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The prevailing view in the palaeoclimate literature of the last 20 years is that the Southern Westerly
Winds (SWW) were intensified over southern Australia and Tasmania during the warmer-than-present
early Holocene (11e8 ka). At similar latitudes on the opposite side of the southern mid-latitudes,
palaeoclimate studies have suggested a poleward shift of the northern edge of the westerlies and
focusing at 49�S in southern South America. This zonal asymmetry contrasts with the modern day zonal
symmetry displayed by the SWW and poses a formidable challenge to an understanding of the modes of
climatic variability of the southern extra-tropics. This paper presents an updated synthesis of continuous,
radiocarbon-dated palaeoenvironmental data from the westerlies zone of influence in all Southern
Hemisphere continents. Synchronous multi-millennial trends in moisture, vegetation, fire, and hydro-
logic balance are remarkably consistent with the way the SWW changes impact upon the climate in
Southern Hemisphere landmasses in the modern climate. Considering the modern relationships between
local precipitation and zonal wind speeds, it is suggested that the SWW changed in a zonally symmetric
manner at multi-millennial scale between 14 and 5 ka. Regional asymmetry develops after 5 ka across
the Southern Hemisphere, with a pattern of precipitation anomalies akin to the modern functioning of El
Niño e Southern Oscillation, which started w6200 years ago.

� 2011 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The absence of major topographic barriers in the Southern
Hemisphere middle latitudes allows the development of strongly
zonal atmospheric and oceanic circulation patterns, i.e. the
Southern Westerly Winds (SWW) and the Antarctic Circum-Polar
Current. The modern Southern Westerly Winds are a strikingly
symmetric component of the climate system that dictate the
climate of all Southern Hemisphere landmasses south of w30�S
(Garreaud, 2007), and also govern nutrient, heat, and gas fluxes
between surface and deep oceanic water masses in the Southern
Ocean and the atmosphere.

Recent research has led to the realisation that the SWW may
have played a key role in the generation of past atmospheric CO2
variations, establishing a conduit for inter-hemispheric propaga-
tion of palaeoclimate signals during ice-age terminations
(Toggweiler et al., 2006; Anderson et al., 2009; Toggweiler, 2009;
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Denton et al., 2010) and the Holocene (Moreno et al., 2010;
Fletcher and Moreno, 2011). Despite this importance, there are
few chronologies of past variations of the SWW that span their
entire zone of influence during and since the Last Glacial Maximum
(LGM). The current understanding relies on local, regional and sub-
continental scale palaeoenvironmental reconstructions (e.g.
Markgraf et al., 1992; Harrison, 1993; Shulmeister et al., 2004; Gilli
et al., 2005a, b; Moreno et al., 2010) and meridionally aligned
transects (e.g. Markgraf et al., 2000; Ono et al., 2004; Turney et al.,
2006a), with little attempt to integrate data from across the entire
westerly wind zone of influence (Heusser, 1989a). As a conse-
quence, understanding of hemisphere-wide westerly change
through the Quaternary in the Southern Hemisphere is largely
piecemeal, often contradictory and is the source of considerable
discussion in the palaeoclimate literature (Heusser, 1989a, b;
Markgraf, 1989; Markgraf et al., 1992; Harrison and Dodson, 1993;
Dodson, 1998; Shulmeister, 1999; Shulmeister et al., 2004; Lamy
et al., 2010; Moreno et al., 2010; Fletcher and Moreno, 2011).

Controversy and debate are inevitable products of scientific
endeavour and, indeed, it could be argued that the basic tenet of
falsification encourages researchers to entertain controversial, or,
perhaps more correctly, adversarial positions in order to produce
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robust scientific theory. Perhaps the most visible controversy per-
taining to the SWW through the Quaternary regards their behav-
iour during the Last Glacial Maximum (LGM). The opposing camps
in the palaeoclimate literature argue for either a southerly/pole-
ward displacement (e.g. Markgraf, 1987, 1989; Markgraf et al., 1992;
Harrison and Dodson, 1993; Markgraf, 1993; Dodson, 1998);
a northerly/equatorward displacement (e.g. Nicholson and Flohn,
1980; Heusser, 1989b; Lamy et al., 1999; Moreno et al., 1999;
Holmgren et al., 2003; Ono et al., 2004; Shulmeister et al., 2004;
Fletcher and Thomas, 2010b); or little, if any, change of the mean
latitudinal position of the SWW relative to today (Wyrwoll et al.,
2000; Hesse et al., 2004; Rojas et al., 2009). To date, this issue is
still a matter of discussion and consensus remains elusive.

A less adversarial, but not less contentious issue prevails
between models of SWW change through the late Pleistocene and
Holocene. During the early Holocene interval (ca.
11,000e8000 cal ka), for example, arguments exist for both
a northward displacement and/or strengthening of the westerlies
in southern South America (west of the Andes around 30�S) (Veit,
1996) and Australia (e.g. Harrison and Dodson, 1993; Dodson,
1998; Gingele et al., 2007; Moros et al., 2009); and a southward
displacement and/or weakening of the SWW in southwest South
America (below 32�S) (Jenny et al., 2003; Moreno and Leon, 2003;
Moreno, 2004; Villa-Martinez and Moreno, 2007; Lamy et al.,
2010; Moreno et al., 2010), New Zealand (Shulmeister, 1999;
McGlone et al., 2000; Shulmeister et al., 2004), Africa (Holmgren
et al., 2003) and Australia (Shulmeister, 1999). The mid Holocene
(ca. 7e5 ka) is equally contradictory, with arguments for a north-
ward displacement and/or increased intensity of westerly flow
Fig. 1. Maps showing (a) the location of sites and boundary currents mentioned in the text
equator to 80�S (scale bar indicates the strength of correlation; Garreaud, 2007). BC e Beng
Note the anti-phased precipitation response to westerly wind speed between west facing an
the approximate latitude of maximum westerly wind speed (50�S). Site list: 1 e Western Ca
4 e Southwest Victoria, Australia; 5 e Western Tasmania, Australia; 6 e Eastern Tasmania
Zealand; 9 e Otago, South Island, New Zealand; 10 e Laguna Acuelo, Chile; 11 e Lago Cond
Chile; 15 e Gran Campo-2, Chile; 16 e Laguna Potrok Aike, Argentina.
(relative to the early Holocene ca. 11e7 ka) in southern South
America (Jenny et al., 2003; Moreno, 2004; Moreno et al., 2010),
New Zealand (Shulmeister et al., 2004), Australia (Shulmeister,
1999; Fletcher and Thomas, 2010b) and Africa (Holmgren et al.,
2003); and a southward displacement and/or weaker intensity
of westerly flow (relative to the early Holocene) in Australia
(Harrison and Dodson, 1993; Moros et al., 2009) and Africa
(Nicholson and Flohn, 1980). Accordingly, it is not possible to draw
a clear conclusion from the palaeoclimate literature as to whether
changes in the SWW during or since the LGM have been zonally
symmetric, nor is it possible to draw consensus on the direction of
westerly change. The lack of resolve over the behaviour of the
SWW through the last glacialeinterglacial cycle is, given their
importance in regional and global climate systems, an Achilles
Heel to attempts at understanding and predicting regional and
global climate dynamics.

A basic premise in these studies is the correlation between local
precipitation and zonal wind speeds, which holds true for several
parts of the southern mid-latitudes in the modern climate (Fig. 1)
and which is important in a palaeoclimatic context, as it suggests
that palaeohydrological reconstructions from regions within the
Southern Westerly zone of influence may proxy relative westerly
wind influence. A complicating factor in the interpretation of
palaeohydrological changes, though, is that this relationship may
have changed its strength or sign in some regions since the LGM, or
that other moisture sources not as important in the modern
hydrologic balance could have had more importance in the past.
Identifying these non-stationarities require an array of detailed
records, unavailable for most regions today.
and (b) the local correlation between zonal wind strength and precipitation from the
uela Current; AC e Agulhas Current; LC e Leeuwin Current; HC e Humboldt Current.
d east facing coasts in all Southern Hemisphere landmasses. The grey arrows indicate
pe region of South Africa; 2 e Mataputaland, South Africa; 3 e ocean core MD03-2611;
, Australia; 7 e Lake George, southeast Australia; 8 e Okarito Bog, South Island, New
orito, Chile; 12 e Lago Cardiel, Argentina; 13 e Lago Guanaco, Chile; 14 e Lago Tamar,



Fig. 2. Palaeoenvironmental data from southern Australia plotted on a calendar year
BP timescale: (a) Lake George composite lake-level curve (Site 7, Fig. 1a; De Deckker,
1982; Singh and Geissler, 1985; Fitzsimmons and Barrows, 2010); (b) eastern and
central Tasmanian lake-level curve (Site 6, Fig. 1a; Harrison and Dodson, 1993); (c) Lake
Vera stratigraphy (Site 5, Fig. 1a; Macphail, 1979); (d) western Tasmanian regional
charcoal curve (dashed line indicates the 14 ka mean) (Site 5, Fig. 1a; Fletcher and
Thomas, 2010a); (e) Lake Vera palaeovegetation index (Site 5, Fig. 1a; dashed line
indicates the 14 ka mean); (f) Lake Keilambete lake-level curve (Site 4, Fig. 1a; Bowler
and Hamada, 1971); (g) southwest Victoria effective precipitation curve (Site 4, Fig. 1a;
Jones et al., 1998); (h) tropical foraminifera in ocean core MD03-2611 (Site 3, Fig. 1a;
Moros et al., 2009). Timescales were developed based on calendar years whenever the
original records were published in radiocarbon age scales. Radiocarbon dates were
calibrated using Calib 6.1 (Stuiver et al., 2010) and linear interpolations developed
between these calibrated dates. See Fig. 1a for the location of sites. Grey shading
indicates the early Holocene (11e8 ka) period of weak westerly flow in the Southern
Hemisphere.
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This paper synthesises and analyses palaeoenvironmental data
from areas located within the SWW zone of influence in Africa,
southern Australia, New Zealand and southern South America
(Fig. 1a). It specifically aims to address the following questions: (1)
are coherent, multi-millennial scale changes in the SWW inferable
from palaeoenvironmental data?; (2) are multi-millennial scale
changes in palaeohydrology in Southern Hemisphere landmasses
consistent with the modern relationship between westerly wind
speed and precipitation?; (3) have multi-millennial scale changes
in the Southern Westerlies been zonally symmetric over the last
14,000 years?; and (4) how relevant are SWW changes for under-
standing variations in the CO2 content of the atmosphere during
and since the LGM?

