urge caution in their use beyond the twenty-first century.

On the basis of their higher assessed confidence, the ARS
projections for the twenty-first century are based on process-
based models [5]. For RCP2.6, the likely range of sea level rise
by 2100 is 0.28 to 0.61 m. For RCP8.5, the likely range by
2100 is 0.52 to 0.98 m with a rate during 2081-2100 of 8 to
16 mm year . Church et al. [5] concluded that “there is cur-
rently insufficient evidence to evaluate the probability of spe-
cific levels above the assessed likely range” (p. 1140), but that
sea levels substantially higher than the /ikely range would only
occur in the twenty-first century if the marine-based sections
of the Antarctic ice sheet were to collapse. The potential con-
tribution could not be precisely quantified, but they deter-
mined with medium confidence that “this additional contribu-
tion would not exceed several tenths of a meter of sea-level
rise during the 21st century” (p. 1140).

Three studies since the ARS have made projections for
twenty-first century GMSL rise based on some level of expert
elicitation. Horton et al. [118] presented projections of GMSL
rise based on a survey involving 90 individuals with some
experience in publishing on sea level. The respondents esti-
mated 66 % confidence intervals for GMSL rise by 2100, with
respect to the time-mean of 1986 to 2005. Their median esti-
mate of the likely range was 0.7 to 1.2 m for scenario RCP8.5;
they noted that their range lies above the ARS likely range of
0.52 to 0.98 m. They also reported a very likely range of 0.5 to
1.5 m for RCP8.5. In commenting on Horton et al., Gregory
et al. [119] suggested that some respondents might have as-
sumed an extensive Antarctic marine ice sheet instability to lie
within the likely range of possibilities. According to the ARS,
a MISI is unlikely to occur, but if initiated, it could add up to
several tenths of a meter to GMSL rise during the twenty-first
century, making the AR5 and Horton et al. consistent.
However, as discussed in section “Antarctic Ice Sheet” the
several detailed ice sheet modeling studies that have been
published since the ARS suggest a contribution from
Antarctic ice sheet rapid dynamical change, including the pos-
sibility of MISI, that falls largely within the ARS likely range,
with only one estimate being higher, by 0.025 m, or one tenth
of the difference (0.22 m) between the upper estimates of the
likely range by the AR5 and Horton et al.

Kopp et al. [120] combined results from process-based
models and expert elicitation to derive projections of twenty-
first century GMSL rise from each of the main components,
which were then summed to derive the total rise. For the ice
sheets, they reconciled the scenario differences between the
ARS projections and those from the expert elicitation by using
the ARS to characterize the median and /ikely ranges and
expert elicitation to calibrate the shape of the tails. They used
results from a single glacier model [90], one of four consid-
ered by the ARS, that by itself has a narrower likely range than
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in the ARS, results from a selection of CMIP5 GCMs that give
a higher and wider /ikely range than in the ARS, and a rela-
tionship between changes in land water storage and popula-
tion that was not considered by the ARS with the likely range
falling within the ARS5 likely range. Despite these differences,
Kopp et al. [120] derive a similar median (0.79 m) and likely
range (0.60 to 1.00 m) for the total GMSL rise for the RCP8.5
scenario as in the ARS. In addition, when including the results
from the expert elicitation, they estimated a very likely range
0f 0.52 to 1.21 m, and a virtually certain range (99 % proba-
bility) of 0.39 to 1.76 m.

