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Response of Southern Ocean circulation to global warming
may enhance basal ice shelf melting around Antarctica

Tore Hattermann AAnders Levermann

Received: 28 January 2009/ Accepted: 25 July 2009/ Published online: 26 August 2009
Springer-Verlag 2009

Abstract We investigate the large-scale oceanic featuregirculation reveal a number of ISM-related feedbacks, of
determining the future ice shelf—ocean interaction by anawhich a negative ISM-feedback, due to the ISM-related
lyzing global warming experiments in a coarse resolutionlocal oceanic cooling, is the dominant one.

climate model with a comprehensive ocean component.

Heat and freshwater uxes from basal ice shelf melting

(ISM) are parameterized following Beckmann and Goossd Introduction

[Ocean Model 5(2):157-17®003. Melting sensitivities

to the oceanic temperature outside of the ice shelf cavitie$he unique zonally unblocked topography in the Southern
are varied from linear to quadratic (Holland et al. in J Clim Ocean (SO) gives rise to the Antarctic circumpolar current
21, 2008. In 1% per year C@increase experiments the (ACC), the strongest oceanic circulation on Earth. Con-
total freshwater ux from ISM triples to 0.09 Sv in the necting the Atlantic, Pacic and Indian basin, it is on the
linear case and more than quadruples to 0.15 Sv in thene hand a major contributor to worldwide ocean ventila-
guadratic case after 140 years at which«280 ppm=  tion. On the other hand, the strong and deep reaching zonal
1,120 ppm was reached. Due to the long response time @urrent is limiting the meridional oceanic transport.
subsurface temperature anomalies, ISM thereafter incred-herefore, it partly isolates the ocean south of the current
ses drastically, if C@ concentrations are kept constant atfrom the northern circulation (Englartb93 Rintoul et al.
1,120 ppm. Varying strength of the Antarctic circumpolar2007).

current (ACC) is crucial for ISM increase, because south- The zonal momentum of the ACC is balanced by several
ward advection of heat dominates the warming along thdorces. According to Borowski et al2Q02, the largest
Antarctic coast. On centennial timescales the ACC acceeontribution is geostrophic, due to a meridional pressure
lerates due to deep ocean warming north of the currengradient across the current. The pressure gradient arises
caused by mixing of heat along isopycnals in the Southerfrom surface displacement (barotropic), as well as from the
Ocean (SO) outcropping regions. In contrast to previousnternal density distribution (baroclinic). Although wind
studies we nd an initial weakening of the ACC during the stress induces strong zonal momentum at the surface, it
rst 150 years of warming. This purely baroclinic effect is cannot accelerate the water further down in the ocean
due to a freshening in the SO which is consistent withbecause of blocked geopotential contours. Instead, it con-
present observations. Comparison with simulations witHributes indirectly to the geostrophic component via
diagnosed ISM but without its inuence on the oceanmeridional Ekman transport as discussed extensively by,
e.g. Olbers et al. 2004 2006 and Gent et al. Z00)).
Model studies indicate that global warming will enhance

T. Hattermann <) - A. Levermann the meridional density gradient and strengthen the current
Earth System Analysis, (Bi et al. 2002. According to recent observations, rising
Eggg:m 'Lr;rs]it\'/t::;tg)rTCell'(:g":;ef;r?:)%?;t ’&ezseamh’ atmospheric temperatures may have already caused a
14473 Potsdam, Gérmany ’ warming of the deep ocean within the ACC'{{dng et al.
e-mail: tore.hattermann@pik-potsdam.de; toreh@gmx.net 2008 Gille 2002.
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742 T. Hattermann, A. Levermann: Response of Southern Ocean circulation to global warming

The processes responsible for a meridional transpotiowever, very little is known about the link between rising
across the ACC are still poorly understood but seem to batmospheric temperatures and increasing ISM, because the
caused by eddy diffusive processes and the meridionaub-shelf cavity circulation is connected to the ocean at
component of the predominantly zonal ow (Olbers et al. great depth. Moreover, the inclusion of ISM in global
2009. A main energy source for mixing is the density circulation models (GCMs) is hampered by incompatibility
gradient across the ACC which is hence correlated to thef grid sizes and complex boundary conditions. To our
strength of the geostrophic current itself. Thus, the ACCknowledge, there are no studies that focus on the effects of
strength plays an important role in determining the heatarying ISM in coupled global warming simulations.
budget of the SO. Here we combine the coupled global climate model

South of the ACC, Circumpolar Deep Water is mixed CLIMBER-3x with a coarse resolution ISM parameteri-
with the coastal water masses in the currents of the largeation as introduced by Beckmann and Goog#8 and
Southern Hemisphere Subpolar Gyres in the Ross angeneralized by Holland et al2008. An implementation of
Weddell Sea (SPGs hereafter) (Bergamasco eR@D2  this parameterization into a sea—ice—ocean circulation
Schraler and Fahrbach999 Gill 1972. In these regimes, model has shown signi cant regional and global impacts,
deep and bottom water is formed (Orsi et 4099, and as well as a more realistic representation of present-day sea
heat is transported towards the Antarctic continent. ice cover (Wang and Beckmar2D07). However, due to

With an area of 1.5« 10° km?, approximately 40% of the simplicity of the ISM parameterization and the
the Antarctic continental shelf is covered by massivecoarseness of our model, we do not attempt to predict the
oating ice shelves, acting as a lid on the ocean. Thisice shelf—ocean interaction quantitatively. Instead, we want
causes a complex circulation system within submaringo understand the SO processes that would lead global
cavities (Williams et al.1998. The presence of Antarctic warming to affect the ice shelves. Within this scope, we
ice shelves is considered to in uence the ow speed of theapply the parameterization to investigate the role of sub-
adjacent continental ice (Scambos et2l04 Rignot et al.  surface freshwater and heat uxes from ISM itself.

