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Abstract The Southern Hemisphere westerly winds are

an important component of the climate system at hemi-

spheric and global scales. Variations in their intensity and

latitudinal position through an ice-age cycle have been

proposed as important drivers of global climate change due

to their influence on deep-ocean circulation and changes in

atmospheric CO2. The position, intensity, and associated

climatology of the southern westerlies during the last gla-

cial maximum (LGM), however, is still poorly understood

from empirical and modelling standpoints. Here we analyse

the behaviour of the southern westerlies during the LGM

using four coupled ocean-atmosphere simulations carried

out by the Palaeoclimate Modelling Intercomparison

Project Phase 2 (PMIP2). We analysed the atmospheric

circulation by direct inspection of the winds and by using a

cyclone tracking software to indicate storm tracks. The

models suggest that changes were most significant during

winter and over the Pacific ocean. For this season and

region, three out four models indicate decreased wind

intensities at the near surface as well as in the upper tro-

posphere. Although the LGM atmosphere is colder and the

equator to pole surface temperature gradient generally

increases, the tropospheric temperature gradients actually

decrease, explaining the weaker circulation. We evaluated

the atmospheric influence on the Southern Ocean by

examining the effect of wind stress on the Ekman pumping.

Again, three of the models indicate decreased upwelling in

a latitudinal band over the Southern Ocean. All models

indicate a drier LGM than at present with a clear decrease

in precipitation south of 40�S over the oceans. We identify
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important differences in precipitation anomalies over the

land masses at regional scale, including a drier climate over

New Zealand and wetter over NW Patagonia.

1 Introduction

The behaviour of the southern westerlies and the adjacent

Southern Ocean during the last glacial maximum (LGM

21 kyr, Kyr = 1,000 calendar years before present) and the

last glacial–interglacial transition (LGIT, *18–11 kyr) is

still poorly understood despite its fundamental role on

modern hemispheric and global climate. A conceptual

palaeoclimate model by Imbrie et al. (1992) suggested that

the wind stress imparted by the westerlies on the Southern

ocean at and south of the latitude of Drake Passage (50�–

60�S) may greatly influence the global thermohaline cir-

culation during glacial terminations. They proposed that

the northward flow of surface waters forced by the stress of

the westerly winds help drive deep thermohaline currents

into the Antarctic region. Variations in this mechanism

through an ice-age cycle would be linked to the intensity

and latitudinal position of the southern westerlies (Imbrie

et al. 1992). More recently, Toggweiler et al. (2006)

developed an idealised general circulation model of the

ocean’s deep circulation and atmospheric CO2 fluxes that

addresses some key elements of glacial-interglacial tran-

sitions. Among those are CO2 cycles, the tight correlation

between atmospheric CO2 and Antarctic temperatures, the

lead of Antarctic temperatures over CO2 at terminations,

and inter-hemispheric alternations in the ocean’s d13C

minimum values. Toggweiler et al. (2006) hypothesised

that these transitions occur through a positive feedback that

involves the mid-latitude westerly winds in the Southern

Hemisphere, the mean temperature of the atmosphere, and

the overturning of southern deep water. In this scenario,

extreme glacial conditions are coupled with an equator-

ward shift of the westerlies, allowing more respired CO2 to

accumulate in the deep ocean. The opposite state, warm

interglacial climates, would be associated with a poleward

shift of the westerlies that would trigger a release of

respired CO2 out of the deep ocean via surface wind stress

(Ekman divergence) imparted by the westerlies on the

surface of the Southern ocean. Hence, tracking the ice-age

history of the southern westerlies is of fundamental

importance for understanding the origin and propagation of

palaeoclimate signals, the coupling of the ocean–atmo-

sphere in the extra-tropics, and the interaction of low- and

high-latitude climate controls on hemispheric and global

climate.

The exact timing of variations of the southern westerlies

during the LGIT, as well as the magnitude of these

variations, are a subject of active discussion (Heusser et al.

1999; Lamy et al. 1998, 1999; Moreno et al. 1999; Valero-

Garcés et al. 2005), and there are important differences

between and within terrestial and marine archives.

1.1 Palaeoclimate proxies

There are a number of palaeoclimate proxies that directly

or indirectly tell us about wind speed and past precipitation

regimes. Direct proxy of wind intensity are dust records

and oceanic upwelling, whereas pollen records and varia-

tions in terrigenous supply to offshore environments could

be considered indirect proxies of wind speed. Wind

intensity affects precipitation, and in the southern hemi-

sphere extratropics the precipitation is mainly produced in

winter by fronts and low-pressure systems embedded in the

prevailing westerly circulation (e.g. Garreaud 2007). In

addition orographic rainfall is an important component of

the total precipitation in New Zealand and the southern

Andes. In these regions the existing mountain ranges exert

strong east–west dry-wet gradients. Therefore during

periods of reduced westerly flow, these east–west contrasts

may be reduced.

A recent synthesis of Palaeoclimate records from

Australia (Turney et al. 2006) spanning between 30 and

8 kyr, indicates colder conditions (DT: 9–11�C), wide-

spread desiccation of lakes, and more intense aeolian

activity during the LGM. Likewise, New Zealand records

of stalagmites are interpreted as indicative of colder and

relatively drier conditions (Williams et al. 2005) during

the LGM, contemporaneous with maximum glacial extent

in South Island (Schaefer et al. 2006), and stronger-than-

present surface wind speeds are deduced from the

enhanced deposition of aeolian Quartz (Alloway et al.

1992). A synthesis by Shulmeister et al. (2004) concludes

that the LGM was a period of enhanced westerlies

between 36� and 43�S over the Australasian sector. That

synthesis incorporates a large number of palaeoclimate

proxies, including terrestial and marine dust, upwelling,

glacial advances, ice cores and vegetation changes. Dust

records from southern Australia and New Zealand sug-

gest maximum wind speeds during the LGM, with a

modest equatorward deflection of 3�. This is of similar

magnitude to modern variability associated to ENSO

events. Around the New Zealand region there is wide-

spread evidence for increased upwelling at the LGM.

Shulmeister et al. (2004) further reports that pollen

records in southern Australia indicate colder and drier

conditions compared to present. Pollen records in New

Zealand (South Island) indicate grassland and shrubland

vegetation east of the southern Alps during the LGM,

this type of land cover are most likely linked to frost,

drought and high winds.
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In South America, the majority of palaeoclimate records

north of 42�S in the SE Pacific sector estimate an increase

and/or northward shift of the westerly belt relative to

modern conditions sometime during the LGIT. Lake cores

suggest wetter than present conditions during the LGM

(Valero-Garcés et al. 2005). Twice as much precipitation

and 6�–7� colder conditions compared to present day are

inferred from a pollen records at 41�S by Moreno et al.

