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ABSTRACT

The increasing trend of the Southern Annular Mode (SAM) gerd decades has influenced climate change in the South-
ern Hemisphere (SH). How the SAM will respond increasedmiease gas concentrations in the future remains uncertain.
Understanding the variability of the SAM in the past undeolaer climate such as during the Last Glacial Maximum (LGM)
might provide some understanding of the response of the SAfiéua future warmer climate. We analyzed the changes
in the SAM during the LGM in comparison to pre-industrial XBimulations using five coupled ocean—atmosphere models
(CCSM, FGOALS, IPSL, MIROC, HadCM) from the second phaseheffPaleoclimate Modelling Intercomparison Project
(PMIP2). In CCSM, MIROC, IPSL, and FGOALS, the variabilitftbe simulated SAM appears to be reduced in the LGM
compared to the Pl simulations, with a decrease in the stdrdkviation of the SAM index. Overall, four out of the five
models suggest a weaker SAM amplitude in the LGM consistétit anweaker SH polar vortex and westerly winds found
in some proxy records and model analyses. The weakeningg @AM in the LGM was associated with an increase in the
vertical propagation of Rossby waves in southern highudés.
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1. Introduction The positive SAM polarity is associated with the stronger
. esterly winds at low levels, which enhances the northward
Over the past several decades, a substantial temperafyre . :
: . : .Ekman divergence over the Southern Ocean (SO) and yields
increase has been observed in West Antarctica, especia

the Antarctic Peninsula, whereas very little change or evgn%ore extensive sea ice cover (Hall and Visbeck, 2002) and
' y 9 a stronger oceanic upwelling (Lefebvre et al., 2004). The

a slight cooling is found over East Antarctica (Turner et al, sitive SAM polarity also leads to a decrease in rainfall

2005; Chapman and Walsh, 2007; Monaghan et al, Zo%‘;er southwestern Australia (Karoly, 2003) and over south-

g(’;ellg)et ?kézoa?[?;rg (zozzﬂr(?:icalférioﬁ;tﬁf:T:?llgr?reetv:il sast South America (Silvestri and Vera, 2003), and the in-
| b P g rease in the transport of the Antarctic Circumpolar Curren

marked warming in the Antarctic Peninsula and slight coot-rough Drake Passage (Meredith et al., 2004).

ing in East Antarctica has been attributed to the increased . -
strength of the Southern Hemisphere (SH) polar vortex assg- Over the past 40 years, the SAM polarity has been in

ciated with the positive trends of the Southern Annular Mo éi?fé?lg;s\év?/r:na Etl)gohr;mf:; j tij[ghzgtlgﬁaowiz:::nyr?aggg?’_
(SAM) (Kwok and Comiso, 2002; Thompson and Solomo ' ’ ’ ’

2002, Gt an Thompson, 2003, Warshal 2003; Marsha o=y, 003 The recert crease 1 e S/ polrty s
et al., 2004; Marshall and Connolley, 2006). y b P

As the leading mode of low-frequency atmospheric Varrlzl_nd Solomon, 2002; Gillett and Thompson, 2003; Gillett et

ability in the SH, the SAM exhibits an equivalent barotropial" .2006; Kegley etal., 2007; Sonetal., 20.08) and in part by
vertical structure extending from the lower stratosphere e increase in greenhouse gas concentration (Kushner et al

. 001; sShindell and Schmidt, 2004; Cai and Cowan, 2007). In
the surface and a zonally symmetric structure and lead®to

exchange of atmospheric mass between the mid and high la £ future, it is projected that the SAM will not change es-

ntially, but rather be superimposed on the forced climate
tudes (Gong and Wang, 1999; Thompson and Wallace, 2oozﬁ'angey(l:yfe et al. 19999 KarSechko et al., 2010; Son et

al., 2010; Polvani et al., 2011). The future projection & th
* Corresponding author: (il Junmei SAM'’s status is a prime concern because its state is directly
Email: wind-ljm@163.com related to the atmospheric and oceanic dynamics in the South
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ern Ocean. However, there are only a few studies availableetral., 2006; Anderson et al., 2009; Toggweiler, 2009; Sig-
this topic and the status of the SAM under a future warmeran et al., 2010). Although the intensity of the SAM and the
climate remains highly uncertain. As an alternative, thed-anlink between its variability and the mean state of SH climate
ysis of past climates can provide useful information regryd are critical for Antarctic climate change and atmosphenitt a
the future change of the SAM under increased,CO oceanic circulations, the mechanism underpinning the modu
To assess the ability of models to reproduce the clation of SAM variability has not yet been fully studied. téer
mate that is different from present day and to investigatee investigate the variability of the SAM and its role in atmo
how the climate behaved in the past, the Paleoclimate Magpheric circulations under the cold LGM climate using sim-
elling Intercomparison Project (PMIP1) was launched in thdation results from PMIP2 to gain a better understanding of
mid1990s (Joussaume and Taylor, 2000). In the first phasdtod physical mechanisms driving the SAM.
the PMIP, atmospheric general circulation models (AGCMs)
with specified SST and calculated SST using slab ocean mg:- M odel d .
els were used to simulate the climate for the mid-Holoce ocels and experiments
at 6000 years before present (6 kyr BP) and the last glacial In this study, we used results from five atmosphere—ocean
maximum (LGM) at 21000 years before present (21 kyr BRyoupled models: NCAR Community Climate System Model
In the second phase of the PMIP started in 2002 the feegrsion 3 (CCSM); LASG/IAP Flexible Global Ocean-
backs of ocean dynamics and land surface vegetation watenosphere—Land System Model (FGOALS); LlInstitut
included by coupling AGCMs with 3-D oceanic GCMs (HarPierre-Simon Laplace-CM4 (IPSL); Model for Interdisci-
rison et al., 2002; Crucifix et al., 2005). The PMIP2 achievaglinary Research on Climate version 3.2 (MIROC); and
considerable success in increasing our understanding-of the third climate configuration of the Met Office Unified
mate change on the LGM such as the comparison of prododel with Met Office Surface Exchanges Scheme version
records with model results over the North Atlantic and Eur@-(HadCM3M2). Details of these models and associated ref-
sia (Kageyamaetal., 2006; Ramstein et al., 2007), over&Chirences are summarized in Table 1. CCSM, MIROC, and
(Jiang et al., 2011), and the surface ocean (Otto-Bliesne&OALS use the same atmospheric resolution of T42°(2.5
al., 2009), large-scale features and tropical feedbacks- (Bin Gaussian grid), while oceanic resolutions vary front @3
connot et al., 2007a, 2007b), precipitation and heat bak zonally and 2 to 1.4 meridionally. The simulation years
ance (Yanase and Abe-Ouchi, 2007; Murakami et al., 2008)at were used in the analyses are from year 11 to year 35
Northern Hemisphere (NH) storm tracks and climate variabfor CCSM and from year 41 to year 90 for the other three
ity (Lainé et al., 2008; Li and Battisti, 2008; Pausatalet amodels’ results.
2009), East Asian monsoon (Jiang and Lang, 2010), ocean Austral winter (June—July—August, JJA) seasonal mean
thermohaline circulation (Otto-Bliesner et al., 2007; \&eb and variability of SAM obtained by the LGM simulations
et al., 2007), SH westerlies (Rojas et al., 2008), and Arctice compared with those from the preindustrial (Pl) simula-
Oscillation (LU et al., 2010). tions because the westerly polar vortex is strongest during
Despite the considerable success in understanding LGse times. PMIP2 applied standard forcings and bound-
climate through the PMIP2’s efforts, the climate varidhili ary conditions for the Pl and LGM simulations for a fair
in the SH remains uncertain. In particular, the intensity @omparison between models (Table 2). The Pl simulations
the SAM and the link between its variability and the meansed forcings at 1750 AD and LGM simulations used forc-
state of the SH climate are highly controversial and not yietgs reconstructed for21 000 years ago (21 kyr BP). For
completely understood. As mentioned above, the intensthe ice sheet topography during the LGM, ICE-5G (5th gen-
of the SAM is directly related to the strength of SH westration of ice-sheet reconstruction) data were used and sea
erly winds, which is believed to have played an importatdvel was lowered to account for the ice sheet volume. The
role in reducing the atmospheric G@oncentration during present river routings were used in all LGM simulations ex-
the LGM by its northward shift and weakening of the Ekmacept for the HadCM. Orbital parameters were calculated fol-
divergence in the SO (Sigman and Boyle, 2000; Toggweilkxwing Berger (1978). Atmospheric greenhouse gases were

Table 1. PMIP2 models used in the SAM analysis

Model version Institute Atmosphere resolution Ocean rggmh Reference

CCSM3 National Center for Atmospheric R@42 0.3°-1° (lat) x 1° (lon) Otto-Bliesner et al. (20064, b)
search 2.8 (lat) x2.8° (lon)