2004). Observations, as well as numerical models, show

that the amount of ice shelf melting (ISM) is crucial for the

mass balance of ice shelves and might be strongly sensitiv& Model description and experiments

to climate change (Walker and Hollar&#D07 Rignot and

Jacobs 2002 Williams et al. 2001). Moreover, the 2.1 The global coupled climate model CLBZR-3q
hydrology around the Antarctic continent is strongly

affected by the interaction with the oating ice (Saenko andThe global coupled climate model CLIBER-3o (Montoya
Weaver2004) and varying saltwater uxes in the SO may et al. 2005 combines a three-dimensional ocean general
have caused signi cant changes in the global ocean cireirculation model based on the GFDL MOM-3 code with a
culation (Jacobs et aR002 in the past. Within the last statistical-dynamical atmosphere model (Petoukhov et al.
decades, regional atmospheric and oceanographic chang2300 and a dynamic and thermodynamic sea—ice model
in the SO have been observed (Jacobs e2@02. In the (Fichefet and Maqueda997. The oceanic horizontal
future, the interaction of different processes, e.g. oceamesolution is 3.75 x 3.75 with 24 variably spaced verti-
warming (Baing et al. 2008, increasing precipitation cal levels. In addition to a constant isopycnal diffusivity of
(Thomas et al2008, varying sea ice cover (Curran et al. 1,000 nf s %, mixing of tracers along surfaces of constant
2003 Cavalieri et al.2003 and melting of the Antarctic density due to subgrid-scale eddies is parameterized fol-
ice sheet and shelves (Alley et &009, might reveal Ilowing Gent and McWilliams 1990 with a constant
internal feedback mechanisms that in uence the globathickness diffusivity of 250 s . We use an improved
climate system as a whole (Swingedouw etZ4l083 b). version of the model, comprising a deeper Indonesian

Various attempts have been made to understand the idbrough ow and apply a background value of vertical
shelf—ocean interaction by using regional high resolutiordiffusivity of 0.3 x 10~ m? s~ (Schewe and Levermann
models (Holland et al2008 Smedsrud et al2006 Gros- 2009. Thus the mixing induced upwelling in both the
feld and Sandhger 2004 Lange et al.2005. In combi-  Atlantic and Pacic ocean in this model is very small
nation with observations, these studies have provided a fa{iMignot et al.2006. In order to focus on baroclinic effects
understanding of the different processes that govern basdlue to the meltwater in ow, wind stress onto the ocean is
ISM on a local scale. In addition, ISM seems to haveprescribed using a present-day climatology (Trenberth
considerable inuence on large scale ocean circulatioret al. 1989.

(Losch 2008 and several studies have proposed that oce- The model has been compared to data for preindustrial
anic warming is the reason for increasing mass loss froniMontoya et al2005 and glacial (Montoya and Levermann
the grounded Antarctic ice sheet (Payne et2D04. 2008 boundary conditions. Sensitivity experiments have
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been carried out with respect to North Atlantic surface F
freshwater forcing (Levermann and Gries#)04 Lever-
mann et al. 2005, global warming (Levermann et al.
20073 and the reduction in SO winds (Levermann et al. f
2007k Schewe and Levermar2009. 8

2.2 Basal melting parameterization Larsen 834

Filchner—Ronne 757
Eastern Weddell 1506
Fimbul 1175
Amery 688
Ross 1136

Fluxes directly at the ice shelf-ocean interface are dis
cussed by Holland and Jenkirk909. They are essentially
dependent on the local oceanic mixed layer temperatur
along the base of the ice shelf.

Following Beckmann and Gooss2003, heat loss and
corresponding fresh water ux due to ISM are introduced
along the six major Antarctic shelf ice regions in CLIM-
BER-3u (Fig. 1). The main assumption in this approach is,
that for each ice shelf the average oceanic mixed laye
temperature along the ice—ocean boundary is reduced byFig. 1 Representation of individual ice shelvesu) in CLIM BER-
constant factor compared to the mean temperature outsic» geometry, framing the ocean model boundagyaf). Length of

: : : : . ~icoastline in the model covered by ice shelvesife space due to
the ice shelf cavity. The approach is motivated by partlalstaggered grid). Ocean mean temperatures are diagnosed between 200

recirculation and the associated cooling of the ice shelang 600 m depth and compared with the freezing point of sea water at
water within the cavity. The net heat uk is assumed to 200 m depth. Sub-surface heat and fresh water uxes are injected at

be proportional to the temperature difference between ththe same place

ocean outside the ice shelf cavity,j and the pressure

melting point at the ice shelf edgdJ. An effective melt melting occurs near or at the grounding line. Following
area is introduced as tuning parameter to obtain realisti®wang and Beckmann2007, we chooseL = 10 km to
heat uxes. It is given by the along-shelf width/ in the  obtain realistic heat uxes.

model geometry and an effective cross-shelf lendth Note that the penetration length is not intended to

A\ Sum: 6096 km

(penetration length). Hence, describe the spatial distribution of melt along the ice—ocean
Al interface. It rather determines an effective melt area by

H— pwc,,yL/ dl(Tn _ Tf), (1) reduc_lng _the ac_ross shelf length to a unl_versal constant. In
combination with the temperature difference at the

0 entrance of the cavity, this area represents the size of an

wherey = 10* m s ' is the constant thermal exchange ice—ocean interface, which yields heat uxes corresponding
velocity, p,, = 1,000 kg m3 is the reference density of to the integrated melting obtained by a spatially varying
water andc, = 4,000 J(kg C) ' is the specic heat of heat exchange at the real ice—ocean boundary.
water. Through latent heat.; = 3.34 x 10° J kg™* and the
For T,, we choose the temperature at the southermlensity of icep; = 920 kg m 3, the heat ux is directly
boundary of the model at a constant depth interval betweeoonverted into fresh water ux into the oce@&h= H/(p;L;).
200 and 600 m along the inferred ice shelf area. Thidor each shelf, the fresh water ux is converted into annual
corresponds to the approach of Beckmann and Goossmean melt rates, using values for the shelf surface area as
(2003 and is a fair representation of the entrance of an icealculated by Giovinetto and Bentleg485.
shelf cavity in a coarse resolution model. The salinity Extending the linear approach by Beckmann and Goosse
dependent pressure melting point is determined in the sam@003 and Holland et al.Z008 nd a non-linear response
area at 200 m depth. of ISM to warmer waters offshore from the ice front. By
Comparisons with high resolution models that resolveusing a high resolution model and scale analysis, they
the sub-shelf cavity circulation reveal a relatively uniform propose the general applicability of a simpli ed quadratic
penetration length on the order of a few kilometers underelationship between ocean temperature and ISM.
various conditions (two and three equation melting for- Here we introduce a varying exponentin order to
mulations) and different cavity geometries (Beckmann andnvestigate the effect of different parameterizations. The
Goosse2003. This implies, that for a rst order approxi- constants in Eql are chosen to produce realistic melt rates
mation, the net melting can be parameterized by shelf icén preindustrial equilibrium. From this, we derive a proper
edge processes, even though a signi cant portion of théormulation for the non-linear approach, which matches the
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linear case in equilibrium. The heat ux is thus computedTable 1 Experiments with different basal melt uxes to the ocean
as

