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Stable Southern Hemisphere westerly winds
throughout the Holocene until intensification
in the last two millennia
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The Southern Hemisphere westerly winds sustain the Southern Ocean's role as one of Earth's
main carbon sinks, and have helped sequester nearly half the anthropogenic CO, stored in
the ocean. Observations show shifts in the vigor of this climate regulator, but models dis-
agree how future change impacts carbon storage due to scarce baseline data. Here, we use
the hydrogen isotope ratios of sedimentary lipids to resolve Holocene changes in Southern
Hemisphere westerly wind strength. Our reconstruction reveals stable values until ~2150
years ago when aquatic compounds became more 2H-enriched. We attribute this isotope
excursion to wind-driven lake water evaporation, and regional paleoclimate evidence shows it
marks a trend towards a negative Southern Annular Mode - the Southern Ocean’'s main
mode of atmospheric variability. Because this shift is unmatched in the past 7000 years, our
findings suggest that previously published millennium-long Southern Annular Mode indices
used to benchmark future change may not capture the full range of natural variability.
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has stored more than 40% of all anthropogenic carbon

emissions sequestered by the oceans since the industrial
revolution!, while absorbing around 75% of the excess heat
generated during this period?. This outsized role as a global cli-
mate regulator is attributed to the Southern Hemisphere westerly
winds (SHW), which draw up deep water and mix it while
encircling the Antarctic3. The vigor of the Southern Ocean’s role
as a carbon pump is modulated by the opposing effects of CO,
uptake and outgassing at the sea surface?. This balance is strongly
influenced by variations in the strength and position of the
SHW?. These, in turn, are largely driven by the Southern annular
mode (SAM)®: the main pattern of atmospheric climate varia-
bility over the Southern Ocean, which is typically described as the
pressure difference between mid and high austral latitudes’. The
SHW belt shifts poleward in the positive SAM polarity and
expands equatorward during a negative SAM phasing®.

Instrumental data reveal an increasingly positive SAM phasing
and associated poleward SHW shift over the past decades®?,
which has already intensified regional hydroclimate extremes!?.
While this recent (last ~50 years) trend is primarily attributed to a
combination of anthropogenic ozone depletion and greenhouse
gas emissions!!, recent studies indicate that natural SAM varia-
bility is substantial and cannot be explained by direct radiative
forcing mechanisms alone!213. These findings have drawn fur-
ther attention to observational evidence for SAM modulation by
other internal modes of climate change, most notably the El
Nifio-Southern Oscillation (ENSO)1415, However, while such
teleconnections can modify the impact of anthropogenic forcing
on coupled SHW-SAM change!®, their dynamics remain poorly
documented and incompletely understood!”. This knowledge gap
mainly stems from the scarcity and brevity of baseline data$: our
knowledge of past SAM variability does not extend beyond the
last millennium, and only two records span that entire
period!?13. Longer paleoclimate timeseries are imperative to
resolve the full range of natural variability and better represent
future SHW-SAM behavior and its impact on atmospheric CO,
concentrations>!8.

Here, we present a record of centennial-scale variations in
SHW strength over the past 7 ka based on lake sediments. To do
so, we investigated a lacustrine sediment sequence from South
Georgia (54.4°S and 36.6°W), a sub-Antarctic Island in the SHW
core belt (Fig. 1a). To avoid the uncertainties (for example, lags or
non-linearity) of wind-attributed feedbacks like changes in pre-
cipitation or temperature and their impact on vegetation!?, we
rely on a less indirect measure of wind strength: sedimentary leaf
wax hydrogen isotope ratios (8°H). Modern observations help
constrain the climatic controls on the §2H values of source water
used by plants in South Georgia. Compound-specific analysis
reveals that the isotopic composition of lake water (recorded by
aquatic plants) became 2H-enriched compared to its meteoric
source water (recorded by terrestrial plants). The direction and
magnitude of this isotopic offset is indicative of evaporative water
loss?0, a process that is typically wind-driven in similar closed
(endorheic) basins in the SHW core belt?!.

The Southern Ocean covers 20% of the Earth’s surface and

Setting and approach

South Georgia (54.4°S and 36.6°W) is one of the few landmasses
that is located year-round in the SHW core belt and, therefore,
well-situated to detect the fingerprints of past variations in this
globally relevant circulation system (see introduction). As can be
seen in Fig. 1a, this belt contracts in summer and expands during
winter. On longer timescales, SAM variations can cause similar
latitudinal SHW shifts in response to changes in the meridional
pressure gradient between 45°S and 60°S”. While we should note

that the relation between SAM and regional climate depends on
the choice of index and data due to a lack of observations?2, the
station-based Marshall SAM index reveals a negative correlation
with re-analyzed wind stress on South Georgia for the period
prior to 197923 —when SAM variability is attributed to natural
variations captured by proxy records like ours?!. Numerous
studies have also linked SAM-related shifts in temperature and
hydroclimate to island-wide changes in glacier extent or ecosys-
tem dynamics2>-32. Local weather observations from Grytviken
(Fig. la) reveal a maritime subpolar climate with an average
annual temperature of 2°C and 1450 mm of evenly distributed
yearly precipitation?? (Fig. 1c).

