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•  What	  causes	  sea	  level	  rise	  (SLR)?	  
•  What	  are	  the	  sources	  of	  uncertainty	  in	  SLR	  
projec:ons?	  

•  How	  are	  SLR	  uncertain:es	  es:mated?	  	  How	  
credible	  are	  the	  tails?	  

•  How	  can	  progress	  be	  made	  in	  SLR	  uncertainty	  
quan:fica:on?	  
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Continued greenhouse gas emissions at or above 
current rates would cause further warming and 
induce many changes in the global climate system 
during the 21st century that would very likely be 
larger than those observed during the 20th century.  
{10.3}

• Advances in climate change modelling now enable 
best estimates and likely assessed uncertainty ranges to 
be given for projected warming for different emission 
scenarios. Results for different emission scenarios are 
provided explicitly in this report to avoid loss of this 
policy-relevant information. Projected global average 
surface warmings for the end of the 21st century 
(2090–2099) relative to 1980–1999 are shown in Table 
SPM.3. These illustrate the differences between lower 
and higher SRES emission scenarios, and the projected 
warming uncertainty associated with these scenarios.  
{10.5}

• Best estimates and likely ranges for global average 
surface air warming for six SRES emissions marker 
scenarios are given in this assessment and are shown 
in Table SPM.3. For example, the best estimate for 
the low scenario (B1) is 1.8°C (likely range is 1.1°C 
to 2.9°C), and the best estimate for the high scenario 

(A1FI) is 4.0°C (likely range is 2.4°C to 6.4°C). 
Although these projections are broadly consistent with 
the span quoted in the TAR (1.4°C to 5.8°C), they are 
not directly comparable (see Figure SPM.5). The Fourth 
Assessment Report is more advanced as it provides best 
estimates and an assessed likelihood range for each of 
the marker scenarios. The new assessment of the likely 
ranges now relies on a larger number of climate models 
of increasing complexity and realism, as well as new 
information regarding the nature of feedbacks from the 
carbon cycle and constraints on climate response from 
observations.  {10.5}

• Warming tends to reduce land and ocean uptake of 
atmospheric carbon dioxide, increasing the fraction of 
anthropogenic emissions that remains in the atmosphere. 
For the A2 scenario, for example, the climate-carbon 
cycle feedback increases the corresponding global 
average warming at 2100 by more than 1°C. Assessed 
upper ranges for temperature projections are larger 
than in the TAR (see Table SPM.3) mainly because 
the broader range of models now available suggests 
stronger climate-carbon cycle feedbacks.  {7.3, 10.5} 

• Model-based projections of global average sea level 
rise at the end of the 21st century (2090–2099) are 
shown in Table SPM.3. For each scenario, the midpoint 
of the range in Table SPM.3 is within 10% of the 

Table SPM.3. Projected global average surface warming and sea level rise at the end of the 21st century.  {10.5, 10.6, Table 10.7}

Table notes:
a These estimates are assessed from a hierarchy of models that encompass a simple climate model, several Earth System Models of Intermediate 

 Complexity and a large number of Atmosphere-Ocean General Circulation Models (AOGCMs).
b Year 2000 constant composition is derived from AOGCMs only.

 Temperature Change Sea Level Rise 
 (°C at 2090-2099 relative to 1980-1999)a (m at 2090-2099 relative to 1980-1999)

 Best Likely Model-based range excluding future
Case estimate range rapid dynamical changes in ice fl ow

Constant Year 2000 
concentrationsb 0.6 0.3 – 0.9 NA

B1 scenario 1.8 1.1 – 2.9 0.18 – 0.38

A1T scenario 2.4 1.4 – 3.8 0.20 – 0.45

B2 scenario 2.4 1.4 – 3.8 0.20 – 0.43

A1B scenario 2.8 1.7 – 4.4 0.21 – 0.48

A2 scenario 3.4 2.0 – 5.4 0.23 – 0.51

A1FI scenario 4.0 2.4 – 6.4 0.26 – 0.59

Sea	  level	  rise	  is	  deeply	  uncertain	  

IPCC	  AR4	  Summary	  for	  Policymakers	  (2007)	  
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Land	  ice	  is	  par:cularly	  uncertain	  
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IPCC	  TAR	  Summary	  for	  Policymakers	  (2001)	  
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Figure 5: The global climate of the 21st century will depend on natural changes and the response of the climate system to human activities. 

Climate models project the response of many climate variables – such as increases in global surface temperature and sea level – to various

scenarios of greenhouse gas and other human-related emissions. (a) shows the CO2 emissions of the six illustrative SRES scenarios, which are

summarised in the box on page 18, along with IS92a for comparison purposes with the SAR. (b) shows projected CO2 concentrations. (c) shows 

anthropogenic SO2 emissions. Emissions of other gases and other aerosols were included in the model but are not shown in the figure. (d) and (e)

show the projected temperature and sea level responses, respectively. The “several models all SRES envelope” in (d) and (e) shows the

temperature and sea level rise, respectively, for the simple model when tuned to a number of complex models with a range of climate sensitivities.

All SRES envelopes refer to the full range of 35 SRES scenarios. The “model average all SRES envelope” shows the average from these models

for the range of scenarios. Note that the warming and sea level rise from these emissions would continue well beyond 2100. Also note that this

range does not allow for uncertainty relating to ice dynamical changes in the West Antarctic ice sheet, nor does it account for uncertainties in

projecting non-sulphate aerosols and greenhouse gas concentrations. [Based upon (a) Chapter 3, Figure 3.12, (b) Chapter 3, Figure 3.12, (c)

Chapter 5, Figure 5.13, (d) Chapter 9, Figure 9.14, (e) Chapter 11, Figure 11.12, Appendix II]
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Chapter 10 Global Climate Projections

In all scenarios, the average rate of rise during the 21st century 
is very likely to exceed the 1961 to 2003 average rate of 1.8 ± 0.5 
mm yr–1 (see Section 5.5.2.1). The central estimate of the rate 
of sea level rise during 2090 to 2099 is 3.8 mm yr–1 under A1B, 
which exceeds the central estimate of 3.1 mm yr–1 for 1993 to 
2003 (see Section 5.5.2.2). The 1993 to 2003 rate may have a 
contribution of about 1 mm yr–1 from internally generated or 
naturally forced decadal variability (see Sections 5.5.2.4 and 
9.5.2). These sources of variability are not predictable and not 
included in the projections; the actual rate during any future 
decade might therefore be more or less than the projected rate 
by a similar amount. Although simulated and observed sea level 
rise agree reasonably well for 1993 to 2003, the observed rise 
for 1961 to 2003 is not satisfactorily explained (Section 9.5.2), 
as the sum of observationally estimated components is 0.7 ± 0.7 
mm yr–1 less than the observed rate of rise (Section 5.5.6). This 
indicates a defi ciency in current scientifi c understanding of sea 
level change and may imply an underestimate in projections.

For an average model (the central estimate for each scenario), 
the scenario spread (from B1 to A1FI) in sea level rise is only 
0.02 m by the middle of the century. This is small because of the 
time-integrating effect of sea level rise, on which the divergence 
among the scenarios has had little effect by then. By 2090 to 
2099 it is 0.15 m.

