The Land-Ice contribution to 21°' Century Dynamic
Sea-Level Rise.

Tom Howard?, Jeff Ridley’, Anne K Pardaens®, Ruud TWL Hurkmans?,
Anthony J Payne?, Rianne H Giesen?®, Jason A Lowe’, Jonathan L
Bamber?, Tamsin L Edwards? Johannes Oerlemans?

1. Met Office Hadley Centre, FitzRoy Road, Exeter, EX1 3PB, United Kingdom.
e-mail: tom.howard@metoffice.gov.uk Tel: +44(0)1392 886678 Fax: +44(0)870 900 5050

2. Bristol Glaciology Centre, School of Geographical Sciences, University of Bristol, University Road,
Bristol, BS8 1SS, UK.

3. Institute for Marine and Atmospheric research Utrecht, Utrecht University, P.O. Box 80005, 3508
TA Utrecht, The Netherlands

Keywords: Sea level. Climate projections. Ice melt. Regional pattern.


mailto:tom.howard@metoffice.gov.uk

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Abstract

Climate change has the potential to influence global mean sea level through a number
of processes including (but not limited to) thermal expansion of the oceans and
enhanced land ice melt. In addition to their contribution to global mean sea level
change, these two processes (among others) lead to local departures from the global
mean sea level change, through a number of mechanisms including the effect on
spatial variations in the change of water density and transport, usually termed

dynamic sea level changes.

In this study, we focus on the component of dynamic sea level change that might be
given by additional freshwater inflow to the ocean under scenarios of 21 century
land-based ice melt. We present regional patterns of dynamic sea level change given
by a global coupled atmosphere-ocean climate model forced by spatially and
temporally varying projected ice-melt fluxes from three sources: the Antarctic ice
sheet, the Greenland ice sheet and small glaciers and ice caps. The largest ice melt
flux we consider is equivalent to almost 0.7 metres of global mean sea level rise over
the 21st century. The temporal evolution of the dynamic sea level changes, in the

presence of considerable variations in the ice melt flux, is also analysed.

We find that the dynamic sea level change associated with the ice melt is small, with
the largest changes occurring in the North Atlantic amounting to 3cm above the global
mean rise. Furthermore, the dynamic sea level change associated with the ice melt is
similar regardless of whether the simulated ice fluxes are applied to a simulation with
fixed CO2 or under a business-as-usual greenhouse gas warming scenario of

increasing CO,.
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1 Introduction

Sea-level rise (SLR) has the potential to lead to substantial impacts on society and
ecosystems (Nicholls et al., 2011). Global mean SLR is comprised of thermal
expansion, additional melt water from changes in land-based-ice mass balance, and
other changes in terrestrial water storage (Church et al., 2011). Projected time-mean
SLR for a particular location consists of a component from the global mean change,
together with a component from changes in the spatial variation of sea level relative to
the global mean (e.g. Milne et al 2009, Pardaens et al 2011). This change in spatial
variation is potentially influenced by the interplay of changes in ocean dynamics and
spatial variations in density of the water column. In addition, a change in the mass
load of the land-based ice affects the sea level pattern through changes to the gravity
field and through the vertical land movement response (giving sea level “fingerprints”

of these changes in ice mass).

The largest uncertainty in projections of SLR to date is in the contribution from land-
based ice melt, in particular related to the enhanced ice sheet dynamics arising from
ocean-ice sheet interactions (Pritchard et al., 2009). Key processes are increases in
basal melt of ice shelves (Pritchard et al., 2012) and marine-terminating glaciers
(Meier and Post; 1987) which lead to their thinning and consequent accelerated

glacial discharge (Stanton et al., 2013).

The evaluation of SLR from ice sheets uses physically-based models to assess the

impact of fast flowing glaciers and ice shelf basal melt. The mass loss associated with
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the atmosphere and ocean interaction with the glaciers fringing the Greenland ice
sheet can be approximated through flow-line models of the major outlet glaciers (Nick
et al., 2013), or included in ice sheet models either as parameterisations of the flow-
line models (Goelzer et al. 2013) or by enhanced basal sliding (Graversen et al. 2011)

to capture the effect of increased glacial outflow.

Projected changes in the patterns of dynamic sea-level (DSL), where this term is used
here to denote the pattern of regional sea level change relative to the global mean,
related to the ocean circulation, have been investigated in a number of studies. DSL is
projected to change under the influence of greenhouse gas warming (e.g. Meehl et al.
2007, Lowe and Gregory, 2006), although there is considerable uncertainty in the
pattern of SLR given by different models for projections under a common emission
scenario (e.g. Gregory et al. 2005, Meehl et al. 2007, Pardaens et al. 2011). Some
DSL studies impose an increase in surface freshwater to the northern Atlantic
(“hosing”), in some cases this additional water is confined around Greenland to
represent additional ice sheet melt (Swingedouw et al., 2013). Many features of DSL
change in the North Atlantic, both in projections under greenhouse gas warming and
in hosing experiments, are related to a weakening of the MOC (e.g. Levermann et al.,
2005;. Meehl et al. 2007; Lorbacher et al., 2010). The amount of weakening varies
substantially across models (e.g. Stouffer et al., 2006; Meehl et al. 2007). The effects
of additional Greenland melt water on North Atlantic, together with ice mass change
fingerprints, indicate that the DSL change associated with MOC slowdown is

dependent on the ice melt geometry (Kopp et al.,2010).
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In this study we develop projections of DSL change associated with new plausible
scenarios of land-based ice melt. We assess two ice melt scenarios developed under
the auspices of the European Union Ice2Sea project, and which include updated
projections of the Glacier and Ice Cap (G&IC) contribution and Greenland and
Antarctic ice sheet freshwater contributions. The ice sheet components are derived
from simplified simulations which include information about likely regions of glacial
dynamic instability. The spatially and temporally varying glacial freshwater fluxes
are applied in simulations with the HadCM3 coupled climate model (Gordon et al.
2000). The objective being to determine the detectability of DSL changes from the
addition of these relatively small freshwater flux anomalies. We consider the role of
this additional freshwater under both pre-industrial radiative forcing and under the
SRES A1B greenhouse gas warming scenario (IPCC, 2000), which is usually

regarded as a medium business-as-usual emissions scenario.

2 Scenarios of ice-melt freshwater flux

Two plausible scenarios are developed to describe changes in fresh water outflow to
the ocean from land-based ice masses changes. For glaciers and ice caps and for
Greenland calving, these are derived from upscaling process-based modelling of the
respective ice masses. The Greenland surface runoff changes are obtained by
downscaling a global climate model projection. The Antarctic ice sheet component is
derived from simplified simulations which include information about likely regions of
dynamical instability. The generation of each component of fresh water outflow in the
scenarios involved the use of climate forcing from an SRES A1B projection by the
ECHAMS coupled climate model (Roeckner et al., 2006), so giving a measure of self-

consistency between the components. The two scenarios are a representative mid-
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range (MR) and an illustrative high-end (HE) scenario. The contributions from each
freshwater component are described in the following subsections; further detail on the

construction of these scenarios can be found in Spada et al.(2013).

The scenario ice mass changes are converted to equivalent freshwater outflow fluxes
(Fig. 1 shows the globally-integrated values). An 11-year smoothing is applied to
simulate temporal and spatial decorrelation of the fluxes. The fluxes are then applied
to the HadCM3 model ocean as anomalies relative to appropriate reference periods
(during which the particular component was assumed to be in steady state). The
freshwater flux anomalies are applied to the nearest of 28 HadCM3 coastal ocean
sectors (16 for G&IC, 5 for Greenland and 7 for Antarctica), and distributed equally

to all gridcells along that sector (see Fig 2).

While these scenarios have been developed using climate projections from a particular
model and under the A1B scenario, the basal sliding perturbations applied to the ice
models to obtain the HE scenario are likely to give a change in melt water flux that
dominates over uncertainties over climate forcing (Bindschadler et al., 2013) The
timing of shorter timescale variability in the scenarios, however, should only be

thought of as illustrative of the sort of ice-mass behaviour that might be obtained.

2.1 Glaciers and Ice Caps melt water component

The glaciers and ice caps (G&IC) component of ice mass change was derived from a
regionalized glacier mass balance model that uses projected temperature and
precipitation anomalies for 19 glacierized sectors (Giesen and Oerlemans, 2013). In

this model, sensitivities of the regional G&IC responses were calibrated using
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automatic weather station data, of temperature and precipitation, for 80 benchmark
glaciers (Giesen and Oerlemans, 2012). This calibrated version of the projected
volume changes (1980-2100) was used for the MR scenario and the HE scenario was
obtained by simply perturbing the melt parameters to the high plausible limit. Only
the equivalent positive fluxes of net-melt-water were transferred to the ocean, with
these assumed, as an approximation, to be solely due to an increase in melt-runoff
rather than from any reduction in accumulation. An approximate G&IC steady state
(with zero flux anomalies) was assumed for 1860, with the calculated fluxes
interpolated back to this point. Fluxes from the ice sheet peripheral G&IC, not directly

attached to the ice sheet, were assigned to the G&IC water flux.

The total sea level equivalent (SLE) of the G&IC freshwater fluxes, for the 2090-2099
period relative to the 1980-1999 period is 0.13 m and 0.22 m for the MR and HE
scenarios, respectively. These estimates are in good agreement with other projections.
Projections for the G&IC component of sea-level rise from the 5" Coupled Model
Intercomparison Project (CMIP5), relative to the 1986-2005 mean at 2100, are: 0.17
m (RCP4.5) to 0.22 m (RCP8.5) (Marzeion et al., 2012). A similarly derived
independent estimate which takes into account dynamic processes, like the thinning
and retreat of marine-terminating glaciers, provides as estimated contribution from

G&IC of 0.10 to 0.25 m to sea level rise by 2100 (Meier et al. 2007).

2.2 Greenland Ice Sheet melt water component
Projected changes in freshwater flux from the Greenland ice sheet surface mass
balance (such fluxes are hereafter referred to as runoff) and from iceberg calving are

considered. The projected runoff anomalies are obtained from a simulation by the
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regional MAR model (Fettweis et al., 2007), which provides a downscaling from the
ERA-Interim reanalysis (1989-2000) and an ECHAMS5 projection (2001-2100)
following the A1B emissions scenario. We do not perturb surface runoff for the HE
scenario, as it is not directly affected by the primary ice dynamics uncertainties. A
model intercomparison (Bindschadler et al., 2013) show that the steady state ratio
between surface mass balance anomaly and ice dynamical discharge flux varies
between 0.25 and 0.9.. A steady state was assumed at 1992, prior to the observed
increase in both the runoff and calving fields. The runoff anomalies applied to the
HadCM3 ocean are relative to a 1989-1995 baseline, centred on this “steady-state”

year.

The Greenland calving contribution to the freshwater flux into the ocean is a function
of the ice sheet dynamics and is calculated from upscaling flow-line simulations for
three outlet glaciers, Jakobshaven Isbrae, Petermann and Helheim (Nick et al., 2013),
to the rest of Greenland. The glacier simulations of Nick et al. (2013) were calibrated
against present-day observations for the MR scenario. The ice sheet sliding at the
bedrock was increased by its two-sigma error estimate to generate new flow-line
simulations for the HE scenario. Upscaling to three coastal sectors, representative of

the three glaciers, was based on the approach of Price et al. (2011).

The 11-year smoothing of the fluxes partly accounts for the fact that the iceberg
discharge may not be synchronous along each coastline sector. The smoothed fluxes,
however, retain significant variability over timescales of a few years (Fig. 1a). The
transient pulses of water are from enhanced calving, which originates from the flow

line simulations of Helheim glacier (Nick et al. 2013), upscaled to the South-East
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Greenland sector. The pulse originates from a temporary instability associated with an
unusually warm local ocean temperature in the particular forcing projection, which is
in line with evidence of an ocean-forced synchronised glacier acceleration in SE
Greenland (Christoffersen et al., 2011) and SW Greenland (Holland et al., 2008) in
the early 2000s. The simplified simulations used here may, however, overemphasize

the degree of synchronicity.