Exp. name o in Eq. 2 H to ocean F to ocean
Al )
T, — Tr\" nolSM 1 None None
H = L AT _— 2
PwCp¥ /d equ< ATequ> ’ (2 %=x x Coupled Coupled
0 xH 1 Equ. rate Coupled
whereATeq, = (T, — Tpequis the temperature difference xF 1 Coupled Equ. rate

for th_e _preindustrial equilibrium simulation ande [1,2]. In all experiments, hypothetical melt uxes are diagnosed according
Originally, the results of Holland et al2008 are based to Eq.2 from the in situ temperature and salinity eld

on a temperature dependent exchange velocity within the

mixed layer, which however is set constant in E.

Considering the above mentioned interpretatiol.,of also  models. The strength of the ACC is strongly dependent on
becomes a universal scaling parameter rather than wealistic topography and the proper representation of

physical quantity of an individual ice shelf. baroclinicity due to forcing and internal mixing (Olbers
et al. 2009. With preindustrial equilibrium conditions,
2.3 Global warming experiments CLIM BER-3x simulates the ACC with a volume transport

of approximately 71 Sv (7k 10° m?®) through the Drake
Simulations presented here start from a multi millenniaPassage, whereas observations indicate a total annual mean
integration (approx. 15,000 years) with preindustrialtransport of 134+ 11.2 Sv (Cunningham et al2003.
boundary conditions of 280 ppm GQequivalent GHG Topography is only poorly represented due to the model's
concentration. In addition to a preindustrial state withoutcoarse resolution. Also eddy diffusive mixing processes,
ISM, we generate an equilibrium with the ISM para- which are probably important in the ACC, are only
meterization applied according to EG. during the last parameterized. Moreover, coarse resolution models gene-
2000 years of the simulation. This simulation is used torally tend to blur density gradients, which may cause a
determine the equilibrium temperature differena@gq,in ~ weaker current.
Eq. 2, for the approach with a non-linear response of ISM  Nevertheless, our simulations show an Ekman pumping
to varying ocean temperature in the warming scenario. induced geostrophic balance of baroclinic and barotropic

Based on these equilibria, we run a scenario with a 1%ressure gradients to be the main contributor to the ACC.

per year increase of CQuntil quadrupling after approx. Hence, we claim to capture the main dynamics of the
140 years, after which it is kept constant ak4280 ppm =  current, which will show a qualitatively similar behavior
1,120 ppm. This increase represents the upper end of theithin a stronger and more realistic ACC.
IPCC scenarios and should be compared with the A2 Furthermore, we discuss the varying SPG strength and
simulations. With this forcing, the model is integrated overits implications for southward advection of heat. Obser-
a total period of 1,000 model years. In addition to onevations of SPG transport are generally sparse. However,
experiment with no melt uxes applied (nolSM), we couple the simulated gyre strength of approximately 28 Sv for
both the heat and fresh water uxes with different expo-the Ross and 46 Sv for the Weddell Gyre are close to the
nentiationo = 1 and 2.0. In this coupled case, the appliedvalues referred to in the model intercomparison of Wang
basal melt uxes are calculated according to Bdor each  and Meredith 2008, assuming the barotropic component
time step. In order to investigate the respective in uence ofof the Ross Gyre (which has not been measured yet) to
the uxes separately, two supplementary experiments wereontribute to the overall transport with a similar fraction as
realized, where either the heat ( xH) or the freshwater ux it is found for the Weddell Gyre. The simulated SPG
(xF) is prescribed according to the equilibrium state. For strength is also comparable to the values given by the 20
comparison of the different experiments, annual mean mekPCC AR4 Coupled Climate Models gfdl_cm2_0 and the
uxes are always diagnosed from the in situ temperaturaikmo_hadgem1 referred to in the same study. Similar to
and salinity eld. Experiments are summarized in Talille the Northern Hemisphere Gyre (Born and Levermann

2009, Wang and Meredith2008 emphasize the impor-
2.4 Representation of the Southern Ocean circulation  tance of the baroclinic structure of the SPGs, whereas they

nd only a weak link between gyre strength and wind curl.
There are several limitations in the applied climate modelWe analyze the varying SPG strength due to density
which should be kept in mind while considering our results.changes. With the same limitations as for the ACC, our

In this study we focus on large-scale circulations in theresults will also be valid for a more realistic representation

SO. The performance of a realistic representation of thesef the SPGs, mainly depending on the quality of the
features varies widely among present coarse resolutioparameterized mixing processes.
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Another strong limitation of our model is the xed wind However, the assumption of a static ice shelf in a
stress on the ocean, which is prescribed by a present dayarming climate is unlikely to produce realistic melt
climatology throughout the entire simulation. Despite therates.If the warming signal is strong enough, shrinkage of
direct acceleration of large scale currents, wind stress is atie ice—ocean interface is likely to occur in all areas of non-
important energy source for upwelling in the SO. It sets ugmarine ice sheets. Our approximation thus probably
the meridional density structure of the ACC and the SPGéncreasingly overestimates the response of ISM during the
and causes warm deep water to enter the ice shelf cavitiesimulation.