2. Southern Australia

2.1. Present environment

The climate of Australia is dominated by the sub-tropical high
pressure system associated with the cool and dry descending air of
theHadleyCell (SturmanandTapper, 2006). In the southofAustralia,
the sub-tropical high pressure system interacts with the SWW and
an increasingly coolerwinter rain climate prevails toward the south.
Onwest facing coasts in southern Australia (e.g. southwest Victoria
and southwest Western Australia; Fig. 1a), seasonal (winter) incur-
sions of the SWW result in a Mediterranean type climate (Sturman
and Tapper, 2006). Summer moisture delivered by easterly winds
originating from the Pacific Ocean provides an additional source of
precipitation along the southeast Australian coast and Great
Dividing Range, resulting in a temperate summer-rain climate. The
strength of this moisture advection is influenced by changes in
westerly flowat seasonal and interannual timescales (Hendon et al.,
2007). The continental island of Tasmania (41e44�S; Fig. 1a) lies in
the path of the SWW year-round and is bisected by a northeast-
esouthwest mountain range. Orographic uplift of the SWW over
Tasmania results in a hyper-humid west and sub-humid conditions
in central and eastern regions as westerly foehn winds strip mois-
ture and negate incursions of easterly moisture (Gentilli, 1972;
Sturman and Tapper, 2006; Hill et al., 2009).

The entire eastern coast of mainland Australia and the west
coast of Tasmania are climatically suited to the development of
rainforest vegetation. A diverse array of vegetation types domi-
nated by Eucalyptus species prevails across much of the Australian
continent (from the monsoonal tropics to temperate, Mediterra-
nean, and arid regions) and are dependent on varying interactions
between climate, soils and fire regime. Fire is a key factor in the
vegetation landscape of Australia with, for example, fire being
implicated as the only factor capable for explaining the contem-
porary (restricted) distribution of Australian rainforests (Bowman,
2000). Australia has a well developed Mediterranean flora, partic-
ularly in southwest Western Australia, that is characterised by
a very diverse array of scleromorphic shrubs that give way to arid
zone vegetation as rainfall decreases further.

2.2. Palaeoenvironmental records

2.2.1. Lake-levels
2.2.1.1. Southwest Victoria. Rainfall in southwest Victoria (38�S;
Fig. 1a) is delivered almost exclusively by the SWWand is positively
correlated with near-surface zonal wind speeds in the modern
climate (Fig.1b). Lake-level reconstructions from closed-basin lakes
in southwest Victoria have enabled a reconstruction of effective
precipitation spanning the last 10,000 years that proxies westerly
derivedmoisture (Bowler and Hamada,1971; Harrison and Dodson,
1993; Jones et al., 1998). A marked increase in effective
precipitation occurs in the region after 9.5 ka (Fig. 2g), driving high
lake-levels that persist until 6 ka (Fig. 2f), after which lake-levels
drop substantially. Low and variable values of effective precipita-
tion characterise the period after 3 ka (Fig. 2g), with Lake Kei-
lambete in southwest Victoria displaying a lake-level minimum
between 3 and 2 ka, an increase after 2 ka, and a decline since the
18th century (Fig. 2f).

2.2.1.2. Tasmania. The Tasmanian regional lake-level reconstruc-
tion published by Harrison and Dodson (1993) is dominated by
lakes located in central and eastern Tasmania (41e44�S; Fig. 1a),
regions in which rainfall is negatively correlated with westerly
wind speed in themodern climate (Fig. 1b; Hendon et al., 2007; Hill
et al., 2009). The lake-level synthesis shows a low percentage of
lakes full between 14e12 ka and 7e5 ka, a high percentage of lakes
full between 11 and 8 ka, and little change since 5 ka (Fig. 2b). Lake
Vera is the only lake located in the western hyper-humid zone
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utilised in Harrison and Dodson’s (1993) synthesis. The lithos-
tratigraphy of the Lake Vera record reveals dark-brown clay detritus
mud (13e8 ka, black in Fig. 2c) overlain by bluish-grey clay mud
deposited between w8 and 6.5 ka (grey in Fig. 2c), capped in turn
by detritus mud after 6.5 ka (black in Fig. 2c) (Macphail, 1979). The
change to bluish-grey clay mud between 8 and 6.5 ka implies
delivery of terrigenous material into the basin and has two plau-
sible and contrasting explanations: (1) internal reworking of littoral
material under a low lake-level stand driven by drier-than-present
conditions (Bradbury, 1986); or (2) increased flux of inorganic
material in the catchment area resulting from enhanced runoff
driven by higher-than-present rainfall.

2.2.1.3. Southeast Australia. Lake George (35�S; Fig. 1b) is a much
studied, hydrologically sensitive lake, with a large (800 km2) flat
basin near the southeast Australian coast (Huntington et al., 1908;
Cep, 1923; Singh et al., 1981; De Deckker, 1982; Singh and
Geissler, 1985; Fitzsimmons and Barrows, 2010). Summer-rainfall
in this temperate region is negatively correlated with zonal, near-
surface SWW speed in the modern climate (Fig. 1b; Hendon et al.,
2007). The fact that historical lake-level fluctuations at Lake
George display a good correlation with local rainfall and evapora-
tion demonstrates its sensitivity to monitor past changes in effec-
tive precipitation (Jennings, 1981). Optically Stimulated
Luminescence (OSL) dating of two outcrops at different elevations
above the lake depocentre, in combination with previous palae-
oecological studies from the lake, enables a lake-level reconstruc-
tion spanning the last 14,000 years (Fig. 2a). Three distinct phases
are recognisable based on the OSL geochronology: (1) a permanent
�11.5 m deep lake at 14.2� 0.9 ka; (2) aeolian deposition at
9.13�1.2 ka (the pooled mean age of a cluster of statistically
identical OSL dates) signifying lake-level lowering from �15 m
deep to below 11.5 m prior to this time; (3) a fluctuating lake
between 6.0� 0.4 and 0.34� 0.03 ka, with a clear low stand at
3.7�1.0 ka (w11.5 m), a high-stand between 2.4� 0.2 ka (�15 m)
and aeolian deposition at 1.1�0.2 ka (<11.5 m) (Fitzsimmons and
Barrows, 2010). Palaeoecological analyses from Lake George are in
broad agreement with the OSL-based chronology of lake-level
fluctuations (Fig. 2a), suggesting the presence of a permanent
lake and forest development between 12.2 and 8.5 ka, ephemeral
lake conditions between 8.5 and 3.2 ka, and a predominantly dry
lake-bed thereafter (Singh et al., 1981; De Deckker, 1982).

2.2.2. Tasmanian vegetation and fire
Several pollen and charcoal profiles from the hyper-humid west

of Tasmania reveal regionally synchronous changes in climate-
sensitive plant taxa over the post-LGM period (Macphail, 1979;
Markgraf et al., 1986; Fletcher and Thomas, 2010a). Lake Vera
(42�S) lies within Nothofagus and Podocarpaceae-dominated rain-
forest in western Tasmania (Macphail, 1979), a region solely
dependent on the SWW for precipitation that displays a strong
positive correlation between westerly wind speed and precipita-
tion in the modern climate (Fig. 1b; Hendon et al., 2007; Hill et al.,
2009). A log-normalized ratio of Nothofagus-Atherosperma/Phyllo-
cladus (Podocarpaceae) was calculated, based on the Lake Vera
pollen record published by Macphail (1979). The rationale behind
the index is the varying climatic envelopes of the modern species’
ranges utilised in the index: Nothofagus cunninghamii and Athero-
sperma moschatum grow in drier regions than Phyllocladus asple-
niifolius, which is presently restricted to the cool-wet temperate
rainforests of Tasmania (Read and Busby, 1990). The index tracks
compositional change in the rainforests around Lake Vera in
response to changes in relative moisture delivered by the SWW in
this region and is, thus, a proxy for SWW influence. Increasing
relative moisture is evident in the Lake Vera palaeovegetation
index between 14e11.7 ka and 9.5e6 ka, and a decreasing relative
moisture is observed between 11.7e9.5 ka and 4.5 ka to the present
(Fig. 2e).

