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Abstract. The austral westerlies strongly influence precipi- the simplistic application of single records to the Southern
tation and ocean circulation in the southern temperate zondJlemisphere as a whole. Nonetheless, these findings in gen-
with important consequences for cultures and ecosystemseral do support model projections of increasing aridity in the
Global climate models anticipate poleward retreat of the ausaustral winter rainfall zones with future warming.

tral westerlies with future warming, but the available paleo-
climate records that might test these models have been lim-

ited to South America and New Zealand, are not fully con-

sistent with each other and may be complicated by influenced  Introduction

from other climatic factors. Here we present the first high-

resolution diatom and sedimentological records from theWinter storms borne on the austral westerlies are a ma-
winter rainfall region of South Africa, representing precip- Jor source of precipitation over the southernmost sectors of
itation in the equatorward margin of the westerly wind belt Africa, Australia-New Zealand and South America, and in-
during the last 1400yr. Inferred rainfall was relatively high tensification and/or equatorward migration of the westerlies
~1400-1200 cal yr BP, decreased untid50 calyrBP, and tends to increase rainfall in those regions on both seasonal
rose notably through the Little Ice Age with pulses centred on(Winter) and millennial time scales (Shulmeister et al., 2004;
~600, 530, 470, 330, 200, 90, and 20 cal yr BP. Synchronoud&k€ason and Roualt, 2005). Many climate models suggest
fluctuations in Antarctic ice core chemistry strongly suggestthat the westerlies will move poleward in response to an-
that these variations were linked to changes in the westerlieghropogenic warming during this century (Boko et al., 2007;
Equatorward drift of the westerlies during the wet periods Toggweiller and Russell, 2008), a trend that has already been
may have influenced Atlantic meridional overturning circu- observed in recent decades as a result of both warming and
lation by restricting marine flow around the tip of Africa. Ap- 0zone depletion (Biastoch et al., 2008, 2009; Dixon et al.,
parent inconsistencies among some aspects of records frofP11). Aridity is, therefore, expected to increase in the

South America, New Zealand and South Africa warn againstaustral winter rainfall zones (WRZ), with potentially seri-
ous consequences for centres of endemism, fire frequency,
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agriculture and public water resources (Turpie et al., 2002resolution to fully define regional climatic conditions during
Thomas et al., 2004; Meadows, 2006). the late Holocene.

In addition, because the warm, salty Agulhas Current e present here the first high-resolution, continuous lacus-
flows westward in a narrow zone along the South African finé diatom records from the South African WRZ (Fig. 1),
coast, resistance to Agulhas through-flow from the Indian'€Presenting decade-spale ra|_nfall variability over the _Iast
Ocean to the South Atlantic increases (decreases) when thE#00yr that was associated with the equatorward margin of
northern margins of the westerlies shift equatorward (pole-the westerlies. The climatic history of Lake Verlorenvlei
ward) in winter (summer) (Biastoch et al., 2008, 2009; Chasd$ Pased upon diatom time series that are remarkably con-
and Meadows, 2007). Therefore, latitudinal shifts in the Sistent among multiple cores, and the exceptionally strong
westerlies can also influence a critical choke point in thechronology is based updti’Cs, exotic pollen, geochemical
meridional overturning circulation system (MOC) and affect Stratigraphy and more than two dozen accelerator mass spec-

salinity and sea surface temperatures in the Atlantic and Inirometry (AMS) dates on both terrestrial and lacustrine ma-
dian Ocean basins (Biastoch et al., 2008, 2009). terials. Linking these African data to other Southern Hemi-
N L sphere records helps to clarify the relative influences of the
Because global-scale warming i the future IS widely €X"\westerlies and other climatic factors on regional precipita-
pected to cause a poleward drift of the westerlies and arld'tion history. It also provides insights into possible wind-

ity in the associated WRZs, cooling might, therefor_e, be X" driven changes in MOC that might have occurred over that
r;ected to have produced the opp(?sne chanlg(g_es dllmng the I"Eme period, with potentially far-reaching effects on sea sur-
tie Ice Age (LIA,~1400-1800 AD; Mayewski et al., 2004). ¢, .0 temperatures (SST) and climates elsewhere. In addition,