Thus varying wind stress needs to be considered for a Nevertheless, Walker and HollandQ07 show that the
proper projection of SO circulation under global warming. adjustment of ice shelves to perturbations in ocean tem-
Nevertheless, our simulations allow clear identi cation of perature are on the order of several decades up to a few
the main mechanisms based on density changes, whiatenturies, which is much slower than the adjustment of the
may be superimposed onto the effects of varying winds. circulation. Therefore, we may capture a realistic sensi-
tivity of melt rates associated with increasing oceanic
2.5 Validity of the ISM parameterization temperatures, given by our model at the beginning of the
simulation.
In this study, we scale ISM in comparison to cavity- To account for the de ciencies of the ISM parameteri-
resolving models to produce realistic melt rates for thezation, the analysis in this study will be done on two
equilibrium simulation. To capture the sensitivity of ISM to timescales: (1) in order to investigate the evolution of the
oceanic changes, we apply a generalized dependency @O circulation under global warming and subsequent
bulk ocean properties. This is consistent within the framamplications for ISM, we regard the whole simulation
of the coarse resolution model, which is designed tdength; and (2) while analyzing the parameterized response
qualitatively analyze the interaction of a broad range ofof ISM and its effect on ocean dynamics, we focus on the
different processes within the climate system. Neverthe-rst 200 years of the simulation, because we cannot trust
less, this parameterization is a poor representation of thhe assumption of static ice shelves on longer timescales.
net effect of the sub-shelf circulation, which depends
strongly on cavity shape, the effects of on-shelf sea—ice
growth (Nicholls 1997, shelf-break upwelling and tides. 3 Response of SO circulation to global warming
These effects are not captured by our model and may
signi cantly alter the response of ISM to global warming. Rising atmospheric and oceanic temperatures due to global

Our model only parameterizes melt along the six largestwvarming affect the horizontal SO circulation in CLBER-
ice shelves around the Antarctic continent. Especially the« (Fig. 2). First, we analyze the geostrophic component of
ice shelves in the Amundsen Sea and Bellinghausen Setine ACC and the SPGs without considering the in uence of
which are currently suspected to produce high melt rates itSM. In Sect.5, we additionally consider the effect of ISM
response to climate change, are neglected (Rignot et abn the circulation.

2008. Considering the resolution of the oceanic compo-

nent in CLIMBER-3u, these ice shelves are clearly on a3.1 Geostrophic contribution to ACC

subgrid-scale and their cavity entrance would not be

properly represented in the model. Also the suggesteth the SO, the meridional density gradient between cold
scaling by use of a general penetration length was onlylense water in the south (shallow pycnocline) and lighter
done for larger ice shelves with different proportions inwarm water in the north of the SO balances the ACC in
previous studies. When trying to include them we obtainedreindustrial equilibrium. The interjacent current com-
very small melt rates due to their relatively small width. prises an area of outcropping isopycnals (FHg).

Finally ice shelf cavities are evolving due to melt and Integrating the geostrophic balance for a two-dimen-
freezing, as well as internal ice dynamics. All associatedsional cross-section from soutly £ S) to north ¢ = N)
effects on ISM are neglected. This is partly justied and from depth{= H) to sea surfacez(= ), the zonal
because regional high resolution model studies reproduceolume transport is given by

realistic conditions and simulate the evolution of an ice N N
shelf-ocean system with dominant melt rates at the shelf, _ /dy/dz y /dy/ dz—_la_P 3)
edge and at the grounding line (Grosfeld and Sagdha ’ fpo 0y

H N H

2004 Williams et al.2007). From those studies, we expect
low sensitivity of the penetration length to changes in thewhere u is the zonal velocity,p is the pressuref the
shelf geometry, especially the decreasing distance from th€oriolis parameter ang, = 1,035 kg m> the reference
grounding line to the shelf edge. density of seawater.
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to 2,000 m depth. The meridional derivative of potential density
Fig. 2 a Timeseries of atmospheric GGand anomalies of global (colors) at 800 m depth south of 38 shows the regions of strongest
mean surface air temperature, global mean sea surface temperatioutcropping. The slope of isopycnals in the ACC increases under
and global mean deep ocean temperature from 500 to 2,000 m depglobal warming in nolSM.a Beginning of the simulationb after
for the nolSM run.b Timeseries of maximum transport of Antarctic 1,000 years
circumpolar currentACC) for different experimentsc Correlation
between ACC transport and potential energy difference across the
ACC averaged to 2,000 m depth for different experiments, as well as

linear t (black line) with the slope, given in Ec6 N 0 0
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M=—[dy /dz np +/dzpz : 4
bofo ) L 0 (@) (4)
z

Assuming the Boussinesque approximation and a con-
stant Coriolis parameterfy= —1.1 x 10°* s, the Assuming a level of no motiory = —L, at which the
pressure term can be split into a sea surface elevation andoarotropic pressure force inrdirection is balanced by its
baroclinic component. The zonal volume transport therbaroclinic counterpart, we can replace the sea surface
becomes elevation term to obtain
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0 0 0 N
M=21L [ dp(z) - [ de [ dZp(Z) - (5
Sl fes o]

The term in square brackets equals (baroclinic) potentia
energy (partial integration). Thus we expect the ACC
strength to correlate linearly with the meridional difference
of potential energy Ay) across the ACC:

0 N

/ dzp(z)z

1
pof

M pof

(6)

Figure2c shows that volume transport through the
Drake Passage correlates welH 0.99) with the potential
energy difference down to 2,000 m depth between twc
zonal rings north and south of the current. The diagnostit
areas forAy are indicated in Figba. The slope =
8.8 n? s(kg) ™) of the line is given by the constants in Eq.
6. For a solely geostrophic and zonally homogeneou:
current, the line would meet the origin. The analyzed
density distribution here is heterogeneous across the S
and very sensitive to the diagnostic area. The zonal ring i
the north does not entirely cover the extent of the current
Therefore, the approximation of a bulk density that
accounts for the energy budget of the ACC is dif cult to
fulll. Note that according to Eq.6, the signi cance of
density differences increases with depth.

In addition to the geostrophic component, direct
acceleration due to wind stress is an important energ
source. Atmospheric winds are prescribed during the
simulation and the effect of varying oceanic surface stres
due to decreasing sea ice cover is found to be smal
Hence the wind stress component is relatively constar
and does not cause the observed changes in AC
strength.

3.2 Temporal evolution of the density eld

To investigate the changes of the ACC under globa
warming, we decompose the changes in potential energ
into respective contributions caused by salinity and tem
perature. We analyze the nolSM experiment and comput
the timeseries of the density eld by only taking changes
either in temperature or salinity into account. The respec
tive other eld is kept in the equilibrium state for the whole
timeseries (Fig4a).
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Fig. 4 a Timeseries (nolSM) of zonal mean potential energy
difference across the ACC averaged over upper 2,000 m depth for
no ISM. Dashed lines indicate the contribution from salinity changes
and temperature changes, respectively. A strong freshening in the
south initially slightly weakens the ACC. After 100 years, the
northerly warming enhances the difference in potential energy.
b Hofmueller diagram of zonal mean ocean heat ux. THeck line
indicates the zonally averaged latitude of maximum ACC strength.
Contours indicate annual and zonal mean northward sea ice export
(mSv). Ocean heat uptake is strongest north of the ACC and expands
southward as the sea ice is meltirggAtlantic temperature anomaly
after 200 years over Atlantic overturning circulation (Sklack
contours) and SO isopycnals between #@ and 20W (blue
contours)

the ACC. The effect saturates after about 150 years, when

Under global warming, two competing effects determinemost of the sea ice has vanished. Furthermore, precipitation

the density gradient across the current. Initially, the

increases at high latitudes and decreases the density gra-

warming leads to decreasing sea ice cover around Antdient (not shown).

arctica, which reduces northward sea ice export (contours The dominating long term effect is a strong warming
Fig. 4b). This causes a strong freshening in the south thatlong the northern boundary of the current (Fig), which
weakens the meridional density gradient and decelerategelds to steepening isopycnals in the outcropping regions
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(Fig. 3). Consequently, the volume transport through thesignal from the north determine the slope of isopycnals
Drake Passage increases from 71 Sv initially to 102 Swacross the SPGs. A strong surface freshening close to the
after 1,000 model years. Antarctic coast initially increases the density gradient and
predominantly strengthens the current during the rst
3.3 Warming response of the Ross and Weddell Gyre 300 years of the simulation.
After the surface uxes have stabilized, SPG strength is
Similar to the North Atlantic Subpolar Gyre (Myers et al. determined by warming of the northern boundary and a
1996 Levermann and Borr2007), geostrophic currents freshening signal which penetrates the center of the gyres
around centers of dense water contribute to the largat depth. This signal originates from the north Atlanic. In
cyclonic eddies in the Ross and Weddell sea. The northeragreement with previous studies (Rahmstorf and Gano-
boundaries of the SPGs merge with the ACC. In the southpolski 1999, we nd a freshening of the Nordic Seas due
the approximately 2,000 m deep currents are limited by theéo increased precipitation at high latitudes. This signal is
continental shelf break. spread within the deep ocean convection (lower branch of
Similar to the ACC, we observe variations of SPGNADW) and reaches the center of the SPGs by isopycnal
strength due to changes in baroclinicity. In the regiondiffusion after several centuries. Finally, the current
between 150/ and 180W in the Ross and 1@V and strength stabilizes on a signi cantly higher level compared
30 W in the Weddell sea, we diagnose maximum zonatto the equilibrium state.
transport through a meridional cross-section south of the
center of the SPGs. The center of the Ross gyre (approx.
66 S in our simulations) is located further south than the4 Oceanic heat uptake and transport to ice shelves
Weddell Gyre (approx. 65 in our simulations). The tem-
poral evolution of the currents under global warming isAlthough atmospheric warming is strongest in the polar
shown in Fig.5. As with the ACC, the meridional differ- regions, it does not access the ice shelves directly through
ence in potential energy is diagnosed in the same area as tllee adjacent ocean surface. Temperature anomalies are
transport and correlates weHl £ 0.93) with SPG strength. rather convected and transported southward by the deep
In the nolSM simulation, a combination of the sea—iceocean. Varying ACC strength as well as the advection
effect mentioned in Sec®, increasing precipitation in high within the SPGs are crucial for the meridional heat trans-
latitudes (Manabe and Stouffdr980 and the warming port. The additional effect of ISM on the changing circu-
lation is not considered but is discussed in Séct.

a
(E) ol 4.1 Heat uptake and deep ocean warming
§ Under conditions of increased GOmost additional heat
§ sl penetrates the ocean in the northern and southern out-
2 cropping regions (Figdb). Especially in the ACC, we
& observe high temperature anomalies down to 2,000 m
3 - throughout the entire simulation (Figc).
s The dominant cause of deep ocean warming is mixing
(b) 40 along surfaces of constant density. In the outcropping
regions, isopycnal mixing connects surface water with the
z deep ocean and is much more efcient than diapycnal
;Og‘ agk mixing (Toole et al. 1994. Hence the warming signal
o propagates faster downwards compared to regions with
§ strong strati cation.
- The warming at depth is distributed around Antarctica
2 following the ACC and SPGs (Fig). Advection within
G‘:o" the SPGs transports warm water across latitudes and mixes
5 : : : ) CDW from the ACC towards the coast and the ice shelf
0 200 400 600 800 1000 areas (Fig7a). Close to the coast, highest temperature
Time [years] anomalies occur between 200 and 2,000 m depth. Espe-

Fig. 5 Timeseries ofa Weddell Gyre and Ross Gyre transport for cially in the Weddell Sea, Wal,‘mmg IS strongest Whe,re_ deep
different experiments. ISM increases gyre strength under globayvater ows towards the continental-shelf. The meridional
warming overturning within the Deacon-cell (here dened as
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. . advection and eddy diffusion after 1,000 years (nolSKlyntours
Fig. 6 aMean temperature anomaly in the SO averaged to 2,000 njpgicate the Deacon cell (Sv). Advection warms the SO below the
depth after 200 years in the nolSM runCross-section of meridional g rface b Hofmueller diagram of southward advective heat transport
mean temperature anomaly after 200 years inghg shaded areain i the nolSM run ¢olors) and additional anomaly due to ISM with
aframing the Antarctic continent. SO warming is strongest below the- 4 (TW, contours). The total southward advection of heat is well

surface and coincides with large-scale advection pat@ray shaded  correlated with ACC strength. ISM causes additional heat transport in
areas ina also indicate areas where potential energy is determined ityya ennanced SPGs