The calving component, referenced to 1992, gives 5 mm (MR) and 56 mm (HE) sea-
level rise by 2100. For comparison, recent modelling of the whole ice sheet (Goezler
et al. 2013) identifies a range of 4 to 12 mm, while Graversen et al. (2011) and Furst
et al. (2013) identify higher-end values of 16 and 45 mm, respectively. However,
these models do not explicitly address the issue of the fast flowing tide-water glaciers
simulated by Nick et al., (2013) where the fast dynamical component is estimated to
be (referenced to the 1986-2005 mean) 85 mm for RCP8.5 and 63 mm for RCP4.5 by
2100. Thus, as a whole, there is considerable uncertainty for the future dynamical
changes to the ice sheet, but our own estimates are arguably at the low end for the MR
scenario. For Greenland, the overall SLE (calving and runoff) for our MR and HE
scenarios is 0.04 m and 0.08 m by 2100, while the fifth Assessment Report of the
Intergovernmental Panel on Climate Change (AR5) medians are 0.08 m for RCP4.5 to

0.12 m for RCP8.5 (Church et al., 2013).

2.3 Antarctic Ice Sheet component of freshwater
For the Antarctic ice sheet, the projected freshwater fluxes into the ocean are assumed
to come from iceberg calving and the marine melt of ice shelves alone (surface runoff

being negligible). These fluxes are derived from the simulations of Ritz et al.

10
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(submitted). The model ice sheet model is not fully coupled with an ocean component,
and consequently grounding line retreat scenarios are imposed on the modelled ice
sheet, taking account of regions of likely dynamic instability. The simulations include
the ice shelf basal melt, leading to rapid ice dynamics, and grounding line retreat,
which leads to marine ice sheet instability (Binschadler, 2006). The resulting 1000-
model ensemble has individual members weighted according to their success in
simulating present-day sea level contribution. The HE estimate is that of a single
member that lies close to the ensemble 99.9% probability threshold for ice mass loss,
while the MR estimate is a single member closest to the maximum likelihood at 2100.
The associated component of SLR, between 2006 and 2100, is 311 mm for HE and 99
mm for MR. For comparison, the SLE (from the rapid ice dynamics alone) for AR5 is

70mm in both RCP 4.5 and RCP8.5.

Time smoothing (11-years) of the Antarctic fluxes is justified because the icebergs
take several years to melt, which would act as a natural smoothing function. The large
transient pulses of freshwater which remain arise from marine ice sheet instability,
with the rapid retreat of the grounding line resulting in large losses of ice. The first
peak is associated with a partial collapse of the West Antarctic ice sheet in the region
of Pine Island, as predicted (Cornford et al., 2013). The final peak occurs with another
partial collapse of the West Antarctic ice sheet in the region of the Filchner Ice Shelf

as depicted in some simulations (Hellmer et al., 2012)..

In accordance with present-day observations (Pritchard et al., 2012) most of the melt

occurs in the Amundsen Sea (west of the Antarctic Peninsula). A steady state is

assumed in 1992, as for Greenland, as this was when the first evidence of instabilities

11
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in the ice sheet was suggested (Doake & Vaughan, 1991; Jacobs et al., 1992) , with

the freshwater fluxes interpolated back to zero anomalies at this time.

2.4 Scenario global total freshwater fluxes

The total SLE for the MR and HE scenarios for 2090-2099 (referenced to 1860-1870)
is 0.26 and 0.57 m, respectively, while from AR5 the median SLR given from all
land-based ice masses is 0.27 m (RCP4.5) and 0.35 m (RCP8.5):. As we noted in
section 2.3, these estimates include the ice sheet rapid dynamics, but not the marine
ice sheet instability (which dominates the SLE at 2100 for the HE scenario) nor the

accumulation on Antarctica.

3 HadCM3 Model formulation

The simulations used in this study to provide projections of sea level patterns under
the ice melt scenarios, are initialised from a long HadCM3 “control” simulation®,
which has fixed pre-industrial radiative forcing (appropriate to 1861). HadCM3
(Gordon et al. 2000; Pope et al. 2000) is a coupled atmosphere-ocean general
circulation model (AOGCM). The atmosphere model has a resolution of 3.75 degrees
longitude by 2.5 degrees latitude with 19 vertical levels. The ocean model has a
resolution of 1.25 degrees longitude by 1.25 degrees latitude with 20 vertical levels.
The sea ice model uses a simple thermodynamic scheme including leads and snow-
cover, with ice advected by the surface ocean current. The ocean model has a rigid lid
surface boundary condition with surface freshwater fluxes applied as a virtual salt

flux; a reference salinity of 35psu is used to avoid a global average salinity drift.

! The standard HadCM3 control simulation was continued, for the purposes of providing a baseline
simulation for the ice flux scenario simulations: this was necessarily on a new computer platform. This
continuation simulation was, however, set up as far as possible to be equivalent to the earlier part of the
control simulation and validation supports this.

12
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Changes in sea surface height are calculated in a post-processing step, using the

method described by Lowe and Gregory (2006).

The standard HadCM3 control simulation ran for more than two thousand years after
initialisation, with the ocean spun-up from rest and with initial potential temperature
and salinity data from the World Ocean Atlas (Levitus et al., 1994; Levitus and Boyer,
1994). HadCM3 simulations have been extensively analysed: for example, the time-
mean ocean quantities in the control simulation (e.g. Gordon et al., 2000; Pardaens et
al., 2003), and aspects of variability (e.g. Vellinga and Wu, 2004). The scenarios of
additional ice-melt flux for this study were applied to both the HadCM3 control
simulations and also to simulations under the SRES A1B greenhouse-gas warming

scenario.

The SRES A1B projection was initialised from a historical period simulation, which
was, in turn, initialised from the control simulation. Radiative forcing changes
appropriate to the period of time-varying greenhouse gas concentration were applied
following the methodology of Forster and Taylor (2006), which offers a simplified
equivalent A1B forcing in terms of CO, alone: these forcings were diagnosed from
the original IPCC Third Assessment Report HadCM3 simulations. The 21 century
changes in sea surface temperature, salinity and DSL in the northern Atlantic were
broadly similar to the climate changes seen under the original HadCM3 A1B

simulation.