Despite the climatic and oceanographic importance of tthe use an ice core record from Siple Dome (Fig. 1a; Dixon

westerlies, however, few records of their late Holocene hls—et al., 2011) to show that increasing dust transport to West

tory have yet been Qeveloped for locations ogt5|de of mid- ntarctica by the westerlies accompanied periods of increas-
Iatltude_ SO_Uth. America. Severa_l .recofds of_vanab le temp_oraclg wetness in the South African WRZ during the last mil-

resolution indicate wetter condlt_|ons |n_Ch|Ie and Argentina |, oo Together, these findings support model projections
that were related to the westerlies during the LIA (Jenny etyt o igification in the southern WRZs that could accompany

al., 2_002; Lamy et al., 2001, 2010; Moy et al., 2098; Bor- poleward drift of the westerlies associated with future green-
romei et al., 2010; Elbert et al., 2011), but some dlscrepan«nouse warming

cies exist among these records. In addition, marine sediment

records from fjords in New Zealand may indicate inconsis-

tent relationships between precipitation regimes on opposit% Material and methods
sides of the Pacific basin during the late Holocene (Knud-

son et al., 2011). The possible influences of complicating, 1  gijte description
factors such as topography or uncertain carbon reservoir ef-

fects on the radiocarbon age models of marine cores, in adcjimatic conditions in the South African WRZ, which we de-
dition to regionally variable climatic factors such as merid- fine as the near-coastal region spanning the area from Cape
io.nal and zonal cha_nggs in westerly flow patterns or th_e E'Agulhas northwest to the Orange River (Chase and Mead-
Nifio/Southern Oscillation system (ENSO), still leave im- g5 2007), have exceptionally clear linkages to the austral
portant aspects of the history of the westerlies unresolvedyesterlies because the dominant influences on precipitation
(Knudson et al., 2011). Additional informa_tion, part_icularly there come from frontal storm systems borne on westerly
from other sectors of the Southern Hemisphere, is, thereyings that strike the Cape during winter and early spring.
fore, needed to determine how accurately these records gy js only mildly influenced by the EI Nio-Southern Oscil-
flect hemisphere-scale changes in the westerlies rather thagijon (ENSO) system (Reason and Roualt, 2005; Chase and
other climatic systems or local-scale events. Meadows, 2007), although that influence may have increased
Unfortunately, few records from the temperate WRZs fully in recent decades (Philippon et al., 2011).
represent the last millennium, the period that is arguably Verlorenvlei, located in the Western Cape {82-23S,
most relevant to simulations of modern climates. This has18°21-27 E; Fig. 1), is a slender, shallow (:31.4 km,~2—
also made it difficult to validate models that link past and 4 m mean depth), permanent, mesotrophic coastal lake sit-
future rainfall patterns to latitudinal drift of the westerlies. uated in a formerly estuarine river valley whose seasonally
In southwestern Africa, the conceptual model of reducedfluctuating surface lies an average of 1 m above sea level and
westerly influence during periods of relative warmth is com- is separated from the Atlantic by a rocky sill and a narrow
monly applied, and surveys of what little evidence is avail- outlet channel (Sinclair et al., 1986). Roughly 80 % of the
able generally support this approach (Tyson and Lindesaytainfall in the catchment<300 mmyr1) occurs between
1992; Tyson et al., 2000; Chase and Meadows, 2007). HowApril and September (Sinclair et al., 1986). Verlorenvlei
ever, none of the records considered in these surveys from thieas been isolated from the sea, apart from irregular outflows
South African WRZ are sufficiently well-dated or of suitable due to winter-spring flooding and minimal spillage effects of
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Verlorenvlei River is reduced (Fig. 1c). The upper sections of
VV09 and VF-1 were extruded vertically in the field in order

