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Abstract The last interglacial (LIG; Marine Isotope Substage 5e, ~127-117 ka) experienced globally
warmer than modern temperatures; however, profound differences in regional climate occurred that are
relevant to the assessment of future climate change scenarios. Tropical Atlantic sea surface temperature
(SST) and hydrology are intrinsic to the spatiotemporal evolution of past and future climate. We present
eight monthly resolved coral Sr/Ca and 80 records (130-118 ka) to reconstruct mean western tropical
Atlantic SST and seawater 8'®0 changes during the LIG. Cooler and fresher than modern surface waters are
indicated for the middle of the LIG at ~126 ka. This was followed by a rapid transition to modern-like SSTs
and salinities that characterized the remaining part of the LIG. Our results, which account for differences
found among corals, proxies, and SST calibration uncertainties, agree with western tropical Atlantic
sediment records. Together, they suggest that an oceanic regime existed that differed from today.

Plain Language Summary The last interglacial is a period of time that occurred approximately
~127 to 117 thousand years ago and experienced globally warmer than modern temperatures, similar to
those predicted by computer simulations of future climate change. However, little is known about the
temperature and hydrology of the tropical oceans at this time. We analyzed fossil Caribbean corals that lived
between 130 and 118 thousand years ago and record within their structures the properties of the seawater
they inhabited. From these we reconstructed snapshots of past mean sea surface temperatures and the
changing influences of regional ocean currents. Surprisingly, we found cooler and fresher than modern
surface waters occurred within the tropical Atlantic at ~126 thousand years ago, a time usually

associated with peak global warming. These anomalous conditions were followed by a rapid transition to
modern-like sea surface temperatures and salinities that went on to define the remaining part of the LIG
until ~118 ka. Our results agree with other reconstructions of last interglacial climate derived from tropical
Atlantic sediment records. Together, they suggest changes in ocean currents that transport waters into the
Caribbean and we highlight the complementary use of widely different marine archives to assess past
climate change.

1. Introduction

The warmer climate of the last interglacial (LIG; Marine Isotope Substage (MIS) 5e, 127-117 ka) is partially
analogous to that expected during future climate change scenarios. Moreover, a greater understanding of
past climatic spatiotemporal evolution is required to better contextualize anthropogenic influences upon
present and future climate. Recent compilations of sea surface temperatures (SST) have reconstructed a
range from ~2 °C warmer than preindustrial (P.I.) to no significant change in global temperatures
(CLIMAP project members, 1984; McKay et al., 2011; Otto-Bliesner et al., 2013; Turney & Jones, 2010)
during the LIG. These values are comparable to future climate change projections and identify the LIG as
a useful analogy of warmer than modern SST requiring further environmental characterization.
Importantly, the LIG differed from present due to an orbital configuration that promoted increased season-
ality of insolation in the Northern Hemisphere (Berger, 1978) and regional differences, such as pronounced
warming in the extratropics (>23.5°N and 23.5°S) (Capron et al., 2014). Although the LIG is not a perfect
analog for future climate change, insights can be gained into the feedback mechanisms and drivers that
underpin future climate change scenarios at a regional scale (Fischer et al., 2018). For instance, the
Atlantic Meridional Overturning Circulation (AMOC) plays an important role in regulating the heat capa-
city of the oceans and paleoclimate records suggest that it was repeatedly weakened during the LIG
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(Tzedakis et al., 2012, 2018). AMOC dynamics are partly governed by the heat and freshwater budget of the
Caribbean Sea and tropical Atlantic (Leduc et al., 2007) and so this region is important to the understanding
of climate change.

Records of foraminifera §'%0, Mg/Ca, and assemblages, as well as alkenones (U¥'3,) recovered from marine
sediment cores, are typically used to explore tropical Atlantic mean SSTs. Foraminifera Mg/Ca-SST and §'%0
records may be used to calculate the 8180 content of seawater (§'®Ogeawater), an indicator of past hydrocli-
mate change. Similarly, within the skeletal remains of corals, Sr/Ca can be measured to reconstruct SSTs
and, when paired with coral 5'80 measurements, 8'®Ogeawater Values can be isolated (Brocas et al., 2018a;
Felis et al., 2004, 2015; McCulloch et al., 1994). LIG sedimentary records reliable explore the broad variabil-
ity of mean LIG tropical Atlantic climate from single measurements representing centennial to millennial
time intervals. However, the age models that underpin these single measurements are reliant on orbital tun-
ing methods. Fossil corals, absolutely dated using >*°Th/U techniques with well-constrained uncertainties
(Obert et al., 2016), offer independent, short (<100 years) and internally consistent records that portray
the response to climatic variability on subseasonal to annual time scales. This allows mean values to be cal-
culated from hundreds to thousands of individual monthly measurements which are easier than marine
sediment records to assess for any diagenetic contamination and unidentified seasonal bias. The interpreta-
tion of sedimentary records may be limited by assumption of globally synchronous LIG warmth, lower sam-
pling resolution, possible seasonal bias in proxies, temporal averaging in core sampling, choice of proxy
calibration, and age uncertainties (Hoffman et al., 2017; Leduc et al., 2010). Whereas, fossil coral reconstruc-
tions must consider uncertainties associated with unknown water depth (paleoreef environment), life his-
tories, biological kinetic effects, and uncertainties regarding individual coral proxy sensitive to SST
(DeLong et al., 2010; Felis et al., 2004, 2015; Flannery et al., 2017). Such proxy-specific attributes and uncer-
tainties can be complementary, and so we seek commonalities between coral and sedimentary paleoclimate
records with the aim of better constraining LIG spatiotemporal temperature and hydrological change.
Previously, fossil corals have reconstructed modern-like tropical Atlantic SSTs and 58 0geawater seasonality
during the late (Felis et al., 2015) and early stages of the LIG, while higher than modern seasonalities were
found between ~123 and 126 ka (Brocas et al., 2016a, 2018a). These changes coincided concurrently with
higher than modern seasonality of insolation and were indicative of Intertropical Convergence Zone
(ITCZ) dynamics at that time. We further aim to decipher whether the tropical Atlantic mean conditions
were altered in response.