Fire regimes, as inferred from the charcoal content in sediment
cores, are driven by climatic change over multi-millennial time-
scales (Power et al., 2008) and are an effective proxy of negative
moisture anomalies in hyper-humid regions, considering that fuel
is not a limiting factor for fire occurrence in the cool temperate
southern latitudes (Whitlock et al., 2007; Moreno et al., 2010). A
charcoal curve for western Tasmania (Fletcher and Thomas, 2010a;
Fletcher and Moreno, 2011) displays clear multi-millennial trends
that reflect regional trends in moisture-driven fire regime: (1)
below average charcoal between 14 and 12 ka; (2) increasing
charcoal from 12 ka, peaking between 10 and 9 ka; (3) charcoal
decreases from 9 ka and reaches a minimum between 7 and 5 ka;
(4) charcoal increases from 5 to 2 ka, and then (5) a decline since
2 ka.

2.2.3. The Leeuwin Current
The Leeuwin Current is a warm water surface current that

advects tropical waters of the Indo-Pacific Warm Pool poleward
along the west coast of Australia (Fig. 1a; Weaver and Middleton,
1989). The SWW have a significant effect on the strength, speed,
and eastward propagation of the Leeuwin current (Middleton and
Bye, 2007) along the annual cycle with weakest/slowest flow
during summer concurrent with a poleward displacement of the
SWW; and strongest/fastest flow during winter, when the equa-
torward displacement of the SWW results in a more westerly
aspect to wind direction that promotes advection of warm surface
water along the south Australian coast (Middleton and Bye, 2007).
The composition of foraminifera in ocean core MD03-2611 (36�S),
located in cool waters off the southern Australian coast toward the
eastern limits of the present-day Leeuwin Current (Fig. 1a), proxies
the strength and eastward penetration of the Leeuwin Current
(Moros et al., 2009). Tropical foraminifera, Globoturborotalita
rubescens and Globoturborotalita tenella, non-indigenous to the cold
Southern Ocean waters and transported to the site by the Leeuwin
Current, are virtually absent between 10 and 7.5 ka, signalling
a failure of the Leeuwin Current to penetrate eastward to the site
(Fig. 2h). Percentage values for G. rubescens and G. tenella increase
steadily between 7.5 and 6 ka and peak between ca. 5.5 and 5 ka,
after which these taxa decline in importance to the present. The
steady increase in tropical foraminifera reflects penetration of the
Leeuwin Current warm surface water to the site and suggests
a stronger-than-present Leeuwin Current between 5.5 and 5 ka that
is followed by a multi-millennial decrease to present conditions.

2.2.4. Summary
The multi-proxy evidence presented here for southern Australia

and Tasmania highlights a common multi-millennial pattern in
moisture regime and ocean circulation changes since 14 ka that
mirrors the relationship between SWW speed and precipitation in
the modern climate (Fig. 1b). The period between 14 and 5 ka is
marked by strikingly synchronous trends across the region, with
distinct phases occurring between 14e12, 11e8, and 7e5 ka. A
degree of regional heterogeneity and asynchrony develops in the
records after 5 ka.

The interval between 14 and 12 ka reflects a period of high
relative moisture and low fire incidence in western Tasmania
(Fig. 2) and southwest Victoria (Turney et al., 2006b). Together with
low lake-levels in eastern Tasmania and Lake George in southeast
Australia, the data suggest strong SWW flow over the region. Low
relative moisture and high charcoal contents prevailing in western
Tasmania between 11 and 8 ka were concurrent with high lake-
levels in eastern Tasmania and at Lake George, mirroring the effects



Fig. 3. Palaeoenvironmental data from New Zealand plotted on a calendar age scale:
(a) Otago precipitation curve (Site 9, Fig. 1a; Prebble and Shulmeister, 2002); (b)
Southern Alps glaciations (Lowell et al., 1995; Shulmeister et al., 2004; Schaefer et al.,
2009); (c) Okarito Bog aquatic pollen content (Site 8, Fig. 1a; Newnham et al., 2007).
See Fig. 1a for the location of sites. Grey shading indicates the early Holocene (11e8 ka)
period of weak westerly flow in the Southern Hemisphere.
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of decreased westerly flow over these regions in the modern
climate (Fig. 1b) and indicating a multi-millennial phase of atten-
uated SWW flow at this time. The period between 7 and 5 ka is
marked by a reversal of the previous trend with a multi-millennial
phase of enhanced westerly flow that led to a moisture increase in
western Tasmania and southwest Victoria, along with low lake-
levels in eastern/central Tasmania between 8 and 6 ka and south-
east Australia (Lake George) between w9 and 6 ka. This was
concurrent with a decrease in palaeofire in western Tasmania and
deposition of terrigenous material in Lake Vera resulting from
enhanced runoff driven by a multi-millennial increase in westerly
flow across the entire region. A ‘westerly maximum’ is apparent at
w6 ka and is supported by a sharp increase in tropical foraminifera
delivered by the Leeuwin Current from negligible values at 7.5 ka to
a greater-than-present maximum between 5.5 and 5 ka in deep sea
core MD03-2611 (Fig. 2h).

Amulti-millennial decrease inmoisture and increase in charcoal
in western Tasmania from 5 to 2 ka is consistent with a cessation of
terrigenous input into Lake Vera and lake-level lowering at Lake
Keilambete in southwest Victoria, reflecting a decrease in westerly
precipitation. After 2 ka, western Tasmanian charcoal declines
substantially, counter to the continued drying trend indicated by
the Lake Vera palaeovegetation index, yet consistent with a return
to a high lake-level at Lake Keilambete. A gradual multi-millennial
decrease in tropical foraminifera in ocean core MD03-2611 is
consistent with the Lake Vera index, suggesting a multi-millennial
decrease in SWW flow toward the present. Lake-levels in eastern
and central Tasmania remain invariant from 5 ka onward, while
Lake George undergoes a moderate lowering of lake-level centred
at 3.7�1 ka. This event is not replicated in other southern
Australian sites, although the large error associated with the timing
of this event precludes confident correlations with other records.
The drop in Lake George lake-level between ca. 2.5 and 0.5 ka is
concomitant with high a lake-level at Lake Keilambete, suggesting
a return to east-west anti-phasing prevalent under increased SWW
flow.

3. New Zealand

3.1. Present environment

New Zealand is a long narrow series of islands located between
34 and 45�S, predominantly within the SWW zone of influence
(Fig. 1a). North Island extends into the sub-tropical high pressure
zone and receives moisture from the warm northern oceans (Pacific
Ocean), resulting in awarm temperate climate (Sturman and Tapper,
2006). South Island is subject to cooler temperatures and is under
the permanent influence of the SWW (McGlone et al.,1993; Sturman
and Tapper, 2006). The northwestesoutheast trending Southern
Alps bisect the South Island into distinct west and east climate
zones: a hyper-humid west and a humid to sub-humid east
(McGlone et al., 1993). Precipitation is significantly correlated to
westerly wind speed, with an increase (decrease) in westerly flow
resulting in a steepening (relaxing) of the westeeast precipitation
gradient (McGlone et al.,1993). Southerlywinds deliver precipitation
to the south of the South Island, with the orographic rain-shadow
zone restricted to the central east (Otago) region (McGlone et al.,
1993). The Southern Alps are glaciated, with glacial dynamics gov-
erned by both temperature (Anderson and Mackintosh, 2006) and
westerly derived precipitation (Fitzharris et al., 1992).

The complex topography and geology of New Zealand produces
a wide variety of microclimatic zones that host a complex and
highly endemic flora. Broadly speaking, the principal vegetation
units are forest and grassland that are primarily determined by
temperature, moisture and disturbance (Dodson, 1998).
Taxonomically diverse hardwood trees dominate the forests of the
warm temperate North Island and were much more widespread
before the arrival of humans (w0.8 ka) (Wardle, 1991; McGlone
et al., 1993; Wilmshurst et al., 2008). In the South Island, Nothofa-
gus and podocarp forests dominate the high-rainfall west and
southern regions up to the tree-line, where stuntedwoody taxa and
herbaceous plants prevail in the oceanic climate (Wardle, 1991).
Grasslands prevail in the sub-humid central eastern region, owing
their present spatial extent to the combined effects of dry westerly
foehn winds and anthropogenic disturbance (e.g. McGlone and
Moar, 1998; McWethy et al., 2009).
3.2. Palaeoenvironmental records

3.2.1. West coast South Island vegetation
The Okarito Bog pollen record (Newnham et al., 2007) from the

west coast of South Island (43�S; Fig. 1a) is located within the
westerly derived high-rainfall zone, a region that displays a strong
positive correlation between zonal westerly wind speed and
precipitation (Fig. 1b; McGlone et al., 1993; Ummenhofer and
England, 2007). Unfortunately, no dating was performed on the
Holocene portion of this record. A linear extrapolation is used from
the uppermost date (10.9 ka) to the present, although this is likely
inappropriate given the sedimentary changes through this section
(Newnham et al., 2007). Nevertheless, trends in aquatic taxa in the
Okarito Bog pollen record show a dynamic response to moisture
changes over the last 14,000 years (Fig. 3c). The transition from an
LGM lake to a post-glacial bog was punctuated by the following
multi-millennial fluctuations in aquatic pollen content: high
aquatic pollen content between 14 and 11.5 ka; a significant
reduction in aquatic pollen content between 11.5 and 8 ka;
increasing aquatic pollen between 7.5 and 5 ka; and a multi-
millennial decrease to present (Fig. 3c).