Jevrejeva et al. [121] combined the uncertainty estimates
from the ARS results for thermosteric, glacier, and land water
storage for the RCP8.5 scenario with results from an assess-
ment on contributions from ice sheet dynamics by 13 experts
[122] to derive a probability distribution function (PDF) for
twenty-first century GMSL rise. The main difference between
the ice sheet contributions lies in the shape assumed for the
uncertainty distribution. The ARS assumed it to be uniform
within the /ikely range from the ARS; Jevrejeva et al. used the
positively skewed distribution from the expert elicitation,
which had a long tail extending towards the high end, domi-
nated by Antarctica and reflecting the wide spread and thus
lack of consensus among the expert estimates [122].
Consequently, their combined PDF for GMSL rise is positive-
ly skewed by the Antarctic contribution, and their median and
likely range are 0.79 [0.58 to 1.20]m, to be compared with
0.74 m [0.52 to 0.98]m in the ARS. Jevrejeva et al. [121]
report a very likely range of 0.45 to 1.80 m. These latter values
are significantly larger than Kopp et al. and Horton et al. and
inconsistent with recent results on simulation of the Antarctic
ice sheet contributions using state of the art models discussed
in Section 6c.

In summary, the three studies of projections of twenty-first
century GMSL rise published since the ARS all depend on
results from expert elicitation. Jevrejeva et al. [121] and Kopp
et al. [120] used them to help characterize the tails of the
distribution about the likely range derived from process-
based models, providing a means to infer ranges for higher
probabilities, whereas Horton et al. [118] relied entirely on
them to characterize the likely range. We have low confidence
in conclusions based on expert elicitation because, as noted by
Gregory et al. [119], the respondents are not asked to justify,
and we cannot know how they arrived at their conclusions.
Although the physical processes have operated in the past, to
our knowledge, the circumstances of anthropogenic forcing
are entirely unprecedented in recent Earth history. In these
circumstances, intuition should not be trusted, because there
is no relevant experience in which it could have been trained
to make the right decision, and we believe that the only ratio-
nal approach to quantitative assessment is by transparent rea-
soned analysis of available results. For instance, Fig. 2 of
Horton et al. shows that several of the respondents placed
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the 83 percentile for GMSLR by 2100 for RCP8.5 above
2.5 m, i.e., more than 1.5 m above the ARS likely range, the
largest estimate being at about 6 m. No physically plausible
scenarios for values above 2.5 m have been published in the
peer-reviewed literature; on the contrary, it has been argued
that they are physically untenable [123]. Furthermore, these
projections are inconsistent with recent results on simulation
of the Antarctic ice sheet contributions using state-of-the-art
models (section “Glacier and Ice Sheet Projections™).

Regional Projections and Emergence Time
of the Forced Signal

GMSLR due to the increase in the volume of the global ocean
affects relative sea level everywhere, but projected local re-
gional sea level (RSL) change differs from GMSLR because
of various effects, which we can put in five categories:

1. The ocean dynamic response (the change in the ocean
dynamic topography) to the change in its 3-D density field
(arising from temperature and salinity change) and circu-
lation, caused by the effect of climate change on surface
heat, freshwater, and momentum (wind stress) fluxes.
Many studies consider the sum of ocean dynamic sea
level change and the contribution of global steric change
(thermal expansion) to GMSLR; we refer to this sum as
“ocean climate change.”

2. The GelLi effects, or fingerprints (section “The Satellite
Altimeter Period”) of land-ice change, on the geoid and
the elastic response of the lithosphere.

3. Glacial isostatic adjustment (GIA), which is the ongoing
change in the geopotential field and deformation of the
solid Earth due to the reduction of ice sheet mass since the
Last Glacial Maximum ~20,000 years ago.

4. The redistribution of atmospheric mass, i.e., the change in
mean sea level pressure. This term is shown in the ARS
and earlier to be small compared with other multidecadal
changes.

5. Local tectonic effects, which are not discussed further
here (see Kopp et al. [124] for a discussion).

The AR4 considered ocean dynamical change, but not
GelLi effects, because it was not able to make a projection of
rapid ice sheet dynamic change, and therefore could not pro-
duce estimates of regional sea level change due to all contri-
butions. Subsequent advances (following Katsman et al.
[125], Slangen et al. [126], and Church et al. [127]) enabled
this to be done in the ARS, which therefore presented projec-
tions of RSL change including all the above-mentioned effects
except tectonics, which were also excluded. A number of re-
gional projections and projections at coastal tide gauge sites,
building on the AR4 and ARS assessments and using the ARS
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approach, have also been completed [120,128—135]. Slangen
et al. [135] also made RSL projections including all effects
based on CMIP5 simulations of ocean climate change, com-
bined with somewhat different estimates for the land-ice con-
tributions from the AR5 assessment. They pointed out that the
distribution of RSL change is positively skewed (also seen in
ARS, Fig. 13.22) because the GeLi effect of land-ice change is
slightly positive in large low-latitude areas and strongly neg-
ative in small high-latitude areas near to the ice sheets and
glaciers.

As in the ARS, Slangen et al. [135] projected RSL change
of less than the global mean (by up to 50 %) near West
Antarctica and Greenland, due to GeLi effects of the ice
sheets. On the other hand, the AR5 and Slangen et al. [135]
projected RSL rise exceeding the global mean (by more than
20 %) on the east coast of North America and in a roughly
zonal band on the north side of the Antarctic Circumpolar
Current. These phenomena are due to ocean climate change.
They are commonly seen in AOGCMs and have previously
been noted (e.g., AR4, Pardaens et al. [136]), but their mag-
nitude differs greatly among models [137,138]. Bouttes and
Gregory [139] provided evidence that the model spread in
projected changes in ocean surface fluxes of momentum
(wind stress), heat, and freshwater forcing all contribute to
the model spread of projected ocean dynamic SL change.

Bouttes et al. [137] demonstrated that the north-south zonal
dipole (positive ocean dynamical sea level rise to the north of
the ACC and negative to the south) is largely a thermosteric
effect caused by and roughly proportional to the change in the
mid-latitude westerly winds in the Southern Ocean, which
AOGCMs generally project to increase in magnitude and shift
southward, consequently shifting and tilting the isopycnals in
the ocean. Frankcombe et al. [ 140] reproduced this effect in an
eddy-permitting ocean model (one fourth degree resolution).
They pointed out that the same feature in RSL change can be
seen in the altimeter trends since 1993 and could be due to
anthropogenic influence (forced by greenhouse gases or
ozone depletion) on the Southern Annular Mode [141,142].
It is possible that the effect of eddy saturation in eddy-
resolving models might reduce the effect, although Suzuki
and Ishii [143] showed similar sea level change in eddy-
permitting and lower-resolution models. In CMIP5 models,
Bouttes and Gregory [139] found that surface heat flux change
also contributes to producing the feature, which is apparent in
CMIPS historical simulations as well as in projections, and in
some regions it is already larger than simulated unforced
trends of the length of the altimeter period, consistent with it
being a response to anthropogenic forcing [144].

The enhanced RSL rise in the North Atlantic is also a part
of dipole feature, with reduced RSL rise to the south, though
its geographical detail is model dependent [145,146]. This
feature has previously been associated with weakening of
the Atlantic Meridional Overturning Circulation (AMOC)

due to buoyancy forcing, and is caused by a change in surface
heat flux (a reduction of heat loss in the North Atlantic in a
warming climate) and increase of surface freshwater flux in
CMIP5 models (Bouttes and Gregory [139]), as in earlier
models. RSL rise in the north of the North Atlantic, whether
due to heat or freshwater input, is mainly the direct result of
the added buoyancy [145,146], and the consequent weakening
of the AMOC brings about a redistribution of heat which
opposes the effect of the surface flux change on RSL in most
of the affected area, but reinforces it along the east coast of
North America [145], where the projected RSL rise is conse-
quently particularly large [147]. Howard et al. [148] assessed
the magnitude of the effects of increased freshwater inflow
from ice sheet mass loss on ocean dynamic sea level change
and the AMOC to be small compared with the effects of
changing surface fluxes from the atmosphere.

The dominant feature of observed RSL change in the al-
timeter period is the contrast of rising sea level in the west and
falling in the east in the Pacific, due to changes in wind stress
forcing [149,150]. It has been argued that unforced variability
associated with the Pacific Decadal Oscillation (PDO)
[151-154] contributes to this pattern, although Frankcombe
et al. [155] found that the relationship between the sea level
pattern and the PDO is not statistically robust in short obser-
vational records. Hamlington et al. [152] removed the influ-
ence of PDO statistically, and isolated a remaining sea level
pattern associated with warming in the western tropical
Pacific, which they suggested could be due to anthropogenic
warming of the tropical Indian Ocean. However, this residual
sea level pattern was somewhat different to that found in [154]
and may not be robust because of the short available satellite
altimeter record (about half a PDO cycle), and Palanisamy
et al. [156] also disputed this interpretation. The east-west
Pacific pattern (Fig. 3) does not appear to be anthropogenic
in CMIPS5 historical simulations, but on the other hand, it is
too large to be consistent with unforced variability as
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Fig. 3 Observed sea level change trends (mm year ') from satellite
altimetry between 1993 and 2012. The hatching indicates trends that are
significant (at the 5 % level) with respect to at least two thirds of CMIP5
pre-industrial control simulations. (From [144])
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simulated by the AOGCMs [144,156,157]. Consequently, this
remains an important phenomenon that still requires an expla-
nation. It could also be associated with some of the explana-
tions advanced for the hiatus of global warming [158-160].

Under a given future scenario, RSL change due to ocean
climate change will be due to a combination of forced re-
sponse and unforced variability of the climate system. The
former grows with time, while the latter, although staying
roughly constant [132], may be substantial. Hu and Deser
[161] showed that even by the middle of this century, unforced
variability leads to an uncertainty of up to a factor of two in
coastal projections, the largest spread (in proportional terms)
being on the north Pacific and north Atlantic coasts, despite
the very small spread in projections of global mean thermal
expansion. Bordbar et al. [162] found that even after 100 years,
the spread in local projections due to unforced variability may
be comparable to global thermal expansion.

Fig. 4 Multimodel ensemble a
median time-of-emergence (ToE)
for regional sea-level change
under RCP8.5. Different change
signals are used. a Ocean
dynamic topography change
(dynamic sea level). b Ocean
climate change (dynamic sea
level change plus global mean
thermosteric sea level change). ¢
Relative sea level change (total
sea level change). Warm (cold)
colors represent rising (falling)
sea level; light gray areas have no
emergence before 2080; deep
gray color means no agreement
among models; white color
means no data coverage or over
land. (From [164])
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The “time of emergence” is when the forced signal be-
comes discernible because it is sufficiently large compared
with unforced variability [163]. Several recent studies have
evaluated the time of emergence of sea level change, with
various definitions, in the CMIP5 dataset. For ocean dynam-
ical sea level change (which excludes GMSLR), the local
signal is not detectable in the majority of the ocean even after
100 years of anthropogenic forcing [162,164] (Figs. 4 and 5).
It only emerges clearly in the Southern Ocean near Antarctica,
where projected sea level change is markedly less than the
global average due to the north-south zonal dipole. A non-
uniform pattern of change (i.e., contrasts between dynamic
sea level change in different regions) should be detectable in
only a few years, and indeed, already may be detected in the
Southern Ocean [144].

If dynamical sea level change and thermal expansion are
taken together (i.e., considering sea level change due to ocean
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Fig. 5 The cumulative fraction of the total area with the emergence of
change signals before the given time from the multimodel ensemble
median patterns. Dynamic sea level (blue), ocean climate change
(dynamic sea level plus global mean thermosteric sea level, black),
relative sea level (total sea level, red), surface air temperature (green).
Dash-dot lines are for RCP4.5 and solid lines for RCP8.5. (From [164])

climate change), the signal of forced sea level change relative to
the reference mean level of 19862005 emerges in about half of
the ocean area by 2040 [164] (Figs. 4 and 5). Instead of using a
reference level, a comparison of trends in projections of forced
sea level change starting in 1990 with simulated unforced
trends of the same length shows a detectable signal by the early
2030s in half of the ocean area [165]. In the MPI-ESM-LR
AOGCM, chosen as an example, trends of 20 years starting
in 2006 exceed one standard deviation of unforced variability
in more than half of the area, and trends of 50 years in more
than 90 % [157]. With both techniques, the region of earliest
emergence is the low-latitude Atlantic, where unforced vari-
ability is particularly small [132,144,157,164,165]. Early emer-
gence is also noted in some coastal areas, especially the
Atlantic coast of North America [157,165]. By contrast, in
much the Southern Ocean, where variability is high and the
forced response is small, the signal of change may not be de-
tectable until late in the twenty-first century or afterwards
[144,164,165]. If RSL including all contributions to GMSLR
(not just thermal expansion) and GeLi effects is considered, the
signal of forced change is discernible in about half of the ocean
area as early as 2020 [164] (Figs. 4 and 5).

In CMIP5 models, the patterns of predicted sea level
change due to ocean climate change (Fig. 6) are stable in time
and fairly independent of scenario [144]. Consequently,

accurate projections can be made by scaling a fixed pattern
with a time-dependent magnitude, as for surface air tempera-
ture, but ocean volume-mean temperature is generally a slight-
ly more accurate predictor than global mean surface air tem-
perature for scaling the pattern of sea level change. Recent
work has begun to explore the impact of individual radiative
forcings (greenhouse gases, aerosols, and natural forcing) on
historical sea level change [166].

In summary, there has been new work in three main areas
since the ARS. First, analysis of models indicates that the two
commonly predicted features of future regional sea level
change, namely the increasing tilt across the ACC and the
dipole in the North Atlantic (both with enhanced sea level rise
on their northern side), are related to regional changes in wind
stress and surface heat flux. Much remains to be understood
about the geographical patterns and remote influences of sur-
face flux changes, and their effects on ocean circulation and
interior transports, in order to make confident regional projec-
tions. Second, it is expected that sea level change in response
to anthropogenic forcing in regions of relatively low unforced
variability, such as the low-latitude Atlantic, will be detectable
within 20 years or less. We note that an anthropogenic influ-
ence has already been detected on the global mean (section
“Attribution of Sea Level Change”). Third, the east-west con-
trast in the Pacific of sea level trends observed since the early
1990s cannot be satisfactorily accounted for by climate
models, nor yet definitively attributed either to unforced var-
iability (such as the PDO) or forced climate change.

Synthesis

Recent analyses confirm the twentieth century sea level rise,
with some studies showing a slightly smaller rate before 1990
and some a slightly larger value than reported in the ARS.
There is now clearly more evidence of an acceleration in the
rate of rise from the nineteenth to the twentieth century (as
reported in the ARS); during the twentieth century, from the
pre-1990 rate to the rate during the altimeter period, and with a
positive (but not significant) rate in the altimeter record.
Ongoing ocean heat uptake and associated thermal expan-
sion have continued and increased since 2000 (compared with
previous decades), with a significant amount of heat being
stored deeper in the water column and with the largest storage
in the Southern Ocean. New estimates of global glacier mass
loss indicate improved agreement between studies and thus
smaller uncertainties over the twentieth century, but with little
change in their average value. Two regional studies suggest
glacier contributions to GMSL rise that are less than assessed
by the ARS, but additional studies are required to assess the
implications for the global estimates. The acceleration of mass
loss from Greenland, primarily as a result of increased surface
melting is continuing. Mass loss from the Antarctic ice sheet is
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Fig. 6 a CMIP5 model ensemble

(a) CMIP5 Ensemble Mean

mean and b standard deviation of 90N

the forced patterns of ocean
dynamic topography change
(m/°C) calculated using ocean
volume mean temperature (°C) as
predictor for the historical +
RCP4.5 simulations between
1993 and 2099. (From [144])
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also accelerating, with most of that loss coming from dis-
charge from the Amundsen Sea sector of the WAIS that is
larger than the estimated increase in accumulation in East
Antarctica. Observations and model simulations suggest that
this acceleration may be associated with a marine ice sheet
instability that may have been initiated in parts of the WAIS
by an increased flux of CDW across the continental shelf.
When the Antarctic and Greenland ice sheets are taken togeth-
er, the estimated acceleration is larger than observed from the
satellite altimeter sea level record, including at the upper end
where their combined acceleration (range from 0.112 to
0.140 mm year °) exceeds that inferred from analysis of the
satellite altimeter sea level record (0.099 mm year %) [38].
However, we note that the ice sheet estimates (2003—2013)
are only for the latter half of the satellite altimeter period (1993
to mid-2014), during which time the sea level acceleration
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may be larger. Also, increased mass gain in land water storage
and parts of East Antarctica, and decreased mass loss from
glaciers in Alaska and some other regions such that the total
acceleration in the ocean mass gain is consistent with the
satellite altimeter record. There have not yet been any new
comprehensive attempts to close the budget since 1900 or
1993, but it would appear that following the methodology of
Gregory et al. [83], the sum of contributions can explain the
observed rise.

The first formal detection studies for ocean thermal expan-
sion and glacier mass loss, which were the two largest con-
tributors to twentieth century GMSL rise, have confirmed the
ARS assessment of a significant anthropogenic contribution to
sea level rise over the last 50 years.

Projections of mass loss from Greenland ice sheet dis-
charge and SMB fall within the ARS /ikely ranges, but differ
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from the ARS in suggesting a greater contribution from SMB,
a decreasing discharge as the ice sheet margin retreats from the
coast, and with an insignificant contribution from enhanced
basal lubrication. Post-ARS studies of mass loss from the
Greenland and Antarctic Ice Sheets by 2100, including a
MISI contribution from parts of WAIS, suggest a contribution
that falls largely within the /ikely range (i.e., two thirds prob-
ability) of the ARS.

Three post-ARS studies of projections of twenty-first cen-
tury GMSL derive a very likely range. However, these projec-
tions are based on expert elicitations and we have low confi-
dence in deriving a very likely range in projections from such
an approach.

Analyses of models indicate that the two commonly pre-
dicted features of future regional sea level change, namely the
increasing tilt across the ACC and the dipole in the North
Atlantic (both with enhanced sea level rise on their northern
side), are related to regional changes in wind stress and surface
heat flux. However, much remains to be understood about the
geographical patterns and remote influences of surface flux
changes, and their effects on ocean circulation and sea level.
In particular, the east-west contrast in the Pacific of sea level
trends observed since the early 1990s cannot be satisfactorily
accounted for by climate models, nor yet definitely attributed
either to unforced variability (such as the PDO) or forced
climate change.

In view of the comparatively limited state of knowledge
and understanding of rapid ice sheet dynamics, we contin-
ue to think that it is not yet possible to make reliable quan-
titative estimates of future GMSL rise outside the likely
range. However, new ice sheet modeling results increase
confidence in the ARS5 likely range, indicating that there is
a greater probability that sea level rise by 2100 will fall in
that range with a corresponding decrease in the likelihood
of an additional contribution of several tens of centimeters
above the likely range.

Despite these uncertainties, it is clear that the sea level
response to anthropogenic forcing will be detectable over
most of the ocean by 2040, confirming the importance of
sea level change as a major issue that society will have to
confront during the twenty-first century and beyond. The
ARS projections and the updates clearly indicate the rate of
rise in 2100 is directly related to the future emissions and that
avoiding a larger sea level rise will require significant and
urgent mitigation of greenhouse gas emissions. As empha-
sized by Lowe and Gregory [167]: “It is vital to continue to
monitor sea level and its components and to develop a capa-
bility to make reliable projections. [A]s we cannot provide
certainties, we must become better at explaining the uncer-
tainties to decision makers. These uncertainties imply a need
to keep open a range of adaptation [and mitigation] options
and to be able to change the approach as the predictions be-
come more robust” (p. 43).
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