to reduce disturbance of the most recent soft sediments. The
uppermost-8 cm of core VVO7-1V were lost during collec-
tion and horizontal extrusion, an observation that was con-
firmed by the alignment of the geochemical records of those
cores (Fig. 2). In this paper, we focus on the diatom and
sedimentological records of VV09 and use the other cores
primarily to support the VV09 chronology.
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Subsamples for geochemical analyses were taken at 1 cm in-
crements for each core. Organic content in the cores was es-
timated from weight loss on ignition (LOI) at 50C, and
carbonate content was estimated by further combustion at
900°C. The primary use of the % LOI and % G@rofiles

from the cores was for stratigraphic purposes, including doc-
umentation of the loss of the mud-water interface from core
VF7-IV (Fig. 2), selection of calendar ages within the 2-
sigma brackets derived from AMS dates and support for the
interpretation of changes in the diatom series as indicators of
synchronous, lake-wide events.

2.3 Diatom analyses

18.375° 18.40° 18.425° 18.45° 18.475°

Core VV09 was subsampled at variable depth intervals for
C VR diatom analysis because the age model showed that the time
r . represented by each centimetre increased greatly with depth.
Sampling at progressively wider intervals upwards in the
core, therefore, produced more evenly spaced temporal in-
crements in the diatom time series. Subsamples were taken
o otatonaton every 1cm in the lowest 50 cm of the core, every 2 cm from
L 36 to 82cm, and every 4 cm in the 0—-36 cm section. At least
Fig. 1. Location maps.(a) Seasonal variations in the extent and 30.0 valves were counted per sample. Ecological interpre-
speed of the austral westerlies, with Verlorenvlei and Siple Domelations of the diatom ass_emblages were based upon plank-
indicated (white dots)(b) Verlorenvlei watershed, with location in tON tows and surface sediment samples collected from across
South Africa (insert)(c) Verlorenvlei bathymetry with coring sites ~ Africa by the first author, as well as standard literature (e.g.,
indicated (stars). Gasse, 1986; Cocquyt, 1998; Bate et al., 2002; Taylor et al.,
2007; EDDI databaséttp://craticula.ncl.ac.yk
Because water depth and salinity in this lake fluctuate con-
sporadic tidal or storm surge extremes, for the last 1500 yr osiderably between rainy and dry seasons as well as from
more (Baxter and Meadows, 1999). Salinity in the main bodyyear to year, the diatom assemblages in Verlorenvlei’s sed-
of the lake is low, normally<1 ppt (Sinclair et al., 1986), but iments integrate time periods of highly variable hydrology
lake levels fall and salinity increases due to evaporation durthat make them unsuitable for standard quantitative water
ing the dry seasons. The only sizeable tributary is the Verchemistry reconstructions. Because of this, and because we
lorenvlei River, which drains the 1890 Knwatershed into a are most interested in qualitative changes in precipitation-
marshy delta on the eastern shore (Fig. 1b). evaporation P-E) in this study, analysis was focused on
Core VV09 (132 cm long) was collected in 2009 from 2 m the relative abundances of key taxa that most clearly rep-
water depth at the eastern end of the lake (Fig. 1c), usingesented limnological conditions indicative of paleo-rainfall
a single aluminum tube that was forced into the sedimentegimes. Elevated percentages of mostly planktonic, dilute-
by hand. Core VVO7-IV (134 cm; also in aluminum tube) water diatomsAulacoseira granulatgA. ambiguaNitzschia
and gravity core VF-1 (80 cm) were collected from 2.0 and lacuum, Synedraf. delicatissimd were taken to represent
1.5m depths at the western end in 2007 and 2006, respegeriods of increased runoff and river inputs to the lake un-
tively, where the influence of sediment deposition by theder relatively wetter climatic conditions. The upper limit
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Fig. 2. Alignment of % LOI and % C@ profiles in cores VF-1 and o 100 200 300 400 500 600 700 800
VFE7-1V from the western end of Verlorenvlei, showing evidence for
the loss of ca. 8 cm from the top of VF7-IV. Fig. 3. Age-depth model for core VF-1. Peak concentration

of 137Cs is taken to represent atmospheric bomb testing peak in
1963 AD. First appearances of exotic pollen are indicated with ar-
of the conductivity tolerance range for planktodgclotella  rows. The 2-sigma calendar age ranges for AMS dates on plant re-
meneghiniands an order of magnitude higher than far mains (black bars). The sediment-water interface was intact, so the
granulata (EDDI database), and high percentagesf  curve meets the origin. A basal date on bulk sediment (see Table 1)
meneghinianavere taken to represent more brackish con- lies off the time scale and is, therefore, not shown.
ditions and moderately reduca®+E. High percentages of
littoral taxa, particularly epiphyti&pithemiaandCocconeis from equivalent depths in the cores indicated ancient carbon

SPP-, rep_resented low I{;\I_(e levels and marsh developmept Yftsets of 100-300 yr, presumably due to hardwater effects
der relatively dry conditions, but these taxa also persist in

. ; .._and/or reworking of sediment deposits. Therefore, AMS ages
littoral habitats today and are, therefore, less useful qualita- : . .
. AN . of bulk sediments were not incorporated into the age models.
tive ecological indicators than, for example, #helacoseira
species which are most likely to become abundant under di-
lute, open-water conditions associated with higheE . 3 Results

The diatom records of cores VF7-1V and VF-1 were exam-
ined in preliminary fashion in order to test the applicability 3.1 Chronology
of the VV09 record to the history of the lake as a whole.

For this purpose, the percent abundancAwfcoseiraspp.,  The selection of specific dates within the calibrated 2-sigma
the most common planktonic, dilute-water taxon, was deterAMS age brackets on grass fragments in core VF-1 was sup-
mined in selected samples from those two cores. ported by a maximum if®’Cs concentrations at 13.5 cm that
was taken to represent the peak of thermonuclear bomb test-
2.4 Chronology ing in 1963 AD and by the first appearances of exotic pollen.

The ages assigned to the depth intervals in whittus Zeg
Four AMS ages on plant matter from gravity core VF-1 Quercusand Casuarinafirst appeared were consistent with
were complemented by exotic pollen ahtdCs activity pro-  regional historical records of their arrival in South Africa
files (Table 1, Fig. 3), seven AMS ages were obtained for(Neumann et al., 2008). These methods yielded a relatively
plant remains from core VF7-IV (Table 1; Fig. 4), and four smooth age-depth curve with a basal age of 685 cal yr BP
AMS ages were determined for plant remains from core(Fig. 3).
VV09 (Table 1; Fig. 5). Conversion of radiocarbon dates Our proposed age model for VF7-IV includes an interval
to 2-sigma calendar year age ranges was performed witlof reduced sediment deposition at 80—90 cm depth300—
the SHCal04 dataset in CALIB 5.0.1 (Table 1; McCormac 700 cal yr BP) which interrupted the otherwise smooth age-
et al.,, 2004). Comparison of radiocarbon age determinadepth curve (Fig. 4). The chronology of the lowest half me-
tions on plant macrofossils to those on bulk lacustrine muddre is less well-supported than the younger intervals which
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Fig. 4. Age-depth model for core VF7-IV. The 2-sigma calendar F19- 5- Age-depth model for core VV09. The 2-sigma calendar
age ranges for AMS dates on plant remains (black bars) and buli29€ ranges for AMS dates on plant remains (black bars) and bulk

sediment (dotted). The uppermost 8 cm were lost during collection S€diment (dotted). The sediment-water interface was intact, so the

curve meets the origin.

include more ages on terrestrial plant remains and whichnetre of the core, but increased in the upper half metre (the
overlap with records from the other cores. Bulk sedimentsjast 2 centuries).

yielded a basal age range of 2355-2705 cal yr BP, whichmay Cores VF7-IV and VF-1 displayed similar variations, but
be offset by a century or more due to the aforementioned anat higher stratigraphic levels due to lower sediment accumu-
cient carbon effects, but linear extrapolation from the older|ation rates at the western end of the lake. The inferred tim-
plant macrofossil ages intersects with the upper bound of thaing of high and low % LOI and % C®episodes was simi-
age range at 2676 calyr BP (Table 1, Fig. 4). We tentativelylar to those in VV09, which indicates that these sedimentary
selected 2676 calyr BP for the basal age here, but note thatcords do represent major ecological events in the lake as a
the last 1400yr of the record are both more precisely datedvhole (Fig. 7).

and more relevant to this paper.

In our suggested chronology for the VVO9 core, the age-3-3 Diatom records
depth relationship curved smoothly down to a basal ag _ . .
of 1400 calendar years (Fig. 5). The time intervals be-eTFh.e pe(rscenéage(sj.ofl d|Iudte—weitet:I dlatorr|1<s n cor% V6V1059
tween diatom samples (Fig. 6) averaged 25-30yr in the 132—( igs. 6, 8c) displayed notable peaks aroun -

- : 590calyrBP (104-102cm), 545-515calyrBP (101-
100 cm interval (1400-545 calyr BP), 10-15yr in the 100—
; : 98cm), 485-440calyrBP (97-93cm), 365-300 calyrBP
60 cm section (545-130calyr BP) and 3-10yr in the upper
60 cm (130 to-59 cal yr BP). (89—-83 cm), 240-140 cal yr BP (72—62 cm), 100-60 cal yr BP
(55-46cm) and 20calyrBP (30cm). These assemblages
. were dominated by varieties @&. granulata which forms
3.2 Geochemistry clonal filaments whose irregular breakage may cause clump-
ing in sample preparations that could account for some
Most of core VV09 consisted of fine grey to brown mud in differences in the relative magnitudes Adilacoseirapeaks
which the remains of marsh vegetation were fairly numerousamong the three sediment records. We, therefore, consider
However, two intervals dating te1100-815 cal yr BP (121- the timing of the pulses to be more reliable than their
111 cm) and~715-350 cal yr BP (107-87 cm) were peat-rich absolute magnitudes and our inferences regarding rainfall
with high % LOI and % CQ (Fig. 7). A band of fine, light fluctuations that they represent are qualitative in nature.
grey mud with low % LOI and % C® separated the two Percentages of planktonic taxa indicative of more brack-
peat-rich sections~815-715calyrBP; 111-107cm). Or- ish waters, primarifC. meneghinianavere highest-1340—
ganic content and % CO were also generally low in the upperl310 cal yr BP (130-128 cm) and 1220-1190 cal yr BP (126—
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Table 1. Radiocarbon dates from the Verlorenvlei cores. Calendar year conversions (year before 1950 AD) were calculated with CALIB 5.0.1,
using the SHCal04 dataset (McCormac et al., 2004).

Sample depth (cm) Material l4c age cal yrrang€2-sigma probability)

VV09 CORE
1255 leaf 137@:40 1149-1156 (0.01)
1171-1306 (0.99)
1145 leaf 108@-40 809-8680.14)
902-1006(0.80)
1029-10520.06)
100.5 leaf 520:40  475-4800.01)
486-5540.99)
100.5 seed 49840  340-3530.03)
451-545(0.98)
130.5 mud 188@-40 1626-16680.1)
1690-18710.92)
1255 mud 156640 1308-14450.81)
1456-15170.19)
1145 mud 1176:40 934-9460.02)
952-1094(0.92)
1102-114Q0.06)
1161-11680.01)
100.5 mud 95640  738-9131.00)
87.5 mud 26040  74-81(0.004)

108-111(0.002
142-226(0.50)
252-330(0.42
369-441(0.07)
79.5 mud 58@ 40 504-5650.82)
599-631(0.18)

VVO07-IV CORE
119.5 leaf 22640 2117-23371.00
108.5 leaf 185& 40 1573-15810.01)
1603-18260.98)
1851-18600.01)
92.5 leaf 149640 1288-13991.00)
87.5 leaf 11240 923-10591.00)
83.5 leaf 830Gt 40 664—-7671.00)
78.5 leaf 660t 40 547-6561.00)
50.0 leaf 260t 40 0-3(0.002

74-81(0.004
108-111(0.002
142-226(0.502
252-330(0.42)
369-441(0.07)
133.5 mud 25040 2355-25510.62)
2555-261§0.15)
2633-27050.23)
118.5 mud 242640 2312-25030.89)
2529-25370.003
2595-26140.02
2637-26950.08)
98.5 mud 18840 1626-16680.08)
1690-18710.92)

Clim. Past, 8, 877887, 2012 www.clim-past.net/8/877/2012/
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Table 1. Continued.

Sample depth (cm)  Material 14C age cal yrrang€2-sigma probability)

VF1 CORE

77.5 leaf 794 88 549-80710.97)
870-901(0.03)

77.5 seed 702 33 559-6150.55)
620-667(0.45)

67.5 leaf 493+ 48 332-3640.07)
444-552(0.93)

57.5 leaf 294t 33 153-1720.06)
178-208(0.06)
277-333(0.53
362-444(0.35)

79.5 mud 12140 969-11731.00)
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Fig. 6. Diatom assemblages in core VV09 versus depth, with AMS dates on plant remains (with asterisk) and bulk sediments.

124 cm; Fig. 8d). Percentages of epiphytic diatoms were530, 470, 330, 200, 90 and 20 cal yr BP (Fig. 7d—f). Although
most abundant-1100-960 cal yr BP (122-116 cm), declin- the exact timing and magnitudes of peaks varied somewhat
ing gradually thereafter (Fig. 8e). Percentages of tycho-among the cores, this general consistency, along with similar-
planktonic (but normally benthiclPseudostaurosirellaand ities in the LOI and C@ records, supports our use of VV09
Staurosirellaincreased notably during the last century (up- to represent the ecological history of the lake.
per 40 cm; Fig. 6).

The diatom records of cores VF7-IV and VF-1 registered
peaks in Y%Aulacoseiraduring the last 600 yr that resembled
those in the VV09 record, approximately centred on 600,
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inverted. (F) Higher non-seasalt calcium concentrations at Siple
Dome represent greater dust transport from austral mid-latitudes to
West Antarctica by northern air-mass incursions (NAMI; Dixon et
al., 2011). Profiles (A—E) are arranged to indicate increased winter
dQrecipitation upwards.

Fig. 7. Comparison of time series from the three Verlorenvlei cores.
(A—C) % carbonate in VF7-1V, VF-1 and VV09, respectively. (D—
F) % Aulacoseiradiatoms, showing similar peaks approximately
centred on the dates listed. (G—I) % LOI. The similarity of the pro-
files from opposite ends of the lake supports the respective age mo
els and shows that the basic patterns of change in the cores represent

lake-wide events. ] ) ] o
delivery to the lake, most likely due to intensification and/or

northward drift of the equatorward margin of the westerlies.
High percentages of moderately brackish-water diatoms
~1340-1190calyr BP (Fig. 8d) indicate slightly increased
o ] P-E that was sufficient to favour planktonic forms over lit-
4.1 Climatic interpretation toral assemblages, but not large enough to favour dilute-
water taxa. Maximal percentages of epiphytic diatoms
Humans have inhabited the Verlorenvlei region for tens of~1100-960calyrBP (Fig. 8e), along with generally high
thousands of years (Mitchell, 2000), but heavy settlement’ LOI (Fig. 7g, i) suggest encroachment of marsh on the cor-
and agricultural development have strongly influenced localing site through lake level declines under relatively arid con-
vegetation and hydrology only during the last 300yr or so. ditions during the Medieval Climate Anomaly (MCA:900—
Higher sediment accumulation rates and lower organic con1400 AD). Maximal percentages of dilute-water taxa indicate
tents in the upper portions of the cores might in part reflectexceptionally wet conditions during most of the last 7 cen-
soil erosion since the early 18th century, but the decline inturies, a time frame that includes the LIA. Inferred precipi-
% LOI began long before major human impacts on the wa-tation maxima occurred-600, 530, 470, 330, 200, 90 and
tershed occurred (Fig. 7g—i). The general increase of dilute20 calyr BP.
water diatoms and reduced % LOI suggest that increaBing Increases in % LOI and %taurosirellaand Pseudostau-
E and runoff during the last 600 yr have enhanced sedimentosirella during the last century or so, in addition to a

4 Discussion
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moderate increase in %ulacoseiran recent decades, might a widening or equatorward shift of the westerly wind belt
reflect cultural eutrophication of the lake rather than climatic might have occurred over New Zealand 1100-750 cal yr BP
changes (Figs. 6, 7). The water today is generally turbidfollowed by poleward drift of the northern margin of the
with phytoplankton, and cyanobacteria were at least as abunwind belt 600—200 cal yr BP, but our findings show that such
dant as diatoms in tows collected by JCS in 2006 and 2009changes did not occur in the South African WRZ at those
Likely anthropogenic nutrient sources may include sedimenttimes.
sewage and/or fertilizers from lakeshore residences, the town Although we find general similarities among moBt
of Eland’s Bay, and croplands and ranches in the watershedE reconstructions from mid-latitude South America, New
Zealand and South Africa (e.g., overall MCA drying trend,
4.2 Links to Antarctica LIA wetting trend), apparent differences in the timing of
decadal-scale climatic fluctuations in these different austral
In order to test our assumption that the history of rainfall WRZs may reflect many possible factors, including choice of
in South Africa’s WRZ was linked to changes in the austral age models, regional distortion of wind tracks by topography
westerlies, we investigated ice core records of atmospheriand atmospheric pressure cells, or the influences of ENSO
circulation over Antarctica for evidence of synchronous fluc- and sea surface temperatures (Lamy et al., 2010; Knudson
tuations in wind patterns surrounding the south polar re-et al., 2011). Such inconsistencies highlight the need for
gion. Higher non-seasalt calcium (nss-Ca) deposition aimultiple time series from many locations to support the pre-
Siple Dome (Fig. 1a; &1S, 148 W) represents increased sumed history of large climatic systems such as the wester-
frequency of northerly air mass incursions (NAMI), in which lies and urge caution in the interpretation of single records.
westerly winds transport dust from the mid-latitude conti- Nonetheless, the occurrence of generally decreaging
nents to West Antarctica (Mayewski et al., 2005; Dixon et during much of the MCA and increasing-E during the
al., 2011). Decadal-scale peaks in the nss-Ca record indicatelA in these multi-proxy reconstructions from different con-
that more continental dust reached Siple Dome when rainfaltinents suggests a common causal source for the underlying
increased in the WRZ, most notably during the last 7 cen-pattern of long-term change: the austral westerlies.
turies (Fig. 8f). This suggests that strengthening and/or equa-
torward drift of the westerlies may have increased the pole-4.4 Links to marine circulation
ward transport of dust due to expanded contact of prevailing
wind tracks with southern landmasses, despite the increaséquatorward drift of the northern margin of the westerly
of potentially dust-suppressing precipitation during the win- wind belt during the wet episodes in the South African WRZ

ter months. would be likely to resist Agulhas flow around the Cape.
This, in turn, could have altered oceanographic conditions
4.3 Links to other Southern Hemisphere sites in the Atlantic and Indian Oceans (Speich et al., 2007), in-

cluding SST as far west as Argentina and poleward heat

Most sites throughout the WRZ of Chile and Argentina gen-and salt transfer through the MOC system (Biastoch et al.,
erally registered declining-E during the MCA and rising 2008, 2009; Maihez-Mendez, 2008). Sea surface cooling
P-E during the LIA (Jenny et al., 2002; Lamy et al., 2001, on the eastern Agulhas Bank at the start of the LIA has pre-
2010; Moy et al., 2008; Borromei et al., 2010). In coastal viously been inferred from marine mollusk records (Cohen
marine core GeoB3313-1, for example, iron intensity valuesand Tyson, 1995), which suggests that Agulhas through-flow
indicate decliningP-E from 1400 to 800 cal yr BP followed was indeed reduced then as enhanced rainfall in the WRZ
by an overall wetting trend through the LIA (Fig. 8a; Lamy would indicate. Our findings also suggest that large-scale
etal., 2001, 2010). However, a lacustrine record from LagoMOC weakenings might have occurre®00, 530, 470, 330,
Plomo (Fig. 8b; Elbert et al., 2011) yields a sequence of in-200, 90, and 20 cal yr BP. Rigorous testing of that hypothesis
ferred wet-dry fluctuations during the last 4 centuries thatjs beyond the scope of this paper, but MOC is thought to
differed somewhat from those indicated in the GeoB3313-1have weakened in the North Atlantic during much of the LIA
and Verlorenvlei records. (Cronin et al., 2003; Lund et al., 2006). Whether that change

Stable isotope records from New Zealand fjords (c&.3)5  represented a response to constricted Agulhas through-flow,
are thought to indicate major regional-scale difference3-in  however, remains unclear.
E when compared to the GeoB3313-1 series that may be
due in part to both zonal and meridional distortions of the4.5 Future trends
westerlies (Knudson et al., 2011). However, uncertainties in
the reservoir corrections applied to the radiocarbon chronoloThe Verlorenvlei record supports climate models which sug-
gies of these marine records also make it difficult to rule gest that aridity should increase in the South African WRZ
out the possibility that at least some of the inconsistenciesf warming during this century causes a poleward drift of the
might reflect dating methodologies more than regional cli- westerlies (Boko et al., 2007; Toggweiler and Russell, 2008).
matic differences. Knudson et al. (2011) also proposed thaBome model simulations project annual runoff reductions of
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10-30 % in South African’s WRZ by 2050 AD, which could Cronin, T. M., Dwyer, G. S., Kamiya, T., Schwede, S., and Willard,
threaten major centres of population and agriculture as well D. A.: Medieval Warm Period, Little Ice Age, and 20th century
as many of the-5500 endemic plant species in the Succu- temperature variability from Chesapeake Bay, Global Planet.
lent Karoo and Fynbos biomes (Turpie et al., 2002; Thomas €hange, 36, 17-19, 2003. .

et al., 2004; Meadows, 2006). Future poleward drift in the PXon. D. A., Mayewski, P. A., Goodwin, I. D., Marshall, G. J.,
northern margin of the westerlies would also be likely to en- " '6€Man. R., Maasch, K. A., and Sneed, S. B.. An ice core proxy
hance Agulhas through-flow around the South African Cape, ];2[ Ijogl;renrg;\w gﬂnfﬁiselgfsﬂ;‘zﬁqg %’ggl.z)'cn;o;;\/]z%tﬁmamCa’
with possible WideSpread_eﬁeCtS on SST pattems.and assoqilber.t, -J., Grosjéan, M., von éur;ten, d .UrrL;tia, R.., Fischer,
ated climatic conditions within the Atlantic and Indian Ocean b \wartenberger, R., Ariztegui, D., Fujak, M., and Hamann,

basins. Y.: Quantitativehigh-resolution winter (JJA) precipitation re-
construction from varved sediments of Lago Plomo® 87
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