3.2.2. East South Island precipitation
Prebble and Shulmeister (2002) conducted a quantitative

reconstruction of effective precipitation based on phytolyths in
Otago (45�S; Fig. 1a), a region affected by dry foehn winds that
displays a negative correlation between zonal flow and precipita-
tion in the modern climate (Fig. 1b). The stratigraphy of the site is
complex, and the chronology relies on three radiocarbon dates and
five OSL dates that have substantial error ranges, precluding the
development of a precise age model. Prebble and Shulmeister
(2002) report an increase in effective precipitation beginning at
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12 ka, peaking at w8.5 ka and decreasing toward 4 ka (Fig. 3a).
Depositional hiatuses effectively terminate the record at w4 ka.

3.2.3. Southern Alps glacier dynamics
The temperate glaciers of New Zealand are sensitive to climate

change, although there is some debate over what component of
climate exerts the greatest influence over changes in glacier mass
balance in the region, with both temperature and precipitation
purported as the dominant control (Fitzharris et al., 1992;
Anderson and Mackintosh, 2006; Purdie et al., 2011). A signifi-
cant relationship between the strength of SWW flow and glacial
mass balance was observed by Fitzharris et al. (1992) and it is clear
that westerly derived precipitation is an important factor in glacial
dynamics in this region. A substantial body of work has been
devoted to establishing a chronology of glacial fluctuations in the
Southern Alps that reveals multi-millennial trends that most likely
reflect both precipitation and temperature effects (e.g. Gellatly
et al., 1988; Denton and Hendy, 1994; Fitzsimons, 1997; Barrows
et al., 2007; McCarthy et al., 2008; Schaefer et al., 2009). A salient
feature of the glacial record (Fig. 3b) is a deep glacial recession
between w11 and 7 ka, which Shulmeister et al. (2004) argue
reflects weak westerly flow across the region effectively starving
glaciers of moisture. Increased westerly flow and/or lower
temperatures are sufficient to account for widespread and well
advanced glaciation between 14 and 11 ka and for neoglaciation
since 7 ka (Moreno et al., 2009; Rojas and Moreno, 2010;
Shulmeister et al., 2010).

3.2.4. Summary
Clear multi-millennial trends are evident in the palae-

oenvironmental data from New Zealand’s South Island: 14e11,
11e8, 7.5e4.5, and 4.5e0 ka. The period between 14 and 11 ka is
characterised by relatively high aquatic pollen content at Okarito
Bog and glacial advances in the Southern Alps, likely reflecting
a combination of cool temperatures and strong westerly flow over
the region. Between 11 and 8 ka, aquatic pollen content declines
substantially at Okarito Bog on the west coast and precipitation
increases in Otago to a maximum at w8.5 ka. Anti-phasing of west
and east precipitation anomalies is consistent with the modern
relationship between South Island rainfall andwesterly wind speed
and the lack of (or verymuch limited) glacial advance at this time is
contemporaneous with weak westerly flow. A combination of
maximum Holocene aquatic pollen content at Okarito Bog and
decreasing precipitation east of the Southern Alps in Otago,
contemporaneous with renewed glaciation, suggests an increase in
westerly flow over the South Island between 7.5 and 4.5 ka. After
4.5 ka, aquatic pollen content in the Okarito record shows a gradual
decline toward the present; suggesting a possible decline in west-
erly flow over the region, while, in contrast, the spread of the
podocarpaceous tree Dacrydium cupressinum recorded across
Southland and Otago (South Island New Zealand) has been inter-
preted as indicating an increase in westerly flow across the region
after ca. 3 ka (McGlone et al., 1993).

4. Southern South America

4.1. Present environment

South America stretches from north of the equator to 55�S,
transgressing a broad range of climatic zones, from warm equato-
rial to cold sub-Antarctic. In the zone of westerly influence, large
amounts of year-round rainfall inundate areas west of the Andes
south of w38�S, while in the rain-shadow east of the Andes, sub-
humid to semi-arid conditions result from persistent foehn
winds. Abundant precipitation of westerly origin sustains
temperate rainforests on the Pacific side of the Patagonian Andes
(the region south of 40�S in South America). Climatic segregation of
the vegetation has led to the recognition of Valdivian, North Pata-
gonian, and sub-Antarctic rainforest communities in Patagonia
along a gradient of increasing precipitation and wind speeds, lower
temperatures and length of the growing season. Vegetation east of
the Andes is dominated by the sub-humid to semi-arid Patagonian
Steppe to the east as moisture decreases. Seasonal forcing drives
the SWW north (south) in winter (summer) relative to their core
region of strongest wind speeds (w50�S), resulting in a winter
(summer) dominant rainfall climate north (south) of w50�S.

4.2. Palaeoenvironmental records

4.2.1. Lake-levels
4.2.1.1. West of the Andes e central Chile. Laguna Aculeo is located
in the Mediterranean climate zone of central Chile toward the
northern limits of the zone of westerly influence (33�S; Fig. 1a), an
area in which local precipitation is positively correlated with
westerly wind speed (Fig. 1). The hydrologic balance of this rela-
tively closed-basin lake is dependent on the westerlies for recharge
(Jenny et al., 2003). A precipitation curve spanning the last 10,000
years has been derived from changes in the lake-level of Laguna
Aculeo through this time that is characterised by the following
sequence (Fig. 4f; Jenny et al., 2003): low effective precipitation
between 10 and 8.6 ka; a slight increase in precipitation at 8.6 ka;
a marked increase at 5.6 ka that persists until 3 ka; after which
a variable and slightly increasing precipitation regime prevails until
the present.

Abarzúa et al. (2004) present stratigraphic evidence from Lago
Tahui (w43�S), a small closed-basin lake located in an inter-
morainal depression in east-central Isla Grande de Chiloé, NW
Patagonia, a region inwhichprecipitation is strongly correlatedwith
westerly wind speed. The record includes piston cores obtained
along a bathymetric transect, correlated on the basis of tephra layers
and radiocarbon dates. Cores collected from the shallow portion of
the lake revealed a basal silty gyttja overlain by woody gyttja (with
>5 cmdiameter tree trunks andbranches), overlain in turnbycoarse
organic detritus gyttja, and gyttja until the present. The authors
interpreted these data as evidence for a regressive lake phase that
led to the centripetal expansion of a swamp forest environment at
intermediate depths in the lake, followed by a transgressive phase
and persistence of the lake until today (Abarzúa et al., 2004). The
available chronology indicates that lake-levels in Lago Tahui
remained stationary below the modern elevation between 11.5 and
7.8 ka, implying a decline in regional precipitation delivered by the
SWW during that time (Abarzúa et al., 2004).

4.2.1.2. East of the Andes e Argentine Patagonia. Lago Cardiel is
a deep and much studied closed-basin lake located within the dry
Patagonian Steppe of Argentina (49�S; Fig. 1a), a region receiving as
little as 150 mm of annual rainfall (Markgraf et al., 2003; Gilli et al.,
2005a; Ariztegui et al., 2009). The site lies in the rain-shadow east
of the Andes Cordillera close to the present-day zone of maximum
SWW speeds (50�S), and displays a negative correlation between
zonal wind strength and local precipitation that results from
significant evaporative moisture loss as dry foehn winds strip
moisture from the region under strong westerly flow (Fig. 1b;
Garreaud, 2007). A recent lake-level reconstruction from Lago
Cardiel reveals substantial lake-level changes since 14 ka that
reflect changes in precipitation and evaporation (Ariztegui et al.,
2009) (Fig. 4a). The lake was low between 14 and 12.3 ka, and
was followed by an abrupt transgressive phase that led to higher-
than-modern lake-levels between w11e8 ka, representing
a w100 m increase in lake-level and reflecting a significant change



Fig. 4. Palaeoenvironmental data from southern South America plotted on a calendar
age scale: (a) Lago Cardiel lake-level reconstruction (dashed line indicates the modern
lake-level) (Site 12, Fig. 1a; Ariztegui et al., 2009); (b) Gran Campo-2 hygrophyte curve
and hydrological phase (Site 14, Fig. 1a; Fesq-Martin et al., 2004); (c) Lago Tamar
Misodendron curve (Site 15, Fig. 1a; Lamy et al., 2010); (d) southern South American
charcoal curve (dashed line indicates the 14 ka mean) (Power et al., 2008); (e) Lago
Condorito palaeovegetation index (dashed line indicates the 14 ka mean) (Site 11,
Fig. 1a; Moreno, 2004); (f) Lago Guanaco palaeovegetation index (dashed line indicates
the 12 ka mean) (Site 13, Fig. 1a; Moreno et al., 2010); (g) Laguna Potrok Aike lake-level
reconstruction (Site 16, Fig. 1a; Anselmetti et al., 2009); (h) Laguna Aculeo precipita-
tion reconstruction (Site 10, Fig. 1a; Jenny et al., 2003). See Fig. 1a for the location of
sites. Grey shading indicates the early Holocene (11e8 ka) period of weak westerly
flow in the Southern Hemisphere.
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in the delivery of atmospheric moisture into the extra-Andean
region of Central Patagonia. After 8 ka, lake-levels fell, fluctuating
repeatedly between þ15 m and the present-day level (Markgraf
et al., 2003; Ariztegui et al., 2009).

Another much studied lake basin in Argentine Patagonia,
Laguna Potrok Aike (52�S; Fig. 1a), lies south of the modern core of
the SWW in a region where modern precipitation displays no
statistically significant relationship with SWW speed (Fig. 1b). A
possible reason for the lack of correlation of precipitation at this site
with SWW speed is the proximity of both the Andes and the
Atlantic Ocean, providing precipitation spilling eastward with the
westerly winds and increased humidity from the South Atlantic
under weak westerly flow, respectively. A lake-level reconstruction
from Potrok Aike (Anselmetti et al., 2009) reveals a lake regressive
phase from >8.5 ka to a lake-level minimum at w7 ka, after which
a multi-millennial lake-level transgression started and has per-
sisted until the present (Fig. 4e).

4.2.2. Western Patagonian vegetation
4.2.2.1. North of w50�S. A consensus exists between virtually all
vegetation-based multi-millennial moisture reconstructions from
within the westerly zone of influence north of w50�S in western
Patagonia (e.g. Villagran, 1988; Jenny et al., 2002; Abarzúa et al.,
2004; Haberle and Bennett, 2004; Moreno, 2004; Latorre et al.,
2007; Markgraf et al., 2007; Abarzúa and Moreno, 2008). The
well dated (18 AMS radiocarbon dates) pollen record from Lago
Condorito (41�S; Fig. 1a) can be used to represent changes in SWW-
derived moisture in this region over the last 14,000 years. Lago
Condorito is a small closed-basin lake, located in the transitional
zone between the warm and seasonal Valdivian rainforests and the
cool, perennially wet North Patagonian rainforests (Moreno, 2004).
A pollen-based normalized Eucryphiaþ Caldcluvia (Valdivian taxa)/
Podocarpaceae (North Patagonian taxa) index calculated for this
site proxies intensity variations and movements in the northern
edge of the westerlies and reveals clear multi-millennial trends in
moisture balance (Fig. 4e; Moreno, 2004). Initially, above average
moisture between w14 and 12.5 ka is evident, followed by
a declining moisture trend with negative anomalies between
w10.5 and 7.8 ka and characterised by strongly negative values
between 9.5 and 8.5 ka, revealing a decrease in westerly derived
moisture north of the modern zone of strongest westerly flow
during this time (Fig. 4e). The index suggests that moisture
increased until a maximum at 6e5 ka, reflecting an increase in
westerly derived precipitation north of the core of the westerlies,
after which a multi-millennial decrease is evident (Fig. 4e).

4.2.2.2. South of w50�S. Recent palaeovegetation-based interpre-
tations of westerly derived moisture variations since 14 ka from
south of 50�S in western Patagonia are divided between two
opposing models of westerly change (Lamy et al., 2010; Moreno
et al., 2010; Fletcher and Moreno, 2011). Important for both
models is the interpretation of a normalized Nothofagus/Poaceae
pollen index (NPI) from Lago Guanaco, a small closed-basin lake
situated near the modern forest-steppe ecotone (52�S; Moreno
et al., 2010) in an area where local precipitation is strongly and
positively correlated with zonal wind speed (Fig. 1b). The NPI from
Lago Guanaco was interpreted by Moreno et al. (2010) as a local
sensor of past shifts of the forest-steppe ecotone and the amount of
SWW-derived precipitation spilling eastward over the Andes. The
Lago Guanaco index displays increasing woody vegetation/mois-
ture at the site between 13 and 11 ka, steppe/decreasing moisture
between 11 and 8 ka and an increasing, albeit variable, forest
expansion/moisture increasing trend thereafter (Fig. 4f). In
a subsequent study, Lamy et al. (2010) offer an alternative inter-
pretation of the NPI, with negative/steppe (positive/forest) excur-
sions considered as evidence for increased (decreased) evaporation
at the site under enhanced (attenuated) westerly flow.

The location of the forest-steppe ecotone in Patagonia is
dependent on moisture balance (Paruelo et al., 1998) and is influ-
enced by the amount and seasonality of westerly precipitation
spilling eastward over the Andes and the amount of evaporation
resulting from desiccating (westerly) foehn winds. Lago Guanaco
presently lies within steppe vegetation, despite an average annual
rainfall (720 mm p/a; Moy et al., 2008) above the suggested
threshold for steppe development in Southern Patagonia and Tierra
del Fuego (500e350 mm p/a; Tuhkanen, 1992; Tuhkanen et al.,
1992), which Lamy et al. (2010) interpret as a reflection of the
dominant influence of evaporation (strongest in the summer high
wind period) over the local moisture regime and vegetation type.
They consider trends toward steppe (forest) in the index to be
driven by stronger (weaker) westerly flow and increased
(decreased) evaporation. An important factor neglected by those
authors is that the modern forest-steppe ecotone in Southern
Patagonia is not in equilibrium with climate, but is the result of
European deforestation (Veblen and Markgraf, 1988; Huber and
Markgraf, 2003). Forest covered the landscape more than more
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than w25 km east of Lago Guanaco prior to AD 1881 (Dixie, 1881),
implying that evaporation does not limit forest development in the
vicinity of Lago Guanaco today, and that precipitation exerts the
dominant control over vegetation in that area. Despite this, it is
possible that, given the location of the site east of the orographic
divide, under varying westerly wind regimes, the tension zone
between evaporation and precipitation dominance over vegetation
shifts east or west of its present location to the east of Lago
Guanaco.

Sediments retrieved from the Gran Campo-2 site (52�4803700S,
73�550460W; Fesq-Martin et al., 2004), a minerotropic mire located
west of the Andes orographic divide where the relationship
between precipitation and westerly wind strength is positive
(Fig. 1b), show a transition from a lake to a mire at that site
(between 11.2 and 10.9 ka), in concert with an abrupt and sustained
increase in “hygrophyte” pollen taxa between 11 and 8 ka (Fig. 4b)
that reflects the colonisation of a former lake by the principal mire
forming plant, Marsippospermum spp., and peatland dynamics
thereafter (Fesq-Martin et al., 2004), a process known as terres-
trialisation, when lakes infill under stable or dropping lake-levels
(Futyma and Miller, 1986; Korhola, 1995; Brugam and McCance
Johnson, 1997; Weckstrom et al., 2010), implying a transition to
drier climate between 11.2 and 10.9 ka. After w8.5 ka, an increase
in moisture is reflected by the establishment of Magellanic Moor-
land taxa (Astelia pumila and Donatia fascicularis) at the site (Fesq-
Martin et al., 2004).

A partially published pollen record from Lago Tamar (52�54.210S,
73�48.070W; Lamy et al., 2010), located west of the Andes, shows
a marked and sustained increase in Misodendron pollen, a hemi-
parasite on Nothofagus trees, between 11.5 and 8.5 ka (Fig. 4c; Lamy
et al., 2010). The Misodendron peak is temporally synchronous with
thenegativemoisture anomalies identifiedat LagoGuanacoandLago
Condorito (Fig. 4e, f). Studies of modern pollen dispersal in Southern
Patagonia reveal greatest Misodendron pollen content at the rela-
tively dry andopen forest-steppe ecotone (Markgraf et al.,1981; Paez
et al., 2001). Numerical analysis of modern pollen data from the
region reveals that Misodendron pollen content is positively corre-
lated with Nothofagus and other forest indicators (Dale et al., 2010).
Thus, while interpretation of the Misodendron curve is complicated
by these factors, it is likely to reflect a trend toward canopyopenness,
which is consistent with a trend toward drier conditions.

4.2.3. Western Patagonia fire
Peak charcoal activity is evident between 12.5 and 9.5 ka in sites

located between 40 and 55�S, where rainfall is positively correlated
with zonal wind speed (Heusser, 2003; Haberle and Bennett, 2004;
Huber et al., 2004; Moreno, 2004; Whitlock et al., 2007; Abarzúa
and Moreno, 2008; Massaferro et al., 2009; Markgraf and Huber,
2010). The regional charcoal curve for SSA (Power et al., 2008)
captures this trend remarkably well (Fig. 4d) and displays a clear
correlation to the palaeovegetation indices from Lago Guanaco and
Lago Condorito (Fig. 4e, f). The charcoal data indicate increasing
charcoal from 12.5 to 9.5 ka; decreasing charcoal from 9.5 to 3.5 ka;
increasing charcoal to 2.5 ka; and little change thereafter (Fig. 4b).

