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Abstract. Mid-latitude westerlies are a major component the mean westerlies as a result of the baroclinic instability
of the atmospheric circulation and understanding their be-also feedback on the mean jet stream and help maintaining
haviour under climate change is important for understand-t. The fact that mid-latitude westerlies are related to storms
ing changes in precipitation, storms and atmosphere—oceaimplies a relationship with extreme storms. Thus, a better un-
momentum, heat and GGexchanges. The Southern Hemi- derstanding of the mid-latitude westerlies in climates differ-
sphere westerlies have been particularly studied in terms oént from the present one is essential to gain improved con-
the latter aspects, since the Southern Ocean is a key region féidence in our prediction of future changes in precipitation
the global oceanic circulation as well as for £€@ptake. In  and extreme events. Mid-latitude westerlies also represent a
this study, we analyse, mainly in terms of jet stream position,strong forcing for the underlying ocean: they are responsi-
the behaviour of the southern westerlies for the Last Glaciable for momentum and heat fluxes at the ocean—atmosphere
Maximum (LGM, 21 000 yr ago, which is the last past cold interface, acting on the ocean mixed-layer and, by defini-
extreme) and for a future climate, obtained after stabilisatiortion, piloting the wind-driven circulation. As such, the North
of the RCP4.5 scenario. The a priori guess would be that thétlantic westerlies have been the focus of many studies be-
behaviour of the westerly jet stream would be similar whencause of their role in driving the Gulf stream and the North
examining its changes from LGM to pre-industrial (PI) con- Atlantic drift, but also because they are key in driving the
ditions and from PI to RCP4.5, i.e. in both cases a polewardAtlantic Meridional Overturning Circulation (e.¢Vunsch
shift in response to global warming. We show that this is in 2002 Kuhlbrodt et al, 2007).
fact not the case, due to the impact of altitude changes of the The Southern Hemisphere mid-latitude westerlies run
Antarctic ice sheet and/or to sea ice cover changes. nearly undisturbed by continents and are associated with the
strong Antarctic Circumpolar Current. Recently, they have
received more and more attention because they are another
) key to the global ocean overturning circulatiogijp and
1 Introduction England 2008 Marshall and Spee2012 but maybe even

. ) . ) more so because they have been suggested to play an impor-
The mld-!atltude westerlies are one of the major features okt role in the recentLe Qe et al, 2007 Lenton et al,
the Earth S atmospheric C|rcul_at|on. They are strongly relatedzoog and future Russell et al.20063 evolutions of the up-
to mid-latitude weather and climate, in particular because thg ;.. o¢ anthropogenic Gby the Southern Ocean. However,

mid-latitude high precipitation regions are zones of frequente gy,dy of the their evolution under anthropogenic forcing

passages of mid-latitude storms which develop as instabili, 4 their potential impacts is currently hampered by the poor

ties along the mid-latitude jet streams. The equator-to-pol§gnesentation of the southern westerlies by climate models
temperature gradient is one of the primary driving forces for(RusseII et al.2006b, with an equatorward bias in the jet
the mid-latitude westerlies, which is expressed through the

thermal wind relationship. But the eddies that develop along
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position which has only weakly improved in the CMIP5 ex- ozone hole over the 21st century should compensate the im-
periments YVilcox et al, 2012. pact of greenhouse gaséXeflwitz et al, 2008 Wilcox et al,

Southern mid-latitude westerlies have also been propose@012. The mechanism of this influence is not yet under-
to play a role in explaining the low level of atmospheric stood. Changes in the jet position are reinforced by posi-
COy concentration (185 ppmwlonnin et al, 2001) at the  tive feedbacks between baroclinic eddies and the zonal-mean
Last Glacial Maximum (LGM, 21 000 yr ago) and the subse-flow (Lorenz and Hartmanr200)), that explain the domi-
quent atmospheric CQncrease during the last termination. nance of jet shifts in the low-frequency natural variability,
In particular, Toggweiler et al.(200§ and Banderas et al. embodied by the Southern Annular Mode (SAM). These pos-
(2012 suggest that an equatorward position of the south-itive feedbacks also explain why the SAM dominates the at-
ern jet stream prevents GGtored in the deep ocean from mospheric circulation response to climate forcings, but they
reaching the atmosphere at the LGM, but that as soon atend to mask the initial causes. For example, the eddy length-
the warming starts and the jet stream shifts poleward, descale increases in future simulatiok§dston et al, 2010,
gassing of this C@to the atmosphere can start, therefore which could cause a shift of the jet, but it is not clear whether
providing a positive feedback to the initial warming. Many this larger scale is a direct impact of the warmitgdston
other factors, in particular involving marine biology and in- etal, 2011 Riviere 201J) or a response to the jet shift itself.
creased dust fluxes (e.Bopp et al, 2003, brine rejection In any case, it seems that changes in the meridional tem-
and stratification-dependent ocean diffusi@o(ttes et al. perature gradient in the upper troposphere are a strong driver,
2012, have been proposed to play a role in the low level of or at least a good predictor of the jet shifi#/i{cox et al,
amospheric C@concentration at the LGM but the idea that 2012. This has been confirmed by a number of studies with
a shift in the westerlies could have an impact on atmospheriédealised dynamical-core models usingHald and Suarez
CO, level has fostered many studies on reconstructing thes€1994) type of setup to which a prescribed heating was added
westerlies from palaeodata. (Butler et al, 201Q Riviereg 2011 Lorenz and DeWeaver

Rojas et al(2009 provide an extensive review of palaeo- 2007. In all cases, the modelled jets shift poleward as a re-
data that have been used to reconstruct winds at the LGMsponse to heating in the tropical upper-troposphere or cooling
They classify these paleo-wind indicators into two cate-of the polar stratosphere. On the contrary, a warming of the
gories: (1) the “direct” wind indicators such as ocean up-polar lower-troposphere — as expected from the polar ampli-
welling or dust (although it could be argued that the latter fication predicted in the Northern Hemisphere — could lead
also depends on dust sources, i.e. on vegetation, snow covés an equatorward jet shift.
and soil humidity); and (2) indirect wind indicators such as  Our objective here is to study the changes in the charac-
pollen or terrigeneous supply, or glacier advances @ui=  teristics of the Southern Hemisphere westerlies in the con-
nam et al. 2010, which depend on the position of the mid- trasting climates of the LGM and the future, compared to
latitude front either via a dependence on precipitation or via athe pre-industrial reference state. We make use of the newly
dependence on temperature. Hence, understanding the mecawailable CMIP5/PMIP3 simulations, performed for each of
anisms controlling the position of the mid-latitude westerliesthe 6 models analysed here, with the same model version for
at the LGM is important not only to evaluate its possible im- the LGM, pre-industrial and future climate simulations. Af-
pact on ocean circulation and atmospheric—ocean €0  ter describing these simulations and the diagnostics chosen
changes, but also to disentangle the signals from the diverstor our analyses (Sec®), we first assess the mean changes
palaeo-indicators interpreted as being related to wind. Cli-in southern jet stream for both climates and study the rela-
mate models can help in such a task by assessing the comionship between these mean changes and the modes of inter-
sistency in, for example, westerly wind position and pre- annual variability found for the pre-industrial state (S&jt.
cipitation or temperature changd?ojas et al(2009 have  We then show that it is possible to derive a simple relation-
studied four LGM simulations from the PMIP2 (Palaeocli- ship, valid for the LGM and future climates, between changes
mate Modelling Intercomparison Project, phaséBfacon-  in the temperature field and the position of the jet stream
not et al, 2007 in terms of changes of the southern wester- (Sect.4). Section5 discusses and summarizes our results.
lies and storm tracks between the LGM and the pre-industrial
climates. They point to a large variability in the models’ re-
sponse to LGM boundary conditions and to the conflicting2 Numerical experiments and jet stream definition
impacts of the increasing meridional equator-to-pole temper-
ature gradient at the surface and the decreasing gradient a1 CMIP5/PMIP3 simulations
mid-tropospheric levels.

Turning to the future evolution of the southern westerlies, This work is based on simulations produced within the
climate models consistently predict a nearly year-round poleframework of the CMIP5 (Coupled Model Intercomparison
ward shift in response to increasing greenhouse gas concetroject,Taylor et al, 2012 and of the PMIP3 (Palaeoclimate
tration (Yin, 2005 Lorenz and DeWeaveP007). The ex-  Modelling Intercomparison ProjeciOtto-Bliesner et al.
ception is the summer season, for which the recovery of the2009 Braconnot et a).2012 projects. These CMIP5/PMIP3
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simulations use coupled atmosphere—ocean—sea ice (carbc IPSL _NeaR MIROC
cycle) models which do not include interactive ice sheets. -~ .~ '
For a given model, the same model version has been uses %
for all CMIP5/PMIP3 simulations, which makes a rigorous
comparaison of past vs. future simulated changes possible,
Since our aim is to study, within a common framework, LGM |
vs. future changes in the Southern Hemisphere westerly je
stream, we selected models which had both performed ar
LGM simulation and the RCP4.5 scenario. We chose this e _ONRM oS
middle RCP scenario because the corresponding radiative -~ i T B
forcing is roughly the opposite to that of the LGM. We stud-
ied the stabilised part of this scenario, after year 2100. For
all models, we have computed and analysed the climatologi-;
cal averages over 50 yr, from year 2251 to year 2300, for the -
RCP4.5 scenario. The LGM and PI (pre-industrial) simula-
tions being equilibrium ones, we have considered averages
over the final 50 yr of these runs. Since we only study one

RCP scenario, we will refer to these RCP4.5 simulations adig. 1. LGM ice sheets for the six models included in the present
the “RCP” simulations in the rest of the text. analysis: altitude PI-LGM difference. This is a reconstructed dif-

At the time of analysis of these results (Spring 2012), ference using surface pressure, as topography was not available for

there were six such models: CNRM-CM5. GISS-E2-R. ?ILnn:,OddS' Units are in equivalent-meters, using a height-scale of
IPSL-CM5A-LR, NCAR-CCSM, MIROC-ESM and
MPI-ESM-P. For simplicity we will refer to them as
follows: CNRM, GISS, IPSL, NCAR, MIROC and MPI, six other models for which the Pl and RCP4.5 simula-
respectively. The LGM simulations all follow the PMIP3 tions were available: IPSL-CM5A-MR, IPSL-CM5B-LR,
protocol  fttps://iwiki.Isce.ipsl.fr/pmip3/doku.php/pmip3: bcc-csm-1, CanESM2, FGOALS-g2 and NorESM1-M. The
design:21k:fingl in particular in terms of orbital param- |IPSL-CM5A-MR model is the same as the version used for
eters set to their 21 000yr ago valuddefger 1978 and the rest of the study, except for a higher horizontal resolution
lower concentration of atmospheric greenhouse gase@leading to a more poleward jet, dflourdin et al, 2012);
(185 ppm for CQ@, Monnin et al, 2001, 350 ppb for CH, IPSL-CM5B-LR has the same resolution but a new physical
Dallenbach et a).2000 and 200 ppb for MO, Flickiger  package. Adding these models increases the number of de-
et al, 1999. All models use the PMIP3 LGM ice sheets grees of freedom for the correlation calculations in this sec-
(https:/iwiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:21k: tion and helps building more significant relationships.
icesheet:inde)x except for the GISS model which uses the
ICE5.2G ice sheetsPgltier, 2004. The LGM ice sheets are 2.2 Jet stream definition
imposed as changes in the boundary conditions. This implies ] ] o
(1) adapting the coastlines to their LGM configuration, (2) T0 characterise the Southern Hemisphere westerly jets in the
changing the topography/bathymetry, and (3) changing the-GM, Pl and RCP simulations, we have chosen to use the
ice sheet extent. The way these changes are impIementé_BBO'hP"% zonal Wln(_JI. This Ie_vel char_at?terlses the eddy-driven
differs from model to model. This can eventually result in jet and its fluctuatlons_ while remaining above the surface
differences in the models’ boundary conditions, as shownPoundary layer. The wind speed is larger at the tropopause
in Fig. 1 for the Antarctic changes in topography, as recom-€vel, butthe upper-level jetis driven by a combination of ed-
puted from surface pressure; even though the same boundaf{}es and the Hadley cell, and its position is less meaningful:
conditions were applied to all models except GISS, the@ Strong subtropical jet can hide changes in the near-surface
translation of this forcing for each of the models yields Winds, which are the ones interacting with the ocean.
different altitude differences. These are particularly small for  The characteristics of the jet are computed by first taking
CNRM compared to the other four PMIP3 models. For these? ime and zonal average of the zonal wind. A quadratic in-
latter models, the largest altitude changes are located ovéfrpolation around the grid point with maximum mean wind
West Antarctica, with local differences reaching 1500 m then yields the exact latitude of the mean jet as well as its
(more ice at LGM than for PI). The same is true for GISS, velocity. 'I_'hese will be refered to as jet latitude or speed in
while in CNRM the altitude difference is only 1000m at the following.
most and over more restricted regions than in other models.

For our analysis of the relationship between the change
in maximum jet stream position and temperature changes
at the pole and in the tropics (Sect), we included

2000 -1000 0 1000 2000
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3 Southern Hemisphere jet stream behaviour under Priow Pt RCP-PIIPSL
future and glacial conditions 20"} BT g o OE, ] ; =
40 sg——"&—\_a——
3.1 Mean behaviour 80's. B atuiit| ] e (
0 90 E 180 E 90 W 0 0 90 E 180 E 90 W 0
PI-LGM NCAR RCP-PINCAR
For an easier comparison between past and future climate,. [~ = : s
changes, we examine the RCP-Planomaliesontheonehanwo's, .~ . aosf 0o
and the PI-LGM anomalies on the other, i.e. the anomaliesy- 5| = = e 25
corresponding to a warming in both cases: warming sincethe o o' 180 sow o 0© 9E 180E 0OW 0
. . H PI-LGM MIROC RCP-PI MIROC
LGM for the latter case; predicted future warming, compared g S —
to Pl conditions, for the former case. In the following, we will 282% ~o—— Ry igz ‘ :
refer to the "LGM anomalies” for the PI-LGM anomalies as . 60's
13 H ” . 80‘8 '] SO‘S
and_to the “RCP anomalies” for the RCP-PI gpomalles. . e E et w o T wE e ww o
Figure 2 shows, for each model, the position of the jet Pi-Lom Pl RGP-PIMPI
stream for the PI run and the LGM and RCP zonal wind ,,¢ L v S sl g Y
anomalies. The structure of RCP anomalies for all modelsggzww— SSZM
is a latitudinal dipole centered on the mean jet position, in- s's Coae T T 80's : ‘
90 W 0 0 9'E 180E 90 W 0

dicative of a poleward shift of the jet stream. This poleward ©  %E 1&E

. . . . PI-LGM CNRM RCP-PI CNRM
shift is quantified from the zonal-mean 850-hPa zonal winds X .
20 S v A : 4 20 S

in Fig. 3 (left panel). Itis strongest for the IPSL model, which gl - ., . w ol =P T a)
simulates a 3.5poleward shift and ranges from 0.7 to 1.5 ggz' T e 232 g
for other models. Figur8 (right panel) shows that the maxi- ¢ SE 160E SOW O 0  9E 180E 9OW 0
mum speed of the jet stream also increases in all the simula- priowess Rop-mieiss
tions, by 0.5 to slightly more than 1 m% These changes are  x's i e 20°s| e
therefore consistent for all models, even though there are dif- o7 =T i e
ferences in the amplitude of the anomalies. In particular theso'sL == 7 ] s0's| _ eee

. . . 90 E 180 E 90 W 0 0 90 E 180 E 90 W 0
anomalies simulated by the CNRM model appear as being 4 I NEEEme
the weakest on the maps of FR)(right panel). 3 -2 1 0 1 2 3

The LGM anomalies, in contrast, are far from being con- _

. . Fig. 2. Anomalies (in msl) in 850-hPa mean annual zonal wind
sistent for all models. This can already be seen from the MaPR,r the six models studied here. Left column: PI-LGM, right col-

of Fig. 2 (left panel). IPSL, CNRM and GISS simulate & \,;\n. Rcp—pI. The position of the Pl jet stream maximum is indi-
poleward displacement for all longitudes, NCAR simulates .ted as a black contour.

a decrease of the wind speed and a slight equatorward dis-
placement of the jet maximum while MIROC and MPI sim-
ulate an equatorward displacement and strengthening of then the dominant modes of internal variability: being the least
jet stream. This behaviour is summarised on Big. damped modes, they are also the most sensitive ones.
In summary, the Southern Hemisphere westerlies show In the Southern Hemisphere, the first EOF of the zonal-
a consistent poleward shift and increase in maximum windmean zonal wind, i.e. the SAM, is a dipole centered on the
speed for the PI to future warming but not for the LGM to Pl mean jet latitude, and thus represents a meridional shift of
warming. This is intriguing because we could have expectedhat jet Lorenz and Hartmanr2001). This behaviour is well
a similar behaviour for both forcings, given that the the mainreproduced by all the models in the PI simulation (Fg.
forcing at LGM in the Southern Hemisphere is expected toshowing EOFs of monthly 850-hPa zonal-mean zonal wind),
be the one related to the lower greenhouse gas concentravith the node of the SAM following the different mean lat-
tions. Indeed, in contrast with the Northern Hemisphere sit-itudes of the simulated jet. The second EOF is, by con-
uation for which massive ice sheets are added to the Northstruction, orthogonal to the first, and can be interpreted as
ern Hemisphere continents at LGM, compared to PI, in thea strenghtening and narrowing of the jet (conserving angular
Southern Hemisphere the Antarctic ice sheet is present in thenomentum), although it could also play a role in large shifts
three types of simulation analysed here. In Séae will of the jet Fyfe and Lorenz2005.
further analyse potential reasons for the different behaviours The RCP and LGM time-mean changes of the zonal-mean
of the jet stream for the LGM to Pl and PI to RCP warmings. zonal wind at 850 hPa are shown in Figtogether with the
anomalies corresponding to one monthly standard deviation
3.2 Relationship with Pl modes of variability of the first two EOFs. In all cases, the future changes project
most strongly on the first EOF or SAM (average pattern cor-
As discussed in the introduction, the atmospheric circula-relation of 0.85), indicating that the changes are dominated
tion response to an external forcing often projects stronglyby shifts of the jet (cf. Tabld). This is also true of LGM
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Table 1. Spatial (90-0 latitude) correlation of anomaly patterns of 4 IPSL NCAR MIROC
850-hPa zonal-mean zonal wind: the first and second EOFs of the
Pl simulation, and the PI-LGM and RCP-P!I differences. g2
Eo
IPSL NCAR MIROC MPI CNRM GISS E ,
Rep_p) EOF1  0.92 0.88 0.85 0.80 0.85 0.78
EOF2 0.25 -0.19 0.13 0.29 0.17 —0.06 -4
plLgy FEOF1 022 -009 -013 0.08 0.61 0.54
EOF2 0.39 -0.32 0.28 0.28 0.17 0.11 4
@ 2
E
Poleward jet shift (°lat) Wind speed change (m/s) E 0
4 1.5 =
3 1 § -2
R 05 _4 i ” i ” i
-60 -40 -20 -60 -40 -20 -60 -40 -20

latitude

-1 Fig. 4. Latitudinal structure of the variability and response of the
-15 zonal-mean zonal wind at 850-hPa for all the models. Black lines:
IPSL NCAR MIROC MPI CNRM GISS IPSL NCAR MIROC MPI CNRM GISS . . . .
anomalies for & of the first (solid line) and second (dashed) EOF
Fig. 3. Left panel: jet stream poleward shift ¢f latitude) and right  of the zonal-mean zonal wind in the Pl simulation. Colors: mean Pl—
panel: wind speed maximum anomaly (m'L$, PI-LGM (in blue) LGM (blue) and RCP-PI (red) difference. The vertical line indicates
and RCP-PI (in red). the jet position in the Pl simulation.

changes for the CNRM and GISS models, which both behavdor the PI-LGM anomaly, except for the CNRM model. In
similarly in the past and future. For the other 4 models, how-fact, a comparison of Fig8 and5 shows that those models
ever, the LGM changes project better, if anything, on the secwith strongest warming around Antarctica from LGM to PI
ond EOF, although the pattern correlations are weaker thaiNCAR, MIROC, MPI) are those which simulate an equa-
for the RCP case (average of 0.32). torward shift of the jet stream. In contrast, IPSL, CNRM
and GISS show a near-surface high-latitude warming that is
weaker or confined to Antarctica, and simulate a poleward
4 A simple relationship between jet stream and shift of the westerlies. Hence, for the LGM to PI evolution,
temperature differences? the westerlies are subject to contrasting influences: (1) the
strengthening of the upper tropospheric temperature gradi-
In order to try and understand the different behaviours Ofent, and (2) the Weakening of the lower troposphere temper-
the southern westerlies in the PI-LGM vs. RCP-PI anoma-gture gradient_ This appears to exp|ain the range of model
lies, we first turn to the zonal-mean temperature anomaliesesponses for the LGM case, with some models in which the
(Fig. 5), since the meridional thermal gradient is one of the ypper-tropospheric influence is stronger, while in others it is
drivers of the westerlies. For both the past and future situthe lower-tropospheric influence which is most important.
ations, this figure shows the expected general tropospheric To test this idea, we study the quantitative relationships
warming and high-latitude stratospheric cooling. The tropo-petween the jet stream shift and the temperature differences

spheric warming has a maximum near the top of the tropo-at the high-latitudes and in the tropics. To do so, we define
sphere in the tropics for both the past and future situations irthe following:

all models, and a secondary maximum in the lower half of the

troposphere at high latitudes for some models. Therefore, at — Tpole @S the averaged temperature for latitudes 90 to
the top of the troposphere, for the past and future evolutions, ~ 65° S and pressure levels 1000 to 600-hPa,

models simulate a strengthening of the meridional temper-
ature gradient. This is consistent with a strengthening of the
jet stream. The poleward shift of the jet stream is also consis-

— Twop as the averaged 2 m-temperature for latitud€ss30
to the Equator.

tent with the idealised studieRiyiere 2011, showing that a These averages are mass and area weighted. We also define
warming of the upper tropical troposphere is enough to causeé Tirop ands Tpole as the RCP—PI or the PI-LGM anomalies in
a poleward shift of this jet stream. Tirop and Tpole, ¢ as the latitude of the jet stream adgl as

In another idealised simulatioRjviere(2011) shows that its shift, with positive meaning a poleward shift.
an imposed warming in the lower troposphere at high lati- Figure 6 shows the relationships between the jet stream
tudes causes an equatorward shift of the jet stream. In théatitudinal shifts¢ and the changes ifiyop (left panel) and
models analysed here, the maximum warming in the lowerTpoe (Middle panel). The relationship betwet ands Tirop
half of the troposphere at high latitudes is especially strongs quasi-linear for the RCP case (red symbols), with

www.clim-past.net/9/517/2013/ Clim. Past, 9, 513824, 2013
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Fig. 7. Contribution to & x 8 Tpole + b X 8Tirop) for each model, for
Fig. 5. Anomalies in the zonal mean temperature (in K) for the 6 p|—. GM and RCP—P!: in red x 8Ttrop, in blueb x 8 Tpole.
models, for RCP-PI (first two rows) and PI-LGM (last two rows).
Continuous lines show the mean temperature in PI.

illustrates the stronger influence of the change in tropical
temperatures for the RCP case, and the near balance between
the two terms for the LGM case, except for the CNRM and
GISS models.

increasing for an increase #Tiop. The correlation between
these variables is 0.78, higher than {he 0.01 level of 0.6
valid for this number of degrees of freedom. But this rela-
tionship does not hold for the LGM (correlation of 0.26). On
the other hand, Figs (middle panel) shows a significant re-
lationship betweed¢ andsTpole for the LGM, with a larger
8¢ for smaller values ir§Tpole (correlation of—0.78). But |, this work, we have examined the behaviour of the southern
this relationship does not hold for the RCP case (correlationyesterlies for two constrasting climate changes compared to
of 0.25). ) ] the pre-industrial conditions: the Last Glacial Maximum cli-
These results suggest that the jet stream shift could be cofy,5te and the stabilised part of the RCP4.5 future scenario.
related to a combination of the two indic&Brop anddTpole:  Because these climates are characterised by a radiative forc-
These two indices can be considered as independent SiNGRg of similar amplitude from PI to RCP and from LGM to
their correlation is 0.33. Therefore, we can perform a multi—pL an a priori guess would have been to obtain a similar
linear regression attempting to find a relationship of the form:yahaviour of the jet stream: since the jet streams had been
shown to consistently move poleward under increased atmo-
spheric greenhouse gas conditions, the guess was for a pole-
For a=1.72 andb=0.86, we find a correlation between ward shift from the LGM to the PI conditions as well.
8¢ and @ x 8Tyop+ b x 8Tpole) Of 0.9. This relationship is We analysed the results of the 6 models for which LGM,
shown in the right panel of Fig. This relationship impliesa Pl and RCP4.5 simulations were available (in spring 2012)
ratio of 1: 2 between the influence of the high-latitude lower in the CMIP5 database. All models indeed show a poleward
troposphere temperature change and that of the tropical tenshift of the jet stream under the RCP conditions. The addi-
perature change (those having an opposite sign). tional RCP simulations analysed in Sedtalso show this
Figure 7 shows the contributions of each of these termspoleward shift. However, in the case of the LGM to PI evo-
for each model, for the LGM and RCP cases. This figurelution (i.e. warming due to the deglaciation), three models

5 Summary, discussion and perspectives

(S¢ =a X 8Ttr0p+ b x 8Tpo|e
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show a modest equatorward shift of the westerlies, while theénvestigated further. This has also implications for the future
other three show a poleward shift. A comparison with the evolution of the westerlies, since at present, no model takes
dominant modes of variability in the Pl simulation shows the ice sheet evolution into account but if the Antarctic ice
that the future changes project strongly on the first mode, thesheet evolves, this could also have an impact on the southern
SAM, indicating that the jet shift dominates the response.westerlies.
There is, however, no such systematic relationship in the
LGM to Pl case.
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a strong warming in the lower troposphere over and around

Antarctica. This could be due to the decreased altitude of thd=dited by: C. Brierley

Antarctic ice sheet, even though this decrease is strong only
over West Antarctica, and to possible sea ice cover change-
between the LGM and Pl states.

To assess the importance of the two factors, i.e. the tropic
temperature changes vs. the lower troposphere high-latitud
temperature changes, we have quantified their correlatiol
with the jet stream latitudinal position. As expected, good
correlations are obtained between the jet stream shift and
the tropical temperature changes for the RCP case, while th&he publication of this article is financed by CNRS-INSU.
best correlation is obtained with the lower troposphere high-
latitude temperature changes in the LGM case. This can b%
expressed in a unified manner by performing a regression
analysis between the jet stream shift and a combination oBanderas, RAlvarez-Solas, J., and Montoya, M.: Role of gand
both these temperature changes. Southern Ocean winds in glacial abrupt climate change, Clim.

This work therefore shows that in terms of the southern Past, 8, 1011-10210i:10.5194/cp-8-1011-2012012.
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