2. Materials and Methods

2.1. Coral Material and Proxies

Eight fossil Diploria strigosa colonies were recovered from the southern Caribbean island of Bonaire
(Caribbean Netherlands; 12°10'N, 68°18'W) and dated using 230Th/U techniques to between 117.7 and
129.7 ka (Table S1 in the supporting information; (Felis et al., 2015; Obert et al., 2016)). These coral colonies
were potentially transported by wave activity until they finally became a cemented part of the reef; how-
ever, D. strigosa corals are common in the upper 10 m of the reef environment at Bonaire today (Obert
et al., 2016). Full site and coral details are described by Felis et al. (2015) and Brocas et al. (2016a).
Consistent with well-established methodologies and techniques (Felis et al., 2009; Giry et al., 2010 ,
2013), coral colonies were sectioned parallel to growth, analyzed for diagenesis (X-ray images, petrographic
thin sections, powder XRD) (Brocas et al., 2016a) and microsampled for paired Sr/Ca geochemistry and
8'80 isotopic analysis. The dense thecal skeletal element of D. strigosa was targeted for microsampling
because it has previously been demonstrated to reliably yield monthly resolved records of sea surface prop-
erties for the middle to late Holocene (Giry et al., 2012, 2013; Hetzinger et al., 2006) and LIG (Brocas et al.,
2016a , 2018a; Felis et al., 2015). The monthly interpolated coral Sr/Ca records are available from Brocas
et al. (Brocas et al., 2016b), while the 580 and 8"®Ogeauater records were obtained from Brocas et al.
(2018b). Mean Sr/Ca, 8'30, and 8" Og.water Values for our LIG corals were calculated by averaging the
monthly values for each year (January to December), and then averaging these annual mean values for
the entire record of a given coral. The coral reference material JCp-1 (Hathorne et al., 2013) was analyzed
with the modern, Holocene, and last interglacial Bonaire corals at MARUM (University of Bremen) (Brocas
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et al., 2016a; Felis et al., 2015; Giry et al., 2012), and the average Sr/Ca values reported in these studies agree
within their uncertainty and so no further adjustments were performed.

Coral Sr/Ca is an established proxy for SST, in particular at Bonaire and on seasonal time scales (Brocas
et al., 2016a; Felis et al., 2015; Giry et al., 2012). However, in the absence of a conclusive mean Sr/Ca-SST
calibration for tropical Atlantic D. strigosa corals from which to infer LIG mean temperature changes, we
used the annual mean Sr/Ca-SST relationships of —0.066 (Hetzinger et al., 2006) and —0.140 (Felis et al.,
2009, 2018) mmol/mol per °C. These reflect the upper and lower values within the range of previously estab-
lished calibration slopes. The annual mean Sr/Ca-SST relationship of —0.066 mmol/mol per °C derives from
the same study (Hetzinger et al., 2006) as the well-established —0.042 mmol/mol per °C commonly used for
seasonal SST reconstructions from D. strigosa (Brocas et al., 2016a; Giry et al., 2012; von Reumont et al., 2016;
Xu et al., 2015). The annual mean Sr/Ca-SST relationship of —0.140 mmol/mol per °C (Felis et al., 2009 ,
2018) derives from a calibration of the more commonly studied Porites spp., and has been previously used
to infer mean SST changes on interannual (Felis et al., 2009 , 2018) and glacial-interglacial time scales from
Isopora spp. (Felis et al., 2014). Coral 8'®0 values reflect SST and the 5'®0 of seawater, allowing coral
5'804eawater t0 be calculated by subtracting the coral Sr/Ca-SST component from the coral s'%0 signal
(Cahyarini et al., 2008). Consequently, we also applied the corresponding annual coral §**0-SST relation-
ships of —0.196%. per °C (Hetzinger et al., 2006) and —0.213%o per °C (Felis et al., 2009 , 2018).

