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Figure 4. Daily average precipitation (mm/day) (shading) and 10 m wind (arrows) in (a, b) the December, January, and
February (DJF) and (c, d) June, July, and August (JJA) seasons, separated between (a, ¢) Greenland and (b, d) Antarctica.

The longest arrows correspond to approximately 10 m/s. Data are adopted from the Regional Atmospheric Climate Flgure 6. GrIS surface melt and resulting runoff versus refreezing as simulated by Regional Atmospheric Climate Mode
Model version 2.3 (van den Broeke et al., 2017; van Wessem et al., 2018). version 2 (Noél et al., 2017).
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Flgure 9. (a) Antarctic ice sheet surface velocity. (b) Greenland ice sheet surface velocity. Figures are reproduced with permission from Mouginot et al. (2017).
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FAQ13.1, Figure 2 | Model output showing relative sea level change due to
melting of the Greenland ice sheet and the West Antarctic ice sheet at rates of
0.5 mm yr-' each (giving a global mean value for sea level rise of 1 mm yr-').
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Flgure 13. Schematic illustration showing the impacts of ice sheet, viscoelastic, and gravitational model coupling
on simulated sea level change. (a) An initial, equilibrium ice sheet (gray), solid Earth (brown), and ocean (blue)
configuration. (b) Only the ice sheet and viscoelastic Earth models are coupled, so that a reduction in ice thickness
(eg., via a mass balance perturbation) leads to uplift of the bedrock beneath the Ice sheet and a uniform increase
In sea level (dashed black lines Indicate Initial reference surfaces). (c) When a gravitation model Is also coupled,
simulated ice sheet mass loss also leads to a simulated sea level drop proximal to the ice sheet and SLR far from
the Ice sheet (solid red line), relative to the case with no gravitational coupling (dashed red line). The image has
been reproduced with permission from de Boer et al. (2017).
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Fyke, et al, 2017, Rev. Geo
P —— Flgure 3. Summary of family of interactions (I) between ice sheets with other components of the Earth system:
- atmosphere (I), ocean (l,), sea ice (I;), and the solid Earth (1,). These interactions, along with interactions between
R other Earth system components (g, o, si, and g), give rise to feedback loops (F). Feedback loops include those between
KERODOZE L, KT - BEOEH) & BIZ(CEAZR L TLD the ice sheets and the atmosphere (F,), ocean (F,), and solid Earth (). In addition, feedbacks likely exist that transit
multiple Earth system components (F,). Finally, internal (F;) ice sheet feedbacks also exist.
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Flgure 12. Ice evolution in Tasermiut Fjord, southern Greenland, between 2009 and 2015. Note that retreat of Tasermiut
Sermeq (red arrow) from a marine to a terrestrial terminus. The red star in the red box on the inset map denotes the
location of the fjord. Image courtesy of Mauri Pelto/American Geophysical Union.
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Table 13.2 | Surface mass balance (SMB) and rates of change of SMB of the Greenland ice sheet, calculated from ice-sheet SMB models using meteorological observations and
reanalyses as input, expressed as sea level equivalent (SLE). A negative SLE number for SMB indicates that accumulation exceeds runoff. A positive SLE for SMB anomaly indicates
that accumulation has decreased, or runoff has increased, or both. Uncertainties are one standard deviation. Uncertainty in individual model results reflects temporal variability (1
standard deviations of annual mean values indicated); the uncertainty in the model average is 1 standard deviation of variation across models.

Time-Mean SMB Anomaly (With Respect
Time-Mean SMB Rate of Change of SMB to 1961-1990 Time-Mean SMB)®
Reference and Model® 1961-1990 1991-2010 mm yr' SLE
mm yr-' SLE mm yr2 SLE
1971-2010 1993-2010 2005-2010
RACMO2, Van Angelen et al. (2012), 11 km RCM -1.13+030 0.04 +0.01 0.07+033 0.23+0.30 0.47+0.24
MAR, Fettwes et al. (2011), 25 km RCM -1.17031 0.05+0.01 012038 036033 064022
PMMS, Box et al. (2009), 25 km RCM -098+0.18 002001 000019 010£0.22 023021
ECMWFd, Hanna et al. (2011), 5 km PDD 077027 002001 002028 012027 024019
SnowModel, Memild and Liston (2012), 5 km EBM 054021 0.03 +0.01 0.09+0.25 0.19+0.24 0.36+0.23
Model Average -0.92+0.26 0.03 +0.01 0.06 +0.05 0.20£0.10 0.39+0.17
Notes:

# The approximate spatial resolution is stated and the model type denoted by PDD = positive degree day, EBM = Energy Balance Model, RCM = Regional Climate Model.
®  Difference from the time-mean SMB of 1961-1990. This difference equals the sea level contribution from Greenland SMB changes if the ice sheet is assumed to have been near zero mass balance
during 19611990 (Hanna et al., 2005; Sasgen et al., 2012).
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Figure 13.5 | Annual mean surface mass balance (accumulation minus ablation) for the Greenland ice sheet, simulated by five regional climate models for the period 1960-2010.
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GRACE Observations of Greenland Ice Mass Changes  GRACE Observations of Antarctic Ice Mass Changes
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+ 1975-1979 : GEOS 3 (Brooks et al., 1978 Nature)
- 1978 1 SEASAT (zwally et al., 1983 JGR) 1993-2010:-121+28 Gt / year

+ 1991-2011 : ERS-1/ERS-2 zwaly et al., 2005 2005-2010:-229+61 Gt / year
J. Glaciol.) (IPCC, 2013)

+ 2002-2012 : Envisat (Horwath etal., 2012 Geophys

J.Int.)

+ 2003-2009 : ICESat (pritchard et al., 2009 Nature)
- 2010- : CryoSat-2 (Heimetal, 2014

Cryosphere)

1993-2010: -97+28 Gt/ year

2005-2010:-147+61 Gt / year
(IPCC, 2013)
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=/ N Z8 <A \ b 1 sphere—Ocean General Circulation Model (AOGCM) historical integrations end in 2005; projections for RCP4.5 are used for 2006-2010. The modelled thermal expansion and
ﬁ < ﬁi' 75 ﬁlﬁ] éh—c L 6 ° 100 West Antarctica] 4 ~ glacier contributions are computed from the CMIP5 results, using the model of Marzeion et al. (2012a) for glaciers. The land water contribution is due to anthropogenic intervention
P 02 \Ei only, not including climate-related fluctuations.
1,000 = 0 I o £
-2 5 £ Source 1901-1990 1971-2010 1993-2010
& 02 2
) 0 3 -100 [l ‘g Observed contributions to global mean sea level (GMSL) rise
- 04 8
2 3 -1 TH B H Thermal expansion = 0.8[05t01.1] 1.1[08101.4]
2 1,000 200 i o6 & § . .
a 4 250 2R ER RN i Glaciers except in Greenland and Antarctica® 0.54[0.47 t0 0.61] 0.6210.25 t0 0.99] 0.76[0.39t0 1.13]
L) 1818 " 1817
g’ 2,000 R 300 o8 Glaciers in Greenland® 0.15[0.10 t0 0.19] 0.06 [0.03 to 0.09] 0.10[0.07 t0 0.13]
2, 6
£ .
° == Antarctica o 200 . East Antarclica s :L; Greenland ice sheet - - 0.33[0.25t0 0.41]
g —-3,000 #== West Antarctica i E Antarctic ice sheet - - 0.27[0.16 t0 0.38]
= ” =1 <
East Antarctica 10 T § Land water storage 0.1 [-0.16 to~0.06] 0.12[0.03100.22] 0.38(0.26 0 0.49]
_4,000F == Antarctic Peninsula 5 o o 32
' . IMBIE 2012 12 et £ Total of contributions - = 28[23t03.4]
5,000 3100 g Observed GMSL rise 1.5[13t01.7] 20[1.7t0 23] 3.2[2.8103.6]
1990 1995 2000 2Y005 2010 2015 2020 -200 00 § Modelled contributions to GMSL rise
fear
”‘“"ggo o0e 5000 5008 2070 Sore 2020 Thermal expansion 0.37[0.06 t0 0.67] 0.96 [0.51 to 1.41] 1.49[0.97 t0 2.02]
Table 1 | Rates of ice-sheet mass change Voar
19921997 Glyr ) 19972000 Gty ) 20022007 Gy ) 20072012 Gy 20122007 Gy ) g1 | Antarcti e Sheet ol Ateer . Glaciers except in Greenland and Antarctica 0.63[0.37 t0 0.89] 0.62[0.41 t0 0.84] 0.78[0.43 t0 1.13]
ig. 1 | Antarctic Ice Sheet mass balance. a—c, Rate of mass change
vEﬁ\Ss 7;132 7513; 7;323 713133 (dMJdt)of the APIS (a), WAIS (b) and EAIS (0, a determined from the Glaciers in Greenland 0.07 [-0.02 t0 0.16] 0.10[0.05 t0 0.15] 0.14[0.06 t0 0.23]
APIS 7413 —6+13 _20%15 Z35+17 various satellite-altimetry (purple), input-output-method (blue) and Total including land water storage 1.0[0.5 to 1.4] 1.8[1.3t02.3] 2.8[2.1t03.5]
Als —49+67 3864 7353 ~160 50 gravimetry (green) assessments included in this study. In each case, .
od i or e EAS WATSand APIS whih cAsThe  dMJdtis computed from time series of relative mass change using a Residual 0.5[0.1t0 1.0] 0.2[-0.4 to 0.8] 0.4[-041t01.2]
hieh e e s 20 Sty forthe WAIS, =20+ it three-year window at annual intervals. An average of estimates across Notes:

each class of measurement technique s also shown for each year (black).

‘The estimated 15, 20 and 3¢ ranges of the class averages are shaded in
dark, mid and light grey, respectively; the number of individual
mass-balance estimates collated at each epoch is shown below.

= Data for all glaciers extend to 2009, not 2010.

®  This contribution is not included in the total because glaciers in Greenland are included in the observational assessment of the Greenland ice sheet.
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Global mean sea level rise (m)
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Global mean sea level will continue to rise during the 21st century (see Figure SPM.9). Under
all RCP scenarios, the rate of sea level rise will very likely exceed that observed during 1971
to 2010 due to increased ocean warming and increased loss of mass from glaciers and ice
sheets. {13.3-13.5}
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Table 13.5 | Median values and /ikely ranges for projections of global mean sea level (GMSL) rise and its contributions in metres in 20812100 relative to 1986—2005 for the four
RCP scenarios and SRES A1B, GMSL rise in 2046-2065 and 2100, and rates of GMSL rise in mm yr- in 2081-2100. See Section 13.5.1 concerning how the likely range is defined.

Semi emplrlcal modell J:%)%,,Jl

Greenland ice-sheet SMB®
Antarctic ice-sheet SMB<
Greenland ice-sheet
rapid dynamics

Antarctic ice-sheet

rapid dynamics

Land water storage

0.05[0.02100.12)
~0.03 [0.06 10 ~0.01]
0.04(0.01 10 0.06]

0.07 [0.01 t0 0.16]

0.04 [-0.01 t0 0.09]

0.03[0.0110.0.07)
~0.02 [-0.04 0 -0.00]
0.04[0.01 10 0.06]

0.07 [-0.01 0 0.16]

0.04 [-0.01 t0 0.09]

0.04[0.01 10 0.09]
~0.02 [0.05 0 -0.01]
0.04[0.01 10 0.06]

0.07 [0.01t0.0.16]

0.04 [-0.01 t0 0.09]

0.04[0.01t00.09]
~0.02 [-0.05 to~0.01]
0.04[0.01 0 0.06]

0.07 [0.01 0 0.16]

0.04 [-0.01 t0 0.09]

SRES A1B RCP2.6 RCP4.5 RCP6.0 RCP8.5
‘Thermal expansion 0.21[0.16 10 0.26] 0.14[0.10100.18] 0.19[0.14100.23] 0.19[0.15100.24] 027[0.21100.33]
Glaciers® 0.14[0.08t00.21] 0.10 [0.04 t0 0.16] 0.12[0.06 t0 0.19] 0.12[0.06 10 0.19] 0.16[0.09 10 0.23]

0.07[0.03100.16)
~0.04[-0.07 0 -0.01]
0.05[0.02100.07)

0,07 [0.01t0.0.16]

0.04 [-0.01 t0 0.09]

Global mean sea level

level rise in 2100

il 052[0.37100.69] 0.40 [0.26 10 0.55] 0.47 0320 0.63] 0.48(033 10 0.63] 063 [0.45 10 0.82]
Greenland ice sheet 0.09[0.05100.15] 0.06 [0.04100.10] 0.08[0.04100.13] 0.08[0.04100.13] 0.120.07 t0021]
Antarctic ice sheet 0.04[0.05100.13] 0.05 003 100.14] 0,05 [0.04100.13] 0.05[0.04100.13] 0.04[-0.06100.12]
Ice-sheet rapid dynamics 0.10[0.03100.19] 0.10[0.03100.19] 0.10[0.03100.19] 0.10(0.03 100.19] 0.120.03 10 0.20]
Rate of global mean 81(5.1t011.4] 44[2.0106.8] 6.1[3.510838] 74[4710103] 1.2[75115.7]
sea level rise

Global mean sea level

e e 027[0.1910034] 0.24[0.1710032] 026 0.1910033] 0.25[0.18100.32] 030[0.220038]
okl men e 0.60 [0.42 t0 0.80] 0.44[0.28 10 0.61] 053036 t00.71] 055 [0.38 10 0.73] 0.74[0.52 10 0.98]

Only the collapse of the marine-based sectors of the Antarctic ice sheet, if initiated, could cause GMSL to rise substantially above the likely range during the 21st century. This potential
additional contribution cannot be precisely quantified but there is medium confidence that it would not exceed several tenths of a meter of sea level rise.
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B Total sea level
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Hig'h scenarioé: > 700 pprr'\ CO2

T

Meldium scena}ios: 500—7b0 ppm CO‘

2

- Low scenarios; <500 pprnl CO2

2100

2300
Year

2400 2500

From To 5%
Scenario SRES A1B
IPCC ARS® 1990 2100 022 037 0.50
IPCC AR4*® 19%0 2100 022 0.43 0.65
IPCC ARS (also in Table 13.5) 199 2100 0.42 0.60 0.80
Rahmstorf (2007a)° 1990 2100 — 0.85 —
Horton et al. (2008)* 2000 2100 0.62 074 088
Vermeer and Rahmstorf (2009) 1990 2100 0.98 124 156
Grinsted et al. (2010) with Brohan et al. (2006) 1990 2100 032 0.83 134
temperature for calibration
Grinsted et al. (2010) with Moberg et al. (2005)
temperature for calibration 19% 2100 091 112 132
Jevrejeva et al. (2010) with Crowley et al. (2003)
forcing for calibration 30 2100 053 @3 S
Jevrejeva et ag {20_10) with Goosse et al. (2005) 1990 2100 060 07 115
forcing for calibration
Jevrejeva et al. (2010) with Tett et al. (2007) 1990 2100 0.87 115 1.40
forcing for calibration
Scenario RCP4.5
IPCC ARS (also in Table 13.5) 1986-2005 2081-2100 032 0.47 063
Grinsted et al. (2010) calibrated with
Moberg et al. (2005) temperature 1986-2005 2081-2100 0.63 0.88 114
Rahmstorf et al. (2012b) calibrated with
Church and White (2006) GMSL 1986-2005 2081-2100 0.79 0.86 0.93
Rahmstorf et al. (2012b) calibrated with .
Church and White (2011) GMSL 1986-2005 2081-2100 057 06 068
Rahmstorf et al. (2012b) calibrated with i
Jevrejeva et al. (2008) GMSL 1986-2005 2081-2100 0.82 0.97 112
Rahmstorf et al. (2012b) calibrated with proxy data 1986-2005 2081-2100 0.56 0.88 124
Jevrejeva et al. (2012a) calibrated with i
G etal (2005) radiative forcing 1986-2005 2081-2100 0.43 0.56 0.69
Jevrejeva et al. (2012a) calibrated with Crow-
ley et al. (2003) radiative forcing 1986-2005 2081-2100 0.48 0.65 0.80
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Fiqure 13.14 | (Left column) Multi-millennial sea level commitment per dearee Celsius of warming s obtained from physical model simulations of ()
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Figure 13.15 | (a) Root-mean square (RMS) interannual dynamic sea level variability
(millimetres) in a CMIPS multi-model ensemble (21 models), built from the historically
forced experiments during the period 1951-2005. (b) Changes in the ensemble aver-
age interannual dynamic sea level variability (standard deviation (SD), in millimetres)
evaluated over the period 2081-2100 relative to the reference period 1986-2005. The
projection data (2081-2100) are from the CMIP5 RCP4.5 experiment.
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Figure 13.20 | Ensemble mean regional relative sea level change (metres) evaluated from 21 CMIPS models for the RCP scenarios (a) 2.6, (b) 4.5, (c) 6.0 and (d) 8.5 between
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Figure 13.25 | The estimated multiplication factor (shown at tide gauge locations by colored dots), by which the frequency of flooding events of a given height increase for (a) a

mean sea level (MSL) ise of 0.5 m (b) using regional projections of MSL for the RCP4.5 scenario, shown in Figure13.19a. 5| The estimated multiplication factor (shown at tide gauge locations by colored dots), by which the frequency of flooding events of a given height i

el (MSL) rise of 0.5 m (b) usina reaional proiections of MSL for the RCP4.5 scenario. shown in Fiure13.19a.
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data (from Figure 13.3), and central estimates and /ikely ranges for projections of global
mean sea level rise for RCP2.6 (blue) and RCP8.5 (red) scenarios (Section 13.5.1), all
relative to pre-industrial values.
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e Based on current understanding, only the collapse of marine-based sectors of the Antarctic ice sheet, if initiated, could
cause global mean sea level to rise substantially above the fikely range during the 21st century. However, there is
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Some observation of rapid retreat of ice shelf and fast flov Marine ice sheet instability (MISI)
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Box 13.2, Figure 1| Schematic of the processes leading to the potentially unstable retreat of a grounding line showing (a) geometry and ice fluxes of a marine ice

2002 1 3 1 Retreat Of 3250 km2 2002 3 1 7 sheet, (b) the grounding line in steady state, (c) climate change triggering mass outflow from the ice sheet and the start of grounding line retreat and (d) self-sustained

retreat of the grounding line.
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Figure 2. Evolution of the Antarctic grounded area as computed by the five models which
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Figure 1 | Antarctic sub-glacial topography and ice sheet features.

a, Bedrock elevations' interpolated onto the 10-km polar stereographic
ice-sheet model grid and used in Pliocene, LIG, and future ice-sheet
simulations. b, Model surface ice speeds and grounding lines (black lines)
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Marine Ice Sheet instability and Marine Ice Cliff instability
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a Time-continuous LIG simulations forced by proxy climatology
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Figure 4 | Future ice-sheet simulations and Antarctic contributions

to GMSL from 1950 to 2500 driven by a high-resolution atmospheric
model and 1° NCAR CCSM4 ocean lemperatures a, Equivalent CO,
forcing applied to the simul 1 g the RCP emission scenarios
in ref. 36, except limited to 8 x PAL (premdusmal atmospheric level,
where 1 PAL=280p.p.m.v.). b, Antarctic contribution to GMSL. ¢, Rate
of sea-level rise and approximate timing of major retreat and thinning in
the Antarctic Peninsula (AP), Amundsen Sea Embayment (ASE) outlet
glaciers, AS-BS, Amundsen Sea-Bellingshausen Sea; the Totten (T), Siple

DeConte and Pollard, 2016, Nature
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Coast (SC) and Weddell Sea (WS) grounding zones, the deep Thwaites
Glacier basin (TG), interior WAIS, the Recovery Glacier, and the deep
EAIS basins (Wilkes and Aurora). d, Antarctic contribution to GMSL over
the next 100 years for RCP8.5 with and without a 4-3 °C adjustment in
ocean model temp inthe A dsen and Bellingsh seas as
shown in Extended Data Fig. 5d. e-g, Ice-sheet snapshots at 2500 in the
RCP2.6 (e), RCP4.5 (f) and RCP8.5 (g) scenarios. Ice-free land surfaces
are shown in brown. h, Close-ups of the Amundsen Sea sector of WAIS in
RCP8.5 with bias-corrected ocean model temperatures.
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o8 Figure 3. (a) Relative sensitivity of each Antarctic catchment to atmospheric forcing, based on the proportion of total ice
i 3 loss arising with a spatially uniform air temperature increase of 8°C. Wilkes and Aurora basins exhibit by far the greatest
% response. (b) Relative sensitivity of Antarctic catchments to oceanic forcing, based on the proportion of total ice loss
arising with a spatially uniform ocean temperature increase of 2°C. The greatest response is evident in Recovery basin.
Figure 1. (3) Continent-wido sax-lovel after yoars. (b-f) (c, d) As Figures 3a and 3b but with the ice loss effect of topography subtracted (see supporting information for details).

Removing the topographic influence on ice loss highlights more clearly the spatial influence of air and ocean forcing.
Orange lines denote grounding-line position at the time slice used for the mass loss calculations (10,000 years).

warming vakuss; Wikes (Figure 1d) and Aurcea (Figure AIS — 5 EAIS — i
basin Figura 1) exhibits 3n sbrupt respor WAIS = West Antarctic ice sheet; EAIS = East Antarctic ice sheet.
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Surface mass balance (Gtyr™")
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> 2°C above pr 5 Antarctic ice sheet:
vsS H L& ety
o | cannot be excluded, which may lead to lrger rates of mass loss, Furthermare, large uncartainties in future projections sill

forcing.

remain, pertaining to . On millennial timescales,
both ice sheets have tipping points at or slightly above the 1.5-2.0 °C threshold; for Greenland, s may lead to irreversible
mass loss due to the surface mass balance-elevation feedback, whereas for Antarctica, this could result in a collapse of major
drainage basins due to ice-shelf weakening.
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Fig. 1| Annual mean surface mass fluxes as a function of global mean temperature anomalies. Temperature anomalies are referenced to the pre-industrial
era (1850-1920). a, GrlS SMB. b, GrlS runoff. ¢, Antarctic SMB. d, Antarctic surface melt. Red colours indicate model realizations of present-day ice sheets
(RACMO2 and MAR forced by ERA reanalysis data). Blue colours indicate model realizations of future ice sheets. In a and b, MAR is forced with CESM-

FBIKRDRURIZX T DI E

Golledge et al, 2015, Nature
Patt}gn et al, 2018, Nature Clim. Change

a
200 — 8
210
7 2200
/ 7
100 4
2300
E 6
— 07 ]
i 3
> 8
3 2500 P
w
8 _100 2
8 3
& 2 4
s 5
2 -]
2 _200 5 2500
k] =
[ 3
o 8
g 3500 E
~300 3
300 g ol 2300
3
)
400 ) 5000 o 2200
2100
-500 T T T T Of=———7 T — T
2 4 6 8 10 2 4 6 8 10
Air temperature anomaly (°C) Air temperature anomaly (°C)

Fig. 4 | AIS stability as a function of the imposed regional annual mean temperature anomaly. a,b, Changes in SMB (a) and SLR contribution (b) for the
AlS relative to 2000 ct as simulated under spatially uniform temperature increases that follow RCP trajectories to 2300 ce and then stabilize®’. Coloured
lines denote different years (ce); data are averages of high and low scenarios, denoting two different grounding-line parameterizations. Grey shading shows
the approximate equivalent global mean temperature anomaly for an Antarctic mean temperature anomaly of 1.5-2.0 °C, accounting for polar amplification.



Tipping points
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Data is from Rignot et al., 2013 (basal melt), WOCE (ocean temp.) 1o
Observations: difference in ocean temperature above
continental shelf is responsible to regional difference in
basal melt rate (Pritchard et al., 2012), due to difference in
shelf water formation in the shelf seas (Petty et al., 2013),
and wind along Antarctic Coast (Hattermann et al., 2012).
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Tipping points
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* Intrusion of warm water onto continental shelves are widely found in the 2xCO2,
while cold and dense shelf water is found in the LGM.
* Appearance of ocean structure depends on regions/background climates
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