Our study site—informally named Lake Diamond?°—is located
in the north-central part of South Georgia, in the Olsen Valley
that abuts the Cumberland West Bay (Fig. 1b). The basin covers
an area of ~0.1 km?, sits at ~15 m a.s.l and has a maximum depth
of 3.5m. Vegetation is restricted to areas below 100m a.s.l
(Fig. 1b) and is dominated by tussock grass (Festuca contracta)
and greater burnet (Acaena magellanica). Based on reconstructed
glacigenic sediment fluxes, previous studies showed that melt-
water from the up-valley Diamond glacier incidentally spilled into
the lake during flood events over the past 7 ka2%32, Timeseries
analysis of Sentinel-2 satellite imagery reveals that this has not
happened since image acquisition commenced in 201533, In the
absence of in- or outlets, we consider the basin closed (endor-
heic): water is thus primarily sourced from precipitation falling in
the ~1 km? Lake Diamond catchment (Fig. 1b). Satellite imagery
also shows that our study site is typically snow- and ice-covered
for 6 months and that ice-off occurs between late October and
early November.

We present lipid biomarker analyzes from Lake Diamond
sediments that were previously studied by2°. The investigated
sequences consist of 46 cm long surface core LDS2 and 246 cm
piston core LDP2: based on a robust published radiocarbon
chronology (n=24), this record covers the past 10 ka. We
restricted our analyses to the past 7.2 ka, when the Diamond
basin was occupied by a lake. This interval is contained in the
uppermost 221.5 cm of the composite record and has previously
been described as units D and F by ref. 2°.

To reconstruct sub-Antarctic surface climate change during
this period, and assess its links to SHW core belt shifts, hydrogen
isotope ratios (§2H) were measured on plant leaf wax samples
(n=156) from Lake Diamond sediments (see methods). For this
purpose, we extracted, separated, quantified, and analyzed -
alkanes: aliphatic hydrocarbons produced by plants and preserved
in sedimentary archives around the world®4. §?H values of these
lipid biomarkers track the 82H values of the source water used
during biosynthesis3>-37,

Isotope values of precipitation are influenced by a range of
parameters, including condensation temperature, evaporation,
precipitation amount, and the source and pathway of moisture33:
near South Georgia, all of these variables co-vary with SHW
change!?39-41. Weather station data from nearby Grytviken
(~10 km away) and interpolated precipitation isotopes reveal a
strong positive (R2=0.92, p<0) relationship between modern
(1905-2019 CE) surface temperatures and meteoric 8*H (Figs. 1c,
2b)23:42, Based on observations and ice core data from James Ross
Island (Fig. 1a)*3#%, this relationship could have existed
throughout the past 7 ka. The isotope composition (p = —60.3%o,
20 = 1.1%o0) of two modern samples furthermore indicates that
lake water 8*H values approximate the weighted local annual
precipitation mean (—67.5%o), despite collection during the
austral summer (February 2015). Figure 2a shows that evapora-
tive loss of lighter 1°0 and 'H has a minor impact on modern
lake water composition as our water samples plot just below the
Local Meteoric Water Line (LMWL), constructed with data from
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Fig. 1 Key localities and observations. a Overview map of the Southern Ocean with an inset of South Georgia, highlighting Lake Diamond as well as the
nearest weather stations of Grytviken, Ushuaia, and Stanley in color coding that corresponds with Fig. 2. The average position and extent of the Southern
Westerlies core belt, defined as areas where mean zonal wind speeds exceed 5 m/s~! between 1981-2010 CE'22, is shown for the Austral summer (DJF)
and winter (JJA). The purple wind rose shows the prevalence of this dominant wind system. Forty-eight hours daily backward air mass trajectories from
2019 are shown for summer (red) and winter (blue)'?3. The long-term position of the Antarctic Circumpolar Current (ACC) is delimited in cyan by the
Antarctic convergence to the South and the Sub-Antarctic front to the North after'24. b Close-up of the Lake Diamond catchment and the wider Olsen
valley as modified after2®. Vegetated areas, defined as surfaces with normalized difference vegetation index (NDVI) values >0.3 during the growing season
(January 2020)33, are highlighted in green. Sentinel-2 satellite image courtesy of the ESA Copernicus Open Access Hub. ¢ Long-term monthly local
climatology based on 1905-2012 CE station data from nearby Grytviken?3 and spatial 82H interpolation42.

the nearest GNIP stations at Ushuaia (~2000km away) and
Stanley (~1500 km away)*°(Fig. 1a).

Results and discussion

Holocene lipid 82H records lake water evaporation. Because
modern meteoric 82H correlates with seasonal temperature
change in South Georgia, and Lake Diamond water §°H inte-
grates a somewhat enriched annual precipitation average (see
Figs. 1c, 2), we expect reconstructed values to capture changes in
temperature and evaporative 2H-enrichment. To better constrain
this paleo signal, we disentangle the different plant sources pro-
ducing our sedimentary n-alkanes and the environmental signals
they record in the text below.

While aquatic photoautotrophs directly use lake water for
biosynthesis3>, terrestrial plants use soil moisture>, which is
often isotopically skewed towards the growing season when
biosynthesis occurs?® and differently impacted by evaporative
enrichment than lake water?’:48, This is particularly true for
closed (endorheic) basins like Lake Diamond due to their long
water residence time?(. To constrain these different §2H source
signatures, we differentiate between aquatic and terrestrial n-
alkane producers. It has previously been argued that mid-chain
(C31-Cy5) n-alkane homologs are produced by aquatic plants,
whereas long-chain (C,;-Cs;3) compounds typically derive from

terrestrial vegetation®0. Recent studies have called this general-
ization into question®!~3, Here, we rely on reported n-alkane
distributions from representative terrestrial vegetation at nearby
Grytviken to understand the sources of n-alkanes in Lake
Diamond (Fig. 1a)%. Critically, this selection comprises two
species that dominate the Lake Diamond catchment today:
tussock grass and greater burnet (see Fig. 3a). As can be seen in
Fig. 4, mid-chain homologs are negligible in these terrestrial
plants but abundant in sediment samples. This is in line with
evidence from upwind southern Patagonia, where these com-
pounds are attributed to aquatic macrophytes®>. We thus argue
that mid-chain n-alkanes are primarily synthesized by aquatic
producers in Lake Diamond. In this respect, we note that moss
patches in the catchment only contain traces of Sphagnum?32—the
only peat-forming species synthesizing considerable amounts of
mid-chain n-alkanes®®%7. The inference that mid- and long-chain
homologs derive from different sources is supported by Principal
Component Analysis (PCA: see methods). The ordination
diagram of Fig. 5c¢ separates these homologous groups on PC2.
Based on these lines of reasoning, we infer that mid- and long-
chain n-alkanes derive from aquatic and terrestrial plants,
respectively.

Down-core n-alkane 82H values can also be affected by
vegetation shifts because of species-specific differences in
apparent fractionation between source water and leaf
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Fig. 2 Isotope characteristics of meteoric and lake water. a Relationships between source water precipitation hydrogen isotope values (§2H) and oxygen
isotopes (8'80) in samples collected between 1965-2016 CE from the most proximal weather stations in Stanley and Ushuaia along the global (GMWL:
black) and local (LMWL: gray) waterlines#>. b Monthly temperatures at the nearby (~10 km away) Grytviken weather station (see Fig. 1a)2342, Regression
fits with summary statistics between plotted variables are shown in gray. The pinks star (n = 2) in panel a highlights the isotope value of Lake Diamond

water samples taken in February 2015.

waxes3>%8:59, To constrain vegetation changes in the catchment
area over the past 7 ka, we use palynological evidence and n-
alkane Average Chain Length (ACL: see methods). The pollen
data seen in Fig. 3a show that tussock grasses (Festuca contracta)
and greater brunet (Acaena magellanica) have dominated
terrestrial plant cover around Lake Diamond over the past 7 ka.
The stable abundance of Callitriche antarctica and Montia
fontana, the only mid-chain n-alkane-synthesizing macrophytes
preserved in the Diamond pollen record, suggest aquatic
vegetation also changed little®. Supporting this evidence, both
ACL values and concentrations of mid-chain (C,;-C,s) and long-
chain (C,;-Cs3) homologs fluctuate around a stable mean
throughout our study period (Fig. 3a—c). Finally, we find no
relationship between n-alkane abundance and &*H values of
various homologs, indicating that the inferred minor vegetation
changes do not explain changes in isotope values (Fig. 5a, b).
Hydrogen isotope values of all analyzed n-alkanes are relatively
stable on centennial timescales from the beginning of the Lake
Diamond record until ~2150 cal. yr. BP (Fig. 6). Variability then
visibly deviates from this long-term mean, as also indicated by
change-point analysis (see methods). Deviation from the long-
term mean is primarily captured by hydrogen isotope values of
mid-chain aquatic homologs (62Haq), which become progres-
sively more positive. In contrast, hydrogen isotope values of long-
chain terrestrially derived homologs (8*H,,,) exhibit a different
and more subdued response that does not significantly deviate
from the long-term mean (Fig. 6b). As noted, modern water
samples from Lake Diamond are indistinguishable from amount-
weighted annual precipitation 8§2H values, which in turn track
surface temperatures on South Georgia at seasonal timescales
(Fig. 1c). Based on the calculated §>H-temperature dependence of
5.83%o °C~! (Fig. 2b), the observed ~100%o 8?H,q shift to more
positive values during the past two millennia would require ~17
degrees of warming. As local and regional temperature recon-
structions reveal a shift towards moderately cooler annual (~1 °C)
and growing season (~2°C) conditions during this period

(Fig. 6a)274461  this is highly implausible. Furthermore, the
dissimilarity between changes in &?H,q and &’H,, values
suggests that at least one of these records does not simply reflect
8?H values of precipitation. We also exclude large variations in
precipitation seasonality: as the isotopic composition of soil
moisture used by land plants is typically skewed towards the
growing season when biosynthesis occurs®?, the observed isotopic
enrichment of 62Haq would also be captured by 82Hy,, if caused
by an increase in less negative (relatively >H-enriched) spring-
summer precipitation (see Fig. 1c).

We interpret the shift to more positive §°H,q values after
~2150 cal. yr BP to reflect an increase in evaporative enrichment
of the lake water during this time. The observed positive shift in
82H,q values, as well as their 2H-enrichment relative to 52Hter,
are both characteristic of basins with a negative water
balance2047, As noted (see setting and approach), evaporation
is often an important source of water loss in closed (endorheic)
basin lakes like Lake Diamond®3-%4, Because evaporative isotope
enrichment can outweigh other environmental controls on §°H
values in leaf waxes, and because the positive hydrogen isotope
shift during the past two millennia (the Common Era) is only
recorded in Diamond Lake by lipids derived from aquatic plants
that track lake water3?, our interpretation provides an explanation
for all of the observations without invoking unreasonable changes
in temperature or the seasonality of precipitation. It also allays
concerns that the incidental spills of glacial meltwater inferred
by?° left a detectable imprint: as this water source is
2H-depleted®?, substantial input would result in isotope changes
in the opposite direction of what we observe in our record.

Based on the strong seasonal link between meteoric §2H and
temperature in South Georgia (Figs. 1c, 2b), and the tendency of
terrestrial compounds to record precipitation 82H in small
catchments like that of Lake Diamond®®, we infer that down-core
8?Herr values reflect temperature change. As seen in Fig. 6, this
interpretation is supported by the fact that the most prominent
feature of our §2H,.,, record—a ~20%o oscillation towards heavier
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Fig. 3 Mid- to Late Holocene leaf wax distributions, pollen abundances, and organic content (LOI) in Lake Diamond. a Fractional abundances of mid-
chain sedimentary n-alkanes, highlighting the predominantly aquatic C,3 homolog. b Similar, but for long-chain compounds, highlighting terrestrially-
sourced Cyo. € The average chain length (ACL) distribution of down-core sedimentary n-alkane samples. d Variations in organic content as reflected by LOI
measurements in both LDP2 and LDS2 cores. e A cumulative pollen diagram for core LDP2 after®0, highlighting the abundance of two taxa that have
dominated local vegetation throughout the studied period: Festuca and Acaena.

isotopic values between 1200-600 cal. yr BP—coincides with
warming phase South Georgia27-30:60,

To quantify the impact of lake water evaporation through time,
we calculate the isotopic difference between 8*H,,, (taken to
reflect §2H of precipitation) and 82Haq (taken to reflect §2H of
precipitation and evaporative enrichment of lake water) after2’,
subtracting §*Hy.,; from 82Haq, and defining this parameter as
Ererraqw We chose the Cyy and C,; n-alkanes to represent
terrestrial and aquatic lipids, respectively, based on their
maximum separation along PC2 (Fig. 5c), and use their §°H
values to calculate €ir..q change through time.

Due to core top sediment loss in LDP2 and extensive sub-
sampling of LDS22%, we have no measurements of §?H,,, and
82H,q for the past 500 years (see Fig. 6). To extend our inferred
evaporative enrichment reconstruction into this period, which
overlaps with notable regional climate transitions including
negative and positive phases of the Southern Annular Mode
(SAM) and the culmination of the Little Ice Age (LIA)!%%7, we
rely on proxy-to-proxy calibration®®. Specifically, we use
sediment organic content (measured by loss on ignition or
LOI) as a substitute for measured eiy.oq values during this
interval (see methods), based on (1) statistically significant
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(p=0.66, p<0.001, n=14) correspondence between these (R>=—0.03) between LOI and the mass-specific magnetic
measurements (Fig. 7 and methods section) and (2) available LOI  susceptibility (xbulk)-derived glacier reconstruction by?® allays
data from surface core LDS2 (Fig. 3b). We cannot be certain why concerns about the imprint of dilution with glacigenic clastic input
this strong link between LOI and ger.q exists, but widespread —during the investigated period. We hypothesize that the correlation
evidence for contemporaneous climate deterioration argues against ~between LOI and §?H,q values can be attributed to the impact of
an increase in lake productivity (Fig. 6a, c)?7%%. Vegetation change inferred lake evaporation on water levels: particularly in a shallow
also seems an unlikely culprit, as the previously discussed pollen  and conically-shaped basin like Lake Diamond2?, low stands focus
evidence from Lake Diamond reveals that Holocene variability was  organic deposition into the center where our cores were extracted”?.
minimal and unrelated to measured 8D values (see section 2.1, and  In support of this hypothesis, we also observe a strong (p = —0.52,
Figs. 3a, 5b). Finally, the non-significant anti-correlation p<0.05, n=13) correspondence in LDP2 between ey.oq and

Pediastrum (Fig. 7)%°. The abundance of this green algae genus is

widely used as an indicator of lake level shallowing’!, also in

507 [ tand plants upwind southern Patagonia’?. As Pediastrum synthesizes some
4 [ peat, unit B (n=4) B mid-chain n-alkanes’?, we should re-iterate that there is no relation
[ sediment, unit F (n=56) between the abundance and isotopic value of these homologs in

40 — Lake Diamond (Fig. 5a).

— confidence interval (10)

Wind-driven evaporation during the past two millennia. We

propose the inferred increase in evaporative water loss from Lake
- Diamond after ~2150 cal. yr BP was driven by strengthening
winds. The previously discussed evidence for local and regional
20 — cooling at this time rules out direct temperature effects
(Fig. 6a)274461 We also reject decreasing relative humidity as an
explanation because such a change would be reflected by an
10 —d increase in 82H,,, values due to leaf water enrichment*8, which we
do not observe (Fig. 6b). Our interpretation is supported by
- macrofossil evidence from peatlands, sensitive archives of sub-

30 —

normalized abundances (%)

J Jﬂ jﬁ Al s Antarctic surface water balance’47>, which reveal a sharp tran-

0 7T 7 " ] " 17 T ] T ] ' sition~2200cal yr BP towards colder wetter (humid) conditions
S S g X R s 3 in South Georgia (Fig. 6¢).

© © © © © © © Variations in wind strength can leave a measurable isotopic

IW, | long-chain | imprint on closed (endorheic) basins in the SWH core belt like

Lake Diamond’®. Nearby paleoclimate records indicate that wind
n-alkane homologues strength indeed increased after ~2150 cal. yr BP, when grraq
began to deviate. A record from neighboring Annenkov Island
shows an increase in the accumulation rates of long-distance
transported (LDT) pollen—an established indicator of wind
strength”7-78. Further upwind (52.5°S and 72.6°W), close to the
Andean crest, where strengthening of the westerlies is coupled to
an increase in orographic precipitation’, the amount of
hygrophytic pollen increased throughout the last two millennia®.

Fig. 4 Chain-length distributions. The abundance of n-alkane homologs in
terrestrial plants collected in South Georgia by ref. >4, and sediment and
peat samples from the investigated archive from Lake Diamond (LDP2).
We distinguish between mid- and long-chain compounds after the
definition by ref. 4% in color coding that corresponds with Figs. 3, 5, 6.
Confidence intervals are based on down-core variations of LDP2 samples
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Fig. 5 Relations between n-alkane chain length and isotope values. Bi-plots showing a The hydrogen isotope (§2H) composition of representative mid-
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produced by representative aquatic (C,3) and terrestrial (C5o) plants (gierr-aq) versus the Average Chain Length (ACL) of all alkanes measured in these
samples (n=39), and ¢ Sample (pink dots) and variable (vectors) scores for the main ordination axes (PC 1-2: labeled with their explanatory power) of
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Fig. 6 Comparing compound-specific hydrogen isotope values (52H) from Lake Diamond with local temperature and hydroclimate proxies. a GDGT-
derived mean summer air temperatures (MSAT) from neighboring Annenkov Island?”. b Terrestrially produced long-chain n-alkane 82H values from Lake
Diamond (this study), highlighting representative Coo homolog. ¢ Principal component analysis (PCA) of plant macrofossil data from ref. ©°. d Aquatically
sourced short-chain n-alkane 82H values from Lake Diamond (this study), highlighting representative C53 homolog. The ~2150 cal. yr BP age where change-
point analysis detects a significant deviation from the long-term mean is shown by a stippled line. All color coding matches that of Figs. 3-6.

72.5 °W), where (1) a carbonate-derived §180-based reconstruc-
tion of the balance between wind-driven precipitation and surface
evaporation from Lago Guanaco is similar (p =0.53, p <0.001,
n=35) to our inferred wind-driven evaporation record from
Lake Diamond during the overlapping ~100-950 cal. yr BP period
(Fig. 8)?!, and (2) gradual wind-driven precipitation increases
during this period are reflected by the dominance of forest over
grassland40(Fig. 9d). We attribute the delayed response of the
latter transition to the well-documented nonlinear relation
between regional changes in vegetation and climate!®.

Links to the southern annular mode (SAM). The Lake Diamond
Eierr-aq Wind-driven lake evaporation reconstruction suggests that
the past two millennia were characterized by major regional shifts
in core belt SHW strength that appears unmatched in the past 7
ka. As seen in Figs. 8, 9, the transition towards windier conditions
seems to mark a major reorganization of the regional climate
system as the pattern of change observed in Lake Diamond
broadly coincides with (1) pronounced annual cooling towards a

post-glacial temperature minimum off the northeastern Antarctic
Peninsula (Fig. 9b)—recorded by ice core §2H values from James
Ross Island (Fig. la) and (2) extension of the sea ice season
towards a Holocene maximum along the western Antarctic
Peninsula (Fig. 9¢) as indicated by a rise in sea ice diatom bio-
marker concentrations8!. A concomitant increase in seabird-
derived phosphorus (P) from a rookery on the Falklands also
attests to the broad ecological impacts of these climatic changes
(Fig. 9¢)82. Sea ice cover and wind stress have a major impact on
the sub-Antarctic food web through impacts on the transport of
nutrient waters as well as productivity and feeding®384. This
reconstructed pattern of coupled cooling, mid-latitude westerly
intensification, and the Bellingshausen Sea ice expansion is
diagnostic for a negative phase of the Southern Annular Mode or
SAM!28586 The SAM is the main pattern of Southern Ocean
climate variability? and affects the strength and position of the
SHW by modulating the atmospheric pressure gradient between
40-65°S (see introduction). There is a strong correlation
(Spearman’s correlation coefficient p =0.75, p <0.0001, n = 35)
between our inferred evaporation record and the sole annual
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Fig. 8 Comparing inferred g;e,r-2q Values from Lake Diamond (orange)
with other regional proxies of wind-driven change. In blue, the Southern
Annular Mode (SAM) index by ref. 12. And in green, the §'80 fine fraction
SHW record from Lago Guanaco by ref. 2. Shown in purple is the area-
weighted inter-hemispheric temperature contrast between the extratropics
(30-90°) of both hemispheres (North-South) using 30° averages of
ensemble means presented by ref. 0. All reconstructions have been
smoothed using a 70-year moving average. In the upper part of the figure,
we show chronological uncertainties (horizontal bars) and correlation
coefficients (italics) in matching colors. The vertical bar at the base marks
the reported standard error (SE) of our PTP-derived model (see methods).

SAM reconstruction that extends back to 1000 CE, demonstrating
that Lake Diamond sediments indeed capture shifts in the
behavior of this dominant regional climate mode (Fig. 8)!2. These
also include the positive SAM trend—characterized by less windy
conditions over Lake Diamond—during the past 500 years. We
thus argue that our reconstruction of wind-driven evaporation is
linked to SAM variability over the past 7 millennia. However, to
acknowledge that links with SHW strength (1) depend on the
choice of index and reanalysis data??, and (2) could be non-
stationary through timel3, we refer to SAM-like changes in the
following paragraphs after8>. Concretely, we define these as

changes in wind-driven evaporation that were likely driven by
shifts in the meridional pressure gradient.

Positive modern SAM phasing was not unprecedented during
Holocene. The Lake Diamond record provides valuable infor-
mation concerning long-term SAM behavior. Notably, the period
from 7 ka BP until ~2150 cal. yr BP was comparatively stable and
mostly characterized by positive SAM-like conditions (Fig. 9).
Based on baseline data that do not extend beyond the past
millennium!3, it has been argued that today’s positive SAM
phasing—is attributed to a combination of anthropogenic
greenhouse forcing and ozone depletion!!:87—falls outside the
range of natural variability®. Our findings indicate that this may
not be the case and that the negative SAM polarity of the past two
millennia was exceptional rather than today’s positive phasing.
While acknowledging the possibility that the relation between
wind-driven evaporation in Lake Diamond and the SAM is non-
stationary beyond the past millennium!3, we use the relationship
(R?2=0.65, p=0.000) between the Lake Diamond data and the
SAM index by!? to approximate modern limits. Based on this
basic calculation, we find that ..q Values greater than —45%o
exceed the observed 1999 CE SAM maximum (Fig. 9a). Not-
withstanding the uncertainties of this simple approach, it high-
lights that SAM values have been near or exceeded observational
limits during most of the Mid- to Late Holocene, and underscores
the potential of this period to better understand the impacts of a
more positive SAM, which is predicted for the future”. Our
findings corroborate previous proxy-derived evidence that
strongly positive SAM phases do not require anthropogenic
radiative forcing!38°, Taken together, this body of work hints at
the possibility that internal variations, which will be super-
imposed on future anthropogenic change but remain poorly
resolved in climate models®’, play a critical but undervalued role
in driving SAM shifts.

Was SAM-like change driven by Northern Hemisphere cool-
ing? In the following discussion, we examine whether the multi-
centennial Common Era climate variations captured by the Lake
Diamond record and other reconstructions of SAM-like change in
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Fig. 9 could have been caused by modes of internal variability.
Specifically, the El Nifio-southern oscillation or ENSO!4. El Nifio
events are associated with negative SAM phases because positive
temperature anomalies in the Tropical Pacific trigger Rossby wave
trains that propagate positive pressure differences poleward®s,
Conversely, La Nifia events coincide with positive SAM phases as

ensuing Tropical Pacific cooling leads to low sea-level pressure
anomalies in the sub-Antarctic. Recently, it has been shown that
these connections also operate on centennial timescales!”. How-
ever, while the reconstructed SAM minimum ~500 cal. yr BP
(Fig. 8) coincides with a phase of El Nifio-dominated conditions®?,
no consistent link exists between records of SAM-like variability
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Fig. 9 Comparing evaporation in Lake Diamond with regional proxies of sea ice, wind, seabird, and temperature shifts. a Lake Diamond é;¢/r-aq Values.
Please note that we distinguish between reconstructed and PTP-inferred values (see methods), while also displaying the SE of this model. b James Ross
Island (JRI) ice core temperature reconstruction after*4, showing 100-year averaged anomalies compared to the CE 1961-1990 mean. ¢ Diatom-derived di-
unsaturated (diene) highly branched isoprenoid (HBI) biomarker concentrations from8!. d Raw and smoothed standardized Nothofagus (southern beech
tree)/Poaceae (grass) Index (NPI) values from?0. e Seabird-derived ratios of bio-element Phosphorus (P) over lithogenic Aluminum (Al) after82,

f Freshwater plankton abundances (%) in Lake Titicaca from'04. g Normalized smoothed principal component 2 (PC2) values of the global cooling mode

inferred by ref. 109,

and ENSO reconstructions®’. Indeed, there is growing consensus
that ENSO-SAM links are non-stationary!3°1, and also depend on
the strength of the latter2. In light of this evidence, we note that
the Common Era excursion captured in the Lake Diamond record
and the other records of SAM-like change in Fig. 9 coincides with
the onset of ENSO strengthening to a Holocene maximum®3%4.
Such long-term trends are, however, often characterized as ENSO-
like and attributed to other mechanisms that likewise affect tro-
pical Pacific surface temperature changes8.

There is, for example, mounting evidence for a global
atmospheric teleconnection that is (1) considered analogous to
ENSO as it also impacts equatorial convection, but (2) driven by
the temperature gradient between Earth’s hemispheres, and (3)
operating at the multi-centennial timescales resolved by our
record®. The emerging observational, model-based, and proxy-
derived evidence supporting this framework shows that differ-
ential extratropical temperature change increases poleward heat
export to the cooler hemisphere®®—28, To facilitate this, the inter-
tropical convergence zone (ITCZ) moves into the warmer
hemisphere so that more energy is transported across the
equator®100, A similar response is observed during ENSO
variations as the ITCZ migrates south into a warming South
Pacific during El Nifio events and vice versa during La Nifial0l.
Critically, model experiments reveal that this feedback also alters
the strength and position of the core SHW belt through poleward
Rossby wave train propagation!02—a key characteristic of
modern ENSO-SAM interactions$®.

To assess whether this global atmospheric teleconnection may
help explain the Common Era excursion observed in our isotope
record and the other reconstructions of SAM-like change shown
in Fig. 9, we focus on anticipated changes in ITCZ position and
meridional temperature gradient®. In light of the presented shift
towards anomalously negative SAM values (Figs. 8, 9a), and the
association of this state with El Nifio-like (negative ENSO)
conditions®, these include evidence for a southward ITCZ
migration in response to Northern Hemisphere cooling or
Southern Hemisphere warming. Proxy evidence from the
sensitive southern limit (15°S) of the present-day South American
ITCZ reveals major contemporaneous precipitation increases—
the main expression of such a shift!?3. As seen in Fig. 9f, this is
recorded by a sharp increase in freshwater plankton abundances
in oligohaline Lake Titicaca from 2 ka BP onwards!%4. A
transition from dry savanna to a wetter rain forest, reflected by
a sharp rise in Moraceae (mulberry) pollen ~2160 cal. yr BP in
southern Amazonia (13-14°S)10% also supports this interpreta-
tion. Both observations are in broad agreement with global
evidence for a southward ITCZ migration during the Late
Holocene in response to orbitally-driven Northern Hemisphere
cooling®®106 This trend was amplified during the last two
millennia by the negative radiative effects of Arctic sea ice
expansion!%” and is identified as one of the major temperature
shifts of the Holocene!%8. Recent proxy-validated simulations
even identify this feedback as the main driver of global
temperature change during the Common Eral®.

As seen in Fig. 9g, the evolution of this cooling mode tracks the
millennial-scale trend of mid to late Holocene SAM-like

variability in our study region and shows that cooling rates
intensify around ~2100cal. yr BP. To further investigate the
correspondence between the Common Era SAM-like changes
discussed here and (relative) Northern Hemisphere cooling, we
compare our Lake Diamond reconstruction and the millennium-
long SAM index of'? to the temperature contrast between the
extratropics (30-90°) of both hemispheres (North minus South)
—a measure of Earth’s meridional temperature gradient. To do
so, we rely on the area-weighted ensemble means of the 30°
latitude average presented by!l0, Figure 8 underlines that the
Northern Hemisphere cooled differentially during this period and
reveals a notable degree of agreement (p = 0.55, p < 0.000, n = 22)
with coeval SAM-like changes.

Following the above, we argue that the inferred shift towards a
negative SAM-like state after ~2150 cal. yr BP is consistent with a
change in Earth’s thermal gradient in response to amplified Arctic
cooling. Our findings thus provide additional evidence for the
existence of a previously hypothesized atmospheric teleconnec-
tion that links the high latitudes in both hemispheres and impacts
SHW strength®8. This raises the possibility that ongoing amplified
Arctic warming may (1) reinforce the predicted trend towards a
more positive phase of SAM®7 and (2) impact the ability of the
SHW to help regulate the global climate in the future.

Methods

Biomarker analysis. In total, 56 samples were extracted from the lacustrine
sequence of piston core LDP2 (n = 52) and surface core LDS2 (n =4) at 2-4 cm
intervals. In addition, we analyzed five samples from the underlying peat deposit in
LDP2. Prior to analysis, these sediments were homogenized and freeze-dried. We
extracted lipids from each sample with a 9:1 v/v solution of dichloromethane
(DCM) and methanol using a Dionex 350 Accelerated Solvent Extractor. The Total
Lipid Extract (TLE) that was obtained was then dried under a stream of nitrogen
gas in a Biotage TurboVap. Next, TLEs were separated into aliphatic, ketone, and
polar fractions using silica gel flash column chromatography. For this purpose, we
sequentially used four bed volumes of hexane, DCM, and methanol as eluents.
Aliphatic compounds were then treated with copper to remove elemental sulfur
and eluted through silver nitrate-impregnated silica gel to remove unsaturated
hydrocarbons. We subsequently identified and quantified C,;-C;; n-alkanes in the
saturated fraction following the protocol outlined by ref. !'! and by comparing
sample mass spectra to a drift standard containing homologous n-alkanes
(Cs—Cyp), phytane, pristane, and 5a-androstane. Measurements were made using
the protocol by ref. ''! on an Agilent 7890 gas chromatograph (GC) equipped with
both mass selective (MSD) and flame ionization (FID) detectors, as well as an HP-
5ms column. Average Chain Lengths (ACL) were determined!!%:

ACL = 2(C)(X))/2(Cy), 1)

where C is the concentration and X is the chain length of n-alkane i.

Hydrogen isotope measurements of these homologs were performed on a
Thermo Trace GC coupled to a Thermo Delta V Isotope Ratio Mass Spectrometer
(IRMS) via an Isolink Conflo IV interface using the same column and protocol by
ref. 111 as for GC-MSD/FID analysis. Based on chromatographic evidence of co-
elution with a hopanoid compound, we excluded n-Cj;, isotope ratios from our
record. Most compounds were measured in triplicate, and the precision of replicate
measurements was typically better than 2.5%o (10). Measurements with intensities
lower than 1000 mV on mass two were excluded. To monitor analytical
uncertainty, an external transesterified n-alkanoic acid mixture calibrated against
authenticated A4 and F8 lipid mixtures—provided by A. Schimmelmann from the
University of Indiana—was measured after every sixth sample. Throughout the
analysis, precision ranged from 0.95 to 2.4%o among four homologs. To convert
compound-specific §?H values to the VSMOW scale after!!3, we regularly
measured the authenticated A5 lipid mixture— provided by A. Schimmelmann
from the University of Indiana. We also report the §*H offset between terrestrially-
sourced 7n-Cy and aquatically produced n-Cy3 (€terr-aq) after!14.
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Core stratigraphy. The stratigraphy of the presented Lake Diamond record is
described in detail by ref. 2°. As stated before, our analysis prioritizes sediments
deposited under lacustrine conditions. These encompass the upper 221.5 cm of
piston core LDP2 that cover the past 7.2 ka2, subdivide this sequence into three
lithological units: the compacted silt-dominated organic-rich sediments of unit D
(194-221.5 cm), the poorly sorted sandy mass wasting deposit of unit E
(185.5-194 cm) and the silty-sandy dark brown organic-rich deposits of unit F
(0-185.5 cm). Here, we complement the multi-proxy dataset from?® with palyno-
logical and loss-on-ignition (LOI) analyzes. To allow proxy-to-proxy calibration for
the past 500 years—which are not covered by core LDP22%—we measured LOI at
~1 cm increments on sub-sectioned pollen samples from surface core LDS2

(n = 35). For this purpose, we extracted 0.5 ml of sediment with a syringe and dried
it overnight at 105 °C before burning samples at 550 °C for 4 h after!!°. These data
do not overlap with the observational period as the uppermost 6.5 cm (150 years)
has been used for 219Pb dating®® and biomarker analysis. Pollen samples were
analyzed at 4-10 cm intervals from the composite lake Diamond record (n = 41) as
detailed by ref. 0. Slide preparation was carried out using standard techniques
after!16. Eucalyptus tablets were added to calculate concentrations, while identifi-
cation was aided by!!7 and reference material collected during fieldwork in 2011
and 2015.

Geostatistics. We used basic predictive models to construct waterlines (Fig. 2a),
constrain the controls on meteoric §2H (Fig. 2b), and substitute LOI for Ererr-aq (S€€
Section 3.1 and Fig. 7b). For this purpose, the following linear ordinary least
squares (OLS) regression curves were fitted with the help of Stata 16:

8?H =7.61 % 8%0 + 0.84 @)
SH=583T—78.11 3)
Eerr—aq = —2.62 % LOI 4 5.75 4)

To avoid artifacts stemming from autocorrelation®8, we relied on the
Durbin-Watson d statistic using 1.5 and 2.5 as cut-off values following the
recommendations of ref. 118, Proxy-to-proxy calibration of €e.aq against LOI
focused on the upper part of LDP2, where both datasets significantly deviate from a
stable long-term mean (see section 2.1 and Fig. 7a). To pinpoint this transition, we
relied on change-point analysis using the cpt.mean function and AMOC method in
version 2.2.2 of the change-point R package!!®. The detected change-point at 60 cm
(~2150 cal. yr BP) core depth corresponds to the transition into unit F42%. We did
not incorporate include data from underlying unit F3 to avoid closed-sum effects
from dilution with alluvial clastic input deposited in this interval as reported by2°.
We do, however, show how €er.aq—LOI combinations from this preceding 2.4-7
ka BP period covered by LDP2 relate to equation 5 in Fig. 7b. Finally, we carried
out a principal component analysis (PCA) on samples (n = 49) where §*H was
measured at least once on each homolog (n-C21 to n-C33 without n-C31: see
biomarker analysis) to evaluate the degree of co-variance between compounds (see
section 2.1 and Fig. 4c). To do so, we used version 5 of the Canoco softwarel20.
Following the recommendations of ref. 121, all n-alkane homologs were centered
and standardized prior to analysis.
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