2.2. Coral Proxy Error Estimation and Uncertainties

We calculated a “full error” (f.e.) in order to address potential sources of uncertainty surrounding individual
mean fossil coral Sr/Ca-SST, 5'80, and 5"®Ogeawater Values at Bonaire (described within Text S1 in the sup-
porting information). The f.e. for each coral mean proxy value (Sr/Ca, 580, and 5"®Ogeawater) Was calculated
using the standard deviation, the standard error of the mean, and the propagation methods outlined by
Mudelsee (2014). The mean values of three modern corals (Giry et al., 2012) were used to calculate a
weighted mean with its internal and external errors representing between-colony variability. The internal
error was derived from the standard errors of the means of the relevant records, while the external error,
which may hint at systematic interrecord variations, was given by the standard deviation over the relevant
records (Mudelsee et al., 2014). To avoid making overstatements from too small uncertainties, we took a con-
servative approach that used the maximum of either the internal or external error to calculate the f.e.
(Bevington & Robinson, 1992). Thus, the f.e. (°C) is given via Gaussian error propagation as

f.e. = xxSQRT((ca+;a)” + (cb+3b)?)

Whereby, x = proxy value calibrated to SST (e.g., x = a X b).
a = The the reported proxy to SST calibration slope (given as ASST/Aproxy).
oa = The reported proxy to SST calibration error.
b = The proxy value minus the three modern coral weighted mean.
ob = The maximum internal or external error of b for the three modern coral weighted mean.

The significance of coral mean proxy values was determined by assessing its f.e. relative to the +1 maximum
error (internal or external) of the weighted mean. Coral mean Sr/Ca-SST, §180, and 880 eawater anomalies
were calculated from modern by subtracting the weighted mean of three modern Bonaire D. strigosa colonies.

2.3. Comparing LIG Coral Sr/Ca and 8"®0geawater to Sedimentary Records

We compiled tropical Atlantic (0-35°N, 100-30°W) LIG SST reconstructions that derive from sedimentary
foraminiferal assemblage transfer functions and Mg/Ca-SST as well as sedimentary U 3, records. LIG SST
anomalies (sedimentary ASST) have been previously compiled by Turney and Jones (2010), McKay et al.
(2011), and Hoffman et al. (2017) and defined using different methodologies that best addressed specific
research questions and uncertainties (Figure S1 in the supporting information). Our study defined sedimen-
tary ASST by subtracting the most recent from the nearest reconstructed SST to 125.8 ka within sedimentary
records. Similarly, foraminiferal assemblage-derived ASST resulted from subtracting the core top values
from the peak SST of a 3-point running average over the MIS 5e interval, as per CLIMAP Project
Members (1984). The annual foraminiferal assemblage SST records of the CLIMAP Project Members
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Figure 1. Reconstructions of tropical Atlantic mean climate during the middle to late Holocene and last interglacial (LIG).
(a) Mean annual insolation anomaly from present at Bonaire (12°N) (Berger, 1978). (b) LIG tropical (23.5°N-23.5°S) and
extratropical northern hemisphere (>23.5°N) (green and blue, respectively) sedimentary sea surface temperature (SST)
stack, anomaly from the 1870-1889 average (Hoffman et al., 2017) with +2 standard deviation (grey and blue shading,
respectively). Mean coral (c) Sr/Ca, (d) st 0, and (e) 51805eawater for modern, middle to late Holocene (Giry et al., 2012),
late LIG (Felis et al., 2015), and LIG (this study). (c) Mean coral Sr/Ca-SST anomaly calculated using the annual mean Sr/
Ca-SST relationships of —0.066 (Hetzinger et al., 2006) and —0.140 (Felis et al., 2009 , 2018) mmol/mol per °C. (e)

Mean coral 5180seawater calculated using the Hetzinger et al.'s ( 2006) Sr/Ca-SST and corresponding coral 5'%0-ssT
relationship of —0.196%. per °C (Hetzinger et al., 2006). The horizontal colored lines illustrate each coral proxies respective
three modern coral weighted mean with the maximum of its +1 internal or external error shaded. Vertical and horizontal
error bars illustrate, respectively, the +1 full error (f.e.) and 23OTh/U—alge uncertainty (+2c level; (Obert et al., 2016)).
Modern and middle to late Holocene ages and coral 8'80 fe. are smaller than symbol size.

(1984) often derive from the averaged LIG summer and winter records (unless specified the boreal season is
always referred to) and requires a correction for possible seasonal bias (Hoffman et al., 2017), which we
performed (Text S1 in the supporting information).