4.2.4. Summary
High relative moisture in the northwest Patagonian palae-

ovegetation index and low southern South American charcoal
values between 14 and 12 ka imply strong westerly flow that is
consistent with dry conditions and low lake-levels east of the
Andes Cordillera at Lago Cardiel. The available evidence indicates
a multi-millennial decrease (increase) in moisture (fire) in north-
west Patagonia from w12.5 ka. In southwest Patagonia, increased
moisture in Lago Guanaco, cool-wet conditions in Gran Campo-2
(Fesq-Martin et al., 2004) and moist conditions at Isla de los
Estados (54�50S; 64�40W; Ponce et al., 2011) indicates an asym-
metry of moisture changes north and south of the modernwesterly
core that implies a southward shift of the SWW at this time. After
11 ka, negative moisture trends at Lago Condorito and L. Guanaco,
warmer and drier conditions at Isla de los Estados (Ponce et al.,
2011) and terrestrialisation of the Gran Campo-2 site indicate
a decrease in SWW-derived moisture that persists until w8 ka,
revealing negative moisture trends across the entire zone of
westerly influence, coeval with peak fire activity in high-rainfall
regions throughout Patagonia. East of the Andes, above modern
lake-level at Lago Cardiel between w11 and 8 ka (Fig. 4a) and
a trend toward increased relative moisture across sites in Argentina
(Mancini et al., 2008) are consistent with decreased SWW influ-
ence, revealing synchronous and co-variable changes in westerly
wind behaviour north and south of the core of the SWW (ranging
between 41 and 52�S) that led to decreased moisture west of the
Andes and less intense foehn winds and increased incursions of
Atlantic Ocean moisture to the east.

Increasing relative moisture in the west and a concomitant
decrease in southern South American charcoal is evident after
w8 ka toward an apparent ‘moisture maximum’ in northwest
Patagonia between 6 and 5 ka. This pattern is consistent with
increasing moisture in southwest Patagonia (Fig. 4e, f) and
decreased lake-levels at Lago Cardiel (Fig. 4a). Moreover, these
trends are consistent with a stepwise increase in effective precip-
itation in central Chile at 8.6 ka and 5.6 ka (Fig. 4f) and a trend
toward drier climate conditions in Argentina, east of the Andes
Cordillera (Mancini et al., 2008). These regionally consistent trends
imply that the westerlies increased in strength across their entire
zone of influence. Moisture indices diverge after 5 ka, with a slight
multi-millennial decrease in relativemoisture evident in northwest
Patagonia (Fig. 4e), and multi-millennial moisture increases in
southwest Patagonia and central Chile (Fig. 4f, h). Interestingly,
a lake-level regression starting >8.7 ka at Laguna Potrok Aike
(Fig. 4g), east of the Andes in a zone of zero statistical correlation
between westerly wind speed and precipitation (Fig. 1b), followed
by a transgression w7 ka occurs in concert with the Lago Guanaco
palaeovegetation (moisture) index located at the same latitude
(52�S), suggesting that multi-millennial scale changes in moisture
at Laguna Potrok Aike have varied with similar timing and direction
as records from areas positively correlated with westerly wind
strength during the Holocene. Charcoal values increase after 3.5 ka
and remain stable, as does the level of Lago Cardiel (Fig. 4a, d). The
effective precipitation curve from Laguna Aculeo shows further
increases at 3.2 ka and 2 ka, reflecting an increase in westerly
derived moisture in that region (Fig. 4h).

5. Southern Africa

5.1. Present environment

The climate of southern Africa is dominated by the sub-tropical
high pressure system resulting from descending Hadley Cell air
and the region is generally dry (Tyson and Preston-Whyte, 2000).
Seasonal intrusions of monsoonal rain are important during
summer in the north of the region. The SWWexert a direct influence
on the climate of the southwest tip (the Western Cape), imparting
awinterwetMediterranean climate in that region,while theEastern
Cape is reliant on easterly sourcedprecipitation deliveredduring the
summer months when westerly flow is weak and the trade winds
are displaced southward (Tyson and Preston-Whyte, 2000). This
easterly precipitation source is bolstered by the warm southward
bound Agulhas Current that flows along the east African coast,
resulting in frequentmists (Eeley et al., 1999). The dominance of the
tradewinds and the cold north-flowing Benguela Current (driven in
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part by the SWW) result in a hyper-arid desert on thewestern coast
of southern Africa (Namibia) that grades to the Mediterranean
climate zone of theWesternCape further south as the SWWbecome
important (Tyson and Preston-Whyte, 2000).

Southern Africa hosts one of the most diverse vegetation types
on Earth, the Fynbos (Mucina and Rutherford, 2006). The Fynbos is
comprised of a startlingly diverse array of shrubs that grow on the
nutrient-poor geologies of the Western Cape Mediterranean
climate zone (Mucina and Rutherford, 2006). To the north and
centre of southern Africa, aridity prevails and desert-adapted flora
predominate that grade in to savannah biomes as the monsoonal
influence increases. The higher relative moisture in the southeast
gives rise to a slightly more woody vegetation that transitions into
the grasslands and savannah of the northern interior and humid
forest patches in relatively moist areas on the east coast (Eeley
et al., 1999; Mucina and Rutherford, 2006).

5.2. Palaeoenvironmental records

5.2.1. Western Cape organic sediment accumulation
The dry environment of southern Africa is preclusive to organic

sediment accumulation, a facet that would have been amplified
(weakened) under past climate regimes in which drier (wetter)
conditions prevailed. Preserved organic beds spanning the late
Pleistocene to the present are rare in the Western Cape (32e34�S;
Fig. 1a), a region wholly dependent on the SWW for precipitation
that displays a positive correlation between westerly wind speed
and precipitation in the modern climate (Fig. 1b). Fig. 5b shows
a plot of the number published organic profiles from the Western
Cape region at 1000-year time steps (based on the studies of
Schalke, 1973; Meadows,1988; Meadows and Sugden, 1991; Street-
Perrott and Perrott, 1993; Meadows et al., 1996; Meadows and
Baxter, 2001). A very low number of profiles date to the period
between 14 and 9 ka. While this trend may reflect non-climatic
factors, such as a lack of discovery and/or publication of records,
the long history of palaeoclimatic research in this region suggests
that the lack of organic profiles between 14 and 9 ka may reflect
aridity through all or the latter part of this time-span. After 9 ka, the
number of published organic sequences increases two-fold and
remains high until the present, possibly reflecting more humid
conditions since 9 ka.
Fig. 5. Palaeoenvironmental data from southern Africa plotted on a calendar age scale:
(a) Matputaland pollen record Podocarpus values (Site 2, Fig. 1a; Finch and Hill, 2008);
(b) Western Cape organic accumulation (Site 1, Fig. 1a; Schalke, 1973; Meadows, 1988;
Meadows and Sugden, 1991; Street-Perrott and Perrott, 1993; Meadows et al., 1996;
Meadows and Baxter, 2001). Timescales were developed based on calendar years
whenever the original records were published in radiocarbon age scales. Radiocarbon
dates were calibrated using Calib 6.1 (Stuiver et al., 2010) and linear interpolations
developed between these calibrated dates. See Fig. 1a for the location of sites. Grey
shading indicates the early Holocene (11e8 ka) period of weak westerly flow in the
Southern Hemisphere.
5.2.2. Coastal southeast Africa e Matputaland vegetation
A pollen record from Matputaland in coastal southeast Africa

(28�S; Fig. 1a), within the zone of negative correlation between
westerly wind speed and precipitation (Fig. 1b) and a region
dependent on easterly incursions of moisture from the Indian
Ocean, tracks moisture-driven vegetation changes through the late
Quaternary (Finch and Hill, 2008). Finch and Hill (2008) recon-
structed relative moisture changes at their Matputaland site based
predominantly on changes in Podocarpus pollen, a humid forest
tree (Eeley et al., 1999) that is absent from the site today (Finch and
Hill, 2008). Based on this premise they inferred relatively dry
conditions and low Podocarpus pollen values (<15%) between 14
and 11 ka, followed by a sharp increase in moisture and the
establishment of Podocarpus forest at the site (pollen values >70%)
between 11 and 9.2 ka, after which a steady decline in values
between 9.2 and 5.4 ka indicates a decline in availablemoisture and
a reduction of this forest type (Fig. 5a). After 5.4 ka, decreasing and
variable Podocarpus values possibly indicate a variable climate
trending toward drier conditions (Fig. 5a).

5.2.3. Summary
The pattern of multi-millennial changes in moisture regimes in

southern South Africa is consistent with the modern relationship
between westerly flow and precipitation. Little information is
present for conditions in the Western Cape region between 14 and
11 ka, although a review of palaeoenvironmental data from this
region depicts the LGM and late Pleistocene as cool and wet
(Meadows and Baxter, 1999). Dry conditions (low Podocarpus
values) on the southeast coast at this time are consistent with the
modern relationship between zonal wind strength and precipita-
tion under increased westerly flow and the evidence suggests
a strengthening of westerly flow across southern South Africa
between 14 and 11 ka. A sharp increase in Podocarpus pollen and
the establishment of humid forest on the southeast coast between
w11 and 8 ka is consistent with decreased westerly flow and
a concomitant increase in incursions of easterly moisture sources
and coastal mists. The Western Cape is represented by very few
organic sequences between 11 and 9 ka, with the review of
Meadows and Baxter (1999) suggesting dry conditions through this
time, and it is possible that weak SWW flow between 11 and 9 ka
resulted in enhanced aridity, desiccating any earlier organic depo-
sition. From 9 ka onward, stronger westerly flow and moist
conditions in theWestern Cape region are suggested by an increase
in the number of published organic sequences and is consistent
with a review by Meadows and Baxter (1999), while a substantial
decline in Podocarpus pollen toward a low at 5.5 ka reflects drying
in the east, a pattern consistent with the effects of stronger SWW
onprecipitation in themodern climate (Fig.1b), although it must be
noted that this latter region lies in a summer-rainfall region,
whereas westerly winds predominantly influence winter weather
patterns in this region. The number of organic sequences changes
little from 9 ka to the present in the Western Cape, while a marked
drop in Podocarpus at 3 ka followed by an increase centred on 2 ka
reveals variability in moisture regime on the southeast coast that
may be attributable to changes in westerly flow.

6. Discussion

6.1. The Southern Westerly Winds since 14 ka

This synthesis, analysis, and reinterpretation of selected
Southern Hemisphere palaeoenvironmental records represents the
first attempt at integrating data from all Southern Hemisphere
landmasses relevant to westerly wind changes in the post-LGM
period. Despite the limited chronological control of many of the
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records included in this analysis, there are clear near-synchronous
and zonally symmetric multi-millennial trends in moisture balance
in areas locatedwithin themodern SWWzone of influence over the
last 14,000 years (Fig. 6). The pattern of correlations between
westerly wind speed and precipitation in the modern climate of all
Southern Hemisphere landmasses (Fig. 1b; Garreaud, 2007)
provides a mechanistic framework with which to interpret long-
term changes in relative moisture in terms of westerly wind
Fig. 6. Selected palaeoenvironmental data arranged in order of increasing latitude: (a)
December insolation at 60�S (Berger, 1978); (b) Laguna Pallcacocha ENSO frequency
(Moy et al., 2002); (c) Matputaland pollen record Podocarpus values (Site 1, Fig. 1a;
Finch and Hill, 2008); (d) Laguna Aculeo precipitation curve (Site 10, Fig. 1a; Jenny
et al., 2003); (e) Lake Keilambete lake-level curve (Site 4, Fig. 1a; Bowler and
Hamada, 1971); (f) Lago Condorito palaeovegetation index (dashed line indicates the
14 ka mean) (Site 11, Fig. 1a; Moreno, 2004); (g) southern South American charcoal
curve (dashed line indicates the 14 ka mean) (Power et al., 2008); (h) Lake Vera
palaeovegetation index (dashed line indicates the 14 ka mean) (Site 7, Fig. 1a); (i)
western Tasmanian regional charcoal curve (dashed line indicates the 14 ka mean)
(Site 5, Fig. 1a; Fletcher and Thomas, 2010a); (j) eastern and central Tasmanian lake-
level curve (Site 6, Fig. 1a; Harrison and Dodson, 1993); (k) Okarito Bog aquatic
pollen content (Site 8, Fig. 1a; Newnham et al., 2007); (l) Lago Cardiel lake-level
reconstruction (dashed line indicates the modern lake-level) (Site 12, Fig. 1a;
Ariztegui et al., 2009). Note that the axes have been inverted for records located in
zones that display a negative correlation between precipitation and westerly wind
speed. See Fig. 1a for the location of sites.
influence. Although recognising that changes in the SWW may
have been gradual and/or stepwise through time, five multi-
millennial phases since 14 ka represent distinct phases of west-
erly wind strength and influence: 14e12, 11e8 ka, 7e5, 4e2, and
2e0 ka (Figs. 6 and 7).

6.1.1. Late Pleistocene to early Holocene (14e8 ka)
The latest Pleistocene (here 14e12 ka) represents the last stage

of the global reorganisation of climate and biological systems to the
rapid changes that characterised the Last Glacial Termination
(Denton et al., 2010). Several glaciers in southern South America
and New Zealand reached their maxima during an interval char-
acterised by positive precipitation anomalies between 14 and 12 ka
(Figs. 6 and 7), which in these regions are positively correlated with
SWW strength (Fig. 1b). This was followed by a trend toward
decreasing westerly wind influence at all sites (both north and
south of the modern core of the SWW) between 11 and 8 ka across
the entire westerly zone of influence (Figs. 6 and 7). The temporal
offset between sites north and south of themodernwesterly core in
southern South America (Fig. 4e, f), the only landmass that inter-
sects the westerlies through this zone, suggests an initial south-
ward displacement of the westerlies at w12.5 ka, followed by
a weakening of the entire westerly wind belt after 11 ka (Moreno
et al., 2010; Fletcher and Moreno, 2011)

In southern South America, moisture-driven vegetation changes
and peak fire activity at a sub-continental scale occurs in pollen
sequences from the hyper-humid regions of western Patagonia and
Tierra del Fuego between 12.5 and 9.6 ka (Villagran, 1988; Heusser,
2003; Moreno, 2004; Massaferro et al., 2005; Villa-Martinez and
Moreno, 2007; Whitlock et al., 2007; Abarzúa and Moreno, 2008;
Power et al., 2008; Ponce et al., 2011), reflecting decreased SWW-
derived moisture and weaker westerly flow (Moreno, 2004;
Whitlock et al., 2007; Moreno et al., 2010; Fletcher and Moreno,
2011). Weak SWW flow over New Zealand during the early Holo-
cene has been advocated as the driver of: (i) an expansion of frost
and drought intolerant vegetation in the North Island (Shulmeister,
1999); (ii) the delayed post-glacial forest establishment on sub-
Antarctic islands that lie below the modern westerly core
(McGlone et al., 2000); (iii) a lack of glacial advances (Shulmeister
et al., 2004); and (iv) increased moisture in the Otago region
(Prebble and Shulmeister, 2002). Stratigraphic records from South
Africa’s Western Cape indicate a switch fromwet to dry conditions
during the late Pleistoceneeearly Holocene interval (Meadows and
Baxter, 1999), concomitant with a change from dry to wet condi-
tions in southeast southern Africa (Partridge, 1997) that is consis-
tent with decreasing westerly influence over southern Africa
through this time.

In contrast to the evidence presented above for decreasing
influence of the SWW, several studies have postulated an increase
inwesterly influence from the late Pleistocene through to the early/
mid Holocene in southern Australia (Harrison and Dodson, 1993;
Donders et al., 2007), with the notion of an early Holocene
increase/northward displaced westerlies entrenched in the
Australian palaeoecological literature (e.g. Harrison, 1993; Dodson,
1998; Donders et al., 2007; Gingele et al., 2007; Moros et al., 2009).
For example, an argument has been put forward for a uniform
increase in moisture across southeast Australia during the early
Holocene, resulting from a shift in the mean position of the high
pressure belt that was driven by a warming trend and which
resulted in increased westerly wind flow across the region
(Donders et al., 2007). From first order principles, the modern
relationship between westerly wind speed and the patterning of
precipitation in southern Australia (Fig. 1b) argues against
a uniform moisture increase across this vast and diverse region in
response to stronger westerly flow. Rather, multi-millennial scale



Fig. 7. Maps showing the reconstructed precipitation anomaly of sites analysed (a e left panel) and the inferred direction of SWW change (b e right panel) for the following time
slices: 14e12 ka; 10e8 ka; 7e5 ka; 4e2 ka; and 2e0 ka. Red (blue) triangles in the precipitation anomaly maps indicate positive (negative) precipitation anomalies. Red (blue)
circles in the relative SWW strength maps indicate stronger (weaker) westerly flow (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.).
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changes in westerly flow across this region would be expected to
result in the east-west anti-phasing in moisture regimes observed
in the modern climate (Fig. 1b). Furthermore, evidence for an
invigorated and/or southward extension of the north Australian
monsoon through the early Holocene (Johnson et al., 1999; Magee
et al., 2004; Donders et al., 2007) stands in direct contrast to the
notion of a simultaneous northward displacement or strengthening
of the westerly wind belt.

Isolating moisture proxies from areas with precipitation
regimes positively and negatively correlated with westerly wind
speed has revealed that the modern eastewest anti-phasing of
precipitation regimes over southern Australia operates at multi-
millennial timescales (Fig. 7) and that the period between w12
and 8 ka was characterised by decreasing westerly influence over
southern Australia. Moreover, this multi-millennial trend toward
decreasing westerly flow between w12 and 8 ka occurred on all
southern landmasses, north and south of the modern core of the
westerlies, displaying a clear zonal symmetry and implying
a weakening and/or southward shift of atmospheric circulation
though this time.

6.1.2. Mid Holocene (8e4 ka)
A zonally symmetric multi-millennial increase in westerly flow

began by w8 ka at most sites analysed here (Fig. 6), driving
synchronous and zonally symmetric anti-phased moisture regime
changes across all southern hemisphere landmasses, north and
south of the current zone of maximum westerly wind speeds
(McGlone et al., 2000; Moreno et al., 2010; Fletcher and Moreno,
2011; Ponce et al., 2011), reflecting an increase in westerly inten-
sity (Moreno et al., 2010). In conjunctionwith a trend toward lower
temperatures, this strengthening of the westerlies coincides with
the onset of neoglaciation in southern South America and New
Zealand (Moreno et al., 2009; Rojas and Moreno, 2010), bolstered
by enhanced upwelling and northward advection of subpolar
waters off the coast of Chile during the mid Holocene (Kaiser et al.,
2008) and a steepening of the trans-Pacific SST gradient toward
7e6 ka in the equatorial Pacific Ocean (Koutavas et al., 2006). This
steepening of the trans-Pacific SST would, consequently, set up
conditions in which an enhanced Walker Cell circulation and more
frequent ENSO events would prevail (sensu Shulmeister 1999;
Koutavas et al., 2006). This scenario is consistent with a recon-
struction of ENSO frequency that records an intensification of ENSO
after w6 ka (Fig. 6b; Moy et al., 2002).

6.1.3. Late Holocene (w4e0 ka)
The development of regional, zonal and meridional heteroge-

neities after 5 ka was detected in all the sectors under analysis
(Figs. 6 and 7). For example, an apparently incoherent pattern is
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evident in the multi-millennial trend toward lower moisture in
northwest Patagonia (41�S), in opposition to an increase in mois-
ture in central Chile (33�S) and Southwest Patagonia and Tierra del
Fuego (52�S) after 5 ka. These trends were coeval with low lake-
levels in southeast Australia (28�S) and southwest Victoria (35�S)
and decreasing moisture in western Tasmania (41�S), a patterning
inconsistent with the relationship between the SWW and precipi-
tation in the modern climate of southern Australia (Figs. 1b). South
of the modern core of the SWW, a multi-millennial increase in
moisture at Lago Guanaco and Laguna Potrok Aike implies
increasing westerly influence in that region through the late
Holocene that is consistent with arguments for increased westerly
flow after 5 ka over New Zealand (McGlone et al., 1993;
Shulmeister, 1999; Shulmeister et al., 2004), yet is at odds with
the decrease in aquatic pollen content at Okarito Bog (Figs. 6) and
while it is possible that the Okarito Bog aquatic pollen content
reflects authigenic processes on themire surface at this time, rather
than regional climate forcing, the complex and regionally hetero-
geneous trends in moisture across the Southern Hemisphere after
w5 ka signals a departure from the marked zonal symmetry of the
proceeding period (14e5 ka), implying that multi-millennial
moisture balances were modulated by factors other than zonally
symmetric westerly changes.

6.2. Possible mechanisms

6.2.1. Insolation-driven westerly change?
Precessional-scale changes in solar insolation are the most

commonly invoked driver of multi-millennial scale changes in
atmospheric circulation, via their effect on meridional temperature
gradients (e.g. Harrison and Dodson, 1993; Dodson, 1998; Magee
et al., 2004; Cruz et al., 2005; Gilli et al., 2005a, 2005b; Donders
et al., 2007), although which component of insolation drives
global circulation is far from clear. Palaeoenvironmental data have
been used to support hypotheses of both inter- and intra-seasonal
insolation gradients to explain changes in the SWWover and since
the LGM (Harrison and Dodson, 1993; Dodson et al., 1998;
Shulmeister et al., 2004). Our results tentatively support the
notion of an inter-seasonal driver of multi-millennial scale changes
in the position and/or intensity of the SWW over the last 14,000
years, with a close relationship apparent between December
insolation at 60�S (a proxy for the inter-seasonal insolation
gradient; Shulmeister et al., 2004) and trends in westerly wind-
driven moisture balances between 14 and 5 ka (Fig. 6a.). The
apparent breakdown in the relationship between insolation and
moisture balances after w5 ka may reflect the dominance of
climate modes not directly related to precessional-scale insolation,
such as ENSO, the Southern Annular Mode, or the Pacific Decadal
Oscillation of the Pacific-South American Mode.

6.2.2. A mid to late Holocene ENSO signal?
Two possible explanations are proposed for the development of

regionally asymmetric trends in moisture balances of the southern
landmasses after 5 ka: (1) a breakdown in the zonal symmetry of
the SWW, or (2) the establishment of high-frequency precipitation
variability resulting from more frequent ENSO oscillations since
w5 ka (Figs. 6b; Moy et al. 2002). The geographic patterning of
multi-millennial moisture trends after w5 ka (Figs. 6 and 7) is
remarkably consistent with the modern expression of ENSO in the
climate of the Southern Hemisphere (Power et al., 1999; Garreaud
et al., 2009; Hill et al., 2009): the warm phase of ENSO (El Niño)
results in the development of a strong high pressure cell below the
southwest tip of southern South America that deflects the zonal
westerlies north, resulting in anomalously dry conditions in
northwest Patagonia and anomalously wet conditions in central
Chile (Garreaud et al., 2009); while an anomalously high pressure
system develops over southern Australia resulting in dry conditions
along the eastern seaboard of Australia and all of Tasmania (Power
et al., 1999; Hill et al., 2009). Evidence for the onset of ENSO in the
western tropical Pacific after w5 ka (Shulmeister and Lees, 1995;
Wanner et al., 2008) and in the eastern tropical Pacific after
w6 ka (Moy et al., 2002) supports this notion of ENSO driving the
breakdown in zonal symmetry after w6e5 ka in the extra-tropical
regions analysed here.

The paucity of data from southern Africa in this analysis
precludes discussion of multi-millennial drivers of climate change
through this period in that region, although evidence indicates
enhanced climate variability in the late Holocene (Tyson et al., 2000;
Lee Thorp et al., 2001). Jerardino (1995) discusses the similarities
between palaeoclimate records in southern South America and
southern Africa over the last w5000 and these findings, coupled
with evidence of an ENSO influence over modern South African
climate (Mason, 2001) and evidence for ENSO-like millennial-scale
climate variability in southern Africa (Holmgren et al., 2003), alto-
gether, suggest that ENSO may have played a part in this region also.

6.3. The Southern Westerly Winds and atmospheric CO2

Toggweiler et al. (2006) proposed that the SWW play a central
role in governing global atmospheric CO2 content via wind-driven
upwelling and ventilation of CO2-rich deep waters in the
Southern Ocean, a notion that has received considerable attention
(e.g. Tschumi et al., 2008; Anderson et al., 2009; Sijp and England,
2009; Toggweiler, 2009; Moreno et al., 2010; Sijp et al., 2010;
Fletcher and Moreno, 2011). In a recent synthesis of a number of
selected Southern Hemisphere palaeoenvironmental records,
Fletcher and Moreno (2011) argue for a southward displacement of
the SWW at w12.5 ka that initiated a phase of enhanced wind-
driven oceanic upwelling at circumpolar sites located >52�S
(Anderson et al., 2009), driving an increase in atmospheric CO2 via
enhanced ventilation of the Southern Ocean (Toggweiler et al.,
2006; Toggweiler, 2009). This was followed by a weakening of
westerly flow across the entire zone of westerly influence, as
indicated by a cessation of westerly driven oceanic upwelling in the
sub-polar Southern Ocean (Anderson et al., 2009), a reversal of the
atmospheric CO2 trend and negative westerly derived moisture
north (Lago Condorito) and south (Lago Guanaco) of the modern
westerly core, a notion supported by the ample evidence presented
in the present paper and by palaeoenvironmental reconstructions
from sub-Antarctic sites (>52�S) in New Zealand (McGlone et al.,
2000, 2010), Southwest Patagonia (Fesq-Martin et al., 2004; Lamy
et al. 2010), Tierra del Fuego (Heusser, 2003) and Isla de los Esta-
dos (Ponce et al., 2011) for decreased westerly flow between 11 and
8 ka, and by substantial evidence that changes in SWW intensity
are at least as important as latitudinal displacements for driving
CO2 fluxes out of the deep ocean at high southern latitudes
(Tschumi et al., 2008; Sijp and England, 2009; Sijp et al., 2010). The
evidence for amulti-millennial increase in SWW flow afterw8 ka is
consistent with the multi-millennial increase in atmospheric CO2
content (EPICA, 2004) (see Moreno et al., 2010; Fletcher and
Moreno, 2011) and which appears to be unaffected by the break-
down in zonal symmetry evident afterw5 ka at sites located above
50�S, suggesting that the onset of ENSO variability in the tropical
and extra-tropical Pacific did not affect the SWW-Southern Ocean
coupled system (sensu Fletcher and Moreno, 2011).

7. Conclusion

This synthesis and analysis represents the first attempt at
reconstructing changes in the globally important Southern
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Westerly Winds (SWW) since 14 ka based on palaeoenvironmental
data from all Southern Hemisphere landmasses. This interval
shows a clear multi-millennial zonal symmetry of SWW, which is
greatest between 14 and 5 ka, with a striking degree of synchrony
and co-variability that clearly mirrors the modern relationship
between zonal westerly wind speed and precipitation across the
Southern Hemisphere. A breakdown in zonal symmetry coincided
with the onset of ENSO variability afterw6-5 ka, possibly reflecting
the influence of insolation-driven changes on the pole to equator
thermal gradient on atmospheric circulation. A steepened gradient
at this time would have driven stronger westerly winds and
a general increase in the intensity of atmospheric circulationwhich,
in turn, may have driven changes in oceanic circulation that altered
oceanic SST and SLP gradients, triggering intensified Walker Cell
circulation and the onset of an ENSO-dominated climate. This
interpretation of zonally symmetric changes in the westerlies
through much of the last 14,000 years lends significant support to
notions of a SWW driver of global atmospheric CO2 content via
wind-driven overturning and ventilation of the Southern Ocean.
The data analysed here only allows hemisphere-wide comparison
at multi-millennial timescales and focus now needs to be directed
at developing high-resolution and precisely dated palae-
oenvironmental records targeted in areas within the entire zone of
westerly influence, north and south of w50�S, that specifically
accounts for and addresses the heterogeneous manner in which
westerlies impact upon the climate of southern landmasses and
which will allow comparisons of millennial and centennial scale
trends.
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