(1999) and Heusser et al. (1999). Proxy analysis of ter-

rigenous material found in offshore sediment cores from

central Chile (27�–33�S) (Lamy et al. 1998, 1999) suggest

increased rainfall brought by equatorward-shifted wester-

lies throughout the LGM.

Latitudinal shifts in the zone of maximum precipitation

associated with the southern westerlies in the South

American sector have been invoked as a possible cause for

the apparent mismatch in the timing and extent of glacial

advances during the LGM in different sectors of Patagonia

(39�–54�S) (Denton et al. 1999; Douglass et al. 2005;

Moreno and Leon 2003; Sugden 2005). Therefore, mod-

elling the geographic and temporal variations of the

southern westerlies during the LGM and LGIT are critical

for assessing the meaning and implications of paleocli-

matic data for reconstructing past climate dynamics at

regional and hemispheric scales.

1.2 Previous modelling studies

As described above, a consensus is emerging from the

paleoclimatic records for enhanced westerly wind speeds

and its effect on the precipitation in the SH midlatitudes,

and this evidence has helped to develop various conceptual

models for palaeoclimate change during glacial–intergla-

cial transitions (Toggweiler et al. 2006; Williams and

Bryan 2006). Yet the climate modelling studies still have

not converged into a clear picture of how and why the

changes in the westerly circulation occurred.

Most of the earlier modelling studies aimed towards

understanding the palaeoclimate evolution in the Southern

Hemisphere were carried out under the Paleoclimate

Intercomparison Project framework (PMIP1, Joussaume

et al. 1999). The experimental design of the PMIP1 sim-

ulations, for the LGM climate, included atmospheric global

circulations models forced with reduced CO2 concentra-

tion, Peltier’s (1994) ice-sheet reconstructions, and changes

in orbital parameters. For the sea-surface temperatures

(SSTs) two alternatives were given: (1) prescribed SSTs,

taken from the CLIMAP dataset (CLIMAP 1981), or (2)

computed SSTs from a slab ocean model with a prescribed

ocean heat transport.

Valdes (2000) summarised PMIP1 simulations for var-

ious time intervals (21, 15, 9 and 6 kyr) for South America.

The paper discusses several difficulties of the Paleo climate

simulations arising from this experimental design. For

South America that study mentions a caveat in PMIP1

simulations related to the inadequate representation of the

Andes Cordillera, which affects a correct treatment of

atmospheric circulation in this region. The prescribed SST

experiments showed only moderate cooling over the con-

tinents and, in particular, anomalously low temperatures,

compared to observations, over the southern tip of the

continent which would have resulted from the apparent

overestimation of sea-ice cover around Antarctica. The

models also showed a weak increase of precipitation over

the southern tip of South America, but the inter-model

variability was very large. Past changes in the westerly

circulation and the embedded storm tracks, both in the

Northern and Southern Hemispheres have been discussed

in various papers. Kageyama et al. (1999) showed that

coarse resolution models cannot represent storm tracks in

an accurate manner. Valdes (2000) reported that, for the

LGM simulations, most models showed a poleward shift of

the mean westerlies. This is consistent with results from a

higher-resolution GCM simulation by Wyrwoll et al.

(2000) that also showed a general poleward shift of the

Southern Hemisphere storm tracks. Their results, however,

show substantial regional differences, with a conspicuous

poleward shift over the Australian sector, and an equator-

ward shift in the westerlies storm tracks in the vicinity of

South America. More recent studies carried out with cou-

pled AOGCMs still show ambiguous results with respect to

the Southern Hemisphere westerly circulation, Kitoh et al.

(2001) and Shin (2003) indicate a poleward shift in the

surface westerlies, whereas a study by Kim et al. (2003)

displays an equatorward shift. Results of a newer version of

the CCSM3 model (Otto-Bliesner et al. 2006) indicates no

shift in the position of the maximum westerlies during the

LGM, but an increase in the intensity of the westerly cir-

culation, as expressed by the surface wind stress.

In this paper we present results from four simulations

conducted in the framework of the second phase of the

Palaeoclimate Modelling Intercomparison Project

(PMIP2), with identical forcings applied to all models.

These simulations were carried out by state-of-the-art

coupled GCMs, that include a dynamic ocean component,

so that the responses of sea-ice, ocean and atmosphere are

dynamically consistent, and hence it is expected that many

of the problems in the previous generation of Palaeoclimate

experiments will be addressed more appropriately. The aim

of this paper is to report on the simulated changes in these

state-of-the-art models and advance in the knowledge of a

number of basic unanswered questions that linger in the

palaeoclimate literature. These questions include: (1) Did

the southern westerlies intensify/abate their velocity during

the LGM?. (2) Did the westerlies widened, narrowed, or

shifted latitudinally during the LGM?. (3) Did the storm
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tracks embedded in the westerlies change during the

LGM?. (4) Were changes in latitude and speed of the winds

symmetrical over the major ocean basins of the southern

Hemisphere?

Although we carried out analysis for the complete

Southern Hemisphere and the four seasons, the discussion

in the paper focuses on the summer (DJF) and winter (JJA)

seasons.

2 Models and experiments

In this study we analyse four PMIP2 (Braconnot et al.

2007) coupled ocean–atmosphere models: the Hadley

Centre HadCM3 model, the Japanese Model for Interdis-

ciplinary Research on Climate MIROC3.2.2, the National

Center for Atmospheric Research (NCAR) Community

Climate System Model version 3 (CCSM3) model, and the

Institute Pierre Simon Laplace Climate System Model,

IPSL-CM4.