There is no explicit representation of iceberg calving in HadCM3, so a time-and-

scenario invariant prescribed water flux is returned to the ocean (Gordon et al. 2000).

13
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This fixed magnitude water flux is calibrated to approximately balance, on a multi-
century timescale, the net snowfall accumulation on the ice sheets under pre-industrial
conditions; it is geographically distributed within regions where icebergs are found
(Gladstone et al., 2001). The prescribed ice-berg freshwater flux amounts to 0.03 Sv
from Greenland, larger than 0.2 Sv estimated from reconstructions (Hanna et al.,
2011), and 0.09 Sv for Antarctica. We leave this term unchanged, as it forms part of
the baseline “equilibrium” state of ice-melt-related freshwater flux. In addition, the
HadCM3 model simulates runoff from the ice sheets which increases with greenhouse
gas forcing, as the surface mass balance changes. The scenarios of ice melt we are
using, however, incorporate their own changes in ice sheet runoff, as derived from the
MAR regional model. To avoid double-accounting for projected changes in surface
runoff, the model-generated runoff is switched off. The baseline climatological
seasonal cycle of runoff, to which the projected anomalies are then added, is derived
from a section of the HadCM3 pre-industrial control simulation.

Glaciers and small ice caps are not explicitly represented in the coarse resolution
HadCM3 model, so the scenario anomalies of freshwater flux from such ice are

simply added to coastal outflow points.

To compensate for model climate drift, locally or in globally-integrated quantities, a
low-pass temporal filter is applied to 600 years of the parallel control simulation. This
filtered signal is taken to be the model drift and we take this into account for our
analyses (Section 4) of changes in DSL and other quantities. However, our results are
not sensitive to omitting this drift compensation, indicating that the amount of drift

over this period is small.

14



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

4 DSL changes induced by scenarios of land-based ice melt under pre-
industrial baseline conditions

In this section we present the change in DSL patterns (i.e. excluding global mean sea
level changes) which are associated with the ice-melt scenarios. To reduce the
influence of unforced variability, the mean of a three-member ensemble with pre-
industrial radiative forcing is analysed. Two members of the ensemble differ in their
initial conditions, these being taken from points on the control simulation separated by
250 years. The third member shares initial conditions with the first, but the model’s
own internal simulation of the pre-industrial baseline runoff from the ice sheets is
treated differently (see section 2.2). We assert that this subtle change in the model
makes a comparable difference to the use of different initial conditions by the time the
strong ice-melt forcing is applied, about a hundred years after initialisation. Evidence
to support this assertion comprises the difference in AMOC behaviour (section 6) and
the difference in the evolution of a simple scalar measure of the DSL change (section

4.2).

The general approach in assessing the simulations is to identify the patterns associated
with the mean DSL change for the mean of the last 100 years of the freshwater
outflow scenarios, when the ice melt is strongest (Fig 1), with respect to the mean of
the first 100 years. A more detailed analysis is carried out for a case study of the
northern Atlantic: the time evolution of the DSL pattern in this region is analysed and
a regression analysis of DSL and of the corresponding temperature and salinity
changes against the melt water forcing is also used to facilitate a mechanistic analysis

of the change.

15
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4.1 Time mean DSL changes

Significant regions of DSL change, averaged over the final 100 years of the HE
scenario, are identified using two criteria: (1) the sign of the forced anomalies at each
model grid point is the same in all three simulations, and (2) the absolute value of the
ensemble-mean change (at each model grid point) is greater than two standard
deviations (2c) of the distribution of 100-year-mean unforced changes from
sequential periods of the control simulation at each grid point. Note that this is a
stricter criterion for the ensemble mean than for the individual forced simulations. No
significant pattern of DSL change is found when these same criteria are applied to a
mean of the final 100 years of the concurrent three sections of control simulation. This
methodology to identify significant changes is based on, but not identical to, that

proposed by Livezey and Chen (1983).

Substantial areas of significant DSL change are found under these criteria for the HE
ice melt scenario (Fig 3). For the ensemble mean (Fig 3a), these areas are primarily in
the North Atlantic, the Arctic and the Southern Ocean. For the North Atlantic the
individual ensemble members each give similar patterns of DSL change (Figs. 3b,c,d).
The impact of these regional deviations on local SLR under the HE scenario is
relatively small, the DSL deviation is about 3 cm in the North Atlantic, whilst the
global mean SLR from ice melt is 57 cm. The size of this contribution is put into the
context of some of the other contributions to regional sea-level change by Howard et

al. (2013),

The fairly small magnitude of the DSL response to our ice melt scenarios is not

inconsistent with that found in the hosing experiments of other studies, once the

16
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different levels of freshwater flux are accounted for. For example Swingedouw et al.
(2013) show DSL impacts of a 0.1 Sv hosing around Greenland averaged over the
fourth decade of hosing for four different models (their figure 16). By the middle of
that decade, the ocean has received 3.5 Sv-years of accumulated anomalous
freshwater forcing from Greenland. By the middle of our averaging period of 2000-
2099, our ocean has received only around 0.6 Sv-years from Greenland (and about 3
Sv-years in total, globally). Taking the minimum-to-maximum sea level height
difference in the North Atlantic as a simple measure of the strength of the ocean DSL
response, the Swingedouw et al. 2013 model intercomparison shows a response of
around 40cm (IPSLCM5); 10cm (MPI-ESM); 25cm (EC-Earth) and 30cm (ORCAOQ5)
Our corresponding value is around 8 cm, which does not seem out of place given the
weaker forcing in our simulation. Our spatial pattern of DSL response in the North
Atlantic lies within the envelope of patterns presented by Swingedouw et al. (2013),
with a maximum sea-level rise around 45N, 30W, and a marked spatial similarity to

the pattern of ORCAO05 (though with different magnitude, as discussed above).