Sect.3

velocity (Gent and McWilliamsl990. (3) Isopycnal dif-
vertical-meridional streamfunctioW in the SO) does not fusion is also parameterized but dif cult to reproduce from
increase signi cantly in strength but at 1,000 m depth it isthe model output. Instead we infer it from the ocean net
shifted towards a greater meridional extent. The slowesheat budget for preindustrial equilibrium, which should be
warming occurs at the center of the SPGs. Here, advectiorero, taking the surface ux into account. Note that in our
is weak and horizontal diffusion is limited by outcropping model only resolved advection (1) causes volume transport,

isopycnals (Fig4c). whereas parameterized mixing (2) and (3) only propagates
ocean tracers.
4.2 Southward advection of heat With 0.24 PW (0.24x 10'° W), advection provides the

largest southward heat transport betweenSb@nd 60S,

Next we identify the dominant mechanism that distributeswhile eddy diffusion contributes with 0.14 PW, in equi-
the warming signal in the SO. We decompose the meridilibrium. The annual mean surface heat loss accounts for
onal heat transport into three different components. (1P.45 PW, thus isopycnal diffusion should contribute with
Zonal integration of the product of temperature and0.07 PW. Hence, the net heat transport is relatively equally
meridional velocity from the surface to the sea bed givedistributed between resolved advection and parameterized
the advective component. (2) Analogous, the contributiormixing.

of eddy diffusion is obtained by replacing the meridional By analyzing the temporal evolution of the different
velocity with the parameterized effective eddy transportcomponents, we determine the main contributor to SO
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warming. The southward heat transport by eddy diffusiomorth of the currents. Therefore, the increased SO heat
rises with global warming due to an increased meridionalptake enhances warming close to the Antarctic coast (and
temperature gradient, but it does not exceed 0.5 PWassociated ISM) in two ways. On the one hand, meridional
Southward isopycnal diffusion cannot be computed, butnixing of heat is directly enhanced by larger temperature
generally plays a minor role in the ACC, where it rathergradients. On the other hand, advection of heat is enhanced
transports heat to depth or northwards, following the outwithin the accelerated large-scale circulation.
cropping isopycnals.
However, the meridional advection of heat increases
drastically up to 1.3 PW by the end of nolSM (Figh). 5 Meltrates in equilibrium and under global warming
Even if isopycnal diffusion would increase at a similar high
rate, the advective component would greatly exceed th®arameterized ISM in equilibrium reproduces results from
overall contribution from mixing. Moreover, the advective earlier studies. Under global warming, melt rates increase
heat transport is well correlated- £ 0.98) with zonal drastically. Local cooling due to ISM limits the increase.
volume transport through Drake passage, i.e. ACCrhe applied freshwater ux affects the response of SO
strength. Hence we conclude that the acceleration of theirculation to global warming.
ACC is crucial for ocean warming south of &R
Although the distinction between advection and diffu-5.1 Evolution of ISM and coupling effects
sion is entirely a function of the coarse grid resolution, it
allows us to link the meridional heat transport directly to Heat and freshwater uxes, as well as melt rates, for the
the resolved large-scale ow. The meridional component ofcoupled preindustrial equilibrium are shown in Table
the ACC continuously advects across latitudes. TherebyThe values are comparable to those found by Beckmann
mixing reduces temperature gradients as warm water frorand Goosse 2003, which applied ECMWF and NCEP
the northern regions with high oceanic heat uptake reachedimatologies to force a cavity resolving regional ocean
colder areas in the south and vice versa. Note that the roleirculation model. Comparison with another study of
of mixing in this process is different, compared to a purelyHellmer @004, which also simulates ice shelf cavities
diffusive meridional transport of heat. It does not act in awithin a regional high resolution ocean circulation model
certain direction but rather mixes water masses with difshows similar melt rates, as given in Tal@eThe dis-
ferent properties which were advectively brought togethercrepancy between freshwater uxes and melt rates for the
Two effects strengthen this process under globaAmery and the Eastern-Weddell ice shelves is due to dif-
warming: (1) the increasing meridional temperature graferent ice shelf areas used for computation in the study of
dient across the current enhances local mixing; and (2) thelelimer 004). The total applied fresh water uxes of all
accelerated current itself transports more heat across latilifferent studies are between 28 and 30 mSv. Without
tudes and towards the mixing areas. The good correlationoupling, the values are generally higher due to the absence
between the (even partly decreasing) ACC strength and thef local ISM cooling.
diagnosed meridional heat transport indicates that Only at the Amery ice shelf (AIS) is our ISM one order
increasing volume transport is more important than theof magnitude higher than predicted by Hellmet004.
rising temperature gradient. This is most likely an overestimate due to the poorly
In Sect.2, we have shown that the strengthening of theresolved topography, since the ice shelf is not protected by
ACC and the SPGs is caused by the deep ocean warmirany continental shelf in our model geometry. However,

Table 2 Induced ice shelf areas characterized by their surface area, calculated by Giovinetto and B&&8ey (

Ice shelf Area (18km?) AT (K) F (mSv) Meltrate (m a%) Year 200 factor
Amery 0.75 0.77 6.8 (0.6) 2.9 (0.4) 3.1
E-Weddell 0.82 0.28 5.6 (5.2) 2.2 (2.4) 5.7
Filchner-R 5.48 0.09 1.0 (3.7) 0.1 (0.3) 7.2

Fimbul 0.58 0.58 8.9 (7.8) 4.9 (4.9) 37

Larsen 0.66 0.29 3.1(1.2) 1.4 (0.7) 3.1

Ross 4.01 0.30 4.2 (5.6) 0.4 (0.5) 19

Total 12.30 - 29.7 (24.1) - 3.7

Simulated difference between ocean temperature between 200 and 600 m depth and pressure melting point A7206r rthé coupled
equilibrium run. Associated freshwater ux and spatial average melt rate for the equilibrium run in comparison to the results of i26Dder (
(in parentheses). Factor of ISM increase after 200 years of global warming in=hk experiment
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changes in the SO circulation presented in this study ar (a) 1.2 T
mainly caused by varying ISM in the Ross and Weddell nolSM
Sea. Therefore, the mismatch at the remote AIS will — =

probably not in uence our results qualitatively. a=2
Changes in hydrology due to ISM compare well with 0.8 H = = =fixF
previous studies (Wang and Beckma2@07 Hellmer e D

2004 Beckmann and Gooss003. Cooling and freshen-
ing occurs close to the ice shelf areas. Moreover, the
freshening enhances strati cation, which reduces vertica

Deep SO Warming [K]

mixing. Consequently, large parts of the SO below 500 04
are warmer and more saline compared to the contrc
experiment. Colder surface waters between35&nd 60S

lead to increased sea ice concentration and less heat lo 0

during winter.

