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Abstract Detailed temperature reconstructions over the past 2,000 years are important for
contextualizing modern climate change. The midlatitude SE Pacific is a key region in this regard in terms
of understanding the climatic linkages between the tropics and southern high latitudes. Multicentennial
timescale temperature variability remains, however, poorly understood, due to a lack of long,
high‐temporal‐resolution temperature records from this region and from the southern high latitudes in
general. We present a unique alkenone sea surface temperature (SST) record from 44°S on the southern
Chilean margin in the SE Pacific spanning the last 2,300 years at decadal resolution. The record displays
relatively large changes including a cooling transition from 14 to 12.5 °C between 1,100 and 600 cal yr BP, in
line with other Chile margin SST records and coeval with Antarctic cooling. This cooling is attributable to
reduced Southern Ocean deep convection, driven by a late Holocene sea‐ice increase in the Weddell Sea
associated with increased El‐Niño Southern Oscillation variability. Superimposed on the late Holocene
cooling, we observe multicentennial timescale SST variability, including relatively cool SSTs (12.5 °C) from
950 to 500 cal yr BP, corresponding to the Medieval Climate Anomaly, and warmer SSTs (13 °C) from 500 to
200 cal yr BP, corresponding to the Little Ice Age. These oscillations may reflect either multicentennial
internal variability of the Southern Ocean deep convection and/or multicentennial variability in the phasing
of El‐Niño Southern Oscillation and Southern Annular Mode events.

1. Introduction

Instrumental records indicate that although global temperatures are on the rise, the SE Pacific (Falvey &
Garreaud, 2009; Vuille et al., 2015) and the Pacific sectors of the Southern Ocean (Armour et al., 2016)
have cooled over the last few decades. This is in stark contrast to the West Antarctic Peninsula (G. J.
Marshall et al., 2006) and rest of West Antarctic Ice Sheet (Steig et al., 2009), which have shown a marked
warming. The Southern Ocean cooling is thought to be related to upwelling of cool waters in the
Southern Ocean (Armour et al., 2016), while the Peninsula warming is thought to be related to a shift
toward the positive phase of the Southern Annular Mode (SAM; Thompson et al., 2011; Thompson &
Solomon, 2002). However, these instrumental records only extend back to the 1950s (and satellite data
only to the 1980s) making it difficult to unravel which patterns and mechanisms are typical on multicen-
tennial timescales. The southern Chile margin (Figure 1a) represents an interesting study region in this
sense because it lies under the influence of the SAM, a mid‐latitude to high‐latitude phenomenon, and
also the El‐Niño Southern Oscillation (ENSO), a tropical phenomenon. Both phenomena cause major
changes in atmospheric and ocean circulation (Figures 1b and 1c; see section 2.2) and are thought to have
undergone marked variability over the last 2,000 yr (Moreno et al., 2014; Villalba et al., 2012; Yan et al.,
2011), perhaps related to Total Solar Irradiance (Yan et al., 2011). In addition to these two major influ-
ences, it is thought that the Southern Ocean exhibits internal centennial variability (Southern Ocean
Centennial Variability; SOCV), which involves buildup of heat at middepth that is periodically released
to the surface during periods of vertical mixing, resulting in surface temperature changes in the
Southern Ocean and Chilean margin (Latif et al., 2013; Martin et al., 2013; Park & Latif, 2008; Zhang,
Delworth, & Jia, 2017). However, determining which influences were most important remains challen-
ging because the multicentennial‐scale temperature evolution of the Southern Hemisphere midlatitudes
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is still relatively poorly constrained, mainly due to a lack of archives that are both long and high‐
resolution.

Previous work on reconstructing past decadal‐centennial temperature variability from the midlatitude SE
Pacific region is largely based on a range of tree‐ring and lake sediment records from southern South
America (Neukom et al., 2011; Neukom & Gergis, 2012). Although annually resolved, South American tree
rings mostly only extend back over a few centuries (Neukom & Gergis, 2012, and references therein), albeit
with some exceptions (Lara & Villalba, 1993), and their interpretation may be complicated by sensitivity to
precipitation (Boninsegna et al., 2009, and references therein). Lake sediments have provided high‐
resolution (annual‐decadal) and longer records (Boës & Fagel, 2008; de Jong et al., 2013; Elbert et al.,
2015, 2013; von Gunten et al., 2009). Although these temperature records display a similar evolution over
the last three centuries, differences in temperature evolution between the sites have been noted further back
in time (de Jong et al., 2013), perhaps highlighting a high degree of spatial heterogeneity of temperature on
these timescales, as is also seen over the last few decades (Villalba et al., 2003). Many of these records have
been included in compilation reconstructions for South America (Neukom et al., 2011; PAGES‐2K‐Network,
2013), and the result suggests relatively warm conditions around the time of the Medieval Climate Anomaly
(MCA; 1,000 to 700 cal yr BP) and cool conditions around the time of the Little Ice Age (LIA; 550 to 100 cal yr
BP), albeit at slightly different timing with the Northern Hemisphere (Neukom et al., 2014). However, it

Figure 1. Maps of modern SST and anomalies due to El‐Niño Southern Oscillation (ENSO), Southern Annular Mode (SAM), and Southern Ocean Centennial
Variability (SOCV). (a) Modern‐day SE Pacific SSTs. Colors indicate mean annual SST (Locarnini et al., 2013). Sites include MD07‐3093 (this study) and others
mentioned in the main text. GeoB7186‐3 is at the same site as MD07‐3093. Antarctic Circumpolar Current (ACC), Cape Horn Current (CHC), and Peru Chile
Current (PCC) are marked. (b) ENSO SST composite anomaly (January–December) based on El‐Niño years minus La‐Niña years defined using NINO3.4 SST using
the NCEP/NCAR Reanalysis (Kalnay et al., 1996). (c) SAM SST composite anomaly (January–December) based on positive SAM years minus negative SAM years
defined using the National Oceanic and Atmospheric Administration (NOAA) SAM index (Gong & Wang, 1999; Kalnay et al., 1996). (d) Composite map of the
SOCV index (°C) showing the cool minus the warm index (Latif et al., 2013), based on the ERSSTv5 data set over the period 1854–2017 (Huang et al., 2017). After
detrending the record, cool (warm) index years are defined as those with an index lower (higher) than 1.2 std dev below (above) the mean (Latif et al., 2013).
WAIS = West Antarctic Ice Sheet; JRI = James Ross Island; SST = sea surface temperature.
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should be noted that in southern South America, only the 1,150‐yr long lake sediment record from Laguna
Aculeo (33°50′S; 70°54′W; 355 m above sea level) in central Chile (von Gunten et al., 2009) extends beyond
570 cal yr BP in these compilations. Moreover, past reconstructions of the SAM index (Abram et al., 2014),
which are based on temperature, also rely on this reconstruction from 34°S beyond 570 cal yr BP; although at
this latitude, SAM exerts a relatively minor effect on temperature over the period of the instrumental record
(Garreaud et al., 2009; Gillett et al., 2006). Overall, this highlights that improved temporal and spatial cover-
age of temperature reconstruction is needed for the SE Pacific‐southern South America region.