Our HE ice scenario simulations (Fig. 3b,c,d) show patterns of response, albeit weak,
in the tropical pacific, a region where the unforced variability, on 100 year timescales,
is low. In the Southern Ocean the freshwater input is substantial (around 4.5 Sv —years
by the end of the simulation) . Of this, 95% is to the Bellingshausen and Amundsen
Seas, west of the Peninsula, leading to a surface freshening (0.9 psu) and stratification
of the waters near the coast. The stratification leads to a build-up of advected heat in
the intermediate waters down to 1000m (Fig 4) leading to a small thermosteric sea
level rise. This behaviour is in good agreement in the processes described by Stouffer

et al., (2007), with increased incidences of deep convection resulting from the warmer
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deep waters similar to that found by Keeling and Visbeck (2011). With very little
glacial melt in the Weddell Sea region, the stratification there is relatively weak (0.2
psu) until the last decade of the simulation. There is no discernable change in the
Antarctic Circumpolar Current (ACC) volume or freshwater transport though the
Drake Passage (not shown). However, the barotropic stream function of the Weddell
and Ross Sea gyres increases (Fig 4) which is consistent with a drop in the sea level
within each gyre (Fig. 3) to maintain geostrophic balance. A similar effect in the Ross

Sea is offset by the increase in oceanic heat content.

The ocean stratification around Antarctica leads to a fairly uniform and statistically
significant 10% increase in the sea ice cover over the last 50 years of the simulation.
However, despite a considerable freshwater input to the Southern Ocean late in the
timeseries, we do not see a clear link between Southern Ocean and North Atlantic
MOC as suggested by Swingedouw et al (2009). It is possible that the lag in affecting
the MOC in HadCM3 is longer than the 50 years and consequently the freshwater
input to the Southern Ocean would influence the response of the MOC after the end of

the simulation.

The high Arctic also shows a significant fall in DSL, principally in the Beaufort Sea.
This is appears to be linked to an inflow of saline warm water from the Atlantic. The
slight warming of near freezing waters results in an increase in density and subsequent

fall in DSL.

Around Antarctica the additional freshwater input stratifies the ocean, preventing heat

transported into the region at intermediate depths (300-700m) from being released at
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the surface. This leads to an increase in ocean heat content and a small local sea level
rise. A baroclinic change in the Weddell Sea results in a spin-up of the Weddell gyre
and a lowering of sea level there.

Model uncertainty is addressed by comparing our results with the multi-model
comparison of Swingedouw et al. 2013, in which the Atlantic pattern of DSL rise was
linked to the pathway of freshwater leakage from the subpolar to subtropical gyres.
Differences in model asymmetries of the subpolar gyre shape and barotropic stream
function, as well as responses of the MOC, contribute to the uncertainty. Large
uncertainties were found for the DSL response in the Arctic, and attributed to the
transport pathways of Atlantic water, with various effects on the sea ice edge in the
Barents Sea. In their intercomparison, HadCM3 had a relatively large amount of
freshwater leakage from the sub-polar gyre into the Canary current and a relatively
small weakening of the MOC (HadCM3 was not included in their DSL
intercomparison).Our result is similar in magnitude of DSL rise to a transient
simulation with the MIT GCM (Stammer, 2008). That simulation resulted in a more
widespread distribution of water from Greenland melt, with a quite different pattern in
the North Atlantic, but a similarly confined impact on the global oceans from
Antarctic melt.

Stammer et al. (2011) using the University of California Los Angeles model
investigated the response of both a coupled ocean-atmosphere model and an ocean-
only model to enhanced Greenland freshwater forcing of 0.0275 Sverdrups sustained
for 50 years. This forcing is stronger than the Greenland component of our forcing,
but even taking account of this (and even ignoring the other components of our
forcing) Stammer et al. (2011) report a noticeably stronger response in the DSL

pattern than the pattern which we see, particularly in their coupled simulation.
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Further, despite some similarities in the equatorial regions, the Southern Ocean and
most noticeably the Labrador Sea, their pattern of response is generally quite different

to ours.

In the following two subsections, we focus on the pattern of DSL change in the
northern Atlantic, to further examine the mechanisms of change. The ensemble-mean
patterns are similar for the MR and HE ice melt scenarios (unmasked global
correlation coefficient of 0.83, unmasked North Atlantic correlation coefficient of
0.93, and see also Fig 5), but differ in magnitude, with smaller deviations under the
MR scenario. We now consider how the scaling in the response compares with the

scaling in the forcing, by comparing a crude scalar measure of each.

An area-weighted simple linear regression of the unmasked global MR DSL pattern
against the unmasked global HE DSL pattern has a gradient of 0.67 (or 0.63 using the
North Atlantic only). This is our crude measure of the MR:HE scaling in the response.
A crude measure of the scaling in the forcing affecting the North Atlantic is the
MR:HE ratio of the integrated freshwater input over the northern hemisphere through

the period of the simulation. This ratio is 0.63.

Given the similarity of these simple measures of the scaling in the response and
forcing, we scaled the HE DSL pattern by a factor of 0.63 to make a predictor of the
MR DSL pattern. The difference between the MR pattern and the predictor is shown

in Fig 5(c).
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The similarity of the patterns in MR and HE scenarios suggests that the pattern might
be fairly time-invariant over a range of increasing Greenland ice melt; however the
low amplitude of the DSL change makes this difficult to robustly identify, as the
signal only becomes statistically significant in long-term means. Given the similarity
of the identified DSL pattern changes under HE and MR ice melt scenarios (c.f. Fig.

5a, b, ), we assess only the HE scenario in the following subsections.

4.2 North Atlantic case study: time evolution of DSL response to HE ice
melt scenario

In order to study the time evolution of the northern Atlantic DSL response to the ice
melt scenarios (Section 4.1), we project the simulated year-by-year DSL anomaly
(denoted sj(t), where t is year and i is grid point) onto the previously identified
(section 4.1) mean pattern of DSL change for this region (p;), as depicted in Fig. 5a.
The projection z(z), which can be thought of as the component of p; present in s;i(t), is

the scalar product of s;(t) and normalised p; :

- cov(s(t), p) _ D.S(t)pw,

—_—— - 1
RN T RN 32 3 “

The covariance and variance calculations are area-weighted by w;, the area of grid-
point i. This is essentially the technique described as “projecting the data onto the

spatial pattern” by Baldwin et al. (2009, their equation 4.3), except that they further
normalise by ./var(p) to give a dimensionless index. Of the three quantities s;(t), pi

and w;j, only s;j(t) changes year to year. The projection z(z) gives a simple scalar

measure of the time-evolution of the DSL anomaly.
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The relationship of z(z) with the time-varying ice-melt-scenario-flux, is seen by
comparing () with the hemispherically-integrated northern hemisphere freshwater
anomaly (Fig 6). Both the gradual increase, and, arguably, some of the shorter-term
variability of the ice flux are reflected in the evolving z(z) (Fig. 6a). There is no clear
and notable time-lag between z(z) and the variations in ice flux. Both the inter-annual
to decadal variability and ensemble-spread of z(?) are significant compared to the
century-scale change in z(z), consistent with our argument that the dynamic sea level
change associated with the ice melt is small. The two forced ensemble members with
common initial conditions (see section 4) are shown by the red and blue lines in Fig

6(b).

As discussed in section 4.1, the DSL anomalies in the forced simulations are
statistically significant even though they are small. Evidence for the statistical
significance of the time-evolving DSL anomaly as measured by 7(z) is presented in
Fig 7. In brief, this figure shows that z(z) for the forced simulations (broken black
lines) evolves to be well outside the noise of z(z) for the control simulations (red and

blue lines).

In detail, the evidence presented in Fig 7 is as follows. In all four panels, the broken
black lines show the forced signal projected onto the forced pattern. In panels (a) and
(b) we can see that, by this measure, the forced simulations lie outside the noise of the
control simulations. But it could be argued that this is due to circularity in our
procedure: we are projecting the forced simulations onto a pattern derived from the

forced simulations, and the control simulations onto the same pattern. To counter this,
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we show control simulations projected onto a pattern derived from the control
simulations, in panels (c) and (d); (red and blue lines). The message is clearest when
we consider means over three simulations: panel (b) shows that the forced-on-forced
projection evolves outside the noise of the control-on-forced projection. Panel (d)
shows that the forced-on-forced projection evolves outside the noise of the control-
on-control projection. In panels (a) and (c) the unforced variability (noise) is sampled
by the three-member parallel control ensemble only. Using the whole of our long
control simulation (1715 years) we are able to study a larger sample of the noise by
taking sets of three 240-year chunks (with initial times chosen randomly from within
the long control simulation) and treating them in the same manner as the three-
member parallel control ensemble. We created eight such sets: the results are the eight

blue lines in each of panels (b) and (d) in Fig 7.

4.3 North Atlantic case study: patterns of change most strongly
associated with ice melt changes

The ice-melt scenario freshwater fluxes have both an underlying increase over the 21°
century and substantial shorter-period variability (Fig. 1). An alternative approach to
that of section 4.1 for identifying DSL patterns of change associated with the ice melt
is to identify locations where the DSL anomalies are strongly correlated with the
evolution of the ice melt fluxes: this emphasises the part of the signal that is more
strongly associated with the forcing. Such a regression does not explicitly take
account of any lag in the response, but the ice-melt fluxes are smoothed before being

applied and so contain strong autocorrelation.
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The ensemble-average DSL anomaly timeseries fields for the northern Atlantic (80E
to 100W, 15N to 90N) are regressed against the integrated northern hemisphere ice-
melt fluxes. The significance of the resulting patterns (Fig. 8) is obtained by similarly
regressing ensemble-averages of three unforced control simulation sections against
the freshwater fluxes. The resultant ice-scenario forced DSL pattern (Fig. 8) is
spatially similar to that we previously found by considering the 100-year means in
Section 4.1 (Fig 5a). We find that the total northern hemisphere freshwater flux is
more statistically significant than the global flux in explaining the DSL pattern in this

region, indicating a weaker dependence on the southern hemisphere flux.

The northern Atlantic SST and SSS anomalies associated with the ice scenario
variations, identified in the same way, are shown in Figs. 9 and 10. These indicate that
the increases in DSL in the Labrador Sea, the sub-polar gyre and the Arctic coastline
are associated with a surface freshening. Under stronger, more uniform conditions of
northern Atlantic freshwater hosing, similar decreases in SST and SSS in the
surrounds of the UK have been found to be associated with freshwater “leakage”
from the sub-polar gyre (Swingedouw et al, 2013). The wider patterns of change in
North Atlantic SSS and SST are also consistent with, albeit weaker than, those found
in other freshwater hosing experiments with HadCM3 (Kleinen et al., 2009,
Swingedouw et al., 2013). Despite the local freshening and warming patterns in the
North Atlantic and Barents Sea respectively, there are no significant changes to the
sea ice area in our simulation. Hu et al. (2013) used the Community Climate System
Model version 3 to investigate the influence of prescribed rates of melting for the
Greenland Ice Sheet, West Antarctic Ice Sheet, and GIC. The SSS pattern that we find

associated with the ice melt is similar to that observed by Hu et al. (2013) in the North
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Atlantic but their response in the Arctic is of a general freshening rather than the

salinification that we observe.

5 Combined Greenhouse-gas and enhanced future ice-melt projections
of DSL change

To assess the dependence of the DSL response from the additional ice melt scenarios
on background climate, we also applied the HE fluxes to a simulation under the
SRES A1B radiative forcing scenario. The global pattern of DSL change in HadCM3
under a corresponding SRES A1B greenhouse gas scenario without additional ice
melt (Fig 11a) shows particular features which have been described and analysed in
previous studies (Lowe and Gregory, 2006). As noted in the introduction, different
models tend to differ in their pattern and magnitude of DSL change under a common
scenario of greenhouse gas warming, but a number of features tend to be more
common (Yin, 2012). Common features include, for example, a lower-than-global-
mean sea level rise in the Southern Ocean and a greater-than-global-mean rise off the

north east coast of America (Levermann et al., 2005; Yin et al., 2009).