The large-scale circulations which undergo signi cant (b)0.27
changes under global warming remain nearly unchanged i
the equilibrium when ISM is included. These include the
ACC, SPGs, AABW, AMOC and the North Atlantic Sub-
polar Gyre.

Under global warming, ISM is determined by rising
temperatures in the deep SO (F&). Section4 illustrates
how additional heat is transported towards the ice shelve:

The warming signal at depth continues several centurie
after CQ, and global mean temperature have stabilizec
(Fig. 2a). After the rst 200 years, the ocean south of 82
has warmed about 0.74 K for the nolSM and 0.85 K for the
o = 2 experiment (Fig8a). After 1,000 years, we nd 0.03 : : . .
temperature anomalies between 1.95 K for the nolSM an 0 50 100 150 200
2.98 K for theo = 2 experiment. At the end of the sim- Time [years]
ulation, no equmbrlum State was reached. . Fig. 8 Timeseries ofa SO mean temperature anomaly between 500

After 200 years, the initial temperature differences atyng 2,000 m depth south of 6 for different experimentsb
each shelf¢ = 1) have increased by the factors given in theTimeseries of total ISM fresh water ux in different experiments.
last column in Table. Thus increased’, and melt rates Basal melting increases as the deep ocean temperature increases and
may be computed by multiplying the factor with the €nhances heat transport towards the SO
equilibrium values. The obtained total basal meltwater rate
of 0.03 Sv initially, increases rapidly and reaches betweemexperiment compare well to thee = 1 experiment
0.11 Sv &= 1) and 0.25 Svo = 2) after 200 years. After (Fig. 8b). In addition, the heat ux from ISM has no sig-
four centuries the increase saturates to reach betweemn cant in uence onto the large-scale ocean dynamics.
0.21Sv ¢ = 1) and 0.77 Svo = 2) at the end of the The local in uence of released freshwater from ISM is
simulation. However, it should be noted that values giverrelatively weak. Nevertheless, at injection depth it has a
here are based on the assumption of a constant ice sheifeasurable impact on the ocean dynamics and hence
geometry, which is highly disputable for the entire simu-indirectly alters the heat transport towards the coast

o
o
—

0.15¢}

0.09

Basal Melting F [Sv]

lation time (Sect5). (Fig. 9a).
Additional SO warming is caused by stronger gyre cir-
5.2 Basal melting feedbacks on SO response culations due to ISM. ISM-related freshening of the SPG’s
to warming southern boundaries increases the meridional density gra-

dient and signi cantly enhances the volume transport of the
In the coupled case, a local negative feedback reduces ISkurrents (Fig5). The accelerated SPGs enhance southward
in comparison to nolSM, where melt uxes are calculatedadvection of heat (Fig7b). Therefore, the warming south
without applying them to the ocean. Cooling of the coastabf 65 S and between 500 and 2,000 m is stronger with
water is not fully compensated by additional southwardincreasing ISM (Fig9b).
mixing of heat. Therefore, the XxF experiment reproduces A self-amplifying gyre-melting feedback loop may be
similar melt rates as nolSM, whereas melt rates in the xHclosed, because enhanced ocean warming causes higher
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(a) generally weaker compared to nolSM (Fip). The
Kgm—3 — | | | potential energy difference across the current is reduced by
‘ ‘ ‘ ‘ ‘ 0 both the salinity and the temperature eld (not shown).
N } O On the one hand, ISM causes a direct freshening south of
45°S 0 : \ J 1. the ACC, which dampens the increase of the current. On
§ the other hand, the increased advection of heat due to the

, B accelerated SPGs reduces the temperature gradient across
N the current.

S Although the weaker ACC reduces the meridional heat
transport north of 555, deep ocean mean temperature
o south of the ACC rises with increasing ISM (Figp). This
JE el implies a minor role of the ACC response to ISM compared
to the SPG acceleration.

While the NADW is only marginally affected by ISM,
the formation of AABW initially diminishes due to the
warming and can only recover to a drastically reduced state
because of the freshwater ux in the coupled case.

falpha = 1 diff nolSM
T

T T T
0° 100°E

6 Conclusion and discussion

6.1 Aim of the study

We analyze global warming experiments from the Earth
system model of intermediate complexity CLBVIR-3u in
order to tackle the question of how decadal- to centennial-
time-scale atmospheric warming may reach the Antarctic
ice shelves. To incorporate possible feedback mechanisms,
uxes from ISM are inferred from an assumption on their
dependency on bulk ocean properties. Two major ndings
are presented in this paper: (1) the strengthening ACC is
l O‘Dh = 2 d‘ﬁ ﬁO‘SM the largest contributor to additional warming of the SO,
10005 1600\,\, leading to enhanced ISM under global warming; and (2)
Fio 9 a Mean density difference bet — 1 and nolSM three ISM related feedback loops in uencing SO circula-
e;gperln?enteler‘I th: ;Ié)y dcl)vfnetocel Og(\)minemdepth aa;ter 280 yearstIon are identi ed (Fig.10). Among these, local oceanic
Contours indicate the difference in salinity (psu) of the same COOling dominates and reduces ISM in the coupled case.