As well as South American records, Antarctic ice cores provide long and high‐resolution temperature records
from the high latitudes of the SE Pacific region. The James Ross Island (JRI) ice core located on the Antarctic
Peninsula (Figure 1a) suggests warming over the last 600 years (Mulvaney et al., 2012), interpreted as reflect-
ing a trend towardmore positive SAM (Abram et al., 2014). Compilations of several ice core records through-
out East and West Antarctica (PAGES‐2K‐Network, 2013) show a general cooling over the last 1,000 yr,
which would be in line with a shift toward positive SAM (Abram et al., 2014). The cooling is most pro-
nounced in the West Antarctic Ice Sheet (WAIS) Divide ice core but is not uniform throughout East and
West Antarctica: It is less pronounced at DSS (Law Dome) and Plateau Remote and not evident at EPICA
DronningMaud Land, reflecting the complexity of Antarctic climate variability (PAGES‐2K‐Network, 2013).

Further inferences about past oceanic and atmospheric circulation patterns can be made from sea surface
temperature (SST) reconstructions from the Southern Ocean and SE Pacific. Existing alkenone SST recon-
structions from the southern Chilean margin tend to cover a longer timespan than the South American lake
and tree records, albeit at lower temporal resolution (25 yr or less). The Chilean margin SST records gener-
ally show a late Holocene cooling transition between about 1,300 and 600 cal yr BP, although the timing var-
ies between records (Caniupán et al., 2014; Kaiser et al., 2005; Lamy et al., 2002; Mohtadi et al., 2007;
Neukom et al., 2014; Sepúlveda et al., 2009). Further south, a TEX86 SST record from ODP1098, located to
the west of the West Antarctic Peninsula, displays warm conditions between 1,700 to 350 cal yr BP, attribu-
ted to La‐Niña‐like conditions (Shevenell et al., 2011). Nonetheless, the lower temporal resolution of these
records allows only limited inferences to be made regarding multicentennial‐scale SST changes over the last
2,000 yr, and thus the evolution of SE Pacific SSTs during the MCA (1,000–700 cal yr BP) and LIA (550–
100 cal yr BP) is not well constrained.

In this study we focus on understanding the SST evolution of the SE Pacific on multicentennial timescales.
We estimate SST using the alkenone unsaturation index measured on sediments from a new marine core
MD07‐3093 located at 44°S on the Chile margin. The high sedimentation rates on the southern Chile margin
provide a unique sediment archive that is both long (2,300 yr) and of high‐resolution (5‐yr sampling resolu-
tion). Such archives are otherwise rare in the ocean‐dominated midlatitude to high latitudes of the
Southern Hemisphere.

2. Setting
2.1. Modern Oceanographic Setting

Surface waters are transported around Antarctica by the Antarctic Circumpolar Current (ACC; Figure 1a).
This is mainly driven by the Southern Hemisphere Westerlies (SHW) as well as buoyancy forcing. The
SHW exhibit maximum intensity at around 55°S (J. Marshall & Speer, 2012). The zonal wind stress of
the SHW generates Ekman upwelling poleward of the SHW maximum and downwelling equatorward
of the maximum. Together with the northward flowing cross‐ACC surface water and poleward flowing
cross‐ACC deep water, this forms the Deacon Cell between 40°S and 60°S. (J. Marshall & Speer, 2012).
The upwelling brings relatively warm deep water masses back to the surface and is thus an important
component of the Atlantic Meridional Overturning Circulation (AMOC; J. Marshall & Speer, 2012).
Surface waters are cooled and downwelled south of 60°S, forming the Antarctic Bottom Water (AABW)
cell. Major sites of AABW formation are the Weddell and Ross Seas (Talley, 1999). Reduced upwelling
and hence reduced AABW formation are thought to lead to surface cooling in the Southern Ocean
(Zhang, Delworth, & Jia, 2017; Zhang, Delworth, & Zeng, 2017).

The surface waters reaching the MD07‐3093 core site are advected northeastward by the northern branch of
the ACC (often referred to as the West Wind Drift) from the central Pacific sector of the subantarctic
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Southern Ocean (ca. 50–55°S) toward the Chile margin (Figure 1a; Chaigneau & Pizarro, 2005). The MD07‐
3093 core site, positioned at ~44°S, is at a similar latitude to the northern ACC bifurcation (Chaigneau &
Pizarro, 2005). To the south of the bifurcation, the Cape Horn Current carries surface water southward
toward the Drake Passage. To the north of the bifurcation, surface water is transported northward by the
Peru Chile Current. Coastal upwelling occurs on the Chile margin north of about 39°S at present: South
of this upwelling is much weaker due to the onshore flow of the SHW (Strub et al., 1998). However, excep-
tions can occur, such as during 2016, when more intense southerly winds promoted upwelling in the coastal
region of western Patagonia (Garreaud, 2018).