In all scenarios, the central estimate for thermal expansion 
by the end of the century is 70 to 75% of the central estimate for 
the sea level rise. In all scenarios, the average rate of expansion 

Figure 10.33. Projections and uncertainties (5 to 95% ranges) of global average sea level rise and its 
components in 2090 to 2099 (relative to 1980 to 1999) for the six SRES marker scenarios. The projected 
sea level rise assumes that the part of the present-day ice sheet mass imbalance that is due to recent ice 
fl ow acceleration will persist unchanged. It does not include the contribution shown from scaled-up ice sheet 
discharge, which is an alternative possibility. It is also possible that the present imbalance might be transient, 
in which case the projected sea level rise is reduced by 0.02 m. It must be emphasized that we cannot assess 
the likelihood of any of these three alternatives, which are presented as illustrative. The state of understanding 
prevents a best estimate from being made.

during the 21st century is larger than central 
estimate of 1.6 mm yr–1 for 1993 to 2003 
(Section 5.5.3). Likewise, in all scenarios the 
average rate of mass loss by G&IC during 
the 21st century is greater than the central 
estimate of 0.77 mm yr–1 for 1993 to 2003 
(Section 4.5.2). By the end of the century, 
a large fraction of the present global G&IC 
mass is projected to have been lost (see, e.g., 
Table 4.3). The G&IC projections are rather 
insensitive to the scenario because the main 
uncertainties come from the G&IC model.

Further accelerations in ice fl ow of the 
kind recently observed in some Greenland 
outlet glaciers and West Antarctic ice streams 
could increase the ice sheet contributions 
substantially, but quantitative projections 
cannot be made with confi dence (see Section 
10.6.4.2). The land ice sum in Table 10.7 
includes the effect of dynamical changes in 
the ice sheets that can be simulated with a 
continental ice sheet model (Section 10.6.4.2). 
It also includes a scenario-independent term 
of 0.32 ± 0.35 mm yr–1 (0.035 ± 0.039 m in 
110 years). This is the central estimate for 
1993 to 2003 of the sea level contribution 
from the Antarctic Ice Sheet, plus half of that 

from Greenland (Sections 4.6.2.2 and 5.5.5.2). We take this as 
an estimate of the part of the present ice sheet mass imbalance 
that is due to recent ice fl ow acceleration (Section 4.6.3.2), and 
assume that this contribution will persist unchanged.

We also evaluate the contribution of rapid dynamical 
changes under two alternative assumptions (see, e.g., Alley et 
al., 2005b). First, the present imbalance might be a rapid short-
term adjustment, which will diminish during coming decades. 
We take an e-folding time of 100 years, on the basis of an 
idealised model study (Payne et al., 2004). This assumption 
reduces the sea level rise in Table 10.7 by 0.02 m. Second, 
the present imbalance might be a response to recent climate 
change, perhaps through oceanic or surface warming (Section 
10.6.4.2). No models are available for such a link, so we assume 
that the imbalance might scale up with global average surface 
temperature change, which we take as a measure of the magnitude 
of climate change (see Appendix 10.A). This assumption adds 
0.1 to 0.2 m to the estimated upper bound for sea level rise 
depending on the scenario (Table 10.7). During 2090 to 2099, 
the rate of scaled-up antarctic discharge roughly balances the 
increased rate of antarctic accumulation (SMB). The central 
estimate for the increased antarctic discharge under the SRES 
scenario A1FI is about 1.3 mm yr–1, a factor of 5 to 10 greater 
than in recent years, and similar to the order-of-magnitude 
upper limit of Section 10.6.4.2. It must be emphasized that we 
cannot assess the likelihood of any of these three alternatives, 
which are presented as illustrative. The state of understanding 
prevents a best estimate from being made.

Sources	  of	  SLR	  and	  (some	  of)	  their	  
uncertain:es	  

IPCC	  AR4	  (2007)	  
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Hu & Deser (2013)!

level change is not incorporated in climate models. Efforts
have been made to count this effect [Mitrovica et al., 2009]
although it has proven to be difficult [Kopp et al., 2010].
Therefore, here we focus on the contribution of the dynamic
and diagnosed thermosteric components of sea level change
only and refer to their sum as the total sea level change.

2. Model and Experiments

[6] The version of CCSM3 used here consists of
Community Atmospheric Model version 3 at 2.8! horizontal
resolution and 26 levels in the vertical, Parallel Ocean
Program at 1! horizontal resolution with enhanced meridional
resolution to 0.32! at the equator and 40 levels in the vertical,
Community Sea Ice Model version 5 with elastic-viscous-
plastic dynamics, and a land surface model Community
Land Model, all described in Collins et al. [2006]. Each of
the 40 ensemble members begins at the end of the same 20th
century CCSM3 simulation and is subject to the identical
GHG, stratospheric ozone, solar, and aerosol forcings during
2000–2060 [Deser et al., 2012a]. In these simulations, the ini-
tial ocean, sea ice, and land states are identical, but the initial
atmospheric conditions are perturbed by selecting atmospheric

states on different days between December 1999 and February
2000 from the 20th century simulation (further details on the
experimental design are provided in Deser et al. [2012a];
perturbing the ocean initial state may increase the uncertainty
sampled here.). Each of the 40 realizations represents a plausi-
ble outcome of climate change in the presence of internal
variability over the next 50 years, and their spread represents
the irreducible uncertainty of the predicted future climate
[see Deser et al., 2012b].

3. Results

[7] Figure 1 (and Table S1 in the supporting online mate-
rial) shows the ensemble spread of the mean SLR averaged
over the last 20 years of the integration period (2041–2060)
relative to the reference interval 1980–1999 at selected
coastal cities. Although global mean SLR is almost identical
among the different ensemble members (11" 0.2 cm),
regional SLR can vary by a factor of 2 or more at many loca-
tions around the globe. For example, the projected range in
SLR is: 4.3–9.6 cm at San Francisco, 4.1–10.3 cm at Los
Angeles, 10.2–20.8 cm at Boston, 3.5–7.2 cm at Buenos
Aires, 6.5–12.1 cm at Hong Kong, 4.6–16.0 cm at

Figure 1. Simulated change in sea level (cm) between the periods 2041–2060 and 1980–1999 at selected coastal cities from
the 40-member CCSM3 ensemble. The top panel shows the city locations, color-coded by region. The bottom panel shows the
sea level changes using the same regional color-coding, with open circles for each of the 40 ensemble members and filled
circles for the ensemble mean.

HU AND DESER: SEA LEVEL RISE AND INTERNAL VARIABILITY
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Causes	  of	  regional	  SLR	  uncertainty	  
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•  Dynamical	  ocean	  circula:on	  (stochas:c	  
variability,	  wind	  and	  buoyancy	  changes)	  

•  Ice	  sheet	  gravita:onal	  effects	  
•  Ini:al-‐value	  uncertainty	  as	  well	  as	  trend	  
uncertainty	  



Methods	  of	  uncertainty	  quan:fica:on	  
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•  Mul:-‐model	  ensembles	  
•  Expert	  elicita:on	  
•  Semi-‐empirical	  SLR	  modeling	  
•  Kinema:c	  ice	  discharge	  scenarios	  
•  Perturbed-‐physics	  ensembles	  
	  



Mul:-‐model	  uncertainty	  (SeaRISE)	  

11	  

Bindschadler et al. (2013)!