HadCM3M2 UK Met Office Hadley Center, UK 2ZBlat) x3.75° (lon) 1.25 (lat) x1.25° (lon)  Gordon et al. (2000)

MIROC3.2 Center for Climate System Resealth2 0.5-1.# (lat) x1.4° (lon) K-1 Model Developers (2004)
(University of Tokyo), Frontier Re-2.8 (lat) x2.8° (lon)
search Center for Global Change,

Japan
IPSL-CM4 Institute Pierre Simon Laplace, France °Zl&t) x3.75° (lon) 1°-2° (lat) x2° (lon) Marti et al. (2005)
FGOALS LASG/Institute of Atmospheric Physic342 1° (lat) x 1° (lon) Yu et al. (2004)

China 2.8 (lat) x2.8° (lon)
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Table 2. PMIP2 forcing and boundary conditions for the LGM anqS|_P) from NCEP/NCAR reanalysis (Fig. 1f) and the PI sim-
preindustrial simulations. ulations (Figs. 1a—e). We used the NCEP/NCAR reanalysis
data for the period 1951-2002. In the reanalysis data, the an

Preindustrial LGM ticyclonic highs are developed over midlatitudes and adoun
CO; (ppm) 280 185 the Antarctic continent. The lowpressure systems referred
CHy (ppv) 760 350  to as the Antarctic trough form a continuous zonal belt with
N20 (ppv) 270 200 yery low values of surface pressure. Toward the South Pole,
Eccentricity 0.16724 0.018994 16 5| P tends to increase, but due to the high altitude of more
S::al?euslgon Ziggg 4 zif:iz than 4000 m in places at the rim of An_tarctica the reanalyzed
lce sheet Present 1ce-5G SLP should n(_)t be r(_agarded as _meanlngful.
Land Mask Present Ice-5G In the PI_S|muI_at_|on, th_e antlcyclo_n_es are ge_nerally well
Vegetation Present Present fe€produced in their intensity and position in all five couple

models. In terms of the low pressures in the Antarctic trough
their intensities are stronger than the reanalysis in CCSM,
low in concentration during the LGM according to GreenqadCM, and MIROC, while they are weaker in IPSL and
land and Antarctic ice core reconstructions (Fluckigealet FGOALS. Toward the interior of the Antarctic continent, SLP
1999; Dallenbach et al., 2000; Monnin et al., 2001) Dethilgncreases gradually, but it is not as high as in the rearslysi
values of boundary conditions used in the Pl and LGM singata, except for IPSL which reproduces the Pl SLP as quite
ulations are listed in Table 2 (see also the PMIP2 WebSi@bse to the reanajysis' As mentioned the SLP in the inte-
http://pmip2.Isce.ipsl.fr). rior of the Antarctic continent is not meaningful. Overall,

the models capture the low pressures over the rim of Antarc-

tica and high pressures in the interior. Though the magaitud
3. Results of the low and high pressure systems are different between
models and reanalysis data, all the coupled models capture
the features of the present SLP found in the reanalysis data.

In this paper we focus on the climate change over Antarc- The simulated winter climatology of vertical cross sec-

tica and its associated change in the SAM during austral wiiens of the zonal-mean zonal winds, temperature, and geopo
ter. Figure 1 displays the winter mean JJA sea level presstartial height are compared with those of the observed in

3.1. Present and LGM climate

(a)CCSM (b)HadCM (c)IPSL

975 980 985 990 995 1000 1005 1010 1015 1020 1025 1040 1060 1080

Fig. 1. Climatology of JJA SLP according to the five models for the i abservations. The contour interval
is 500 Pa.
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Fig. 2. In terms of the geopotential height, only the resofts tions and the polar-front jet is a little weaker than obsdrve
CCSM, MIROC, and FGOALS are included in the comparin an idealized multi-level primitive equation model siraul
son due to data availability. In the observed zonal-meaalzotion, Lee and Kim (2003) showed that baroclinic wave growth
winds, the subtropical westerly jet at“®at about 150-300 is most favored along the subtropical jet only when the sub-
hPa in the troposphere and the polar night jet &6 the tropical jet is sufficiently strong. This strong subtropiedis
upper stratosphere are distinct and these features argedptalso consistent with upper-level meridional temperatuee g

in all the models in terms of position and magnitude to a redient (Fig. 2h). Except for MIROC, the simulation resultslan
sonable degree. Note that all the models reproduce the fehservations exhibit an extended zonal wind region with the
tures found in the observation reasonably well as shownsignature of the eddydriven jet as illustrated in Lee and Kim
Fig 2. Nevertheless, detailed comparisons show some di2003).

crepancies. For example, most of the models reproduce theFigure 3 displays the changes in surface temperature be-
polar night jet at 60S in the upper stratosphere as weakdéween the LGM and Pl. As would be expected from the
than in observations. In the case of MIROC, the southegtacial boundary conditions, the models simulate an oleral
subtropical jet is relatively strong compared to other danu colder climate over southern high latitudes in the LGM, even
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Fig. 2. Austral winter climatology of zonal-mean zonal wind (lef§mperature (middle) and geopotential height (right)
for (a—c) observations, (d—f) CCSM (g—i) MIROC, (j-1) FGO&L(m, n) HadCM, and (o, p) IPSL for the Pl simula-
tions. Units are m's! for zonal wind, K for temperature and m for geopotential heig
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(a)CCSM (b)HadCM (c)IPSL
180 180

W06

(d)MIROC (e)FGOALS
180 18

90E
MOB

-22 -20 -18 -16 -14 -12 -6 -4 =2 2 4

Fig. 3. The modeled changes (LGM minus PI) in JJA surface air tentyperaThe contour interval is 2 K.

though the degree of surface cooling simulated by the canean zonal wind, temperature, and geopotential height be-
pled models varies among models, due to the differenceshiveen the LGM and the Pl is shown in Fig. 4. In the LGM,
ocean circulation and sea ice changes (Masson-Delmottehet southern part of the SH westerly jet south of $@&p-
al., 2006) For example, IPSL shows the least surface coolipgars to be slightly enhanced, while the northern part of the
by less than 8 K over Antarctica, whereas FGOALS shov8H westerly jet north of 606 becomes substantially weaker
surface cooling by greater than 20 K. In all the models, them the lower troposphere to the upper stratosphere ihall t
largest surface cooling occurs between the South Pole anddels except FGOALS. The strengthening (weakening) of
West Antarctica, associated with the thickening of the idhe southern (northern) parts of the SH westerly jets in LGM
sheet by about 2000 m in the LGM. The second largest swinter is more pronounced in the upper levels above about
face cooling occurs around the Antarctic continent in mést 800 hPa and toward the higher latitudes.
the models, associated with the increase in sea ice extdnt an The change in SH westerly winds in the LGM is associ-
associated albedo change. The relatively small surfacke caded with the change in temperature. In the LGM, temper-
ing around Antarctica in IPSL is consistent with the smadlture overall decreases in the troposphere, especiallyein t
change in sea ice extent as shown in Fig. 2h in Rojas etlaker troposphere of high latitudes and upper troposphere
(2008). Overall, the simulated surface temperature in &A @f low latitudes. However, in the stratosphere, a relaivel
creases from about 4.3 K in IPSL to 13 K in FGOALS witharge warming is found over southern high and low latitudes
a model mean reduction of 8.5 K in high latitudes south @ihnd somewhat less warming over midlatitudes. The substan-
65°S in the LGM. tial warming in southern high latitudes at about80eads to
There are several proxy reconstructions available for stine increase in geopotential height relative to lowerualts,
face temperature change in the LGM over Antarctica. Reesulting in the increase and decrease in westerly winds in
constructed surface cooling in the LGM based on ice conggher and lower latitudes, respectively. Overall, in atidn
estimates of the Vostock (78 and 108E), dome C (78S els except FGOALS, the SH subtropical jet at about3at
and 123E), and dome Fuji (75 and 39E) stations ranges 200 hPa and the polar night jet at around$@t above the
from about—8.5°C to —10.0°C (Petit et al., 1999; Stenni50 hPa level become substantially weaker.
et al., 2001; Kawamura et al., 2007). The degree of multi-
model mean surface cooling simulated by the coupled modaié SAM change
in these locations is overall within these observed ranges.  In this study the SAM is defined as the leading EOF of
The vertical cross section of the differences in zonalJA SLP from 20 to 90°S following previous studies (e.g.



868 SAM IN THE LGM FROM PMIP2 SIMULATIONS VOLUME 31

(a) diff u in CCSM (b) diff t in CCSM (c) diff ght in CCSM
10 10

Pressure Level

N 605 30S EQ 30N 60N 60S 30S EQ 30N 60N
(d) diff u in MIROC (e) diff t in MIROC (f) diff ght in MIROC
0 0

]
>
3 5 5
I
3
o y . 4 4
a
L — / 3 3 000 l————
60S 30S EQ 30N 60N 60S 30S EQ 30N 60N 60S 30S EQ 30N 60N
(g) diff u in FGOALS 2 (h) diff t in FGOALS 2 (i) diff ght in FGOALS 150
0 0

100

Pressure Level

—1 500

000
90S 60S 30S EQ 30N 60N 90N

000 000
90S 60S 30S EQ 30N 60N 90N 90S 60S 30S EQ 30N 60N 90N
(j) diff u in HadCM (k) diff t in HadCM
30

°
H -3 50 -3
)
o 100
3 -— - -—
* 200 C 4 200
& 300
=5 500 =5 -250
[_ 98 = 1000
60S 30S EQ 30N 60N -6 90S 60S 30S EQ 30N 60N 90N -6 -300

(1) diff u in IPSL (m) diff t in IPSL
10

201
301 -
< 501 -

1001 - -

2001 -
3001 - -

5004, -
1000 +—=

Pressure Level
(hPa

90S 60S 30S EQ 30N 60N 90N 90S 60S 30S EQ 30N 60N 90N

Fig. 4. Differences of austral winter zonal-mean zonal wind (le&nperature (middle) and geopotential height (right)
between the LGM and PI for (a—c) CCSM, (d—f) MIROC, (g—i) FGGB (j, k) HadCM, and (I, m) IPSL. Units are m
s~ for zonal wind, K for temperature and m for geopotential heig

Thompson and Wallace, 2000). The SAM index is defined aanular-like structures and broadly resemble that fronmghe
the difference in normalized zonal-mean SLP betwed@®S analysis (Fig. 5f). Nevertheless, the regional centerewf |
and 65S for JJA following Gong and Wang (1999). In thepressures and circumpolar high pressures vary from model
NCEP/NCAR reanalysis data, the leading EOF structure tof model. For example, the positive loading is much larger
JJA SLP is characterized by meridional dipoles with negatithan the observed in the Pacific sector in FGOALS, whereas
loadings south of 706 and positive loadings at midlatitudest is weaker in IPSL. In CCSM, the location of positive load-
of ~45°S (Fig 5f). The leading EOF structure of JJA SLP ifng is similar to that of the reanalysis, although the logdin
zonally symmetric and characterized by north—south seesasvslightly stronger than that of the reanalysis. In the edgn
of atmospheric mass between the high latitudes and the s, the deep trough is located between°AZ@&nd 150W at
latitudes. The leading mode in the NCEP/NCAR reanalysibout 70S, which is compatible to the Amundsen Sea Low
explains 57% of total variance. (Turner et al., 2013), but most of the models do not capture
In the Pl simulations, all the modeled leading EOFs shatlve magnitude and positions as in the reanalysis. For exam-
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(a)CCSM 57% (b)HadCM _ 54% (c)IPSL  68%
180 H?O 180

-45 -4 -35 -3 -25 -2 -15 -1 -05 0.5 1 1.5 2 2.5

Fig. 5. Leading EOF of JJA SLP during the PI for (a) CCSM, (b) HadCMJRSL, (d) MIROC, (e) FGOALS,
and (f) observations. Percentages of explained variarcshenwn at the top of each panel. Units are hPa.

ple, in the HadCM experiment, the polar vortex does not eR). For the FGOALS IPSL, and MIROC cases, the explained
tend northward so much as in the reanalysis and in IPSL aB4M variance decreases in the LGM, whereas in CCSM and
MIROC, and the Amundsen Sea Low trough is not capturéthdCM the variance is larger in the LGM than those of the
well. Overall, the modeled leading EOF of JJA SLP explairial.
53%—-68% of total variance in the 5 models (Table 3). The ex- To examine the intensity of the SAM, we calculated stan-
plained variance in observations is within the range of modard deviations of the SAM index and refer to them as the
elsimulated variances. amplitude (Table 3). In the LGM, the amplitude of the SAM
Figure 6 displays the leading EOF of JJA SLP derivesbpears to be overall smaller than in the Pl simulation, ex-
from simulated sea level pressure for the LGM. In the LGMept for the HadCM case, where the amplitude of the SAM
a difference in the spatial pattern of the leading EOF wascreases slightly in the LGM. Besides the standard devnati
found from that of the PI simulations. The positive loadiag i(STD) of the SAM indices, we also calculated the mean val-
overall slightly stronger in the LGM than the PI especially iues of the positive and negative SAM indices and found that
CCSM and HadCM, whereas it is weaker in FGOALS. Thethese absolute values are overall smaller in the LGM sim-
is little change in the negative loadings in the LGM simudlations than in the Pl cases. Both the standard deviations
lations compared to those of the Pl. The percentages of tifeSAM indices and mean values of positive and negative
explained variance vary from 36% to 74% in the LGM (Tabl8AM indices indicate that in the LGM the SAM was over-

Table 3. SAM statistics for the Pl and LGM.

Model Explained variance SAM amplitude Standard deviation ofSAd index
ode

0 kyr 21 kyr BP 0 kyr 21 kyr BP 0 kyr 21 kyr BP
CCsM 57% 74% 79 68 2.00 1.82
HadCM3M2 54% 57% 169 146 1.90 1.93
IPSL 68% 59% 177 171 2.07 2.03
MIROC 67% 58% 178 206 2.08 1.59

FGOALS 53% 36% 170 159 2.02 1.66
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(a)CCSM_ 74% (b)HadCM _ 57% (c)IPSL  59%
180 180 180
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Fig. 6. The same as Fig. 5, but for the LGM. Units are hPa.

all weaker than present, i.e. the amplitude of the SAM wassociated with the change in the SAM is due to the reduc-
smaller, which in turn implies weaker westerly winds in théon in geopotential height in high latitudes and increase i
SH. The weaker SAM is consistent with the decreased winudlatitudes when the SAM index is positive. The reduction
intensities from the lower troposphere to upper stratosphén the geopotential height in high southern latitudes isiimt
in the LGM during austral winter as shown in Fig. 4. Weakeassociated with the cooling through the atmospheric column
SH surface westerlies in the LGM were also obtained in prethen the SAM is in positive phase
vious PMIP2 model data analyses (e.g. Rojas et al., 2008) In the LGM, the impact of the SAM on the winds, tem-
and are consistent with proxy estimates of the weakeningpsrature, and geopotential height is stronger in CCSM and
the Ekman divergence in the SO in the LGM (Sigman andIROC, but weaker in FGOALS (Fig 8). For example, in
Boyle, 2000; Toggweiler et al., 2006; Anderson et al., 200€,CSM the zonal-mean zonal winds increase substantially by
Toggweiler, 2009; Sigman et al., 2010). more than 1.5 ms' per 1 STD of the SAM index above

In order to measure the effect of the SAM index for ththe 500 hPa level up to the top of the stratosphere. The
Pl on the zonal-mean zonal winds, temperature, and geoptarked increase in zonal-mean zonal winds is again due to
tential height, we regressed these variables onto the SAM the marked reduction in geopotential height in high south-
dex (Fig. 7). The model results from CCSM, MIROC aneérn latitudes associated with the remarkable cooling fiwen t
FGOALS only are included in the analysis due to data avaihidlatitudes toward the high latitudes In MIROC, the zonal-
ability. In the PI simulation, when the SAM index increasesiean zonal winds are slightly stronger in the LGM than in the
by 1 STD the zonal-mean zonal wind increases in mid- fl in association with the SAM index, whereas in FGOALS
high latitudes from 50to 60°S and decreases in low lati-the zonal-mean zonal winds are overall slightly weaker in
tudes. This feature is common in the three models in terigh-southern latitudes, due to the increase in geopatenti
of its magnitude and location. Analyses indicate that theeightin the LGM.
SAM index is highly correlated with the zonal-mean zonal One dynamical mechanism for maintaining the SAM in-
winds from the surface to the lower stratosphere in both thensity is the internal interaction between the zonal-mean
Pl and the LGM. The strong link between the zonal-medlow and waves in the atmosphere. To find out what main-
zonal wind and the SAM index is already well known frontained the weaker SAM intensity in the LGM, we examined
previous studies (e.g. Thompson and Wallace, 2000) The the activity of stationary Rossby waves. The vertical prop-
crease in zonal-mean zonal winds at middle to high latitudagation of the stationary Rossby wave is analyzed using the
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(a) u wind in CCSM (c) geopotential height in CCSM
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Fig. 7. Zonal-mean zonal wind (a, d, g), temperature (b, e, h) angaeatial height (c, f, i) regressed on the standardized AO
index for CCSM (upper panels), MIROC (middle panels) and RGO (lower panels) during the PI. Units are mis K, and

m per STD of the respective index time series.

Eliassen—Palm (EP) flux defined by Plumb (1985) Followingid troposphere and the flux is especially stronger at around
Andrews and Mclintyre (1976), the components of the EP fllB0°S in the lower troposphere propagating upward into the

are written as upper stratosphere. A similar feature is obtained in all the
o VT models at lower levels, but the strongest upward flux is lo-

Fy = —poacospu'v' , F,= poacosyp f (?> , cated slightly to the north compared to that of the observed,
especially in the case of FGOALS. In the upper stratosphere,

where pg is air density;a is the radius of the Earthp is the EP flux simulated in CCSM is similar to that of the ob-
latitude; f is the Coriolis parameteyy andv are zonal and served, but it is weaker in MIROC and FGOALS.
meridional wind componentg; is the temperature; arfsl= In the LGM simulation, the upward EP flux at lower lev-
0T /dz+ KT /H, whereH is the scale height and= Ry/cp, €ls is weaker than that of the Pl case in CCSM and FGOALS,
with Ry being the gas constant anglthe specific heat of the but stronger in MIROC (Fig. 10). In the upper levels, on the
air. Overbars and primes represent the zonal mean and deptrer hand, the upward EP flux is strengthened in all mod-
tures from the zonal mean, respectively. els. The stronger upward EP flux in the upper levels decel-
Figure 9 displays the vertical section of the observed aggates the westerly zonal-mean zonal winds at mid- to high
simulated winter mean EP flux. The observed data to edétitudes shown in Fig 4 and seems to maintain the weaker
mate the EP flux are from NCEP/NCAR reanalysis month§AM state which is consistent with the overall smaller LGM
data. In the observation, the flux is upward in the lower arfgAM amplitude in Table 3. The increase in EP flux leads
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(a) u wind in CCSM (b) temperature in CCSM (c) geopotential height in CCSM
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Fig. 8. The same as Fig. 7, but for the LGM.

to the increase in temperature and the geopotential heightnainly through a change in sea surface temperature (Hu and
the upperlevel high latitudes as shown in Fig 4. This featuFai, 2009) In the NH, Eurasian snow cover change in the fall
is clear in the CCSM and MIROC results, but in the case & known to amplify the orographicallyinduced upward EP
FGOALS the upward flux increases in the midlatitudes arldix in winter by inducing cooling in the lower troposphere
this leads to the larger increase in temperature in the midléSaito et al., 2001; Cohen et al., 2007; LU et al., 2008, 2010
itudes than in the high latitudes (Fig. 4h). This results im order to check the effect of the snow change in the autumn,
slightly different zonal-mean zonal wind structure (Figg) 4 which increases in the LGM according to all the models, on
from those in CCSM (Fig. 4a) and MIROC (Fig. 4d). the change in EP flux, we estimated the correlation of win-

In the LGM, the EP flux is overall strengthened as showar zonal-mean wave activity flux with the autumn increased
in Fig. 10. In general, stationary Rossby waves are gensnow depth in the LGM (Fig. 11). In response to the increase
ated by both topography and thermal contrast (Andrews aindsnow, the wave activity appears to increase at high south-
Mclintyre, 1976). The role of topography and thermal corern latitudes from the lower troposphere to the stratospimer
trast in the EP flux is broadly well known in the NH (Ringlethe CCSM and MIROC results, but in FGOALS it increases
and Cook, 1999), but in the SH the cause of the EP flux the troposphere and decreases in the stratosphere. Com-
modulation remains uncertain. Some studies have suggegtadson to Fig 10 indicates that the increase in EP flux in the
that eddy forcing is more important in strengthening the EBCSM and MIROC results is in part related to the increase in
flux than topography and thermal contrast (e.g. Karoly et anow in the LGM, but in FGOALS the increase in snow does
1989), but others suggest the importance of thermal cdntramot influence the change in EP flux.
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(a) Observation (b) Pl in CCSM
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Fig. 9. EP flux cross sections of Rossby waves for the Pl: (a) avemgifwinters from the NCEP/NCAR reanalysis,
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4. Discussion present in the southern high latitudes (Petit et al., 1984; D
Angelis et al., 1987), whereas some authors have claimed tha
The model results indicate that the SAM intensity wathe SO westerly winds were intensified in the LGM due to
weaker in the LGM than present and the weaker SAM intean increase in the equator-to-pole temperature gradiemt (e
sity was overall consistent with the SH westerly winds in thi€éeeling and Visbeck, 2001). However, low-level winds gen-
lower troposphere and stratosphere. However, the strefigtierally depend on regional temperature gradient rather than
the westerly winds over the Southern Ocean during glac@glbbal-scale temperature change, as seen in Fig. 3. Some
times remains highly uncertain. Some proxy records, suchrasent proxy estimates have shown that the wind-driven up-
dust concentrations, including sea-salt chlorides, @sdin welling was enhanced after the termination of the last iee ag
Antarctic ice cores (7465, 124E; 78S, 106E), suggest an in the SO (Anderson et al., 2009) and this result indicates
enhanced atmospheric circulation with a drier climate #ianweaker westerly winds during the LGM. In LGM climate
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simulations using the NCAR CCM3 AGCM and using thal., 2013).

CCCma coupled model, Kim and Lee (2009) and Kim et al. The weaker SH westerly winds in the LGM mirror the
(2003) reported 20%—30% weaker SH westerly winds and emtensification of winds under a warm climate background.
equatorward shift by several degrees An equatorward shifthor example, using the Geophysical Fluid Dynamics Labora-
model results was also obtained by Droset et al. (2007), haty (GFDL) coupled general circulation model, Kushner et
more models have shown a poleward shift of SH westery. (2001) predicted intensified westerly winds from the sur
winds (e.g. Wyrwoll et al., 2000; Kitoh et al., 2001; Sime eface to 250 hPa over the SH in the 21st century. Yin (2005)
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and Fyfe and Saenko (2006) analyzed IPCC-reported climatentation of the LGM conditions, surface temperature de-

models and obtained a remarkably consistent strengtheningases by more tharf® over the Antarctic continent and

and poleward shifting of the zonal wind axis through the 20this is within the range of surface cooling from proxy ev-

and 21st centuries. The latitudinal displacement of the-weglence. Note that we used PMIP2 model outputs instead

erly axis in the LGM as a mechanism to illustrate the reduof PMIP3 results, which constitute the state-of-the-aitgs$t

tion of atmospheric C@concentration has received much atversion. It is therefore necessary in the future to use PMIP3

tention in the literature. For example, by analyzing ladost results to investigate LGM SAM changes and the underlying

palynologic records along the western Andean front of Chileechanisms.

McCulloch et al. (2000) obtained a northward displacement In the LGM simulations, it was found that the majority of

of westerlies during glacial times. By analyzing pollendggp models exhibit a weaker SAM intensity than in the Pl sim-

containing information on vegetation migration near thge tiulation and the weaker SAM intensity is consistent with the

of South America, Moreno et al. (1999) also suggested thataker zonal-mean zonal winds, especially in the middle and

SO westerly winds shifted northward by—710° in the LGM. upper levels. The weaker SAM intensity is associated with

Other studies have also suggested a glacial northward die increase in geopotential heightin high latitudes dukd¢o

placement of westerly winds in the SO (Heusser, 1989; Sigerease in temperature in the upper atmosphere. Analf/sis o

man and Boyle, 2000; Toggweiler et al., 2006; Anderson #te changes in EP flux indicated that the upward planetary

al., 2009; Toggweiler, 2009; Sigman et al., 2010). A nortlRossby wave activity was enhanced from the middle to the

ward displacement of SH westerlies by approximatéiy43 upper atmosphere in the LGM and the enhanced upward EP

was obtained in some previous model studies of the LGHlix would have led to the increase in the upperlevel temper-

(e.g. Kim et al., 2003; Kim and Lee, 2009). However, corature in high southern latitudes.

trasting results exist. For example, Markgraf (1987, 1989) In conclusion, the SAM appears to have been weaker than

suggested a southward shift of the mean position of glacfksent during the LGM and the weakening of the SAM was

SH westerly winds. In the PMIP2 LGM simulations, the axisonsistent with a reduction of SH westerly winds. Weaker

of the strongest SH westerly winds is located at almost ts#1 westerly winds in the LGM are supported by some lines

same position as that of the Pl and this has been noted inf@roxy evidence as well as the increase in SH wind intensity

previous PMIP2 model analysis (Rojas et al., 2008) Buildmder global warming.

ing on the analysis by Rojas et al. (2008), we included the

FGOALS model results in our study, and these additional Acknowledgements. We would like to thank the PMIP2 mem-
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