2.2. Effect of ENSO and SAM on Chilean Margin SST

Modern‐day instrumental data show that SST and surface air temperature in the SE Pacific region are
affected by ENSO (e.g., Ciasto & Thompson, 2008; Yuan, 2004). El‐Niño (La‐Niña) events exhibit warmer
(cooler) conditions in the tropical Pacific, and in summer, the warming (cooling) progressively extends in
a narrow band along the South American coast toward Central and southern Chile (Figure 1b), driven by
coastally trapped internal waves. In the atmosphere, ENSO is teleconnected to the southern Pacific region:
El‐Niño (La‐Niña) generates shallowing (deepening) of the Amundsen Sea Low, causing cooler (warmer)
SST and expanded (reduced) sea ice in the Bellingshausen Sea, around the West Antarctic Peninsula and
in the Weddell Sea; and causing warming (cooling) and reduced (expanded) sea ice in the Ross and
Amundsen Sea sectors of the Southern Ocean (Ciasto & Thompson, 2008; Garreaud et al., 2009; Yuan, 2004;
Figure 1b). Along the southern Chile margin, however, ENSO SST anomalies are relatively small
(Figure 1b): The largest anomalies (0.5 °C) occur in summer but are not significant during winter.

The SAM is the leadingmode of climate variability in the Southern Hemispheremidlatitude to high latitudes
and describes near zonally symmetric north‐south movements of the midlatitude jet, observed on weekly‐
monthly timescales (Thompson & Wallace, 2000). The positive phase of the SAM is associated with a pole-
ward displacement of the jet, and thus a strengthening of the eastward flow at around 60°S, weakening of the
eastward flow around 40°S, and reduced surface air pressure over Antarctica (Ciasto & Thompson, 2008;
Hall & Visbeck, 2002; Thompson & Wallace, 2000). The positive (negative) phase of SAM is also associated
with a deepening (shallowing) of the Amundsen Sea Low, producing similar high latitude anomalies to La‐
Niña (El‐Niño), that is, warm (cool) anomalies in the Bellingshausen andWeddell Seas and around theWest
Antarctic Peninsula and cool (warm) anomalies in the Ross and Amundsen Seas (Figure 1c; Fogt &
Wovrosh, 2015; Holland & Kwok, 2012; Parkinson & Cavalieri, 2012; Stammerjohn et al., 2008; Steig
et al., 2009; Thompson et al., 2011; Thompson & Solomon, 2002). Positive (negative) SAM results in warm
(cool) SST anomalies along the southern Chilean margin. However, the anomalies are small in magnitude
(Figure 1c), and the largest occur in winter. The SHW strengthening at 60°S results in colder conditions over
the rest of West Antarctica and East Antarctica, as well as anomalous northward Ekman transport of cool
SSTs from the Southern Ocean (Ciasto & Thompson, 2008; Hall & Visbeck, 2002; Zhang, Delworth, &
Zeng, 2017).

Instrumental records covering the last 35 years show that a positive (negative) SAM state often co‐occurs
with La‐Niña (El‐Niño; Figures 2a and 2b) as previously described (Ding et al., 2012; Fogt & Bromwich,
2006; Fogt et al., 2011; Hendon et al., 2014; L'Heureux & Thompson, 2006). Thus, Niño3.4 and SAM indices
exhibit a weak negative correlation that is larger in austral summer (r≈−0.13). In a typical La‐Niña‐positive
SAM coupling situation, La‐Niña causes cooling on the southern Chilean margin, yet positive SAM causes
warming, leading to a small net effect on Chilean margin SSTs (Figure 2c). Large SST anomalies off Chile
are, however, evident when positive SAM combines with El‐Niño or negative SAM combines with La‐
Niña. During 2000, cool conditions associated with La‐Niña were followed by a sharp shift to negative
SAM resulting in a major drop in SST off Chile (Figure 2c; blue bar in Figure 2). During 2009, there was a
transition from La‐Niña to El‐Niño, but the effect was offset by the concurrent transition from a positive
to negative SAM polarity, resulting in a shift to cold conditions off southern Chile (blue bar in Figure 2).
During 2010, although SAM changed from negative to positive polarity (reaching +1.2 by the end of
2010), the simultaneous development of La‐Niña maintained the cold SST off Chile (Figure 2c). Over the last
30 years, we also witnessed periods in which strong El‐Niño events (1998 and 2016, red bars in Figure 2)
developed in concert with the positive phase of SAM. For instance, a major El‐Niño event began in 2015
and culminated in the austral summer of 2016 with Niño3.4 exceeding 2.5 °C. At the same time, the SAM
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index reached one of the highest positive values on record. In this case, both the positive SAM and the strong
El‐Niño fostered a major warming in the coastal ocean off southern Chile leading to major environmental
disruptions in that region (Garreaud, 2018).

2.3. SOCV

A detailed assessment on longer timescales is difficult due to the sparseness of long instrumental data sets.
Nonetheless, the Extended Reconstructed Sea Surface Temperature (ERSST) v5 data set (Huang et al., 2017)
is considered suitable for the assessment of longer‐term basin wide changes. This data set has been used to
describe centennial temperature variability in the Southern Ocean and used to derive the Southern Ocean
Centennial Variability (SOCV) index (Latif et al., 2013), which is based on zonal mean SST 50°S to 70°S over
the last 160 yr (ERSSTv5: 1854 to 2017). This SST data set highlights an oscillation from warm conditions at
the end of the nineteenth century to cool conditions at the start of the twentieth Century and back to warmer
conditions toward the end of the twentieth Century (Figure 2f). The SST composite map (Figure 1d)

Figure 2. Instrumental time series. (a) SAM phase based on the NOAA index (Gong & Wang, 1999; Kalnay et al., 1996).
(b) NIÑO3.4 SST anomaly (Kalnay et al., 1996). (c) Southern Chilean margin SST anomaly (mean for the region 41–51°S
and 275–285°W). Cross correlation with SAM displays r = 0.23 with no lag. Cross correlation with NIÑO3.4 displays
r = 0.33 with a lag of about 8 months. Blue bars mark southern Chilean margin cold SST anomalies and red bars warm
anomalies. (d) Air temperature anomaly for the region of the WAIS Divide ice core (mean for the region 75–85°S and
245–250°W). Cross correlation with SAM displays r = −0.20. (e) Zonal wind strength anomaly in the southern Pacific
(mean for the region 55 to 70°S and 200–280°W). Cross correlation with WAIS Divide air temperature displays r = −0.19.
Cross correlation with SAM phase displays r= 0.71. (f) Zonal mean SST between 50°S and 70°S over the period 1854–2017
based on the ERSSTv5 data set (Huang et al., 2017). WAIS = West Antarctic Ice Sheet; SST = sea surface temperature;
SAM = Southern Annular Mode.
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illustrates that centennial‐scale cool SSTs on the Chile margin are in
phase with the cool SSTs in the Southern Ocean over this period.

Themechanism to explain SOCV is related to the deep convection, similar
to the proposed cause of Weddell Sea ice melting in the 1970s (Gordon,
1978): Gradual surface buildup of freshwater from advection or melting
of sea ice acts as a cap, stalling deep convection; subsequent gradual accu-
mulation of heat at intermediate depths eventually destabilizes the water
column, generating deep convection and warming at the surface (Martin
et al., 2013; Zhang, Delworth, & Jia, 2017).

3. Material and Methods
3.1. Core Material

Piston core MD07‐3093 was taken in 2007 during the PACHIDERME
Cruise (Kissel & Leau, 2007) at 44°09.03′S, 075°09.05′W and 1,129‐m water depth (Figure 1a). This core site
is located at a sediment drift site on the continental slope (Kissel & Leau, 2007). Small centimeter‐scale tur-
bidites in the core were identified with XRF scanner Fe/Ca and radiograph (sediment density) data mea-
sured every millimeter using an ITRAX core scanner, with a Cr tube operated at 30 kv and 30 mA and an
exposure time of 15 s, at the Institute for Baltic Sea Research, Warnemünde. The intervals corresponding
to turbidites were removed from the composite depth of the core to produce an event‐free depth scale.

3.2. Age Model

The age‐depth model for marine sediment core MD07‐3093 is based on 10 radiocarbon measurements
(Table 1) and, to assist with estimation of the surface ocean reservoir age, 17 210Pb measurements
(Figures 3a and 3b). Radiocarbon was measured on 2.3–5.9 mg of Globigerina bulloides foraminifera at the
Keck carbon cycle Accelerator Mass Spectrometry facility, University of California, Irvine. 210Pb, 226Ra,
and 137Cs were measured at the Alfred Wegener Institute, Bremerhaven. About 7 g of pulverized dry sedi-
ment were analyzed for at least 48 hr each by nondestructive gamma spectrometry using a Canberra
Broad Energy GE‐Detector. Unsupported 210Pb (airborne, not produced in the sediment by decay of
226Ra) was calculated for each sample by subtracting the supported 210Pb that is based on 226Ra
(210Pbsupp) from the measured total activity of 210Pb in the sample (Figure 3a).

Previous estimates of the surface ocean reservoir age from the Chile margin tend to be higher than the
global mean of 400 yr (i.e., ΔR tends to be >0). A ΔR estimate of 390 ± 160 yr was made using foram
and charcoal ages of tephra from core MD07‐3088 on the Chilean margin (46°04.30′S; 075°41.23′W;
1,536‐m water depth) for the time period between 1,700 and 4,000 cal yr BP (Siani et al., 2013). A ΔR
estimate of 380 ± 120 yr was made on co‐occuring carbonate and wood in core JPC‐42 from Canal

Table 1
Uncalibrated Radiocarbon Ages (Not Reservoir Corrected) for MD07‐3093

Lab code
Depth
(cm)

Depth (turbidite
corrected; cm)

AMS 14C
age (yr)

Error
(yr)

UCIAMS133203 68 52 630 20
UCIAMS133204 119 103 685 20
UCIAMS133205 219 197 810 20
UCIAMS133206 319 297 1,140 20
UCIAMS133207 419 391 1,420 25
UCIAMS133208 519 477 1,675 20
UCIAMS133209 669 624 2,015 20
UCIAMS133210 719 674 2,150 20
UCIAMS133211 819 773 2,420 20
UCIAMS133212 919 870 2,640 20

Figure 3. Age model for core MD07‐3093. (a) Unsupported 210Pb (red) and total 210Pb (blue) versus depth profile for core MD07‐3093. Error bars for the measure-
ments are shown. Supported 210Pb yielded a mean value of 49 ± 7 Bq/kg. The 137Cs bomb spike was not detected, as expected in the Southern Hemisphere. (b) Age‐
depth model for core MD07‐3093 (cal yr BP) based on 210Pb (green) and radiocarbon (blue) ages.
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Wide in the Chilean Fjords (49°55′S; 074°23′W; 904‐m water depth) at an age of 794 cal yr BP (Caniupán
et al., 2014). However, a number of other studies from further afield on the Chilean margin suggest smal-
ler ΔR estimates, including an estimate of 165 ± 107 yr made on coastal shells at 30–33°S in central Chile
(Carré et al., 2016) and 203 ± 41 yr on molluscs from the Puerto Natales region at 51°S (Ingram &
Southon, 1996).

The 210Pb profile displays an exponential decrease in unsupported 210Pb activity with depth (Figure 3a). A
turbidite was evident in the 210Pb profile between 46‐ and 31‐cm sediment depth, and depths have subse-
quently been corrected to account for this. The top 15 cm of sediment were absent in core MD07‐3093 and
CASQ core MD07‐3094 (retrieved from the same site as MD07‐3093), likely representing loss of the uncon-
solidated sediment‐water interface during coring at this high sedimentation rate site. Thus, to estimate the
initial 210Pb content for core MD07‐3093, we analyzed the uppermost 1 cm of sediment from multicore
GeoB7186‐1 (44°09.52′S; 075°09.52′W; 1,171‐mwater depth; in close proximity to MD07‐3093). This exhibits
210Pb activity of 1,592 Bq/kg (Figure 3a).

Ages were generated from the MD07‐3093 210Pb profile using the constant rate of supply model (Appleby,
2001), which the most suitable for variable sedimentation rates. Dry bulk density was estimated based on
multisensor core logger data (Kissel & Leau, 2007).

To estimate the reservoir age for MD07‐3093, we input both the 210Pb and radiocarbon ages into a
P_Sequence routine in OxCal 4.2 (Bronk Ramsey, 2008), using the Marine13 calibration curve. This yielded
a posterior ΔR of 184 ± 51 yr, in agreement with recent results of pre‐bomb ΔR values for the same area
(Merino‐Campos et al., 2018). Due to the lack of constraints further down core, we held the reservoir age
constant throughout the last 2,000 yr. To generate the age model, we used BACON2.2, using a ΔR of
184 ± 51 yr (Figure 3b). We used the following priors: accumulation shape and mean of 0.8 and 5, respec-
tively, memory strength and mean of 30 and 0.4, respectively, section thickness of 6 cm, and ages follow a
normal distribution. The BACON‐derived age model provided us with Markov chain Monte Carlo estimates
of combined age and proxy uncertainty. Mean confidence range (95%) on the agemodel is 180 yr over the last
2,300 yr and ranges between 10 yr at the top and 380 yr at the bottom (Figure 3b). The average sedimentation
rate for core MD07‐3093 over the last 2,300 yr is 4 m/Kyr.

3.3. Alkenone Analysis

Five hundred 1‐cm‐thick sediment samples were taken between 0‐ and 10‐m depth every 2 cm using a spa-
tula, resulting in an average sampling resolution of 5 years. Two to five grams (dry weight) of freeze dried
and ground sediment was extracted using a DIONEX ASE350 accelerated solvent extractor at 100 °C using
dichloromethane (DCM) for 5 min. The ketone fraction was obtained by elution of the dried lipid extract
over a silica gel column (1 g, mesh size 60). To avoid coelution with the alkenones, alkyl alkenoates and
the apolar fraction were first removed by elution with 5‐ml Hexane/DCM 1:1, and the ketone fraction was
subsequently eluted with 5‐ml DCM.

Alkenone analysis was performed on an Agilent 7890A gas chromatograph equipped with a GerstelC506
Cooled Injection System (injected at 60 °C, heated at 12 °C/s, and then held at 320 °C for 5 min) and a
flame ionization detector. The column was an Agilent DB‐1MS column (60 m × 0.32 mm) with film
thickness 0.25 μm, and helium was used as carrier gas at 1.5 ml/min. The gas chromatograph was held
at 60 °C for 3 min, heated at 20 °C/min to 150 °C, heated at 6 °C/min to 320 °C, and held at 320 °C
for 40 min. Duplicate analyses (n = 205) yield an analytical precision of 0.1 °C (1σ). Repeated analysis
of an external alkenone standard cultured at 6 °C yielded a precision of 0.3 °C. We calculated the mod-
ified alkenone unsaturation index UK′

37 = (C37:2) / (C37:3 + C37:2) (Brassell et al., 1986; Prahl et al., 1988)
and calculated SST using the culture calibration UK′

37 = 0.034 × T + 0.039 (Prahl et al., 1988). This is
confirmed by SE Pacific (Prahl et al., 2006) and global (Müller et al., 1998) core‐top calibrations, the later
of which has a standard error of 1.5 °C.

3.4. Statistical Methods

The timing of the main cooling transition was determined using Significant Zero crossings of derivatives
(SiZer) analysis (Chaudhuri & Marron, 1999). This creates a family of Gaussian smooths for the data and
for each smooth identifies the time periods during which the derivative is significantly different from
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zero. The degree of smoothing is based on the Ruppert‐Sheather‐Wand bandwidth, the optimal smoothing
for the data set (Ruppert et al., 1995).

Given existing evidence for climate variability on multicentennial timescales in the tropical Pacific (Oppo
et al., 2009; Yan et al., 2011) and in southern South America (Moreno et al., 2014), we filtered our record
to isolate climate variability at multicentennial timescales from that at millennial timescales. We used the
Analyseries 2.0 software (Paillard et al., 1996) to bandpass filter our record with a piecewise linear filter.
We filtered out millennial timescale variability (period > 1,000 yr) as well as high frequency
variability (period < 100 yr).

4. Results

The core‐top SST value fromMD07‐3093 is 12.5 °C (Figure 4a), within the alkenone‐SST calibration error of
the modern‐day mean annual SST (12.1 °C) at the core site (Locarnini et al., 2013). The slight overestimation
may be due to a small bias of the alkenone SST toward the spring and summer blooming season (Caniupán
et al., 2014).

Over the past 2,300 yr, SST values range between 14.3 and 12.2 °C (Figure 4a), and hence most of the record
is warmer than today. The earlier half of the record is relatively warm and stable and displays a gradual
warming from 13.2 °C at 2,300 cal yr BP to 14 °C at 1,200 cal yr BP. The largest feature of the record is
the cooling transition from 14 to 12.5 °C between 1,100 and 600 cal yr BP (Figure 4a). This is followed by
warming to 13.5 °C at 300 cal yr BP and then cooling to 12.5 °C at present day.

Multicentennial variability is more clearly highlighted in the filtered record (Figure 4b) and is most pro-
nounced over the last 1,200 year. The record exhibits relatively warm conditions during the periods 1,200–
950 and 500–200 cal yr BP and relatively cool conditions during the periods 950–500 cal yr BP and 200 cal yr
BP to present (Figure 4b). The mean difference between the periods is of magnitude 0.5 °C.

5. Discussion
5.1. Late Holocene Cooling

MD07‐3093 SSTs display a large magnitude cooling transition of 1.5 °C between about 1,100 and 600 cal yr
BP (Figure 5a). A similar magnitude cooling transition is observed in other Chilean margin SST records,
including marine core GeoB7186‐3 (44°08.96′S; 075°09.49′W; 1,169‐m water depth; Figure 5b; Mohtadi

Figure 4. MD07‐3093 SST record. (a) MD07‐3093 alkenone SST record on the southern Chilean margin. (b) Bandpass‐fil-
tered SST showing only variability with periods between 1,000 and 100 yr. Gray confidence intervals (68% and 95%)
include analytical precision and age model error. SST = sea surface temperature.
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et al., 2007), fjord core CF7‐PC33 from Jacaf fjord (44°20.00′S; 072°58.15′W; 510‐m water depth; Figure 5c;
Sepúlveda et al., 2009), marine core MD07‐3088 (46°04.30′S; 075°41.23′W; 1,536‐m water depth; Figure 5d;
Haddam et al., 2018), and fjord core MD07‐3124 from Canal Concepcion (50°30.96′S; 74°58.33′W; 564‐m
water depth; Figure 5e; Caniupán et al., 2014).

There are, however, some differences in the timing and duration of the cooling transition between the
Chileanmargin records. Cooling is more gradual in core GeoB7186‐3 (1,550–550 cal yr BP; Figure 5b), which
is from close proximity to the MD07‐3093 coring site. The timing difference is probably attributable to the
age model uncertainty (95%) of the two cores (± 90 yr at 1,100–600 yr BP for MD07‐3093 and ± 120 yr at
1,550–550 yr BP for GeoB7186‐3) and to a stronger effect of bioturbation on the lower sedimentation rate
GeoB7186‐3 core. Furthermore, due to its low sedimentation rate, SiZer selects a higher bandwidth (more
smooth) smoothing curve for the GeoB7186‐3 record.

From the same latitude as MD07‐3093, fjord core CF7‐PC33 from Jacaf fjord (Figure 5c) displays a similar
magnitude and trend but the change is more abrupt (cooling between 1,050 to 900 cal yr BP) and SSTs in this
record are slightly lower and much more variable (Caniupán et al., 2014) than our marine record. This may
reflect the marked spatial and temporal salinity variations in the fjords (Schneider et al., 2014), which may
modify the alkenone unsaturation index independently of temperature (Schulz et al., 2000).

The cooling was later and more gradual in cores located further south along the Chilean margin: MD07‐
3088, an open ocean core, displays cooling between 1,000 and 400 (Figure 5d), and MD07‐3124 in Canal
Concepcion displays cooling between 1,100 and 300 cal yr BP (Figure 5e). In these cases, as well as the
age model uncertainty, the spatial variability of the marine reservoir age was likely an additional contributor
to the uncertainty. Timing issues aside, a late Holocene cooling of about 1.5 °C is a clear feature of Chile
margin SSTs.

We suggest that the SST cooling between 1,100 and 600 cal yr BP is associated with a deep circulation slow-
down that was triggered by a sea ice increase, in turn related to ENSO. A shift toward stronger ENSO varia-
bility is observed at about 1,100 cal yr BP in the Lake Pallcacocha record (Figure 5f) from Ecuador (Moy
et al., 2002). El‐Niño events are known to increase sea ice in the Weddell Sea (Yuan, 2004). We suggest that
melting of this sea ice produced a freshwater cap that was able to reduce the upwelling of the AABW, cooling
the Southern Ocean and southern Chile margin SST, as has been shown in models (Park & Latif, 2008;
Zhang, Delworth, & Jia, 2017). We propose that prior to 1,100 cal yr BP, AABW convection was stronger
and/or more frequent, while after 600 cal yr BP, AABW convection was weaker and/or less frequent.

Southern Ocean cooling is expected to have further enhanced sea ice cover in the Southern Ocean (Park &
Latif, 2008; Zhang, Delworth, & Jia, 2017). This is in accordance with two records displaying increased sea
ice in the western Ross Sea at a similar timing (between 1,250 and 650 cal yr BP) to the cooling
(Figure 5g; Mezgec et al., 2017). Late Holocene sea‐ice increases are also observed to the west of the Ross
Sea (Denis et al., 2010), to the west of the West Antarctic Peninsula (Etourneau et al., 2013), and in the
Eastern Ross Sea (Mayewski et al., 2013). Associated ice‐albedo and ice‐insulation feedbacks (Renssen
et al., 2005; Varma et al., 2012) may have contributed to the rapidity of the cooling and sea‐ice expansion.

Cooling is observed in the compilation of Antarctic ice core records (PAGES‐2K‐Network, 2013) between
1,050 and 650 cal yr BP (Figure 5h), a similar timing to our SST record. This cooling is likely partly explained
by the Southern Ocean cooling and increased sea ice cover. In addition, however, Southern Ocean cooling
likely generated a poleward shift of the SHW (Latif et al., 2013; Zhang, Delworth, & Jia, 2017), further cool-
ing Antarctica (Gillett et al., 2006). Antarctic cooling is most pronounced in the WAIS Divide ice core
(Figure 5i), which shows evidence for cooling between 1,150 and 900 cal yr BP (Fegyveresi et al., 2011;
WAIS‐Divide‐Project‐Members, 2013). Modern instrumental records show that temperature at WAIS
Divide is weakly negatively correlated (r = −0.19) to the strength of the zonal winds in the Amundsen‐
Bellingshausen Sea sector of the southern Pacific (Figures 2d and 2e). Stronger, more zonal winds coincide
with weaker meridional winds in this region (weaker warm, northerly flow) and hence cooler temperatures
at WAIS Divide. Thus, the Antarctic cooling (Figures 5h and 5i) may represent a shift frommore meridional,
northerly flow prior to 1,100 cal yr BP toward more zonal flow subsequent to 600 cal yr BP. This mechanism
would not, however, explain why JRI does not display temperature transition at this time (Figure 5j). One
possible explanation for this might be a concurrent shift in the position of the Amundsen Sea Low, which
is also important for temperatures in West Antarctica (Hosking et al., 2013).
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Figure 5. Late Holocene cooling on the southern Chilean margin and in Antarctica. (a) Alkenone SST record fromMD07‐3093 (this study). (b) Alkenone SST from
GeoB7186‐3 (Mohtadi et al., 2007). Similar to MD07‐3093, the age model was calculated with BACON2.2, using the Marine13 calibration and ΔR = 184 ± 51 yr.
(c) Alkenone SST from CF7‐PC33 in Jacaf fjord (Sepúlveda et al., 2009). Ages were recalibrated with IntCal13 and calculated using BACON2.2. (d) Alkenone SST
record from core MD07‐3088 (Haddam et al., 2018). (e) Alkenone SST record from MD07‐3124 in Canal Concepcion fjord 51°S (Caniupán et al., 2014). Ages were
recalibrated with IntCal13 and calculated using BACON2.2 with a reservoir age of 780 yr. (f) El‐Niño Southern Oscillation variability from Laguna Pallcacocha
(Moy et al., 2002). (g) Sea ice reconstructions from cores WRS_CH and WRS_WB, in the western Ross Sea (Mezgec et al., 2017). (h) PAGES 2K Antarctic tem-
perature anomaly (PAGES‐2K‐Network, 2013). (i) δ18O from theWAIS Divide ice core (WAIS‐Divide‐Project‐Members, 2013). (j) δD from the James Ross Island ice
core (Mulvaney et al., 2012). Thick lines represent the Ruppert‐Sheather‐Wand smooth. Periods of significant cooling are highlighted as a thick red line. All
annual ice core data were first binned into 5‐year bins (shown in h–j; a temporal resolution similar to MD07‐3093), before SiZer analysis. Gray bar marks the timing
of cooling in theMD07‐3093 record. Diamonds are radiocarbon age control points from the SST records. SST = sea surface temperature; WAIS =West Antarctic Ice
Sheet.
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Most South American terrestrial temperature records do not feature a cooling transition between 1,100 and
600 cal yr BP (Figure 6; described in section 5.2). The absence of a cooling transition may be attributable to
the poleward shift of the SHW. Increased westerly and northerly flow into southern South America during
summer causes terrestrial warming (Moreno et al., 2014; Thompson et al., 2011) and thus could have coun-
teracted any influence of SST cooling.