The pattern of DSL change induced by the ice melt scenario alone (Fig 11c), but
under background A1B greenhouse gas warming conditions compares well with that
found when the ice melt scenario is applied under pre-industrial greenhouse gas
conditions (Fig. 3a; the area-weighted correlation coefficient between these two
patterns is 0.73 with no mask applied or 0.94 with the mask of Fig 3a applied). This
similarity of pattern of change under different baseline conditions supports a linear
addition of the effect on DSL of the ice melt scenarios and of other radiative forcing

effects to give a combined pattern of DSL change.
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6 The role of the MOC in ice-melt induced patterns of DSL change

As noted in the introduction, many previous studies have found links between changes
in the Atlantic MOC and patterns of DSL change in the Atlantic. In this section we
estimate the role of Atlantic MOC changes induced under our ice-melt scenarios, in
giving rise to the DSL anomalies we have identified. Given the similarity of the
patterns of DSL change under both pre-industrial and greenhouse gas baseline
conditions (cf Sections 4 and 5), we only analyse this relationship for our pre-

industrial ensemble of experiments.

There is considerable low-frequency unforced variability in the MOC apparent in the
long HadCM3 control simulation (Fig. 12; the two control ensemble members with
common initial conditions (see section 4) are labelled “Ctl” and “Ctl(Clim)”), as has
been described and analysed previously (Vellinga and Wu, 2004; Jackson and
Vellinga, 2013). This variability complicates identification of any changes induced by
the ice melt scenarios. Comparing MOC changes under the HE scenarios and the
concurrent control simulation sections (Fig 13) suggests the additional HE melt water
may be linked to a reduction in MOC strength of up to around 1Sv, but a 3-member
ensemble is insufficient to clearly separate this from the unforced variability. This
magnitude of MOC change is similar to that independently determined under rapid
surface melt of a coupled Greenland ice sheet model in HadCM3 (Ridley et al., 2005),
where the magnitude of the freshwater flux from Greenland is similar to our HE

scenario.
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The potential impact of such a reduction in the MOC strength alone on DSL change in
the northern Atlantic is inferred from a regression of the control simulation DSL
against MOC strength (Fig 14; which can be scaled to give the pattern for a 1Sv
decrease in MOC strength). The DSL changes from the MOC alone are only similar
to that from the ice melt scenario (e.g. Fig. 5) in the Labrador Sea and central Arctic:
they do not, however, match in the Greenland Sea or the central north and NE
Atlantic. Using the unforced control simulation, a regression of the year-to-year
projection of the northern Atlantic DSL variations onto the ice scenario response
pattern (z(z) in Egn. 1, but in this case a projection of the unforced DSL data onto the
forced DSL pattern) on the corresponding unforced MOC has a coefficient of -0.8
cm/Sv. An ice-scenario-induced change to the MOC of about 1Sv might thus
contribute about 0.8 cm (under an assumption of linearity) of the ~2 cm change in the
projection parameter m(t) (Fig 7): it is therefore not likely to be the sole contributor

to the DSL change.

7 Summary and Conclusions

We have used scenarios of projected 21° century land-based ice melt to investigate
the potential dynamical sea level response associated with ice melt alone. We have
created two temporally- and spatially-varying datasets of land-ice melt over the 21
century, one a representative mid-range scenario and the other an illustrative high-
end scenario. The freshwater datasets include simulated melt from mountain glaciers
and ice caps, and input from the major ice sheets. Both the ice sheet surface mass
balance and dynamic changes are included, with a component associated with the
partial collapse of the West Antarctic ice sheet making an appearance at the end of the

21% Century in the high-end scenario. The scenarios are thus designed to represent
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potential timelines of land-based freshwater flux into the ocean, rather than being

sensitivity studies.

We have incorporated these ice sheet freshwater flux scenarios into simulations using
the HadCM3 model, with the additional water inserted into the oceans at coastal grid
cells. A simulation including global warming as well as the ice melt scenario shows a
similar ice-melt pattern of DSL change from ice melt alone (in addition to the greater
magnitude pattern associated with global warming) to that where the baseline
conditions are pre-industrial. Despite the majority of the ice melt originating from
Antarctica, the largest ice-scenario-induced changes in DSL are in the Arctic and the
North Atlantic, with some lesser, but statistically significant, changes around

Antarctica.

Our first conclusion is that for our model the mean ice-melt related DSL change in the
north-west Atlantic is small compared, for example, to the DSL change which is

typically seen in models forced by the A1B greenhouse gas scenario.

As we have noted, many previous studies have associated changes in North Atlantic
DSL with changes in the MOC. Under our ice melt scenarios, the effect of the
additional freshwater flux on the MOC is small (< 1Sv). An analysis of the effect of
such a low frequency change in MOC on northern Atlantic DSL pattern, using a
regression analysis of the long pre-industrial control simulation, suggests that ~60%
of the resultant DSL pattern is not associated with the MOC change and is likely to be

more directly associated with the ice melt. This is our second conclusion.
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Our third conclusion is that the pattern of ice-melt related DSL change in our model is
independent of the DSL change directly related to the warming scenario, and appears
to scale according to the freshwater input. Consequently, the pattern of ice melt

related DSL may be linearly added to other components such as those associated with

heat uptake and changes to the hydrological cycle.
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Fig. 1 Global-mean freshwater fluxes from land-based ice masses. a) in Sv b)
cumulative, in sea level equivalent (SLE). Note that some part of the ice which is
melted is displacing water prior to melt, so while it contributes to the freshwater into
the ocean, it would not contribute to sea-level rise. The actual contribution to sea-level

rise from the fluxes may therefore be less than the SLE of Fig. 1b).
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Fig. 2. Ocean grid points involved in freshwater forcing by tercile of integrated

freshwater flux (coloured), other ocean grid points (grey) and land grid points (white).
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Fig. 3: DSL anomalies (cm) under the HE ice-melt scenario and for pre-industrial
baseline conditions, averaged over years 2000-2099. Anomalies are relative to the
concurrent period of the low-pass filtered control as described in the main text. (a)
mean of the three forced simulations. (b), (c) and (d) show the three simulations
separately. Coloured regions show where anomalies are greater than 2¢ of the
distribution from the control simulation. A stricter criterion is applied to panel (a): see
main text. Note that the patterns shown are anomalies in two senses: first because they
are relative to the concurrent period of the low-pass filtered control and secondly

because they exclude any change in the global mean sea level.
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Fig 4. The changes around Antarctica of mean ocean temperature (colour) and
baratropic stream function (contours in Sv). Anomalies are the ice-melt ensemble
mean for the last 40 years reference to the equivalent years of their unforced control

simulations.
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Fig. 5: (a) Ensemble-mean significant DSL anomalies (cm) in the northern Atlantic
(a) for HE ice-melt scenario, as Fig 3a, but showing detail of the northern Atlantic. (b)
for MR ice-melt scenario. Panel (c) shows, using the same colour scale, the error in
using the scaled HE anomalies as a predictor of the MR anomalies (see main text;

negative errors indicate under prediction).

48



(a)

0.06[ T T T T
I NH Ice-melt flux 1

BRI
g 0.04F m(t) ens. mean
ST [
§E Ot
oL
@ .
.§% 0.00 -
Q-© .0.02L . . . ;
1900 1950 2000 2050 2100
Year
T T (b) T T
0.06 s NH Ice-melt flux 1
T(t)iens. membs

©
o
=

0.02

0.00

Prolilection_ @etres)
or N Hemi Flux (Sv)

fa

1950

-0.02

2000 2050 2100

Year

1900

Fig. 6 Relationship between the northern-hemispherically-integrated ice-melt flux
(thick grey line) for the HE scenario, and the year-by-year projection z(z) (not
smoothed) onto the North Atlantic DSL pattern which was identified as being
associated with the ice-melt (Fig 5a). a) for the ensemble mean DSL anomaly (thin

black line) b) for DSL anomalies in each simulation (coloured lines).
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Fig. 7. Projection z(?) of each year’s DSL anomaly field onto a pattern of change.
(@): Three individual HE forced simulations (broken black lines) projected onto the
HE forced pattern of fig. 5a and the three corresponding sections of control (red
lines), projected onto the HE forced pattern of fig. 5a.  (b): Year-by-year average of
the three HE forced simulations shown in (a) (broken black line) and year-by-year
average of the three parallel sections of control shown in (a) (red line). Also shown
are eight blue lines. Each of these shows a year-by-year average of a set of three
sections of control with start years chosen at random, again projected onto the HE
forced pattern of fig. 5a. (c): Broken black lines exactly as in (a) and, for
comparison, the three corresponding sections of control (red lines), this time projected
onto the mean anomaly of the final hundred years of these three sections of control
simulation (i.e. projected onto their “own” pattern). (d): Broken black lines exactly
as in (b) and, for comparison, red line shows year-by-year average of the three

sections of control shown in (c). Also shown are eight blue lines. Each of these shows
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a year-by-year average of a set of three sections of control with start years chosen at
random, again projected onto their “own” pattern. The point is that the forced signal

(broken black line) evolves to be well outside the unforced noise (red and blue lines).
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Fig. 8: Regression of ensemble-mean DSL against northern hemisphere-integrated ice
melt flux (units of m/Sv ) for the HE ice scenario and region from 15N to 90N and
80E to 100W. Patterns are shown where more than 16% of the variance in DSL is
explained by the fluxes (coefficient of determination is greater than 0.4): cut-off is
chosen on the basis that no areas satisfy this condition in our unforced simulation;

about 25% of the field area satisfies this condition for the HE ice scenario simulation.
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Fig. 9: As Fig. 8 but for ensemble-mean SST (units of °C/Sv). Values are shown
where the coefficient of determination is greater than 0.4, which covers approximately
9% of the sea area in our region of interest for our forced simulation. No such area

arises in the control data.
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Fig. 10: As Fig. 8 but for ensemble-mean SSS (units of psu/Sv). Values are shown
where the coefficient of determination is greater than 0.4, which covers approximately
25% of the sea area in our region of interest for our forced simulation. The

corresponding area is approximately 1% in the control data.
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Fig. 11: DSL anomalies (cm) under the A1B greenhouse gas radiative forcing
scenario a) without the HE ice melt fluxes (ice sheet freshwater fluxes around
Greenland and Antarctic are from pre-industrial climatology) b) with the HE ice melt
fluxes c) the difference field giving the additional DSL change from the HE ice melt
fluxes in the presence of A1B forcing. All fields are 100-year averages for the period

over 2000-2099. In contrast to the figures shown in section 4.1, we have not assessed
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the statistical significance of the anomalies shown in (c), because we do not have
multiple realisations of the A1B simulation to compare against. The point here is that
the pattern in panel (c) of this figure is very similar to the pattern of Fig. 3a: see main

text.
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Fig. 12: MOC strength (maximum in the latitude range 30°N to 55°N, with running

means of 21 years applied) over pre-industrial control simulation (standard HadCM3

control and extension) and the concurrent HE and MR ice-melt scenarios simulations.

Simulations marked “Clim” are those where the baseline runoff from the ice sheets is

a monthly pre-industrial climatology (see Section 2.2). For clarity some of the

simulations are shown shifted (by +4Sv) against a similarly shifted copy of the

control; these are the ones that appear above 20.5 Sv on the plot. Low frequency

“drift” (cut-off of 600 years) is shown by the thin black line.
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Fig. 13: MOC changes under the HE ice-melt scenario simulations. (a): for each of
the three HE ice-melt simulations (dashed black lines) along with the three concurrent
sections of control simulation (solid red lines), (b): average of the three HE
simulations and control simulation sections shown in a). All smoothed with 69-year

running means.
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Fig. 14. Regression (m/Sv) of low frequency variations (69 year running means) in
DSL anomaly against MOC, from the HadCM3 control simulation (1715 years).

Dashed line shows the zero contour. Drift first removed (see Section 2).
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