experiments in the same area. Density anomalies are directly caused

by freshening due to ISM» Mean SO temperature difference at 500- g 2 Sgouthward advection of heat within the ACC
1,000 m depth between= 2 and nolSM experiment. Increasing ISM

causes additional warming of the SO

75°S

In agreement with observations {Biag et al. 20098,

atmospheric warming penetrates the deep ocean in the
freshwater ux from ISM, which again accelerates the gyresouthern outcropping regions in our model. The warming
circulation. However, in our model, this feedback is verycauses a steepening of isopycnals and enhances ACC
weak and does not cause higher melt rates in the couplegblume transport on centennial timescales. This behavior
simulation compared to nolSM. Already in xH, ISM is for con rms previous coarse resolution modeling studies (Bi
the most part determined by local cooling close to theet al. 2002, which found a correlation between ACC
Antarctic coast. Comparison of the the xH and xF strength and density difference across the current.
experiment with an additional simulation, where ISM is Warming of the SO and associated ISM is subsequently
entirely xed to equilibrium rates, shows that this negative dominated by varying ACC strength. Advection within the
feedback on ISM is about ve times larger compared to thecurrent provides most of the southward oceanic heat
above mentioned positive gyre-melting feedback. transport in our model. The processes causing meridional

Moreover, ISM in uences the response of the ACC tooverturning within the observed ACC are complex (Olbers

global warming. In the coupled case, the current iset al.2004 and mixing of watermass properties across the

@ Springer



T. Hattermann, A. Levermann: Response of Southern Ocean circulation to global warming 753

to meso-scale eddies are caused by the meridional density
2 gradient across the current. Therefore, we propose that a
stronger ACC will be correlated with more meridional heat
transport for eddy resolving models, as well.

Moreover, in Sect4 we mentioned the weaker volume
transport of 71 Sv through the Drake Passage compared to
observations (Rintoul and SokoR001). This discrepancy
needs to be addressed to obtain a realistic meridional heat
transport. However, we believe that the mechanisms
described here are qualitatively robust with respect to
model improvements, since they depend predominantly on
the geostrophic balance. We furthermore hypothesize that
the effects of advective mixing will be stronger for a
stronger ACC compared to the modelled one.

The decreasing ACC strength during the rst century of
our simulation has not been observed in previous modeling
studies (Fyfe et al2007, Fyfe and Saenk@006 Bi et al.
° 2002. During this period, a freshening of the southern

boundary of the ACC determines the slope of the isopyc-
- nals. The combined effect of decreasing northward sea ice

export and increasing precipitation in southern high lati-

tudes weakens the ACC strength. This hypothesis is sup-
ported by an observed freshening trend at the southern
boundary of the current (Bong et al. 2008. Likewise,
enhanced precipitation is presently observed (Thomas et al.
2008.
Fig. 10 Rising atmospheric temperatures (§@nhance SO warm- szever, the initial increase in ACC strength in other

ing and associated ISM in two ways. Isopycnal diffusion transports . . . .
heat to depth and increases the meridional temperature gradient ac:ro@gOdels was probably due to increasing SO winds, which

the ACC (ocean heat uptake). In addition to increased southwar@® kept constant in our simulation, in order to see the
mixing of heat, the accelerated ACC enhances southward advection dfaroclinic adjustments more clearly. On the other hand, the
heat (ACC strength). Initially, steepening of isopycnals is dampenegyctyal in uence of varying wind stress on volume transport

by less northward export of sea—ice, until its decline saturates (not .., .
shown). If basal melt uxes are coupled to the ocean, ISM will be within the ACC, as well as on ocean heat uptake, has

weaker. Mixing limited local cooling at the shelves forms a fecently been questioned (Bimg et al. 2008, again
dominating negative feedback. Secondarily, the gyres reveal a selemphasizing a greater importance of meso-scale eddies.
amplifying feedback with ISM. Melted freshwater increases theAnywa% the purely barotropic contribution of the winds to

across gyre density gradient (SPG strength), causing an addition@LI . P
warming of the SO. As a minor negative feedback, ISM also dampen e ACC is very weak (about 2 Sv) and any signi cant

the increase of ACC strength wind-induced changes need to comprise a baroclinic
response. Further studies are needed to determine which
effects are dominant.

current is not yet fully understood. We nd that heat is

transported due to the meandering of the ACC across lat6.3 Ice shelf melting feedbacks and accuracy

tudes and the associated meridional ow from warmer  of melt rates

latitudes to the colder south. This effect is enhanced within

a stronger ACC. Previous modeling studies have suggested large-scale and

The validity of these results is restricted by the coarseglobal in uences of ISM sub-surface uxes on the ocean

ness of the oceanic resolution within CLBMR-3x. For  circulation (Losch 2008 Wang and Beckmanr2007

example, meso-scale eddies, which are expected to BHéellmer2004 Beckmann and Gooss03. These studies

important for the ACC (Garabato et &007 Saenko and were restricted to (partially regional) diagnostic simula-

Weaver 2003 are only parameterized. A more realistic tions of the present day climate conditions of rather short

representation of mixing processes will probably changentegration time. In this study, the effect of ISM was

the distribution of heat transport (Hallberg and Gnanadeincluded in a coupled global climate model, which was

sikan 2006. However, Olbers et al.2004 hypothesize used to simulate the evolution of the SO circulation under

that both, the zonal current, as well as diffusive mixing dueglobal warming for several centuries. However, this study

CO

ocean heat
uptake

Southern Ocean
warming

ice shelf
melting
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is not meant to present a realistic projection under globathange for the SPGs, as well. They may also exceed the
warming, but rather a sensitivity study emphasizing (andbuoyancy effects presented within this study.
potentially exaggerating) possible baroclinic mechanisms Nevertheless, our results present a set of ISM effects
which should be investigated in higher resolution modelsthat will need to be considered, in order to fully understand
We nd that freshwater uxes from ISM increase drasti- the future shelf ice-ocean interaction. Hence, they
cally under global warming. However, the applied ISM emphasize the importance of a proper representation of
parameterization suffers from many de ciencies, as dis{1SM effects for a realistic simulation of the SO circulation
cussed in Sects. It should be regarded as a zero orderin climate models.
approximation of the ocean’s sensitivity to ISM, as to be
consistent with the resolution of the entire oceanic com-Acknowledgments We are grateful to Alex Robinson for critical
ponent. Within this framework, we nd that ISM signi- €2ding of the manuscript.
cantly in uences the large-scale circulation and may alter
the heat budget of the SO in ;everal ways. References
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