38 
 

 1243 
Figure 15.  Model predictions of change in ice volume above floatation (VAF) for the R8 1244 
combination experiment (defined in text) for the Greenland (left) and Antarctic (right) ice 1245 
sheets. Two cases for the UMISM Greenland model are included; one with all forcings 1246 
and one where basal melting changes were not applied.  Dotted lines represent model 1247 
results where basal melt changes were not included.  None of the dotted results are 1248 
included in the Average. 1249 

Table 4 reflects the widening spread with time of the model projections expressed as sea 1250 
level equivalent.  A mean contribution to increased sea-level of 22.3 cm from ice loss in 1251 
Greenland is projected after 100 years.  The singularly large VAF loss predicted by the 1252 
UMISM model at 100 years is responsible for the relatively high maximum value at that 1253 
epoch; all other models are tightly clustered about a slightly smaller value of 11.4 cm.  1254 
By 200 years, the UMISM model’s predictions are more in line with the other models, 1255 
most of which have begun to dramatically increase their loss of VAF, so that with a very 1256 
similar spread, the mean sea level contribution has increased to 53.2 cm.  At 200 years, 1257 
the pace of climate forcing and the rate at which melt rates increase both reduce 1258 
considerably.  Following this transition, the UMISM model markedly decreases its rate of 1259 
VAF loss; however the IcIES, AIF and SICOPOLIS models do not respond similarly, 1260 
maintaining relatively high rates of VAF loss for the remaining three centuries.  By the 1261 
end of the experiment at 500 years, the spread has grown to a sea-level equivalent of 1262 
nearly 4 meters, bounded by the unresponsive ISSM and very responsive IcIES models.  1263 
The mean loss of VAF at the experiment’s conclusion is over 2 meters of sea-level 1264 
equivalent.  We repeat the caveat that these estimates of sea level change are in addition 1265 
to either any ongoing rates of change or any delayed changes caused by changes 1266 
occurring prior to the January 1, 2004 start of the R8 experiments. 1267 

 1268 
Table 4. Projections of ice-sheet contributions to global mean sea level, in meters, from 1269 
the R8 experiment at 100, 200 and 500 years in the future. Models that do not include all 1270 
three forcings (specified in the text) are not included in the table.  1271 

 1272 
! !! 100! !! !! 200! !! !! 500! !!

! MIN! MEAN! MAX! MIN! MEAN! MAX! MIN! MEAN! MAX!

GREENLAND! 0.045! 0.223! 0.663! 0.096! 0.532! 0.889! 0.181! 2.016! 4.097!

ANTARCTICA! 0.000! 0.081! 0.144! 0.087! 0.267! 0.520! 0.195! 1.505! 2.456!

1	  m	  SLR	  
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Model	  sensi:vity	  experiments	  may	  
give	  bounds,	  but	  are	  they	  useful?	  
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3.5	  m	  SLR	  
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 1063 
Figure 13.  Results of model average VAF change for all Antarctic experiments.  Each 1064 
suite of experiments is shown in a common color with the mildest, intermediate and 1065 
extreme experiments drawn by a solid, dashed and dotted line, respectively.  The average 1066 
value of the M3 experiments is -34.5 x 1014 m3 at 500 years. 1067 

For Antarctica, the climate forcing experiments produce the weakest response, slightly 1068 
negative in the early decades, reversing to slight VAF gain throughout the remainder of 1069 
the 500 years.  The strongest response is to experiments prescribing the intermediate and 1070 
extreme increase to the basal melting of ice shelves.  For some models without explicit 1071 
ice shelves, the increased melt rate is imposed at the edge of ice sitting in the ocean.  The 1072 
VAF losses for these strongest response experiments vastly exceed those calculated for 1073 
the Greenland ice sheet.  This is not surprising given the large areal extent of Antarctic 1074 
ice shelves into which most major outlets discharge.  Because the VAF is not affected by 1075 
loss of ice shelves and less affected by the loss of ice sitting in deep marine basins, it is 1076 
the inland propagation of thinning triggered and driven by these large melt rates that 1077 
generate the large losses of VAF.       1078 

The magnitudes of changes in VAF for the sliding amplification experiments lie between 1079 
the average gains of the climate experiments and losses of the melting experiments and 1080 
are roughly three times larger than those for the sliding experiments for Greenland (cf., 1081 
Figure 8).     1082 

The VAF lost in the melting and sliding experiments is so much larger than the growth of 1083 
the climate experiments that net VAF loss is predicted in each of the three combination 1084 
experiments.  Figure 13 strongly suggests that this would be true had even the most 1085 
extreme of the climate scenarios (C3: 2*A1B) been used.   1086 
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Figure 1 | Shaded relief maps of Antarctica and Greenland showing regions of enhanced flow (in colour) and areas of the ice sheets grounded below sea
level (hatched). Also shown are regions discussed in the text. JI refers to Jakobshavn Isbrae, a glacier that doubled in velocity during the late 1990s7.

The survey was repeated for two purposes: to assess whether and
how views had evolved, and to obtain a measure of the stability of
question responses where experts stated their view had not changed.
In the second survey, participants were asked not to revisit their
original survey responses and, in all cases, stated they had not done
so. Of the 26 experts originally approached 14 responded to the
first survey, and 13 of these repeated the second survey. Each expert
was classified as an observational scientist, or a modeller to explore
whether any systematic differences exist between these disciplines
for any of the questions.

For each question, separate answers were requested for the
EAIS, WAIS and GrIS because, as explained above, the drivers,
processes and threshold behaviour may differ for each. Key find-
ings are reported in Supplementary Table S1 expressed as pa-
rameters of probability density functions (PDFs) obtained from
weighted combinations of the elicitation responses (see Methods).
Figure 2 shows the PDF of the aggregated rate of sea-level rise
(SLR) at year 2100, based on the expert group judgement for
future climate change. Range graph plots, showing the experts’
credible ranges and best estimate values, together with the equal
weights and performance-based weighted solutions obtained by
pooling, are given in Supplementary Figs S1–S8. Here we focus
on the PDFs resulting from the Monte Carlo analysis, described
in the Methods.

Figure 2 provides an estimate of themedian total SLR rate at year
2100 (5.4mmyr�1) and the variability due to uncertainty on the
contributions from the three ice sheets. In terms of the resulting
PDF properties, there is a remarkably strong correlation between
outcomes from the original and repeat surveys (0.988), despite some
experts stating that their views had changed. This demonstrates
a collective robustness in such elicitations, also seen in other
instances10. Whilst the PDF central tendency is not influenced by a
few experts expressing changed views through revised quantiles, the
upper tail of the distribution is affected marginally, being extended
to slightly higher values in the 2012 survey. Examination of the
range plots (Supplementary Fig. S7) indicates a substantial increase
in the upper limit for the contribution of theWAIS from one survey
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Figure 2 | The PDF for the rate of SLR due to ice-sheet contributions by
year 2100. Plotted in red is the PDF for the 2010 elicitation and in green for
2012. The 90% probability range is indicated by the vertical red and blue
lines. This, and subsequent PDFs, are based on experts’ judgments about
future climate change. Views were also obtained for fixed temperature
increases of 2 and 4 �C by 2100 and are provided in Supplementary
Table S2.

to the next (10.5–16.9mmyr�1), but with the expected central value
remaining almost unchanged. This indicates a growing view that a
significant marine ice-sheet instability in the WAIS could initiate
in the coming century.

The SLR rate distribution is non-Gaussian (Fig. 2), with a long
upper tail. For this reason themedian is amore appropriate estimate
of central tendency than the mean and has a lower value (5.4 versus
6.9mmyr�1 for the 2012 survey). Much larger rates, however,
presumably due to threshold behaviour such as mentioned for
the WAIS (ref. 15), cannot be ruled out. In fact, the pooled
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linearity of Eq. 1 breaks down in a warmer climate. Such

non-linear conditions must have been prevailing during the
rapid deglaciation*14,600 years ago (Meltwater pulse 1A)

where sea level rose by*20 m in less than 500 years

(Weaver et al. 2003). By treating future temperatures as
scenarios we effectively decouple them from the sea level

model, and possible feedbacks that sea level may have on

temperature are not taken into account. E.g. higher sea level
is likely associated with greater ice loss which may influence

global climate through albedo changes and changes to the

fresh water flux to the world oceans.
We model future sea level rise using the IPCC AR4

(Meehl et al. 2007) projections of global mean surface
temperature for six scenarios. Additionally we model the

sea level response to a temperature scenario (T0) where T is

kept constant at the 1980–1999 average. The IPCC confi-
dence intervals fall well below the range of projections;

Table 2 shows that all IPCC scenarios produce sea level

rise about a factor of three smaller than our predictions, the
insets in Fig. 7 show the projected sea level rise under the

IPCC A1B temperature scenario. The projections in

Table 2 are largely independent of the response time (see
Fig. 6 and Table 3). We illustrate this robustness by

comparing the projected sea level obtained assuming an

immediate response time (as in Gornitz et al. 1982, but zero
time lag), and an infinite response time (as in Rahmstorf

2007). The projections resulting from these two simple

models calibrated using naı̈ve ordinary least squares agree
qualitatively with the results from the four parameter

model. The main difference between the projections from

the three different inversion experiments (Table 2) can be
traced to the memory of LIA temperatures (Fig. 6d). The

Moberg et al. (2005) reconstruction has a colder LIA than

that of Jones and Mann (2004) and the Moberg experiment
results in a lower sea level for the projection period. In the

Historical experiment late nineteenth century sea level is

much below equilibrium (Fig. 6c) which suggests that it
is coming out of an LIA which was colder than that in

Moberg et al. (2005), and hence does not match any

reconstructions of global paleo-temperature.
The striking difference between the IPCC AR4 projec-

tions and those presented here (Table 2) naturally leads to

Table 2 Projected sea level rise 2090–2099 for the IPCC scenarios

A1B A1FI A1T A2 B1 B2 T0
a

Moberg 0.91–1.32 1.10–1.60 0.89–1.30 0.93–1.36 0.72–1.07 0.82–1.20 0.21–0.38

Jones and Mann 1.21–1.79 1.45–2.15 1.18–1.76 1.24–1.83 0.96–1.44 1.09–1.62 0.29–0.49

Historical only 0.32–1.34 0.34–1.59 0.32–1.32 0.32–1.37 0.30–1.10 0.31–1.22 0.22–0.44

Imm./Inf.b 0.8/0.8 1.2/1.0 0.7/0.8 1.0/0.8 0.6/0.7 0.7/0.8 0.0/0.3

IPCC 0.21–0.48 0.26–0.59 0.20–0.45 0.23–0.51 0.18–0.38 0.20–0.43

Range is 5–95 percentiles
a T0 is a scenario with no temperature rise
b Imm./Inf. refers to the projections assuming an immediate/infinite response time and with model parameters obtained from ordinary least
squares (i.e. not using C)

Fig. 7 Projected sea level based on IPCC scenario A1B using
temperature reconstructions of a Jones and Mann (2004) and b
Moberg et al. (2005). Empirical likelihood distribution of sea level
from 2 million inverse Monte Carlo ensemble. Thin black line
median, dark grey band one standard deviation, light grey band 5–95
percentiles. Thick black line reconstructed GSL (Jevrejeva et al. 2006)
extended to 1700 using Amsterdam sea level (van Veen 1945). Box
shows IPCC A1B estimates 2090–2100 (see Table 2). Insets show the
projections and fits to the GSL data in greater detail

A. Grinsted et al.: Reconstructing sea level from paleo and projected temperatures 200 to 2100 AD 469
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Seq = aT + b
dS / dt = −(S − Seq ) / τ
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Figure 6. For two gauges among the six used in figure 5, we compare the uncertainty bounds when including confidence intervals only
from the extreme value analysis (left panels, as in figure 5) and the uncertainty bounds when also including the uncertainty in sea level rise
projections (right panels).

The extreme value theory framework allowed us to
use a fairly short but high frequency and nearly complete
record to provide estimates of return levels of storm surges—
incorporating weather and tide effects—for multidecadal
return periods, together with their uncertainties. We then
incorporated semi-empirical estimates of sea level rise out
to 2050, together with their confidence bounds. The latter
have their main sources in models’ uncertain projections of
temperature increases over the same period and depend on
an empirically fitted relation between temperature changes
and sea level rise rates. An additional level of approximation
has to be introduced when we use the difference between
the historical rates of SLR as observed at the local and
global scale and we apply a constant bias correction to future
modelled rates to project future relative SLR.

A future approach to reducing some of this uncertainty,
and extracting more information from the historical record,
would be to disentangle the influence of tides from the
historical water level record. This would substantially increase
the signal-to-noise ratio in the storm record, and allow future
projections to be made through the careful combination of
separate storm surge and tide level probability distributions.

We also note that our model assumes that the nature
of extreme water levels will remain constant in the future.
Other studies have used dynamically modelled storm surges
under different scenarios to assess possible future changes
in the statistics of extremes for limited localities (see

e.g. Cayan et al 2008, McInnes et al 2009, Purvis et al
2008). Of course, those studies also have to assume that
the climate model representation of the future drivers of
coastal storms is reliable, and we could refer to our discussion
of the uncertainties in local sea level rise projections to
defend the rationale for our ‘all-else-being-equal’ approach
to characterizing the effects of SLR on high water events.
Also, see Thompson et al (2009) for a comparison of
statistical and dynamical approaches’ pros and cons in an
analysis focused on the Canadian North Atlantic coast. Other
studies have looked at changes in statistical characteristics
of observed storm surges, with mixed results. We already
mentioned Menéndez and Woodworth (2010), where changes
of the parameters of the extreme value distributions were
found to be significant for locations around the globe, while
more focused studies (e.g. Zhang et al 2000) do not support
significant changes in storm intensity or frequency. Perhaps
most importantly, at the base of this assumption is the
consideration that the dominant effect over changing flood
risks will be likely carried by mean water level changes rather
than changes in storm variability. In this respect, however, we
also need to point out that our approach does not account for
the nonlinear effect of deeper water (higher mean sea levels)
on storm surges created by a diminished bottom friction at
locations along shallow coasts. This is also an effect that only
dynamical models could address.

Finally, we want to stress that the estimates of sea level
rise rates are based on model simulations that do not aim at

9
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the ALL simulations (orange lines). With the Z11 baseline,
median SLR is almost doubled (!9 cm) by extrapolations of
present-day mass losses in WA, yet the large positive present-day
mass balance of East Antarctic basins in Z11 offsets WA ice loss.
East Antarctic basins exhibit a slightly negative mass balance in
R08, resulting in a 3-cm (60%) higher median SLR projection
for the entire ice sheet if R08 is used as a baseline.
Upper-bound projections. The choice of the exceedance probability
that corresponds to an upper bound is subjective; here; we dis-
cuss outcomes with a 10% and 1% chance of exceedance (the
endpoints of the whiskers in Fig. 3D), noting that 1% may be
significantly higher than the flood protection mandates of some
end-users of SLR projections (27). These probabilities bracket
the upper bound of the “very likely” range used by the In-
tergovernmental Panel on Climate Change (95th percentile/5%
chance of exceedance; ref. 28).
If only B15 is included, a linear growth rate is assumed, and

a 10% chance of exceedance is chosen to represent the upper
bound, the Antarctic SLR contribution is !8.7 cm (filled gray box
in Fig. 3D). Using the R08 baseline and σb = 0.5μ15, this upper
bound increases to 12.6 cm when all of WA’s basins (blue lines)
or to 15.5 cm if the entire ice sheet (ALL, orange lines) is in-
cluded. A lower exceedance probability substantially increases

the upper-bound SLR contribution from basins subject to un-
certain future discharge. With σb = 0.5μ15, if the upper bound is
given by an outcome with a 10% chance of exceedance, non-B15
basins contributes 3–8 cm (up to 50% of the total Antarctic SLR
contribution). With a 1% chance of exceedance, the contribution
from non-B15 sources is 8–13 cm.
Upper-bound projections may be higher than those shown in

Fig. 3 if: (i) discharge growth rates are more uncertain; (ii)
discharge growth is strongly and/or widely correlated between
drainages; or (iii) a low exceedance probability is specified. In
Fig. 4, we examine the non-B15 SLR contribution over a wide
range of discharge growth assumptions, using the R08 baseline.
Results using the Z11 dataset, the WA set of basins, and alter-
nate growth rate distributions are shown in Figs. S1–S4.
With no uncertainty in non-B15 basin discharge (σb = 0.0), the

90th-percentile SLR projection is 2.9 cm higher than the upper
bound derived if only B15 is included in projections (circles).
This incremental contribution increases by !1 cm for each sub-
sequent 0.1% y"1 rise in growth rate uncertainty. As ρr increases

(gray symbols in Fig. 4), this sensitivity
!#ΔSL

#σb jρr
"
is enhanced over

all σb; other basins are increasingly less likely to provide com-
pensating mass gains. The sensitivity of SLR to changes in σb is

Linear
Square 
root

Quadratic

A B

C

D

Fig. 3. Discharge projections and sea level contri-
bution for B15 and non-B15 basins. In A, dashed
lines show fits to linear (dark gray) and square root
and quadratic (light gray) growth laws. The 10th to
90th percentile range for each growth law over the
period of extrapolation is shown with shading
(Materials and Methods). In B, 2000–2100 10th–
90th-percentile ranges of discharge are shown for
non-B15 WA basins and all non-B15 basins using the
R08 baseline (σb = 0.5μ15 = 0.73% y"1). Solid lines
show the present-day accumulation (196 GT y"1 for
B15, 924 GT y"1 for non-B15 WA basins, and 1,866
GT y"1 for all non-B15 basins). (C) Probability dis-
tributions of 2000–2100 Antarctic sea level contri-
bution for B15 (gray lines), non-B15 WA basins
(blue), and all non-B15 basins (orange). Dashed lines
use the Z11 baseline. In D, box plots show the
probability distribution using (solid) R08 and (hol-
low) Z11 baselines for B15, WA and B15, and all
Antarctic basins. Circles indicate the median SLR
projection, thick lines show 10th–90th-percentile
ranges, and whiskers extend to the 1st- and 99th-
percentile SLR outcome.
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the ALL simulations (orange lines). With the Z11 baseline,
median SLR is almost doubled (!9 cm) by extrapolations of
present-day mass losses in WA, yet the large positive present-day
mass balance of East Antarctic basins in Z11 offsets WA ice loss.
East Antarctic basins exhibit a slightly negative mass balance in
R08, resulting in a 3-cm (60%) higher median SLR projection
for the entire ice sheet if R08 is used as a baseline.
Upper-bound projections. The choice of the exceedance probability
that corresponds to an upper bound is subjective; here; we dis-
cuss outcomes with a 10% and 1% chance of exceedance (the
endpoints of the whiskers in Fig. 3D), noting that 1% may be
significantly higher than the flood protection mandates of some
end-users of SLR projections (27). These probabilities bracket
the upper bound of the “very likely” range used by the In-
tergovernmental Panel on Climate Change (95th percentile/5%
chance of exceedance; ref. 28).
If only B15 is included, a linear growth rate is assumed, and

a 10% chance of exceedance is chosen to represent the upper
bound, the Antarctic SLR contribution is !8.7 cm (filled gray box
in Fig. 3D). Using the R08 baseline and σb = 0.5μ15, this upper
bound increases to 12.6 cm when all of WA’s basins (blue lines)
or to 15.5 cm if the entire ice sheet (ALL, orange lines) is in-
cluded. A lower exceedance probability substantially increases

the upper-bound SLR contribution from basins subject to un-
certain future discharge. With σb = 0.5μ15, if the upper bound is
given by an outcome with a 10% chance of exceedance, non-B15
basins contributes 3–8 cm (up to 50% of the total Antarctic SLR
contribution). With a 1% chance of exceedance, the contribution
from non-B15 sources is 8–13 cm.
Upper-bound projections may be higher than those shown in

Fig. 3 if: (i) discharge growth rates are more uncertain; (ii)
discharge growth is strongly and/or widely correlated between
drainages; or (iii) a low exceedance probability is specified. In
Fig. 4, we examine the non-B15 SLR contribution over a wide
range of discharge growth assumptions, using the R08 baseline.
Results using the Z11 dataset, the WA set of basins, and alter-
nate growth rate distributions are shown in Figs. S1–S4.
With no uncertainty in non-B15 basin discharge (σb = 0.0), the

90th-percentile SLR projection is 2.9 cm higher than the upper
bound derived if only B15 is included in projections (circles).
This incremental contribution increases by !1 cm for each sub-
sequent 0.1% y"1 rise in growth rate uncertainty. As ρr increases

(gray symbols in Fig. 4), this sensitivity
!#ΔSL

#σb jρr
"
is enhanced over

all σb; other basins are increasingly less likely to provide com-
pensating mass gains. The sensitivity of SLR to changes in σb is
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Fig. 3. Discharge projections and sea level contri-
bution for B15 and non-B15 basins. In A, dashed
lines show fits to linear (dark gray) and square root
and quadratic (light gray) growth laws. The 10th to
90th percentile range for each growth law over the
period of extrapolation is shown with shading
(Materials and Methods). In B, 2000–2100 10th–
90th-percentile ranges of discharge are shown for
non-B15 WA basins and all non-B15 basins using the
R08 baseline (σb = 0.5μ15 = 0.73% y"1). Solid lines
show the present-day accumulation (196 GT y"1 for
B15, 924 GT y"1 for non-B15 WA basins, and 1,866
GT y"1 for all non-B15 basins). (C) Probability dis-
tributions of 2000–2100 Antarctic sea level contri-
bution for B15 (gray lines), non-B15 WA basins
(blue), and all non-B15 basins (orange). Dashed lines
use the Z11 baseline. In D, box plots show the
probability distribution using (solid) R08 and (hol-
low) Z11 baselines for B15, WA and B15, and all
Antarctic basins. Circles indicate the median SLR
projection, thick lines show 10th–90th-percentile
ranges, and whiskers extend to the 1st- and 99th-
percentile SLR outcome.
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uncertain across non-B15 basins. To aid the physical interpre-
tation of the variance, we present uncertainty in non-B15 basin
discharge growth as a fraction of the historical mean growth rate
of B15. For example, with σb = 0.5μ15, a non-B15 basin has a less
than 3% chance of experiencing 100-y sustained discharge growth
rates greater than B15’s 30-y linear trend (22).
Ice discharge in different basins may be linked via internal

dynamics or shared boundary conditions. Here, two plausible sta-
tistical representations of spatially correlated discharge growth
are examined by assigning a correlation coefficient at a regional
(ρr) or a continental scale (ρa). Regions are roughly designated by
the continental shelf seas into which discharge occurs. This cor-
relation structure represents an assumption that regional oceanic
forcing is a trigger for dynamic change (17). A continental cor-
relation implies larger-scale linkages, perhaps due to changes in
surface air temperatures and precipitation, or widespread ocean
warming (19).
The sensitivity of SLR projections to discharge originating

outside of B15 is assessed by performing MC simulations with

different σb, ρr, and ρa for aggregations of basins in West Ant-
arctica (WA) and the entire Antarctic ice sheet (ALL) (Fig. 2).

2. Results
2.1. B15 Contribution to Sea Level. With constant accumulation,
extrapolations of B15 discharge (Fig. 3A) give a median 2000–
2100 SLR projection of !5 cm for a linear discharge growth law
(dark gray lines in Fig. 3 C and D) and 3 and 14 cm for square
root and quadratic laws, respectively (light gray lines). The
spread of SLR projections is broadened by uncertainty in the fit
(for example, a linear extrapolation gives a 10th–90th-percentile
range of 1.1–8.7 cm). However, the nature of the growth law,
particularly if quadratic growth is plausible, is the dominant
uncertainty examined here. Although the Z11 and R08 baselines
differ, the effect of these datasets on projections of B15 is small
due to offsetting differences in accumulation and discharge
(Table 1).

2.2. Non-B15 Contribution to Sea Level. When non-B15 basins are
subject to an uncertain dynamic response, they increase SLR
projections by: (i) translating the SLR distribution toward higher
values, if discharge growth rates are positive or the present-day
mass balance is negative, and (ii) widening the spread of the SLR
distribution, if discharge growth rates are uncertain. The con-
tribution of non-B15 basins is isolated in Fig. 3C, using the R08
(solid) and Z11 (dashed) baselines, with σb = 0.5μ15 and no
spatial correlation in discharge growth rates.
Median projections. Because non-B15 basins are assumed to have
normally distributed, zero-centered, discharge growth rates, their
contribution to median SLR ("0.1 to 4.0 cm) is a 100-y contin-
uation of any present-day mass imbalance and is determined by
the choice of observational baseline (Fig. 3C). Both observa-
tional baselines indicate mass loss is dominated by drainage
basins in the Antarctic Peninsula and the Amundsen Sea Sector
(basins 15–18); the WA simulations (blue lines) thus result in
a comparable (R08)—or higher (Z11)—median 2100 SLR than

Fig. 1. Schematic of the methodology used in this paper, with black arrows
illustrating the process, and the probabilistic component highlighted in the
shaded box. Dashed lines indicate an either/or choice of covariance struc-
ture, and observations are shown in boxes with a grey background. For
comparison, the process used in previous scenario-based SLR projections (3,
11) is shown with gray arrows.
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Fig. 2. Eighteen drainage basins (b) for which mass balance projections are
calculated separately. Thin, dashed outlines indicate basin divides; thick
outlines indicate the regions (r) of the ice sheet over which discharge growth
rates are correlated in this analysis. Non-B15 West Antarctic basins include
basins 1, 13, 14, and 16–18. See Table 1 for more details.

Table 1. Baseline accumulation (A2000) and discharge (Q2000) in
the 18 basins (b) and 5 regions (r) of the ice sheet in this analysis

Accumulation Discharge

r b R08 Z11 R08 Z11

1: Weddell Sea
1 165 165 169 155
2 100 100 81 78

2: East Antarctica
3 50 50 53 49
4 32 32 33 30
5 62 62 62 60
6 115 115 116 63
7 87 87 91 83
8 137 137 148 125
9 261 261 270 222

10 136 136 138 109
11 62 62 65 33

3: Ross Sea
12 89 89 76 54
13 130 130 96 87

4: Amundsen Sea
14 128 44 151 144
15 196 159 260 247
16 71 53 120 111

5: Antarctic Peninsula
17 77 58 84 82
18 157 157 178 178

Basin boundaries (and numerical identifier) are defined according to ta-
ble 4 in ref. 15 (Z11), except basin 16 (corresponds to 16.1), basin 17 (corre-
sponds to 16.2), and basin 18 (corresponds to 17).

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1214457110 Little et al.

Q =Q0[1+ a(t − t0 )
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Discharge	  growth	  law:	  
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Figure 1 |A schematic illustration of the methodology used to generate mass-balance projections for Antarctica. Rectangles indicate prior mass-balance
assumptions, diamonds indicate physical or statistical models used to convert priors into posterior SLR projections, and ovals indicate projections of
sea-level components. More details are presented in Methods. Grey arrows indicate the relationship between the Antarctic mass-balance projections
developed in this paper and SEM projections of SLR.
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Figure 2 |Mass-balance projections, and comparison with previous work. a, 1990–2099 projections of the cumulative Antarctic ice-sheet mass loss,
using the base-case assumptions described in Table 1. Grey shading indicates the 5–95th percentile range of unweighted projections. Blue shading indicates
the 5–95th percentile range when individual Monte Carlo realizations are weighted by their agreement with observations (see Methods). b, Projections of
cumulative ice loss by 2100 for the base case and, as described in text, three extreme changes in key assumptions. In all box plots, circles are median
projections, and bars show 5–95th ranges. Also included are estimates of the Antarctic contribution to SLR from recent EIS and SEM projections. For EIS
projections, triangles correspond to ref. 2 and squares correspond to ref. 6; red symbols indicate high-end or severe scenarios, and green symbols represent
more moderate ice-loss scenarios. For SEM analyses, triangles correspond to ref. 5, diamonds correspond to ref. 4 and squares corresponds to ref. 3. Red
bars represent the range of 95th percentile values for all calibrations and Greenland/Antarctica ice-loss partitions ranging from 1:1 to 2:1 (see Methods).

example, rapid disintegration of an ice shelf and/or ungrounding
from bedrock16,24,25) that are difficult to predict and inadequately
modelled at present16. Although abrupt changes are not included
in our base-case projection, we examine the sensitivity of our
projections to a sustained step change in discharge (collapse) by
assigning a constant annual collapse probability in PIG and B15R
until (and if) it occurs (see SupplementaryDiscussion).We then use
a selection of published scenarios to bound the resulting discharge

(2–8⇥ present-day SMB)2,6,26, which is held constant to 2100
(Supplementary Fig. S4).

When propagated through theMonteCarlomass-balancemodel
(blue lines in Fig. 1), the basin-specific distributions of discharge
growth presented in Table 1 give a base-case 5th–95th percentile
Antarctic mass change of �14.7–12.6 cm SLR equivalent by 2100
(grey shading in Fig. 2a). The range widens considerably with time,
underscoring the role of discharge uncertainty in century-long
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Figure 2 |Mass-balance projections, and comparison with previous work. a, 1990–2099 projections of the cumulative Antarctic ice-sheet mass loss,
using the base-case assumptions described in Table 1. Grey shading indicates the 5–95th percentile range of unweighted projections. Blue shading indicates
the 5–95th percentile range when individual Monte Carlo realizations are weighted by their agreement with observations (see Methods). b, Projections of
cumulative ice loss by 2100 for the base case and, as described in text, three extreme changes in key assumptions. In all box plots, circles are median
projections, and bars show 5–95th ranges. Also included are estimates of the Antarctic contribution to SLR from recent EIS and SEM projections. For EIS
projections, triangles correspond to ref. 2 and squares correspond to ref. 6; red symbols indicate high-end or severe scenarios, and green symbols represent
more moderate ice-loss scenarios. For SEM analyses, triangles correspond to ref. 5, diamonds correspond to ref. 4 and squares corresponds to ref. 3. Red
bars represent the range of 95th percentile values for all calibrations and Greenland/Antarctica ice-loss partitions ranging from 1:1 to 2:1 (see Methods).

example, rapid disintegration of an ice shelf and/or ungrounding
from bedrock16,24,25) that are difficult to predict and inadequately
modelled at present16. Although abrupt changes are not included
in our base-case projection, we examine the sensitivity of our
projections to a sustained step change in discharge (collapse) by
assigning a constant annual collapse probability in PIG and B15R
until (and if) it occurs (see SupplementaryDiscussion).We then use
a selection of published scenarios to bound the resulting discharge

(2–8⇥ present-day SMB)2,6,26, which is held constant to 2100
(Supplementary Fig. S4).

When propagated through theMonteCarlomass-balancemodel
(blue lines in Fig. 1), the basin-specific distributions of discharge
growth presented in Table 1 give a base-case 5th–95th percentile
Antarctic mass change of �14.7–12.6 cm SLR equivalent by 2100
(grey shading in Fig. 2a). The range widens considerably with time,
underscoring the role of discharge uncertainty in century-long
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projections. The median SLR of �1.1 cm is in agreement with
projections of a modest mass gain by Antarctica if changes in
discharge are not expected7.

This prior probability distribution is updated by applying an ob-
servational constraint12 on the 1992–2010 cumulative continental
mass balance (orange lines in Fig. 1; see Methods). The updating
process weights mass-balance baselines and discharge growth rates
(see Supplementary Discussion, Figs S2 and S6), resulting in a
narrowed range of projections; the median and 95th percentile
projections of ice loss increase to 2.4 and 13.3 cm, respectively (blue
shading in Fig. 2a). This weighting has only a weak influence on
upper bounds, but the likelihood of a sea-level fall decreases to
less than 15%, primarily because negative continental mass-balance
baselines are strongly favoured.

In Fig. 2b, we compare our base-case projections with EISs
and SEMs. Although the probability of individual EISs is unclear,
their low to moderate Antarctic ice-loss projections fall within
or near our weighted base-case range. The upper bounds of EIS
analyses are substantially higher than our projections, driven by
their underlying assumption of collapse in PIG and/or B15R.
Comparison with SEM projections remains clouded by the
uncertain partition between SLR sources over their historical
calibration, and the widely varying upper bounds obtained from
different studies and when alternative data sets are used for
calibration. However, after we apply a partition to their 95th
percentile projections (see Methods), SEMs imply a higher upper-
bound Antarctic ice loss (⇠14–65 cm, denoted by red bars in
Fig. 2b) than our base case. With a 2:1 Greenland/Antarctica
partition, the mean upper bound across the analyses included in
Fig. 2 is approximately 27 cm. With a 1:1 partition, the mean upper
bound is approximately 40 cm.

At the coarse scale examined here, changes in three assumptions
lead to 95th percentile ice-loss projections that are compatible
with SEM and EIS upper bounds: positive shifts in discharge
growth rate distributions (including their form and range, and
the set of basins to which they apply)10; increased inter-basin
spatial correlation10; and abrupt, persistent, collapse. Each of
these assumptions embodies different prior beliefs about plausible
changes in ice dynamics and/or underlying physical processes, and
has substantially different implications on regional and continental
ice discharge (Supplementary Figs S4 and S5).

In Fig. 2b, we present probability distributions of Antarctica’s
mass balance associatedwith extreme changes in these assumptions.
First, we increase the correlation coefficient of discharge growth
rates across all ice-sheet basins to 1. Next, the discharge growth
rate distribution for all marine-based drainage basins in East and
West Antarctica (where sustained increases in discharge are more
physically justifiable)16,27,28 is shifted upwards by the historical
trend in PIG discharge (µPIG = 1.85% yr�1). We then increase
the probability of an abrupt change in PIG and B15R discharge
to 8⇥ SMB to 1: an immediate collapse. Although spatially
correlated discharge growth increases the spread of SLR projections,
its influence on upper bounds is limited relative to increases
in the likelihood of higher discharge in many drainage basins
and/or abrupt collapse.

To more clearly assess the dynamic implications of higher upper
bounds, we use this probabilistic framework to work backwards
towards sets of discharge assumptions that reach 27 and 40 cm SLR
equivalent ice loss with a 5% chance of exceedance (Fig. 3). Reach-
ing either upper bound without collapse requires high discharge
growth across many Antarctic drainage basins. To reach a 27 cm
upper bound (Fig. 3a), the prior distribution of discharge growth
rates in all marine-based basinsmust be increased by approximately
0.9% yr�1 (black circle), reflecting an expectation of discharge
growth half of that observed for PIG over more than 40% of the ice-
sheet area (with much higher growth rates possible in every basin).
Reducing the spatial extent of enhanced discharge implies higher
growth rates. For example, if discharge in East Antarctic basins is
assumed to be encompassed by our base-case assumptions, a 27 cm
upper bound requires a positive shift of 1.5% yr�1 in the growth
rate distribution of every West Antarctic basin, giving a 95–99.5%
chance of an increase in discharge (Supplementary Fig. S7).

Collapse in PIG and/or B15R decreases the requirement for
widespread discharge growth. Without changes in our base-case
assumptions in marine-based basins, a 27 cm upper bound for
Antarctica is achieved with a certain, instantaneous, increase of PIG
and B15R discharge to ⇠5⇥ SMB (blue circle), or a 1% annual
chance of collapse (equivalent to a 60% cumulative probability
before 2100) with a discharge ⇠8⇥ SMB (blue triangle). With a
1% annual collapse probability and discharge 5⇥ baseline SMB, this
upper bound is reached with an increase in discharge growth rates
of 0.4% yr�1 (blue star).
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Although our base-case projections suggest that SEM upper
bounds are, in general, biased high, the wide range of SEM pro-
jections, and the uncertain fraction derived from Antarctica, pro-
hibit an absolute statement regarding their validity. However, we

judge that the unique bedrock morphology25,27 and oceanographic
environment29 of regions undergoing rapid ice loss, projections
of gradual changes in climate around the margins of Antarctica16,
and the sensitivity of ice loss to climate observed in other mod-
elling studies11,16,30 do not support a sustained and widespread
increase in discharge. This judgement, in turn, implies that the
additional Antarctic SLR implied by SEM upper bounds is derived
from regional collapse.

In this analysis, we do not attempt to assign a likelihood to
collapse; however, we suggest that any abrupt, sustained changes in
discharge implied by SEMs are: inconsistent with their linearized,
temperature-dependent, model; unlikely to be captured by their
historical calibration; and unlikely to be well represented by their
smooth representation of future SLR. Higher SEM upper bounds
imply a larger amount of ice loss through regional collapse and are
therefore more likely to be inconsistent. This conclusion applies
to more SEM analyses if a larger fraction of SEM upper bounds is
derived from Antarctica (as in Fig. 3b).

A complete reconciliation with SEMs requires the inclusion of
all SLR sources (for example, Greenland ice-sheet mass changes and
thermosteric SLR). In the short term, the importance of the unique
fingerprints of each SLR source to local sea-level change8 suggest
that research should prioritize projections of individual sources. As
these sources are included in this framework, improved SEMs may
be introduced as a constraint on global mean SLR.

Unlike SEMs, EISs explicitly consider a localized collapse,
however, they do not specify its likelihood. The pronounced
sensitivity of upper bounds to annual collapse probabilities below
1% (Fig. 4 and Supplementary Fig. S7) underscores the need
to quantify very low-probability events if increases in discharge
are high and sustained; otherwise, upper bounds (such as those
presented in earlier EISs) remain relatively uninformative.

In the absence of robust data or appropriate models, collapse
probabilities may be assessed using formalized expert elicitation28

based on physically based criteria (for example, climate model
simulations, bedrock morphology or palaeoclimate evidence).

Table 1 | Base-case discharge assumptions, and resulting (weighted) sea-level contribution by basin.

Basin name Basin ID Growth rate (µb±�b) Median 95th percentile
(⇥1.85%yr�1) SLR (cm) SLR (cm)

WAIS

Amundsen Sea (⇢ =0.2)
PIG (Pine Island) 15 1990–2008: 1.0 ± 0.68 1.5 2.4

2009–2099: see Methods
B15R (Basin 15) 16 0.69 ± 0.31 3.2 5.5
ABT (Abbot) 17 0 ± 0.25 0.9 2.0
GTZ (Getz) 14 0 ± 0.50 2.5 6.0
Ross Sea (⇢ =0.2)
East Antarctic 12 0 ± 0.25 �1.0 0.1
West Antarctic 13 0 ± 0.50 �1.4 0.7
Weddell Sea (⇢ =0.2)
East Antarctic 2 0 ± 0.25 �0.9 0.1
West Antarctic 1 0 ± 0.50 �0.2 3.5
Antarctic Peninsula
AP 18–19 0.25 ± 0.25 2.4 5.7

EAIS (⇢ =0.1)

Non-marine-based 3–6 0 ± 0.25 �1.2 1.2
Marine-based 8–11 0 ± 0.50 �2.3 2.5
Amery 7 0 ± 0.25 �0.2 0.9

The probability of collapse (pc) is zero. In all basins, a SMB growth rate of 0.189 ± 0.011% yr�1 is applied; ⇢ = regional correlation coefficient. WAIS, West Antarctic Ice Sheet; EIAS,
East Antarctic Ice Sheet.
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Figure 2.  Hindcasts and projections of global thermosteric sea level rise (SLR) derived 386!

from the climate model ensemble.  A. Comparison between estimated thermosteric SLR (in 387!

centimeters) from observations (Domingues et al. 2008) (black line) referenced over the data 388!

period, and the modeled range for the uppermost 700 meters.  Gray shading represents the full 389!

ensemble range.  Blue shading indicates the calibrated range, which excludes ensemble 390!

members with climate sensitivities outside the 99% range of our prior distribution (Figure 1).  391!

We apply an additional constraint that restricts the ensemble to members that are, on average, 392!

positioned within two standard deviations error for the observed time series (dashed black 393!

lines). B.  Time series of the modeled global average thermosteric SLR integrated over the full 394!

ocean.  Gray and blue shading is consistent with Figure 2A.  The black vertical bar represents 395!

the IPCC range of thermosteric SLR projections for the A1FI scenario (Meehl et al. 2007, 396!

Table 10.7), and the red horizontal line denotes the thermosteric component in Pfeffer et al 397!
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Figure 3.  Frequency of observed and projected flooding close to the Port of Los Angeles 404!

(PoLA).  The red circles are the observed PoLA hourly sea-level anomalies (with respect to 405!

the annual mean) from 1920 to 2008 (Lempert et al. 2012), plotted as a survival function (1 406!

minus the cumulative density function).   The black curve is a statistical model fit to 407!

anomalies greater than 1200 mm, using a Generalized Paretal Distribution (GPD).  The green 408!

and blue curves represent the projected shifts in the GPD fit for 2100 following increases in 409!

global mean sea-levels of 2 and 2.25 m, respectively.  The dashed black vertical line denotes 410!

the height of a hypothetical sea wall constructed to protect against 2 meters of mean sea-level 411!
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•  Deep	  uncertainty	  is	  likely	  to	  remain	  
•  As	  usual,	  sensi:vity	  analysis	  will	  remain	  
important	  when	  full	  uncertain:es	  not	  
available	  

•  Need	  to	  make	  contact	  between	  “top-‐down”	  
approaches	  (e.g.,	  global	  elicita:on,	  semi-‐
empirical)	  and	  “bogom-‐up”	  approaches	  (e.g.,	  
process	  modeling,	  regional	  elicita:on)	  

Ways	  forward	  in	  SLR	  uncertainty	  

25	  



•  Semi-‐empirical	  methods	  could	  be	  biased,	  hard	  to	  
diagnose;	  separa:on	  of	  processes/:mescales?	  

•  Model	  ensembles	  (mul:-‐model,	  perturbed	  
physics)	  can	  help,	  but	  in	  infancy	  for	  uncertainty	  
analysis	  

•  For	  now,	  could	  do	  worse	  than	  expert	  elicita:on	  
for	  ice,	  but	  for	  future:	  

•  Need	  to	  make	  contact	  between	  “top-‐down”	  
approaches	  (e.g.,	  global	  elicita:on,	  semi-‐
empirical)	  and	  “bogom-‐up”	  approaches	  (e.g.,	  
process	  modeling,	  regional	  elicita:on/kinema:cs)	  

Ways	  forward	  in	  SLR	  uncertainty	  
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•  Probabilis:c	  bogom-‐up	  approach	  is	  one	  way	  
forward,	  can	  elaborate	  with	  informa:on	  from	  
process	  modeling	  or	  regional	  empirical	  
methods	  

•  Or	  opposite	  direc:on:	  	  parameterize	  process	  
models	  with	  empirical/reduced	  dynamics	  

•  Not	  discussed:	  	  climate	  change	  impacts	  on	  
extremes	  (hurricanes,	  sea-‐ice/storm	  
feedbacks,	  …)	  

Ways	  forward	  in	  SLR	  uncertainty	  
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