5.2. Multicentennial‐Scale SST Variability

In addition to the late Holocene (1,100–600 cal yr BP) cooling transition, the filteredMD07‐3093 record high-
lights SST variability on multicentennial timescales over the last 1,200 cal yr BP. This includes multicenten-
nial warm periods from 1,200 to 950 and 500 to 200 cal yr BP and cool periods from 950 to 500 cal yr BP and
200 cal yr BP to present (Figure 6a). The mean (95%) uncertainty on the age of the SST record (±90 yr) is
smaller than the period of this multicentennial variability. Multicentennial variability is evident in South
American lake temperature records, records of SAM, Northern Hemisphere temperature records, and
records of ENSO. Below, we discuss the possible mechanistic links to southern Chilean margin SST.

In terms of South American lake temperature records, Laguna Escondida (45°31′S, 71°49′W) exhibits some
similarities to our SST record (Figure 6b), with relatively warm conditions from 1,050 to 750 BP, 1 °C cooler
conditions from 750 to 500 cal yr BP, and warmer conditions from 500 to 250 cal yr BP (Elbert et al., 2013).

Figure 6. Comparison with South American terrestrial temperature records. (a) Southern Chilean margin SST from
MD07‐3093. (b) Annual temperature anomaly from Laguna Escondida (Elbert et al., 2013). (c) Summer (December–
February) temperature anomaly from Laguna Aculeo (von Gunten et al., 2009). (d) Summer (November–February) tem-
perature anomaly from Laguna Chepical (de Jong et al., 2013). (e) Pollen z‐score values from Lago Cipreses, 52°S in
southwestern Patagonia: Higher/lower values indicate warmer/cooler conditions and positive/negative Southern Annular
Mode (Moreno et al., 2014). All are bandpass filtered so as to show variability with periods between 1,000 and 100 yr.
SST = sea surface temperature; LIA = Little Ice Age; MCA = Medieval Climate Anomaly.
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However, the two records differ prior to 1,050 cal yr BP. Two terrestrial temperature records from further
north display quite different multicentennial‐scale variability to our record: Laguna Aculeo (33°50′S;
70°54′W) displays warm conditions from 850–650 cal yr BP and 1 °C cooler conditions from 650–250 cal yr
BP (Figure 6c), almost in antiphase to Laguna Escondida and MD07‐3093. Laguna Chepical (32°16′S; 70°30′
W) displays a slightly warmer phase 950 to 500 cal yr BP and two 0.5 °C cooler phases between 500 and 100 yr
BP (de Jong et al., 2013; Figure 6d). The pollen record from Lago Cipreses located further south (51°17′S;
72°50′W) displays a different evolution (Figure 6e) and was interpreted in terms of SAM: Cold and wet con-
ditions during the periods 800–100 and 1,400–1,100 cal yr BP were interpreted as negative SAM, while warm
and dry conditions during the period 1,100–800 cal yr BP and over the last 100 yr were interpreted as positive
SAM (Moreno et al., 2014). The discrepancies between the lake records and MD07‐3093 SST may reflect
regional climate variability (Villalba et al., 2003), and it would be expected that this would be more effec-
tively captured in the smaller lake catchments than in a marine record.

Other records have also been interpreted in terms of SAM variability. Increased dust in the WAIS Divide ice
core between 900 and 550 cal yr BP, broadly coeval with the MCA (1,000 to 700 cal yr BP), was interpreted as
positive SAM (Koffman et al., 2013). Changes in the SHW have been shown to be sensitive to solar variabil-
ity, and climate modeling suggests a poleward shift of the SHW during the MCA (Varma et al., 2011). Ice
cores provide mixed evidence for multicentennial timescale SAM variability. There is evidence from the
DSS (Law Dome) ice core for multicentennial temperature variability (Figure 7b): Cooler conditions during
the MCA and warmer conditions during the LIA would support positive SAM during the MCA and negative
SAM during the LIA. At this site, however, the influence of ENSO must be borne in mind (Vance et al.,
2013). In contrast to DSS (Law Dome), however, there is no evidence for a warm MCA and cool LIA from
the JRI ice core (Figure 5j), as would be expected from positive and negative SAM phases, respectively.
Thus, the expression of SAM is rather inconsistent throughout South America and Antarctica. Chilean mar-
gin SSTs fromMD07‐3093 display relatively cool conditions between 950 and 500 cal yr BP (Figure 7a). Based
on instrumental data (Figure 1c), this would point to negative SAM, rather than positive SAM, in disagree-
ment with most of the records described above. Moreover, we note the relatively small effect of SAM on
Chilean margin SST on instrumental timescales. Consequently, it seems unlikely that multicentennial
SAM variability alone was the main driver of Chilean margin multicentennial SST.

Chilean margin multicentennial SST variability appears to display an almost antiphase relationship to tem-
perature in the Northern Hemisphere (Figure 7c). The periods of cool conditions (950 to 500 cal yr BP and
200 cal yr BP to present) in our record are broadly coeval with the warm conditions in the Northern
Hemisphere (MCA; 1,000 to 700 cal yr BP and the twentieth Century warming), while the period of warm
conditions in our record (500 to 200 cal yr BP) is broadly coeval with cool conditions in the Northern
Hemisphere (LIA; 550 to 100 cal yr BP). The two regions may be mechanistically linked via AMOC and
the internally driven multicentennial timescale variability of the Southern Ocean deep convection (SOCV;
Martin et al., 2013). The multicentennial variability is driven by processes internal to the Southern Ocean
(buildup of heat at intermediate depth or freshwater at the surface), which have been shown to oscillate
on timescales of a few centuries and result in surface temperature changes in the Southern Ocean and south-
ern Chile margin (Latif et al., 2013; Martin et al., 2013; Zhang, Delworth, & Jia, 2017). Reduced (increased)
AABW formation is also associated with increased (reduced) North Atlantic Deep Water formation and
strengthening (weakening) of AMOC, via the bipolar seesaw (Martin et al., 2013, 2015). This would result
in warming (cooling) in the North Atlantic region at a similar timing to the cooling (warming) in the
Southern Ocean and Chilean margin and could therefore explain the antiphase behavior with the
Northern Hemisphere (Figures 7a and 7c). It is also possible that the AMOC changes and Southern Ocean
cooling acted as a coupled feedback (Zhang, Delworth, & Zeng, 2017).

ENSO records display clear variability on multicentennial timescales (Yan et al., 2011), and this would be an
alternative mechanism to explain the multicentennial Chilean SST variability. Instrumental data show that
El‐Niño leads to warm southern Chilean margin SSTs and La‐Niña tends to cool SSTs (Figures 1b, 2b, and
2c). Based on this, cooler Chilean margin SSTs from 950–500 cal yr BP and from 200 cal yr BP to present
would point to La‐Niña‐like conditions, while warmer SSTs observed from 1,200–950 and 500–200 cal yr
BP would suggest El‐Niño‐like conditions. Taken in combination with the tropical SST proxies (Cobb
et al., 2003; Oppo et al., 2009) from the Central andWestern Pacific, it would suggest El Niño‐like conditions
from 1,200 to 950 and 500 to 200 cal yr BP and La Niña‐like conditions from 950 to 500 cal yr BP and from
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200 cal yr BP to present (Figure 7d). Nonetheless, other, often hydrological, ENSO records suggest the
opposite pattern, that is, more La‐Niña‐like conditions during the LIA and El‐Niño‐like conditions during
the MCA (Conroy et al., 2008; Yan et al., 2011), while other temperature records from the eastern tropical
Pacific show warming since the MCA (Conroy et al., 2009). Therefore, the main cause of multicentennial
variability is probably not simply related to El‐Niño‐like versus La‐Niña‐like states. Differences between
the ENSO records described above may be attributable to changes in the spatial expression of ENSO
anomalies over multicentennial timescales, similar to that observed over the last few decades (Sulca et al.,
2018; Yeo & Kim, 2015). In a similar vein, because modern day Chilean margin SST appears to be
sensitive to the phasing of individual SAM and ENSO events (see section 2.2), we propose that, as an
alternative to internal SOCV, multicentennial southern Chilean margin SST variability is linked to
changes in the phasing of the coupling of ENSO and SAM events. Specifically, we suggest that warmer
periods (1,200–950 and 500–200 cal yr BP) could represent more frequent co‐occurrence of El‐Niños and
positive SAM events, while cooler periods (950–500 cal yr BP and 200 cal yr BP to present) represent more
frequent co‐occurrences of La‐Niñas and negative SAM events. Solar variability would be a potential
driver of the changes in ENSO and SAM coupling. Increased (decreased) Total Solar Irradiance has been
shown to promote La‐Niña‐like (El‐Niño‐like) conditions by enhancement of the trade winds (Mann
et al., 2005). Similarly, the SHW are sensitive to the 11‐yr solar cycle (Haigh et al., 2005) and solar
variability on centennial timescales (Varma et al., 2011), and thus solar variability might be expected to
exert an influence on the SAM. Therefore, it is plausible that solar variability may have controlled the
phasing of ENSO and the SAM, and this remains an interesting avenue for further climate
modeling research.

Figure 7. Multicentennial variability. (a) Southern Chile margin SST fromMD07‐3093. (b) DSS (Law Dome) ice core tem-
perature anomaly (PAGES‐2K‐Network, 2013). (c) Northern hemisphere temperature compilation (Moberg et al., 2005).
(d) Indo‐Pacific Warm Pool SST record (Oppo et al., 2009), from cores BJ8 and MD60: Warmer SST reflects La‐Niña
like conditions. All are bandpass filtered so as to show variability with periods between 1,000 and 100 yr. SST = sea surface
temperature; LIA = Little Ice Age; MCA = Medieval Climate Anomaly.
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6. Conclusions

We have presented a high‐resolution alkenone SST record from the Chile margin at 44°S spanning the last
2,300 years with decadal resolution. The record displays two main features: (1) a large magnitude cooling
transition of 1.5 °C between 1,100 and 600 cal yr BP and (2) smaller magnitude multicentennial‐scale varia-
bility. The cooling transition parallels other Chilean margin SST records and appears to be coeval with
Antarctic cooling. We suggest that increased freshwater from sea ice in the Weddell Sea, in turn associated
with stronger ENSO variability, led to a reduction of Southern Ocean deep convection. This cooled the
Southern Ocean and southern Chilean margin between 1,100 and 600 cal yr BP, which resulted in a pole-
ward shift and strengthening of the SHW, further cooling Antarctica.

Multicentennial SST variability includes a period of cooler SSTs between 950–500 cal yr BP and a period war-
mer SSTs 500–200 cal yr BP, broadly corresponding to the timingMCA and LIA, respectively. Thus, tempera-
ture in the SE Pacific appears to have responded out of phase with temperature in the Northern Hemisphere.
The multicentennial Chile margin SST variability may reflect two potential processes. The first possibility is
Southern Ocean internal variability, which oscillates unforced at multicentennial timescales. The second
possibility is multicentennial variability in the phasing of individual ENSO and SAM events.
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