3. Results and Discussion
3.1. LIG Coral Sr/Ca-SST Anomalies

During the early LIG, one coral dated to 129.7 ka indicates significantly (+f.e.) higher mean Sr/Ca than the
three modern coral weighted mean and thus cooler SSTs (Figure 1c). This may reflect a prolonged influence
upon the tropics of the prior termination II deglacial event. Two of five corals, dated to between 123 and 126
ka, and termed mid-LIG, also reconstruct significantly higher than modern Sr/Ca. The highest of these, at
~126 ka, reveals significantly cooler than modern coral Sr/Ca-SST of between 4.6 + 1.7 and 2.1 + 0.7 °C when
using the published annual mean Sr/Ca-SST calibration slopes of Hetzinger et al. (Hetzinger et al., 2006) and
Felis et al. (Felis et al., 2009; Felis et al., 2018), respectively. However, a mid-LIG cooling of 4.6 + 1.7 °C, as
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determined by using the Sr/Ca-SST calibration of Hetzinger et al. (Hetzinger et al., 2006), is improbable due
to its similarity with tropical Atlantic cooling estimates for the Last Glacial Maximum. This ranged from 2.5
(Schmidt & Spero, 2011) to 4.8 °C (Ziegler et al., 2008). Consequently, we favor the calibration of Felis et al.
(2009, 2018), which has previously been applied to reconstruct SST changes on glacial-interglacial time
scales, indicating a mid-LIG cooling of 2.1 + 0.7 °C.

Importantly, our finding of 2.1 + 0.7 °C mid-LIG cooling remains significant regardless of the specific coral
Sr/Ca-SST calibration used or when the combined error estimation of Abram et al. (2009) is considered
(Figure S2a in the supporting information). This is also plausible within the thermal tolerance of D. strigosa
corals if the modern mean annual SST at Bonaire (ERSSTv3b, 1910-2000 (Smith et al., 2008)) and the Sr/Ca-
SST seasonality for the mid-LIG (Brocas et al., 2016a) are considered. Therefore, this coral likely inhabited
waters between 23 and 28 °C, a range similar to that for optimal survival today, which is 25-29 °C (Fricke
& Meischner, 1985), and higher than the lowest adaptable thermal tolerance of 18 °C (Stoddart, 1969).
These corals grew at ~0.7 cm/year, a typical rate for LIG D. strigosa (Brocas et al., 2016a), and no systematic
influence of mean annual growth rates upon Sr/Ca or §'*0 was found (Figure S2e in the supporting infor-
mation). In addition, 2.1 + 0.7 °C cooler than modern mid-LIG SSTs are consistent with another indepen-
dent characterization of LIG tropical SSTs that derived from coral occurrence-based distribution modeling
(Lauchstedt et al., 2017). Taken together, these studies suggest cooling of tropical, and warming of subtropi-
cal, oceans during the mid-LIG.

The mid-LIG was a time interval when atmospheric greenhouse gas concentrations were similar to P.I.
(Langebroek & Nisancioglu, 2014) and tropical annual insolation was marginally lower than today
(Figure 1a) (Berger, 1978). While mid-LIG seasonality of insolation was higher than modern and has been
linked to increased seasonality of coral Sr/Ca-SST at Bonaire (2016a), it is unlikely that annual insolation
was directly responsible for our observed cooling. This implies a regional oceanic influence on mean SSTs
at that time. In regards to the spatiotemporal evolution of LIG tropical Atlantic SSTs, the mid-LIG cooling
was followed by an abrupt warming to modern-like SSTs within ~2 ka. While not as abrupt or significant,
a similar trend to warmer SSTs is also seen from the middle to late Holocene (Giry et al., 2012). When all eight
LIG corals were taken as a single weighted mean, we found that the LIG was 1.8 + 1.0 °C (Hetzinger et al.,
2006) or 0.8 + 0.4 °C (Felis et al., 2009, 2018) significantly cooler than the three modern coral weighted mean.
No indications of warmer than modern SSTs typically associated with the LIG were found.

3.2. LIG Tropical Atlantic Sedimentary and Model-Derived SST Anomalies

Our reconstructed 2.1 + 0.7 °C tropical Atlantic SST cooling at ~126 ka derives from over 170 measurements
(10 years at monthly interpolated resolution; Table S1 in the supporting information) of coral Sr/Ca, and
broadly agrees with foraminiferal assemblage transfer function-derived tropical Atlantic ASST (Figures 2,
S1, and S3). Such transfer function records are potentially influenced by surface water calibration cold biases
resulting from the assumption of comparable thermal structure between P.I. and the Last Glacial Maximum
(Telford et al., 2013). This assumption remains valid while no indication of altered subsurface-surface
thermal relationships during the LIG is known. Marine sedimentary records typically lack an absolutely
dated chronology for the LIG, inhibiting further spatiotemporal interpretations of SSTs. Furthermore,
ASST reconstructed by sedimentary U¥';, and foraminiferal Mg/Ca can be 0.5 to 1.5 °C warmer than forami-
niferal assemblage reconstructions. The Colombian Basin Mg/Ca record (Schmidt et al., 2004) reconstructs
SSTs at low temporal resolution and may well reflect a summer SST bias (Figure S4, record no. 6) (Schmidt
& Spero, 2011). Similarly, the Cariaco Basin U¥'5, record reflects a tendency toward warmer spring-summer
SSTs as a result of higher unsaturation ratios within this upwelling influenced site (Herbert & Schuffert,
2000) (Figure S4 in the supporting information; record no. 6). Although both records are excluded from
the global sedimentary ASST compilations of Turney and Jones (2010) and Hoffman et al. (Hoffman et al.,
2017), we include them here for regional completeness. Gulf of Mexico foraminiferal assemblage (CLIMAP
project members, 1984) and Mg/Ca-derived (Ziegler et al., 2008) ASST reconstructions indicate a 1.4 °C cool-
ing and 1.9 °C warming, respectively. This discrepancy has been attributed to foraminiferal Mg/Ca-SST sen-
sitivity toward an expanded Atlantic Warm Pool and a strengthened Loop Current during summer, which
drew in relatively warm Caribbean waters at that time (Niirnberg et al., 2008; Ziegler et al., 2008). The mean
annual nature of G. ruber-derived Mg/Ca-SST has recently been supported (Richey et al., 2019) and, age
uncertainties considered, this record indicates cooler SST during the early LIG consistent with our findings.
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Figure 2. Tropical Atlantic mid-LIG SST anomalies from sedimentary records and Bonaire coral Sr/Ca mean SST
anomaly at ~126 ka (triangle, 5) using the Felis et al.'s ( 2009 ,2018) SST calibration. Sedimentary proxy records
derive from foraminiferal assemblage transfer functions (lettered circles a-f: CLIMAP Project Members (CLIMAP
project members, 1984)), foraminiferal Mg/Ca-SST (numbered squares: 1 (Ziegler et al., 2008), 2 (Imbrie et al., 1989), 3
(Hils & Zahn, 2000), and 4 (Schmidt et al., 2004)), and sedimentary Uk 37 (diamond 6: Herbert and Schuffert (2000)).
Dominant ocean currents, the Gulf Stream (GS), Florida Current (FC), Loop Current (LC), Caribbean Current (CC),
Guiana Current (GC), North Equatorial Current (NEC), North Brazil Current (NBC), and its July to December retro-
flection (NBCR), are illustrated. Map generated with Ocean Data View (Schlitzer, 2015).

Despite the different methodologies used, our compilation of tropical Atlantic sedimentary ASST agrees
with those of other authors (Figures 2 and S1). The global tropics SST stack of Hoffman et al. (2017)
(Figure 1b) would report even cooler mid-LIG ASST if referenced to modern times and not to P.I
Modern and late-Holocene winter (March-April-May) tropical Atlantic SSTs are closely related to the
strength of the easterly Caribbean low-level jet that drives oceanic waters into the Caribbean (Wang,
2007; Wurtzel et al., 2013). Consequently, cooler than modern mid-LIG SSTs might reflect increased
ocean advection of cooler equatorial Atlantic surface waters (Figure 2, record f) into the Caribbean Sea
due to a reorganization of oceanic currents. This may be related to the warmer temperatures that
induced stronger, more variable, Greenland ice sheet melt previously documented within the Northern
Hemisphere and its effect on AMOC strength (Capron et al., 2014; Sanchez Goiii et al., 2012). Indeed,
despite age uncertainties, our finding is contemporaneous with the north Atlantic cold, “red layer,” event
C27 (Nicholl et al., 2012; Tzedakis et al., 2018) associated with meltwater outbursts and suggests a
broader influence of LIG climate instabilities.

3.3. LIG Tropical Atlantic Hydrological Change

The differences between our paired mean coral Sr/Ca-SST (Figure 1c) and coral st%0 (Figure 1d) estimates
highlight the influence of 5" 0geawater 35 @ proxy for LIG hydrological changes at the sea surface. Regardless
of the specific coral proxy to SST relationships used (Figure S2 in the supporting information), reconstructed
coral 880 water indicates significantly fresher than modern surface waters at 125.8 ka, and a tendency
toward more saline waters toward the late LIG (Figure 1e). This tendency is similar to that observed during
the middle to late Holocene (Giry et al., 2013). However, fresher than modern surface waters at 125.8 ka were
not accompanied by seasonal indicators of hydroclimate such as the increased coral 8'80geawater seasonality
(Figure 3c) and a two-month lead of coral 880 versus Sr/Ca (Figure 3d) found at 123.9 ka by Brocas et al.
(2018a). Such a phase difference between paired proxy measurements that share a SST component and
internal age model led to the conclusion that the annual cycle of surface waters peaked two months earlier
than modern, occurring in July/August and December/January, respectively. Furthermore, this coincided
with higher than modern simulated tropical Atlantic precipitation (Brocas et al., 2018a; Nikolova et al.,
2013; Pedersen et al., 2016) implying that at 123.9-ka precipitation dictated the hydrological regime in con-
trast to the modern oceanic dominated regime.
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Figure 3. Last interglacial (LIG; this study), late LIG (Felis et al., 2012), and middle to late Holocene (Giry et al., 2013) coral Slsosedeter and sedimentary evidence
for tropical Atlantic hydroclimate perturbations. (a) Annual (black) and seasonality of (green, JJA mlnus DJF) insolation at 12°N, positive anomalies from present
are shaded (Berger, 1978). (b) Bonaire coral mean § SOseawater calculated using the Sr/Ca- and 8'80-SST annual relationship of —0.066 mmol/mol per °C and
—0.196%o per °C, respectively (Hetzinger et al., 2006). Purple horizontal line is the weighted three modern coral mean with its +1 external error shaded. Vertical
error bar denote +1 full error. (c) Bonaire coral 51805eawater climatology seasonality (Brocas et al., 2018a) calculated using the Sr/Ca- and 5'80-SST seasonal
relationship of —0.042 mmol/mol per °C and —0.196%. per °C, respectively (Hetzinger et al., 2006). Black horizontal line is the three modern coral average with its
+1 standard deviation shaded. Vertical error bar denote +1 standard error. (d) Bonaire coral phase angle relationship between paired Sr/Ca and 8"80 records
(Brocas et al., 2018a). Black vertical lines are 95% confidence intervals. Shading indicates +1-month potential interpolation uncertainties. (b-d) Unrepresentative
records of less than 10 years are indicated by white circles. Horizontal error bars indicate 230Th/U-age uncertainty at 2o level (Obert et al., 2016). Modern and
middle to late Holocene ages are smaller than symbol size. (e) Increased Cariaco Basin sedimentary Al/Ti ratios indicate increased eolian transported dust due to a
more northerly displaced ITCZ. (f) Sedimentary record of 518056.‘m,ater from ODP site 999A (12°N, 78°W; Colombian basin; (Schmidt et al., 2004)). Fresher than
mid-Holocene values are shaded light blue. Black bracket (bottom left) signifies the +1c propagated error for this record.

BROCAS ET AL. 8295



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2019GL083094

Acknowledgments

We thank the Government of the Island
Territory of Bonaire of the former
Netherlands Antilles (now Caribbean
Netherlands) for the permissions and
the Bonaire National Parks Foundation
(STINAPA) for the support. This study
was funded by the Deutsche
Forschungsgemeinschaft (DFG,
German Research Foundation) project
256607970 by a grant to T.F. W.B.
acknowledges GLOMAR (Bremen
International Graduate School for
Marine Sciences). T.F. acknowledges
MARUM - Center for Marine
Environmental Sciences at the
University of Bremen. G. Wefer, H.
Kuhnert, M. Martinez, and D. De
Vleeschouwer are acknowledged for
their contributions to discussions. M.
Kolling, J.C. Obert, D. Scholz, and S.R.
Scheffers are acknowledged for their
contributions to precursor publications.
Monthly resolved coral Sr/Ca data
(https://doi.org/10.1594/
PANGAEA.862148) and coral 8'%0 and
8" Ogeawater data (https://doi.org/
10.1594/PANGAEA.877852) are avail-
able from PANGAEA.

Such hydroclimate perturbations were interpreted as an intensification and expansion of the summer ITCZ
into the southern Caribbean Sea in response to an increased seasonality of insolation at that time (Figure 3a)
(Brocas et al., 2018a). Interestingly, this did not result in freshening of mean surface water conditions at
123.9 ka. Without such hydroclimate indicators, the freshening of mean conditions at 125.8 ka was not
due to summer ITCZ expansion but oceanic advection. We note that surface water freshening in the
Colombian basin is demonstrated by a sedimentary record for the late LIG (Figure 3e) (Schmidt & Spero,
2011) and interpreted as a response to increased ITCZ-induced summer precipitation. Recent reevaluations
of Colombian Basin foraminiferal Mg/Ca-SST have explored further the different calibrations and uncertain-
ties associated with the influence of salinity on the carbonate system (Richey et al., 2019; Thirumalai et al.,
2016 , 2018). Thirumalai et al. ( 2016) utilized a higher resolution sea level curve and considered salinity
effects to highlight the apparent early and mid-LIG warmth and late LIG freshening, relative to modern.
Our interpretation is consistent with these authors who further revealed that large regional difference
existed within the Caribbean Sea due to differing sensitivities to AMOC changes.

Fresher and cooler mean surface waters in the southern Caribbean Sea at 125.8 ka could be an indication of
enhanced tropical Atlantic oceanic advection during the mid-LIG. We speculate that a reorganization of
AMOC drove relatively fresh and cool equatorial Atlantic surface waters into the Caribbean Sea at that time.
ITCZ and AMOC dynamics are closely coupled, such that a strengthened AMOC evidences increased inter-
hemispheric extratropical temperature gradients that are conducive to the northward expansion/migration
of the ITCZ (Schneider et al., 2014). The transition from 125.8 ka toward warmer and more saline mean con-
ditions at 123.9 ka is consistent with a progressive expansion of the ITCZ into the southern Caribbean during
that period. At northward expanding ITCZ likely suppressed the easterly trade winds that promote surface
heat loss, vertical mixing, and the advection of cooler and fresher oceanic waters into the Caribbean Sea.
This scenario agrees with the reconstruction of increased sedimentary Al/Ti within the Cariaco Basin, indi-
cative of reduced eolian material and changed wind fields during a northerly migration of the ITCZ at that
time (Figure 3d) (Yarincik et al., 2000). Additionally, this transition to warmer and fresher surface waters
may have been influenced by the gradual intensification of the summer NBCR between 125 and 115 ka that
diverted cooler and fresher oceanic and Amazon waters away from the Caribbean Sea (Govin et al., 2015).
While our coral findings are observable year on year within their respective records, it is also plausible that
the described climatic shifts may be in part attributed to changes in the behavior of regional multidecadal
phenomena. Unfortunately, the length of our records prohibits exploring this further. Our coral
88 Ogeawater reconstructions reduce the paucity of records that reconstruct the spatiotemporal evolution of
tropical Atlantic hydrology and hydroclimate at the sea surface during the LIG.

4. Conclusions

Our southern Caribbean coral Sr/Ca and §'®0 records indicate 2.1 + 0.7 °C cooler and fresher than modern
mean tropical Atlantic sea surface conditions at ~126 ka. This result is consistent with SST reconstructions
from foraminiferal transfer functions, indicating regional commonalities despite proxy specific uncertain-
ties. Together, these reconstructions indicate cooler than modern tropical Atlantic SSTs during the middle
of the LIG, a period that was characterized by warmer North Atlantic SSTs. We suggest that this resulted
from increased oceanic advection of equatorial Atlantic surface waters, possibly related to a reorganization
of AMOC at that time. The cooler and fresher than modern surface water conditions in the southern
Caribbean Sea at ~126 ka were followed by a rapid transition to modern-like SSTs and more saline condi-
tions at ~125 ka that more or less characterized the remaining part of the LIG until 118 ka. Our coral results
also suggest that a progressive expansion of the summer ITCZ into the southern Caribbean Sea occurred
later in the LIG, at ~124 ka, probably dampening trade winds and oceanic advection. We conclude that mean
SST and 8"®0geawater reconstructions derived from monthly resolved coral Sr/Ca and 8'®0 records are a
beneficial independent source of evidence for the spatiotemporal evolution of tropical Atlantic climate
during past warmer periods, such as the LIG.

References

Abram, N. J., McGregor, H. V., Gagan, M. K., Hantoro, W. S., & Suwargadi, B. W. (2009). Oscillations in the southern extent of the Indo-
Pacific Warm Pool during the mid-Holocene. Quaternary Science Review, 28(25-26), 2794-2803. https://doi.org/10.1016/j.
quascirev.2009.07.006

BROCAS ET AL.

8296


https://doi.org/10.1016/j.quascirev.2009.07.006
https://doi.org/10.1016/j.quascirev.2009.07.006
https://doi.org/10.1594/PANGAEA.862148
https://doi.org/10.1594/PANGAEA.862148
https://doi.org/10.1594/PANGAEA.877852
https://doi.org/10.1594/PANGAEA.877852

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2019GL083094

Berger, A. L. (1978). Long-term variations of caloric insolation resulting from the Earth's orbital elements. Quaternary Research, 9(2),
139-167. https://doi.org/10.1016/0033-5894(78)90064-9

Bevington, P. R., & Robinson, D. K. (1992). Data reduction and error analysis for the physical sciences, (Second ed.p. 328). New York:
McGraw-Hill.

Brocas, W. M., Felis, T., Gierz, P., Lohmann, G., Werner, M., Obert, J. C., et al. (2018a). Tropical Atlantic corals reconstruct hydro-
climate seasonality during the last interglacial. Paleoceanography and Paleoclimatology, 33, 198-213. https://doi.org/10.1002/
2017PA003216

Brocas, W. M., Felis, T., Gierz, P., Lohmann, G., Werner, M., Obert, J. C., et al. (2018b). Monthly Bonaire coral 180 and §180seawater
from the last interglacial, 120.5-129.7 ka ago. PANGAEA, https://doi.org/10.1594/PANGAEA.877852

Brocas, W. M., Felis, T., Obert, J. C., Gierz, P., Lohmann, G., Scholz, D., et al. (2016a). Last interglacial temperature seasonality
reconstructed from tropical Atlantic corals. Earth and Planetary Science Letters, 449, 418-429. https://doi.org/10.1016/].
epsl.2016.06.005

Brocas, W. M., Felis, T., Obert, J. C., Gierz, P., Lohmann, G., Scholz, D., et al. (2016b). Monthly Bonaire coral Sr/Ca from the last inter-
glacial, 120.5-129.7 ka ago. PANGAEA. https://doi.org/10.1594/PANGAEA.862148

Cahyarini, S. Y., Pfeiffer, M., Timm, O., Dullo, W., & Schonberg, D. G. (2008). Reconstructing seawater 8'%0 from paired coral 5'%0 and
Sr/Ca ratios: Methods, error analysis and problems, with examples from Tahiti (French Polynesia) and Timor (Indonesia). Geochimica et
Cosmochimica Acta, 72(12), 2841-2853. https://doi.org/10.1016/j.gca.2008.04.005

Capron, E., Govin, A., Stone, E. J., Masson-Delmotte, V., Mulitza, S., Otto-Bliesner, B., et al. (2014). Temporal and spatial structure of multi-
millennial temperature changes at high latitudes during the Last Interglacial. Quaternary Science Review, 99, 224-243. https://doi.org/
10.1016/j.quascirev.2014.06.031

CLIMAP project members (1984). The Last Interglacial Ocean. Quaternary Research, 21, 123-224. https://doi.org/10.1016/0033-
5894(84)90098-X

DeLong, K. L., Quinn, T. M., Shen, C.-C., & Lin, K. (2010). A snapshot of climate variability at Tahiti at 9.5 ka using a fossil coral from IODP
Expedition 310. Geochemistry, Geophysics, Geosystems, 11, Q06005. https://doi.org/10.1029/2009GC002758

Felis, T., Giry, C., Scholz, D., Lohmann, G., Pfeiffer, M., Pitzold, J., et al. (2015). Tropical Atlantic temperature seasonality at the end of the
last interglacial. Nature Communications, 6(1), 6159. https://doi.org/10.1038/ncomms7159

Felis, T., Ionita, M., Rimbu, N., Lohmann, G., & K&lling, M. (2018). Mild and arid climate in the eastern Sahara-Arabian desert during the
late Little Ice Age. Geophysical Research Letters, 45, 7112-7119. https://doi.org/10.1029/2018 GL078617

Felis, T., Lohmann, G., Kuhnert, H., Lorenz, S. J., Scholz, D., Patzold, J., et al. (2004). Increased seasonality in Middle West temperatures
during the last interglacial period. Nature, 429(6988), 164-168. https://doi.org/10.1038/nature02546

Felis, T., McGregor, H. V., Linsley, B. K., Tudhope, A. W., Gagan, M. K., Suzuki, A., et al. (2014). Intensification of the meridional tem-
perature gradient in the Great Barrier Reef following the Last Glacial Maximum. Nature Communications, 5(1), 4102. https://doi.org/
10.1038/ncomms5102

Felis, T., Merkel, U., Asami, R., Deschamps, P., Hathorne, E. C., Kélling, M., et al. (2012). Pronounced interannual variability in
tropical South Pacific temperatures during Heinrich Stadial 1. Nature Communications, 3(1), 965. https://doi.org/10.1038/
ncomms1973

Felis, T., Suzuki, A., Kuhnert, H., Dima, M., Lohmann, G., & Kawahata, H. (2009). Subtropical coral reveals abrupt early-twentieth-century
freshening in the western North Pacific Ocean. Geology, 37(6), 527-530. https://doi.org/10.1130/G25581A.1

Fischer, H., Meissner, K. J., Mix, A. C., Abram, N. J., Austermann, J., Brovkin, V., et al. (2018). Palaeoclimate constraints on the impact of
2 °C anthropogenic warming and beyond. Nature Geoscience, 11(7), 474-485. https://doi.org/10.1038/s41561-018-0146-0

Flannery, J. A., Richey, J. N., Thirumalai, K., Poore, R. Z., & DeLong, K. L. (2017). Multi-species coral Sr/Ca-based sea-surface temperature
reconstruction using Orbicella faveolata and Siderastrea siderea from the Florida Straits. Palaeogeography, Palaeoclimatology,
Palaeoecology, 466, 100-109. https://doi.org/10.1016/j.palaeo.2016.10.022

Fricke, H., & Meischner, D. (1985). Depth limits of Bermudan scleractinian corals—A submersible survey. Marine Biology, 88(2), 175-187.
https://doi.org/10.1007/BF00397165

Giry, C., Felis, T., Kolling, M., & Scheffers, S. (2010). Geochemistry and skeletal structure of Diploria strigosa, implications for coral-based
climate reconstruction. Palaeogeography, Palaeoclimatology, Palaeoecology, 298(3-4), 378-387. https://doi.org/10.1016/j.
palaeo.2010.10.022

Giry, C., Felis, T., K6lling, M., Scholz, D., Wei, W., Lohmann, G., & Scheffers, S. (2012). Mid- to late Holocene changes in tropical Atlantic
temperature seasonality and interannual to multidecadal variability documented in southern Caribbean corals. Earth and Planetary
Science Letters, 331-332, 187-200. https://doi.org/10.1016/j.epsl.2012.03.019

Giry, C., Felis, T., Kolling, M., Wei, W., Lohmann, G., & Scheffers, S. (2013). Controls of Caribbean surface hydrology during the mid-
to late Holocene: Insights from monthly resolved coral records. Climate of the Past, 9(2), 841-858. https://doi.org/10.5194/cp-9-841-
2013

Govin, A., Blazey, B., Prange, M., & Paul, A. (2015). What ends an interglacial? Feedbacks between tropical rainfall, atlantic climate and ice
sheets during the last interglacial. In M. Schulz, & A. Paul (Eds.), Integrated analysis of interglacial climate dynamics INTERDYNAMIC),
(pp. 25-30). Springer. https://doi.org/10.1007/978-3-319-00693-2_5

Hathorne, E. C., Gagnon, A., