Antarctic basal ice shelf melting may enhance Southern Ocean heat uptake
under global war ming through subpolar gyre acceleration
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Employing a simple parameterization for basal ice shelftmel2. Model and experiments
ing around Antarctica, a time-varying freshwater flux is leggpto
the subsurface in a global coupled climate model. Meltirtgga degi}%gl\l/loc?natl:)ngt%le?zgcig]atgo%%(ijr?éscal_tﬁig?joiéﬁwgﬁzti:(;ir?;%tizgan
produceq_by the model in eql.J'“br.'um under p_re-lndustrraluh)d- general circulgtion model based on the GFDL MOM-3 code with
ary conditions compare well with hlgherresoluthn r(_egi(madels. a statistical-dynamical atmosphere and a dynamic and tuyrm
Under global warming basal melting increases significarfthe re- - namic sea-ice component. We use animproved version of tHelmo
sulting subsurface freshwater flux strengthens the gyoeileition comprising a deeper Indonesian throughflow among otherggsan
in Weddell and Ross Sea through enhancing the density elifter [Levermann et al., 2007] and apply a background value of vertical
between the gyre’s center and the freshening coast. Thereduy diffusivity of 0.3-10™* m“s™". Thus the mixing induced upwelling

. in both the Atlantic and Pacific ocean is smalignot et al., 2006]
surface northward transport of cold water masses is inetcaad and the global meridional overturning circulation is mgidtiven

oceanic heat uptake is enhanced. by SO wind stressgchewe and Levermann, 2009]. In order to focus
on baroclinec effects due to meltwater, wind stress ontatsan
is prescribed to present-day climatolodydnberth et al., 1989].
. Following Beckmann and Goosse [2003] with a generalization
1. Introduction by Holland et al. [2008] heat loss and corresponding fresh water

. . . flux due to ISM are introduced along the six major Antacrtielgh
Theincrease in global mean surface air temperature haseetha .o regions in CLIMBER-3« (fig. S1). The net heat flux

oceanic heat uptake during the past centlusyitus et al., 2000].
Under future global warming oceanic heat uptake plays a @y r
for rate of atmospheric warmingipnsen et al., 2005] and steric sea H = pycpyL / dl - ATequ ((To — Tt) /ATequ)® . (1)
level rise Church and White, 2006]. The main oceanic heat uptake

occurs in the deep water formation sites of the North Attaatid

'ndthe Eoutherkn Ocean (SQjifiang et al., 2003]. F_rorr: the ocean y " hean temperature difference between the ocean ousidest
side, the uptake distribution is determined by vertical Iu_eansport_ shelf cavity between 200m and 600m defith)(and the pressure
away from the surface to the deep ocean and by horizontal-CirGne|ting point at 200m7:.. It is proportional to an effective cross-
Iatlo_n betw(_een_dlfferent latitudes. The main rc_alevant PESES are gnelf penetration length = 10km. A thermal exchange velocity
vertical mixing in the upper layers and advection throughléiige ., — 19— ms~! describes heat diffusion through an oceanic bound-
scale ocean circulation. While vertical mixing shows amsrepa- ary layer at the shelf-ocean interfadédland and Jenkins, 1999].
tial heteorogenity, changes in near surface circulatiersamilarily pw = 1000 kg/m? is density and, = 4000 J/kg/K specific heat of
hard to predict (e.g. Hyfe and Saenko, 2006]). They play a sig- water. By use of latent hedt; = 3.34 - 105 J/kg and density of ice
nificant role, since they redistribute heat most efficiehidjween p; = 920 kg/m®, the heat flux is converted into an oceanic fresh-
latitudes of very different air temperature. water fluxF = H/ (piLi). ATequ = (To — Tf)equ IS the tem-
Surface freshwater fluxes in the SO influence the large-sirale perature difference for the pre-industrial equillibriuimalation.
culation only for relatively large fluxes because strondame cur- Simulations presented here start from a multi milenniagretion
rents strongly dilute the signa®idov et al., 2005]. Whileitis not (approx. 15000 years) with pre-industrial boundary coodg of
clear if changes of surface fluxes of the required magnitudg m280 ppm CQ equivalent greenhouse gas concentration. In addition
occur under future warming, basal ice shelf melting (ISMjlgs  t0 this equilibrium without ISM, we compute an equilibriunitiw
subsurface fluxes and is likely to be enhanced in a warmindgworMelting parametrization and = 1, in which caseATcq. drops
[Rignot and Jacobs, 2002]. Here we introduce subsurface meltwate‘?ufjand ctihfe eqU|I|br|L’\|/|m|r_eference .tempelr%“!fe cfan be (rjle’ufedhn
and corresponding heat fluxes through a simple parametierizz# an ESF oLy > 1. eltlltnghr_aLes In eqlui_l rium (I)rt%afﬁl of the
basal ISM Beckmann and Goosse, 2003;Holland et al., 2008] into Ice shelves compare wel to higher resoiution simulatl frer,
the global coupled climate model CLBER-3« in order to investi- Zogﬁﬁtﬁt}te&mneanud”:E)?}/fmn%ng’isz ?nocgr]éased bv 1% per vear for
gateits influence on the SO circulation, in particular thesBpolar &: 9 9 y ety

is computed as the along shore integral of a poweg [1, 2] of

. o 0 years. Subsequently concentration are kept constdn280
gyres (SPGs) in the Weddell and Ross Seas. We present aib&roch,sm’= 1120 ppm for a number of centuries. In addition to anexpe

mechansim by which enhanced SPG transport can increasea8O [{aent without ISM (NoISM), we apply ISM heat and fresh water
uptake. fluxes with different exponents = 1, 1.2, 1.4, 1.6, 1.8 and2.0. In
order to investigate their respective influence, two supplatary
experiments with fixed heat (fixH) and freshwater flux (fixRep
scribed to their pre-industrial equilibrium fields) wereried out.
Copyright 2009 by the American Geophysical Union. For a detailed description of the experiments and the pedace of
0094-8276/09/$5.00 the model with ISM compareHattermann and Levermann, 2009].



with depth, which is important with respect to the subsiefarelt-
water inflow compared to surface perturbations.
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Figure 1. Time evolution of the simulations. Panel a: atmo-
sphericC O, concentration (right axis) and anomalies of global
mean surface air temperature (SAT), sea surface temperatur
(SST) and deep ocean temperature from 500m to 2000m depth
(DST) for the NoISM run (left axis) Panel b: Anomaly of max-
imum zonal transport through a meridional cross sectiohsou
of the SPG center betwed°W and30°W in the Weddell (W)

sea andl50°W and 180°W in the Ross (R) sea down to 2000
m depth. The latitude of the center moves southward during
the warming scenario and varies betwédfS and66°S for the
Ross and betwees°S and62°S for the Weddell gyre. Initial
values are 29 Sv for the Ross and 46 Sv Weddell gyre. Ex-
periments with freshwater fluxes (fixFW) and heat fluxes (fixH)
fixed to the fields of the control simulation reveal that frgater
fluxes constitute the main influence of ISM on the SPG.

3. Enhanced gyre through global warming

First consider the control simulation without ISM but witlolgal
warming (NolSM). In response to rising atmospheric temjpeea
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Figure 2. Enhanced baroclinic contribution to SO SPGs. panel
a: temperature increase more strongly north of the gyrerunde
global warming (NoISM year 200 minus year 1). panel b: salin-
ity decrease south of the gyre due to ISM. Both effect deereas
density in the outer SPG rim and enhance its transport.

the SO north of the Antarctic Circumpolar Current (ACC)isma 4. Enhanced gyreand heat uptakethroughice shelf
ing more rapidely than near the Antarctic coast (fig. 2a). sThimelting

is a common feature observed in warming experiments within ¢
pled climate models of varying complexitiRper et al., 2002]. The
emerging temperature gradient influences the horizontallation.
Similar to the North Atlantic SPG\lyers et al., 1996;Levermann

Under global warming melting rates increase drasticallthwi

some time-delay to the SAT (fig. S2) which is determined nyainl
by the downward advection of the positive temperature ahptoa
the base of the ice shelHpttermann and Levermann, 2009]. In

and Born, 2007] the horizontal SO circulation has a wind-driven antesponse to this, ISM yields a small local oceanic coolingnéice

a baroclinic componentjang and Meredith, 2008]. The density
difference between the denser center and the lighter ritneofyre
induces a geostrophic flow which enhances the circulaticptid
integration of the momentum balance equations revealstlist
baroclinic contribution is proportional to the differeniogpotential
energyAyx = gf dz - zAp between the center and the exterio
of the SPG (e.g. Born et al., 2009; Hattermann and Levermann,
2009]. Consequently the gyre strength correlates with tfierd
ence in potential energy rather than density which can béegin
our simulations (fig. 2c); i.e. enhanced warming north ofAlxC
strengthens the SPGs (fig. 1b). Please note that this meatrtai¢h
significance of density differences for the circulationglmcreases

shelf regions which limits further melting and constitutesega-
tive feedback stabilizing ISM at a slightly lower level coanpd to
melting rates that would be diagnosed in an uncoupled siioola
[Hattermann and Levermann, 2009]. In our model this effect is
limited by local oceanic transport processes, mainly ngxiand
its relevance reduces under global warming. With respegt/te
strength, simulations with freshwater fluxes and heat flfixes to
the time-dependent field of the control run reveal that |%l4ted
heat flux does have nearly no influence (fig. 1). To the contrary
ISM-meltwater fluxes strongly strengthen the SO SPGs dus-to a
sociated freshening. The effect is enhanced for higherrexmisa
due to the related ISM enhancement (figure S3).

Dynamically ISM has a similar effect as the warming north of

the ACC by enhancing the density difference between SPGrcent
and exterior (fig. 2c). Here, however, the subsurface méitwa



injection (200m-600m) lightens the southern edge of the 8GsS important aspect may influences the amplitude of heat uptake
(fig. 2b). Note that it is crucial that the density is reducedepth comprehensive future projection.
since the baroclinic contribution is proportional to thfetience in
potential energy not merely to the density difference.

In agreement wittHellmer [2004] andWang and Beckmann
[2007] our simulations show that ISM locally stabilizes tha-
ter column and thereby reduces oceanic heat loss to the piteies
around the Antarctic coast (red coastal areas in figure 3)s i§h
at some places enhanced through stronger sea ice cover fuhich
ther reduces heat loss. The main increase in oceanic hesdte,ipt
however, occurs in the latitudinal band betweet!S and40°S
(fig. 4b). The enhanced SPG advects colder near surface water
masses towards lower latitudes where it increases the taimpe
difference between the cold oceanic surface and the warimer-a
sphere and thereby increases oceanic heat uptake (fig. 3).
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‘ Figure 4. panel a: timeseries of global mean ocean heat up-
\ take in ISM experiments compared to the NoISM experiment.
\ - panel b: spatialy integrated components of oceanic heakept

\ ’ at different latitudes in basal melting experiments coregan

\ ) NolISM experiment. The global integral is split up into thear

\ /,/ north of the ACC = 40°S), the regime north of the Drake Pas-
mm — 10 sage 40° — 54°S) and the sea surface adjecent to the Antarctic
continent K 54°S).
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/ |
f/ /¥ Wm—2 —20 First of all we purposefully have not taken any changes irdwin
xF stress and related circulation changes into account irr dodsap-
ture the baroclinic response to ISM. Wind changes might datei
variability, especially on sub-decadal time scales. Seélgpsince
_ ) we do not model the oceanic circulation below the shelf, eaults
Figure 3. Surface heat flux difference after 200 yeatis£ 2 need to be interpreted within the framework of the applibof
minus NolSM experiment) and NolSM surface velocities. the melting parameterizations &dckmann and Goosse, 2003;Hol-
land et al., 2008] which might have their limitations. Thirdly, the
coarseness of the representation of the ocean currentslaster
of implications. One question is how quickly the fresh maltw
ter is rising to the upper ocean layers where it is less effidie
altering the SPG circulation. Simulations with higher taton
: L odels Hellmer, 2004;Losch, 2008] suggest that the fresh signal
) Ina g'oPa' coupled. cllmaFe model comprlsmg acoarse resOlg]ses rather quickly within the outer SPG rim which would e
tion oceanic general circulation model we find that SO hetk® the mechanism proposed here. The results will furthermepexd
is enhanced under global warming due to an increase in SO SF'-"(Et%Utitt?]tiveW on hv?/v;/]_jar_north Surfafﬁ_watigmassgesssg;ﬁﬂl‘ztgg
; T within the gyres. ile in our simulations the s gdhera
strength. The reason. IS an enhan_ced density dlﬁergncgebaﬂMe reach further north than observed which might increase fiieete
denser core and the lighter outer rim of the gyres which isedby compared to the real ocean, they are also generally weahar th
two effects. First the region north of the ACC warms morerggip  observed which argues for an enhanced effect in the realnocea
; PRI : mpared to this study.
then southern regions which is a common feature of model-simtP . .

i ) ) ) Generally coarse resolution models, as applied here, ¢dvidrtr
lations of varying complexity. The second cause is relatelM  gensity gradients which is, for example, the reason for elatively
which freshens the Antarctic coast and thereby lightensdahtéhern weak initial SPG and ACC strength. In the more pronounced ob-
SPG rim. served density structure the meltwater may have a stronfjeence

. . . I on the circulation than simulated here which would streegtthe

The aim of this study is to propose the qualitative mechamiem effect. Furthermore, in our simulations, the export of tegative
scribed which depends mainly on the geostrophic balansedest heat anomaly produced by the ISM away from the shelves igaehi
the center and the outer rim of the SPGs. While the mecharsisn{@inly by mixing. Small scale advective processes as obgerv
. ; _ . the real ocean would be more efficient than mixing and redinies
likely to be robust in a qualitative manner, we can not cldiat the negative feedback enhancing ISM. These mechanisms mayetave
effect is properly represented in a quantitative way. A nemdf to an underestimation of the described mechanism in thdystu

5. Discussion and conclusion



While we observe the same qualitative behavior of both SPGQGsvermann, A., and A. Born (2007), Bistability of the sukgogyre in
the influence of ISM on the Ross Gyre is much weaker because thea coarse resolution climate mod@gophysical Research Letters, 34,
amount of meltwater there is much smaller. However, thisois n  L24,605. _
taking into account the fast flowing outlet glaciers in theuktsen ~Levermann, A., J. Schewe, and M. Montoya (2007), Lack oflaipsee-saw
and Belinghausen Sea which were proposed to contribute @fiost :_” e{gg%’ls(’izt)o |_3102Ut7hlelm Ocean wind reductiBeophysical Research
Antarctl_c mass loss by basal mgltln@l@not etal., 2008].‘ T.he Levitus, S J. Ar{tonO\’/, T. .P. Boyer, and C. Stephens (208@yming of
freshening from thege areas, which are not repre_sentedjvmﬂp the world oceanScience, 287, 2225-2229.
model are probably influencing the water mass distributiothe | gsch, M. (2008), Modeling ice shelf cavities inacoordinate ocean
continental shelf areas, also reaching into the Ross baBhis general circulation modelJournal of Geophysical Research, 113,
would increase the response of the Ross gyre to ISM compared t DOI:10.1029/2007JC004,368.
our findings. Mignot, J., A. Levermann, and A. Griesel (2006), A decomfiassiof the At-

While our observation of reduced atmospheric warming due to lantic meridional overturning circulation into physicamponents using
enhanced melting around Antarctica is in general agreemitht its sensitivity to vertical diffusivityJournal of Physical Oceanography,
Swingedouw et al. [2008], the associated mechanism is radical%oﬁfc’)G:G_,&SOA Griesel, A. Levermann, J. Mignot, M. Hofmann
different. In the previous studye_13|mllar me_ltwaterﬂux mlled A éa’nopalski; and S. Rahmstorf (2005)” The Earth’Sys.teme‘Vloﬂ
at the surface along the Antarctic coast which stronglytifieeed the

. ’ - Intermediate Complexity CLIBER-3a. Part |: description and perfor-
ocean near the surface, shoaling the oceanic pycnoclineednd- mance for present day conditior@jmate Dynamics, 25, 237—263.

ing vertical heat transport. This lead to a strong increas@a ice Myers, P., A. Fanning, and A. Weaver (1996), Jebar, bottazasarre torque,
cover even under global warming and thereby to a regionabatm and gulf stream separatiodgurnal of Physical Oceanography, 26, 671—
spheric cooling through the higher sea ice albedo and a tieduc  683.

of global SAT increase of about 10%. Our simulations in which Raper, S. C. B., J. M. Gregory, and R. J. Stouffer (2002), Bhe of cli-
similar meltwater flux is applied at depth show only slightriease mate sensitivity and ocean heat uptake on AOGCM transiemi¢eature

in sea ice cover which suggests $wingedouw et al. [2008] and

Swingedouw et al. [2009] the surface application of the freshwate

is crucial for the effect. In contrastto our study, the sceflux orig-

responseJjournal of Climate, 15, 124-130.

Pignot, E., and S. S. Jacobs (2002), Rapid bottom meltingesycead
near antarctic ice sheet grounding linBsience, 296, DOI: 10.1126/sci-
ence.1070,942.

inates from the loss of grounded ice. Thus under global wagmi Rignot, E., J. L. Bamber, M. R. V. D. Broeke, C. Davis, Y. Li, W.V. D.

both effects will play a role.
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