All models are fully coupled and include at least the

following components: atmosphere, ocean, land surface and

sea-ice. The HadCM3 model includes the MOSES II land

surface scheme with 9 different possible surface types, a

vegetation and a sea-ice model (for more details see Hewitt

et al. 2003). The NCAR CCSM3 is a climate model whose

atmospheric component (CAM3) is a spectral model, solved

at T42 horizontal resolution. The land model uses the same

grid as the atmospheric model and specified but multiple

sub-grid land cover types (five types) and seven primary

plant functional types. The ocean component (POP model)

and the sea ice model use the same resolution, and includes

sub-grid scale ice thickness (more information about

CCSM3 can be found in Collins et al. 2006). We analysed

the medium resolution MIROC3.2.2 model, which is a fully

coupled model with the four aforementioned main compo-

nents, in addition it has a river routing model, for more

information see http://www.ccsr.u-tokyo.ac.jp/kyosei/

hasumi/MIROC/tech-repo.pdf. Finally, the IPSL-CM4

uses the LDMZ atmospheric component and ORCA for its

ocean component, it also includes a three layer sea-ice

model (snow and 2 ice layers) and a land vegetation model

with 12 plant functional types (for more information in:

http://dods.ipsl.jussieu.fr/omamce/IPSLCM4/DocIPSLCM4/

FILES/DocIPSLCM4. pdf). Table 1 gives some general

characteristics of the atmospheric and oceanic components

of these models. Results from other coupled GCMs run by

PMIP2 for the LGM, with the required data, were not

available for us at the time of this analysis.

We assessed the performance of allmodels using a control

period, defined as Pre Industrial (PI) climate conditions, and

LGM boundary conditions. The PMIP2 forcing of the LGM

simulations includes the following three sources: changes in

orbital parameters, differences in greenhouse gases con-

centrations, as well as different to present continental ice-

sheet distribution, coastlines and topography. The ICE-5G

ice-sheet reconstruction by Peltier (2004) is used as bound-

ary condition with the corresponding changes in land-sea

mask. However, vegetation remains unchanged relative to

the control simulation. More information on the basic setup

for these experiments can be found on the PMIP2 webpage

(http://pmip2.lsce.ipsl.fr/).

The simulations for both experiments were run for

long enough to allow the atmosphere and oceans reach

quasi-equilibrium state to the specified boundary condi-

tions and for trends to become small. For the LGM

simulations HadCM3 started from the cold state of a

previous coupled LGM simulation, whereas MIROC3.2.2

was initialised from modern conditions. CCSM3 uses a

PI state to start the atmospheric component, whereas the

ocean is initialised by applying the anomalies from a

previous LGM simulation. IPSL-CM4 started from the

Levitus conditions of a number of parameters (tempera-

ture, salinity, oxygen, etc) for the ocean (Levitus 1994

World Ocean Atlas) and an atmospheric state from a

previous atmospheric GCM experiment. In this simula-

tion, the deep ocean has not achieved complete

equilibrium but the atmosphere and upper ocean char-

acteristics are stable. We analysed the final 30–100 years

of each simulation.

All variables used in this paper were monthly mean data,

except for the evaluation of the storm tracks. For this we

used daily sea level pressure data. Several indicators are

commonly used to evaluate synoptic variability and asso-

ciated storm tracks. In this study, we use a cyclone-tracking

software that follows surface low pressure systems. The

cyclone-tracking scheme was developed and implemented

by Simmonds and Keay (2000), and references therein. In

this scheme latitude–longitude data are transformed to a

polar stereographic array centred around the pole (South

Table 1 PMIP2 coupled

ocean–atmosphere models

employed in this analysis

Model name Atmosphere

res lon 9 lat

Vertical

levels

Ocean

lon 9 lat

Vertical

levels

Years used

in analysis

HadCM3M2 3.75 9 2.5 19 1.25 9 1.25 19 100

MIROC3.2.2 2.8 9 2.8 20 1.4 9 1.4 43 30

CCSM3.0 ver beta14 1.4 9 1.4 26 *1 9 1 40 30

IPSL-CM4v1 3.75 9 2.5 19 2.4 9 2.4 cos/ 31 100
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Pole in this case). The low-finding routine tries to locate

the position of the associated pressure minimum by itera-

tive approximations. Full details are discussed in

Simmonds and Murray (1999) and Simmonds et al. (1999).

3 Results

In this section we evaluate simulated temperature, sea level

pressure, circulation, storm tracks, and precipitation. First,

we assess the models performance against present day

atmospheric reanalysis data (1961–1990 mean), and then

we present differences between the LGM and control

simulations. Although the control simulations were forced

with PI greenhouse gas concentration, we will evaluate

these runs with present day climatology for the remainder

of the paper.

3.1 Temperature

Seasonal mean summer and winter surface air temperatures

were compared with those from the NCEP/NCAR reanal-

ysis (Kalnay et al. 1996), and shown in Fig. 1. All models

show a cold bias over most grid points of the southern

a

b

c

d

e

f

g

h

i

j

Fig. 1 Present day seasonal mean surface temperature fields for summer (left column) and winter (right column). From reanalysis (top row) and

four models
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oceans (ranging from 1� to 5�) in both seasons. Over the

land masses the biases are less uniform and are season

dependent, for example in summer (DJF) all models exhibit

a cold bias over most of Australia (-2� to -3�) and Ant-

arctica (-5� to -8�). Over South America, HadCM3 and

IPSL simulate warmer temperatures (over 3�). In winter all

models have a considerable warm bias over Antarctica (5�–

8�), the western coast of South America (3�–5�) and parts

of southern Africa (3�–5�), whereas Australia is well sim-

ulated. Although all models have biases in the surface

temperatures, CCSM3 simulates largest and most uni-

formly colder temperatures compared to reanalysis over the

southern ocean in summer and winter.

The above atmospheric surface temperature biases

reflect similar biases in the underlying SSTs. Modelled

SSTs were compared with a climatological SST dataset

(Reynolds and Smith 1994, not shown). In summer and

winter three models (except HadCM3) show a negative

SST bias over most of the oceans, north of 50�S, and a

positive bias at the western coast of Africa and South

America, indicating that the upwelling regions are not well

captured by the models. In summer all models, except

CCSM3, simulate warmer SSTs around Antarctica. Overall

HadCM3 tends to simulate a warmer Southern Ocean

compared to observations.

The geographic distribution of the seasonal mean sur-

face temperature changes between the LGM and present

are shown in Fig. 2. For each model the seasonal differ-

ences between the LGM and PI simulations of summer and

winter are shown. As expected, all models simulate, to

different degrees, a colder climate for all seasons. The red

and blue lines on the figures indicate the position of the

area covered by 80% of sea-ice for PI and LGM, respec-

tively. Next to each panel of temperature difference are

profiles of the zonal mean meridional temperature gradient

from 80�N to 80�S. Largest cooling is seen in the winter

season over Antarctica and the surrounding oceans, which

were covered by extensive sea-ice during the LGM (see

blue lines in Fig. 2). Of the four models, CCSM3 produces

the largest cooling, ranging from 3� to 5�C over the con-

tinents (Australia and Southern South America) to over

15�C over Antarctica. IPSL simulates the least cooling, and

mainly over the continents, similar to MIROC3.2.2. The

surface temperature and sea-ice changes are consistent.

From the four models, CCSM3 simulates the largest sea-ice

cover extent during the LGM, and IPSL the minimum.

a

b

c

d

e

f

g

h

a

Fig. 2 Seasonal mean surface temperature changes LGM-PI for

summer (left panels) and winter (right panels) of the four models. The

red and blue lines represents the position of the 80% sea-ice cover

during PI and LGM, respectively. The profiles at the right of each

panel correspond to the zonal mean meridional surface temperature

gradient, from 80�N to 80�S. Red line for PI and blue for LGM
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Temperature changes are strongest at high latitude over

land or sea-ice, but there is much less polar amplification of

the cooling than for the northern hemisphere (Braconnot

et al. 2007). In fact, over much of the ocean the tempera-

ture changes are rather homogeneous (except for CCSM3).

So, the meridional temperature gradients that are a driver

of the atmospheric circulation should not change a lot

(compared to the northern hemisphere), as seen in the

profiles of Fig. 2, except south of about 70�S and hence the

circulation main structures should be quite stable. Finally, a

large sensitivity in the sea-ice response, in an already cold

CCSM3 model, can probably partly explain the large

temperature and sea-ice cover response to the LGM forc-

ings in this model.

3.2 Sea level pressure

We found considerable changes in sea level pressure

(SLP), associated to changes in surface temperature and

sea-ice cover during the LGM. Figure 3 shows the seasonal

mean SLP for summer (DJF) and winter (JJA) from

reanalysis (top panels) and the PI simulations of the four

models. In general terms, the subtropical anticyclones are

well simulated in their intensity and position in all four

a

b

c

d

e

f

g

h

i

j

Fig. 3 Present day seasonal mean sea level pressure fields for summer (left column) and winter (right column). From reanalysis (top row) and

four models
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models. HadCM3, MIROC3.2.2 and CCSM3 simulate a

more intense circumpolar trough between 40� and 50�S

with larger SLP gradients. IPSL simulates a weaker and

less circumpolar trough and exhibits anomalously high

pressure fields over Antarctica compared to reanalysis.

HadCM3 simulates weaker anticyclones in all seasons

(about 5 hPa lower).

For the LGM, HadCM3, MIROC3.2.2 and IPSL simu-

late higher SLP values in all seasons over the Southern

Hemisphere, with the largest differences occurring during

summer over Antarctica. CCSM3 shows the opposite pat-

tern, with a large decrease in SLP over the southern oceans

and Antarctica (not shown).

As the winds are related to SLP gradients, Fig. 4 shows

the meridional gradient of SLP averaged over the three

main ocean basins. The SLP gradient from NCEP/NCAR

reanalysis is included for reference (black line). The largest

differences with respect to reanalysis are found in the

Pacific and Atlantic oceans and during winter. MI-

ROC3.2.2 and IPSL tend to shift the latitude of maximum

gradients further equatorward and CCSM3 tends to

overestimate the maximum SLP gradients, but at a correct

latitude. In general, HadCM3 simulates this feature best.

Comparing the gradients between PI and LGM simula-

tions (full lines against dotted lines), HadCM3 simulates

lower gradients in all basins for the LGM, particularly in the

South Pacific ocean. This feature is reflected in weaker near

surface winds. MIROC3.2.2 shows a mixed response, for

example, in the South Pacific ocean the model simulates

decreased gradients in summer and somewhat increased and

poleward shifted gradients in winter. CCSM3 simulates

consistently small increases and poleward shifted gradients,

especially in winter in the South Pacific and South Atlantic

oceans. IPSL simulates decreased SLP gradients and also an

equatorward shift in these gradients in all basins and seasons.

Notice from Fig. 4 that the biases between the PI and

reanalysis are often larger that the LGM–PI anomalies.

3.3 Circulation

The entire Southern Hemisphere between 30� and 70�S is

under the year-long influence of the westerly winds from
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Fig. 4 Meridional sea level pressure gradients averaged over the three main ocean basins (South Pacific, South Atlantic and Indian oceans).

Black NCEP/NCAR reanalysis, green HadCM3, blue MIROC3.2.2, red CCSM3, purple IPSL. Full lines PI and dotted lines LGM
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the surface to the tropopause. In the upper troposphere, the

westerlies structure around the subtropical jet stream (STJ)

and the subpolar jet stream (SPJ), both with distinct sea-

sonal evolution in extent and strength, as well as vertical

structure. Figure 5 shows the seasonal mean zonal winds at

the near surface (925 hPa) for summer (left panels) and

winter (right panels) from NCEP/NCAR reanalysis (top

row) and the four models, for reference, the blue line

represent the latitude of maximum wind speed of the

NCEP/NCAR reanalysis.
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Fig. 5 Zonal winds at 925 hPa. Top rows from NCEP/NCAR reanalysis, following rows of the four models, during summer (left panels) and

winter (right panels). Black line latitude of maximum wind speed, blue line latitude of maximum wind speed from NCEP/NCAR reanalysis
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Near surface westerly winds are present between 30�

and 70�S, with strongest winds centred at around 50�S.

This band of the westerly winds corresponds to the near

surface extent of the SPJ that has its core region at higher

altitudes. Strongest winds are present over the South

Atlantic and Indian oceans and weakest over the South

Pacific ocean. The annual cycle over the South Atlantic and

Indian oceans is marked by a maximum in autumn (SON)

and winter (JJA) and minimum during summer (DJF). Over

the Pacific ocean the maximum occurs in spring (SON) and

summer (DJF) and the minimum in winter (JJA).

Figure 6 shows the same as Fig. 5, but for 200 hPa. The

upper tropospheric winds are dominated by both the STJ

and SPJ streams. The core region of the STJ is located over
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Fig. 6 Same as Fig. 5 but for 200 hPa
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Australia and the western South Pacific ocean. The STJ has

a marked annual cycle, having its maximum strength in

JJA and almost disappearing in DJF. In contrast the annual

cycle of the SPJ exhibits more modest changes, it is most

intense and circumpolar in summer, when it is the domi-

nant jet in the Southern Hemisphere, and weakened during

winter and spring. As to the longitudinal extent, its core

region is over the South Atlantic and Indian oceans at

*50�S. During winter, when the STJ intensifies north of

the SPJ the well known double jet structure in the upper

troposphere develops over the Indian and South Pacific

oceans.

In Fig. 5 three models, except HadCM3, simulate the

position of the maximum wind speed further equatorward

than reanalysis, especially during winter (right panels).

Additionally, the intensity is overestimated by the models,

except IPSL, especially over the Indian ocean. At 200 hPa

(Fig. 6) MIROC3.2.2, CCSM3 and IPSL fail to reproduce

the double jet structure over the Pacific ocean in winter,

underestimating the subpolar jet. The simulation of the

subtropical jet is well captured by the models, IPSL

overestimates the jet speed. In summer all models over-

estimate the SPJ and all, except HadCM3, shift the core of

the jet further equatorward (40�–45�S instead of 50�S).

HadCM3 reproduces the near surface and upper tropo-

spheric circulation the best.

With respect to the circulation biases in the models, we

note that for instance the equatorward bias in maximum

near surface winds in the models are consistent with the

equatorward shift in the maximum SLP gradients seen in

Fig. 4. The biases in the upper level circulation can be

explained by the tropospheric thermal structure in the

models. Through the thermal wind equation the vertical

wind gradient (i.e. jets) is related to the meridional tem-

perature gradients. The Southern Hemisphere tropospheric

temperatures, as seen in reanalysis, show strong gradients

south of 70�S all year long (not shown). In addition,

maximum gradients are found throughout the troposphere

between 30� and 50�S. The maximum gradients vary

throughout the year and, depending on the region, in a

similar way as the already described evolution of the SPJ

and STJ. Inspection of the temperature structure in the

models and comparison with reanalysis (not shown) show a

clear correspondence between the position and intensity of

the temperature gradients, and the position and intensity of

the SPJ and STJ.

When comparing the PI and LGM simulations in Figs. 7

and 8 (as well as in Figs. 9, 10, that show the difference

fields), it is evident that the overall position and annual

cycle of the maximum wind speeds do not change signif-

icantly. Only HadCM3 shows a modest general

equatorward shift at the LGM in summer at both levels

(compare black against red lines), and IPSL simulates a

slight equatorward shift at the near surface in both seasons

and a poleward shift in the upper troposphere over the

south Pacific ocean.

Figures 9 and 10 show the differences between the

LGM and PI simulations of the seasonal mean near sur-

face and upper level zonal winds for the four models,

respectively. In winter, these figures show that, three out

of four models, indicate a decrease in the strength of the

winds at 200 hPa (SPJ and STJ), as well as at the near

surface. The exception is CCSM3, that shows a intensi-

fication of the SPJ and winds at the near surface. For the

summer season the observed changes are smaller, but

with a clear weakening of the SPJ. The stronger winds in

CCSM3 are coherent with the larger SLP gradients sim-

ulated by the model in this region (Fig. 4) and the larger

surface temperature and sea-ice response to LGM condi-

tions. These features produce a larger meridional

temperature gradient than in the other models (see profiles

in Fig. 2). The other three models simulate decreased SLP

gradients that are consistent with a weakened near surface

circulation. Again, inspection of the tropospheric tem-

perature reveals that, although there is an overall cooling

of the troposphere in the models, this cooling does not

increase the temperature gradients, as seen in zonal pro-

files of Fig. 2. HadCM3, MIROC3.2.2 and IPSL illustrate

this point by showing a decrease in SLP gradients and

weakened atmospheric circulation. One exception is the

atmosphere south of 70�S, where the already large tem-

perature gradients in the PI simulations are further

enhanced in all LGM simulations.

Most noticeable in Fig. 9 is that the magnitude of the

observed changes in near surface circulation are larger in

winter than in summer, except in HadCM3, that shows

significant differences in both seasons. During winter there

are important regional heterogeneities, so that largest

changes occur over the Pacific ocean. More specifically, for

the winter season, HadCM3, MIROC3.2.2 and IPSL show

similar patterns in the difference fields. The zonal band

between 40� and 60�S shows decreased westerly winds in

the LGM compared to PI, especially in the South Pacific

region, and stronger winds north of 35�S in the same

region. CCSM3 simulates the opposite pattern. In summer,

HadCM3 shows a very longitudinally homogeneous band

between 45� and 60�S of decreased westerly winds, and

stronger winds north of this band. This is also seen, to a

lesser degree in IPSL. The other models show less zonally

symmetric patterns. MIROC3.2.2 and CCSM3 indicate

somewhat stronger winds in a zonal band between 50� and

70�S.

At 200 hPa (Fig. 10) in summer, HadCM3 simulates a

zonal band of weaker winds in the SPJ region (50�–60�S)

and a narrow band of stronger winds north and south of

this latitude. The other models show a less clear pattern,
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with somewhat stronger winds from about 60� to 70�S

and weaker north of this latitude. For winter HadCM3,

MIROC3.2.2 and IPSL tend to agree, as for the low level

winds, with decreased westerly flow in the zonal band 20�

and 50�S, CCSM3, shows decreased winds north of 40�S

and a strong increase south of this latitude, especially

over the Pacific ocean. We note that the patterns of the

difference fields arises from a general decrease or increase

of wind strength rather than a significant shift (either

equator or poleward) of the core of the jet streams or

latitude of maximum wind speeds, as discussed

previously.
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Fig. 7 LGM zonal winds at 925 hPa of the four models during summer (left panels) and winter (right panels). Black line latitude of maximum

wind speed from PI simulation. Red line latitude of maximum wind speed of LGM simulation
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3.4 Storm tracks

Atmospheric variability responsible for much of the

weather in the midlatitudes arises primarily from the pas-

sage of cyclones and anticyclones and their associated

frontal systems. Consequently, past changes in the westerly

storm tracks bear on precipitation changes during the

LGM, as most of the winter precipitation in midlatitudes is

of frontal origin. This is the case in western South America,

the southern limit of Australia, and New Zealand in winter.

In addition, orographic features enhance the precipitation

in western Patagonia and the western slopes of New Zea-

land’s south Island. In the Southern Hemisphere these

systems are embedded in the westerly flow, and they are
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Fig. 8 Same as Fig. 7 but for 200 hPa
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expected to differ between the LGM and present, as a

consequence of changes in the mean westerly circulation

discussed in the previous section.

First, we used daily sea level pressure data to track

cyclones during the 30 year period of the control simula-

tions and compared those results with the cyclone density

found in NCEP/NCAR reanalysis sea level pressure. Fig-

ure 11 shows the seasonal mean cyclone density (the mean

number of systems found in a 103 (deg lat)2 area) for the

Southern Hemisphere found by the tracking software in

30 years of daily SLP data, for summer (left panels) and

winter (right panels) from the NCEP/NCAR reanalysis (top

row) and the four models. The figure shows the well known

maximum density at high latitudes. In winter, when zonal

asymmetries are largest, a secondary storm track at mid-

latitudes is especially pronounced in the Pacific sector. The

top row of this figure can be compared with Fig. 4 from

Simmonds and Keay (2000), where they used 6-hourly

ERA-40 data.

Comparing the models with the observations in Fig. 11,

the first we observe is that the models simulate smaller

cyclone density than the observations. Disregarding this

bias, we see that HadCM3 annual density as well as the

seasonal densities compares best with the NCEP/NCAR

reanalysis. The highest density is found around Antarctica

with maximum values in the Atlantic and Indian oceans.

The density by seasons also reproduce the more symmetric

summer activity (DJF) and the more zonally asymmetric

winter season (JJA) with higher cyclone activity in the

midlatitudes of the Australian and Pacific ocean sectors.

The other three models tend to underestimate the second-

ary, midlatitude storm track present during winter over

the Pacific ocean. Additionally, IPSL simulates the

primary circumpolar storm track further equatorward than

reanalysis.

After this first analysis we applied the cyclone tracking

procedure to calculate the cyclone tracks for the LGM

simulations. The differences between LGM and PI system

density are shown in Fig. 12. Overall there are not many

common patterns in the difference field. Except over the

Pacific ocean, where we see positive changes between 30�

and 45�S, negative changes between 50� and 60�S, and
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Fig. 9 LGM-PI 925 hPa winds for summer (left column) and winter (right column) for the four models
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again positive changes between 60� and 75�S in summer

and winter.

3.5 Precipitation

We analysed the precipitation changes associated with the

atmospheric circulation and temperatures simulated in the

LGM experiments. As models differ in their ability in

simulating present day precipitation over the different

regions first we compare the precipitation of the PI simu-

lation with a global precipitation estimate. Figure 13 shows

the seasonal mean precipitation distribution in the Southern

Hemisphere from the CMAP gridded precipitation estimate

(Xie and Arkin 1996) (top row) and the PI simulations of

the four models. In summer the data show a well defined

South Pacific Convergence Zone (SPCZ) starting at around

the equator and 150�E trending towards the south east to

about 40�S and 120�W. Over South America and extending

into the South Atlantic is the South Atlantic Convergence

Zone (SACZ). In winter the SPCZ is still present although

diminished, whereas over the South American continent a

precipitation minimum is seen. Over the South Atlantic

ocean a precipitation band is still possible to observe in

JJA. Some systematic errors in the simulation of the pre-

cipitation are found. In summer, all models, except IPSL,

overestimate the precipitation over Australia. The SPCZ is

not as well defined as in the CMAP data, except HadCM3,

that has a reasonably well defined SPCZ as well as SACZ.

In addition, MIROC3.2.2 and CCSM3 simulate the Inter-

tropical Convergence Zone too far south.

Figure 14 shows the precipitation differences (LGM–PI)

and the zonal mean precipitable water (absolute values) for

PI and LGM, for summer (left panels) and winter (right

panels) in the four models. Some of the common patterns

include a decrease in precipitation over the entire zonal

band south of 55�S in summer and south of 40�S in winter,

as well as drier conditions compared to PI in eastern

Australia during summer. There is also agreement over

slightly wetter conditions during the LGM in the south-

western tip of Australia during winter. In South America
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Fig. 10 LGM-PI 200 hPa winds for summer (left column) and winter (right column) for the four models
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during winter, HadCM3 and MIROC3.2.2 show an increase

of precipitation north 40�S along the western coast, and a

decrease to the south of this latitude, CCSM3 simulates a

decrease and IPSL an increase. On the lee-side of the

Andes, all models indicate decreased precipitation. For the

summer season the situation on the lee side of the Andes is

similar to winter. At the western coast, all models, except

CCSM3, indicate positive differences over most of the

region. CCSM3 simulates negative changes over all the

coastal region. For Australia there is much disagreement

among models. HadCM3 indicates drier conditions over

most of the continent for all seasons, except in the

southwestern corner in winter (JJA). MIROC3.2.2 simu-

lates decreases precipitation in summer and increased in

winter. CCSM3 predicts mixed increases and decreases

depending on the season and IPSL simulates drier condi-

tions and winter and wetter in summer. As was already

mentioned, the four models agree in predicting drier con-

ditions in south western Australia. Over New Zealand all

models indicate drier conditions in summer, except IPSL

that predicts somewhat wetter conditions over North

Island, and all models, except CCSM3, indicate drier

conditions in winter. Over Africa more agreement is seen,

with a tendency of increased precipitation during the LGM

a

b

c

d

e

f

g

h

i

j

Fig. 11 Cyclone density (the mean number of systems found in a 103 (deg lat)2 area)2) for summer (left panels) and winter (right panels) from

NCEP/NCAR reanalysis and models for PI
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compared to pre industrial conditions, especially in winter.

In summer HadCM3, MIROC3.2.2 and IPSL simulate

increased and CCSM3 decreased precipitation.

Some of the precipitation changes described above over

the land masses reflect shifts and changes of the conver-

gence zones during the LGM. In summer MIROC3.2.2 and

HadCM3 simulate a stronger SACZ and a westward shift of

the SPCZ. In winter the SPCZ is stronger than PI and

displaced further to the west. CCSM3 and IPSL tend to

simulate diminished convergence zones in the South

Pacific as in the South Atlantic oceans.

In the midlatitudes, in general the precipitation changes

are consistent with circulation changes, in the sense that

regions with increased near surface winds coincide with

regions of increased precipitation and vice-versa. This is

the case in HadCM3, MIROC3.2.2 and IPSL. CCSM3

however, simulates large regions of increased zonal winds

and decreased precipitation. Presumably, a factor

responsible for the decreased precipitation is the overall

drying of the atmosphere during the LGM, as seen in

latitudinal profiles of precipitable water in Fig. 14.

Atmospheric precipitable water was roughly 50% less

than PI south of 70�S, 50–70% less south of 60�S and 80–

90% less in midlatitudes (larger drying is found during

winter).

3.6 Atmospheric influence on the Southern Ocean

As stated in the introduction, Toggweiler et al. (2006)

discussed the role of the midlatitude westerlies in glacial-

interglacial transitions, arguing that equatorward-shifted

westerlies and diminished surface wind-stress during gla-

cials would influence dissolved and atmospheric CO2

concentrations and reduced ocean overturning in the

Southern Ocean. Sigman and Boyle (2000) proposed that a

decrease in the polar upwelling of CO2- and nutrient-

enriched deep waters, in conjunction with expanded sea-ice

would lead to increased stratification of the glacial South-

ern Ocean. This physical mechanism, in conjunction with a

biological mechanism that involves higher nutrient
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Fig. 12 Model cyclone density LGM-PI for summer (left panels) and winter (right panels)
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utilisation of upwelled intermediate waters, and mediated

by increased deposition of iron-rich dust on the surface of

the sub-antarctic ocean, have the potential of lowering CO2

concentrations of the glacial atmosphere.

Caring out a complete analysis of the ocean circulation

is outside the scoop of the paper. However, in order to gain

insight into the atmospheric influence on the Southern

Ocean circulation we have calculated the vertical move-

ments in the upper layer as exerted by the surface wind

stress.

Using surface winds when available and lowest level

wind otherwise, we computed the wind stress for the four

models. The vertical velocity at the bottom of the Ekman

layer is related to the curl of the wind stress by the fol-

lowing equation:

xEð0Þ ¼ �curl
s

qf

� �

ð1Þ

where xE(0) is the vertical velocity at the bottom of the

Ekman layer, s the wind stress, q the ocean density and f

the Coriolis parameter.

Therefore, in the Southern Hemisphere (where f is

negative), a positive (negative) curl of the wind stress

indicates zones of convergence (divergence) of the Ekman

transport, and therefore downward (upward) motion in the

ocean.
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Fig. 13 Seasonal mean precipitation comparison for summer (left panels) and winter (right panels), from CMAP gridded analysis (top row) and

the four models
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Inspection of the the zonal wind stress component and

the wind stress curl, revealed a longitudinally homoge-

neous structure both in summer and winter. Considering

this, we continued this analysis with the zonal average of

these fields. Figure 15 shows in solid lines the zonal

component of the wind stress and in dashed lines the curl of

the wind stress, black lines corresponds to the PI simulation

and blue lines to the LGM. The figure shows both in

summer and winter a region around 45�–50�S with large

positive wind stress and about 5 degrees south of the

maximum wind stress a zone of large divergence (negative

wind stress curl) and hence a region of upwelling.

Comparing the black (PI) and blue (LGM) lines, we see

almost no changes in summer, except in HadCM3, that

simulates an equatorward shift as well as a contraction of the

divergence and zonal wind stress region. In winter HadCM3,

MIRCOC3.2.2 and IPSL simulate a small decrease in the

Ekman divergence and hence less upwelling in this region of

the Southern Ocean, i.e. reduced overturning of the Southern

Ocean deep waters. The exception is CCSM3, that simulates

more divergence of the Ekman transport during the LGM

compared to present day and therefore more upwelling.

These results are coherent with the discussed changes in near

surface circulation, and temperature and SLP gradients.

4 Summary and conclusions

We have presented paleoclimatic simulations for the

Southern Hemisphere from four coupled AO GCMs for the

Last Glacial Maximum climate. Our evaluation of the

simulation of pre industrial conditions revealed that all

models capture the important features of the Southern

Hemisphere climate, although some significant biases

became evident. HadCM3 provides a good simulation of

the Southern Hemisphere atmospheric circulation: strength,

position and seasonal evolution of both near surface and

upper level winds. MIROC3.2.2, CCSM3 and IPSL have

problems modelling the correct seasonal evolution of the

jet-streams in the upper troposphere, failing to simulate the

observed double-jet structure in winter. The biases in the

winds are related to systematic errors in SLP and their

meridional gradients. All models show significant biases in

surface temperature, both in the atmosphere and at the sea

surface. For the precipitation the models have some prob-

lems with the main convergence zones of the Southern

Hemisphere.

The four models forced by the PMIP2-defined LGM

boundary conditions simulate a colder climate to different

degrees. All four models simulate smaller cooling in

a
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e
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g

h

Fig. 14 Precipitation differences (LGM–PI) and zonal mean precipitable water profiles, for summer (left panels) and winter (right panels) for

the four models
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Australia than paleoclimatic estimates (DT = 2–5� vs. DT =

6–10�, Turney et al. 2006). Over southern South America

and Antarctica the cooling is more in agreement with

proxies (DT = 8–10� and DT = 10–15�, respectively, Mo-

reno et al. 1997; Heusser et al. 1999; Stenni et al. 2001).

With respect to the atmospheric circulation, results dif-

fer among seasons. In summer changes are small with little

common patterns. In winter some clearer patterns of

change emerge. Additionally, changes are larger in the

Pacific Ocean than in the other basins. Three out of the four

models (HadCM3, MIROC3.2.2, and IPSL) simulate

weaker winds in winter at 925 and 200 hPa, these are

related to decreased SLP gradient and decreased mid-tro-

pospheric temperature gradients, respectively. Therefore,

although for the LGM the pole to equator surface tem-

perature gradient increases, the gradient at mid-

tropospheric levels actually decreases, with the conse-

quence of a weaker atmospheric circulation. CCSM3 is the

exception, apart from a weaker SPJ in winter, this model

simulates a more vigorous atmospheric circulation during

the LGM. This can be understood by the large temperature

and sea-ice response to LGM forcings in the model.

Although none of the models simulate significant

changes in the latitudinal position of the jet streams and the

maximum wind speed regions, HadCM3, MIRCO3.2.2 and

IPSL simulate a narrower STJ, apparently related to

reduced midlatitude baroclinic zones in the LGM simula-

tions relative to the present day; and weaker wind speeds at

the near surface. As a result of these changes, at the near

surface the region between 20� and 35�S shows stronger

winds than PI in winter and weaker winds between 35� and

50�S. We observe diminished winds from 20� to 60�S at

200 hPa in summer and winter in these models.

Regarding the storm tracks, indicated by the cyclone

density over a certain region, all models indicate increased

storm activity in winter in midlatitudes (25�–45�S) and

south of 60�S over the Pacific ocean. But, as with the

atmospheric circulation, no significant shifts in the regions

of maximum storm tracks are evident. Over the Pacific

ocean there is a significant increase in storms during

summer and winter. Although models simulate more

storms at some longitudes south of about 60�S in the LGM,

this increase is not accompanied by an increase in precip-

itation in the region. This is probably a consequence of

lower precipitable water at these latitudes during the LGM.

The changes in precipitation patterns in all models

indicate a general decrease south of 40�S. Agreement is

found especially over the oceans, with some discrepancies

over land. As a summary of the changes over the Pacific

ocean, Fig. 16 shows the zonal mean profiles of winds,

storm tracks and precipitation of the four models. From this

summary figure there seems to be no direct link between

the change in storm tracks and change in atmospheric

winds. As discussed above, there are no large displace-

ments in the position of zonal winds themselves where

these cyclones are embedded in. Because storm tracks
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Fig. 15 Zonal mean profiles of curl of wind stress (solid lines) and

zonal wind stress (dashed lines). Black lines PI simulation, blue lines

LGM simulations
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reflect the atmospheric baroclinicity they might also be

influenced by other variables, such as changes in the SST

gradients.

The relation between changes in the SST gradients and

their influence on the Southern Hemisphere storm tracks is

analysed and discussed in Inatsu and Hoskins (2004). They

performed a number of experiments changing the SST

gradients in the tropics as well as in the midlatitudes and

evaluated their effect on the upper-level and low-level

storm Track. They found that a reduction in the meridional

SST gradient in the midlatitudes (south of 35�S) induces a

decrease in the the low-level storm track in this region

(measured as the meridional temperature gradient at 850

hPa in their case).

When comparing the SST gradients between LGM and

PI, we find that the models simulate an important decrease

of the SST gradient south of 50�, especially in winter. In

summer only HadCM3 and CCSM3 show this feature.

MIROC3.2.2 and IPSL simulate much smaller changes in

the SST gradients, this is probably due to the smaller

changes in sea-ice cover and is also reflected in small

surface temperature changes over the oceans in these

models (see Fig. 2). In winter there is an increase of the

SST gradient between 40 and 45�S, coinciding with the

region of increased storms.

Bengtsson et al. (2006) examined the causes of storm

tracks changes in the Southern Hemisphere according
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Fig. 16 Zonal mean profiles over the Pacific Ocean: 180–280�W of 925 and 200 hPa winds (m/s), storm track density and Precipitation (mm/

mo) of all four models. Black lines PI simulation, blue lines LGM simulations
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change simulations (the IPCC SRES A1B scenario). They

found systematic poleward shifts of the Southern Hemi-

sphere storm tracks, and in the zone of maximum SST

gradient. The results of Bengtsson et al. (2006) are further

validated by Yin (2005), who reported on a consistent

poleward shift of the Southern Hemisphere storm tracks by

analysing climate change simulations (from the SRES A1B

scenario) in 15 models. In that paper the storm tracks are

represented by the vertically integrated 2–8 day Eddy

Kinetic Energy. We note that these conclusions, based on

‘‘greenhouse’’ or ‘‘extreme interglacial’’ conditions have

the opposite effect on the atmosphere-ocean interphase at

mid- to high latitudes, than our findings on the PMIP2

simulations based on glacial boundary conditions.

The results reported in this paper, based on four coupled

GCMs, do not find a definite ‘‘shift’’ in the westerly cir-

culation, but suggest a general decrease in surface wind

speeds in the Southern Ocean and sub-Antarctic sectors.

This decline, in practise, could induce a similar effect as

the hypothesised equatorward shift of the southern margin

of the southern westerlies. We also found decreased

upwelling over a longitudinal homogeneous region of the

Southern Ocean, due to reduced near surface wind speeds.

This change, coupled with a notable expansion in modelled

sea-ice, lend support to the scenario proposed by Tog-

gweiler et al. (2006) and Sigman and Boyle (2000) to

account for oceanographic conditions and glacial/intergla-

cial variations in atmospheric carbon dioxide. These GCM

simulations might be sufficient to support Toggweiler’s

hypothesis, but a more complete analysis of the ocean

circulation should be carried out.

We have analysed four models in this study, and this has

shown us that despite the identical forcing applied to the

four models we detect diverse, even opposite responses.

The models also show regional heterogeneities, contribut-

ing to the view, only more recently acknowledged, of a less

zonally symmetric Southern Hemisphere (e.g. general

drying south of 40�S, but wetter NW Patagonia). In par-

ticular larger changes are found during winter and over the

Pacific ocean.

We found that the cooling of the atmosphere during the

LGM is not accompanied by an increase in tropospheric

baroclinicity, as measured by the meridional temperature

gradients. In fact, although at the surface the models sim-

ulate increased temperature gradients in winter (in summer

changes are not significant), at higher levels, the midlati-

tude baroclinic zones are reduced, inducing a weakened

atmospheric circulation, except at latitudes south of 70�S.

There the temperature gradients are steeper at the surface

as well as throughout the troposphere. Therefore, coming

back to the questions enounced in the introduction, results

of our analysis suggest that: (1) Three out of four models

simulate a less baroclinic atmosphere and hence abated

westerly circulation. (2) We do not see any significant shift

in the westerly circulation during the LGM, however

decreased wind speeds are found at the surface and the

upper troposphere, with a narrower Subtropical Jet. (3) The

LGM storm tracks did not exhibit either a significant lati-

tudinal shifts. (4) Mayor circulation changes occur in

winter and over the Pacific ocean.

Another interesting finding is that, despite regional

heterogeneities and inter-model divergences, there seems

to be a climate boundary between the mid- and high-lati-

tudes of the Southern Hemisphere during the LGM. This

discontinuity, which develops north and south of the zone

of maximum wind speeds at 45–50�S is well expressed in

several diagnostic features (maximum SLP gradient, SSTs,

near-surface wind speeds, precipitation, cyclone density).

We can only speculate that this transition might reflect the

interface between regions dominated by an ‘‘Antarctic’’

versus a ‘‘rest of the world’’ palaeoclimate pattern during

the LGM (Blunier and Brook 2001; Broeckner 1998;

Denton et al. 1999; Moreno et al. 2001; Sugden et al.

2005).
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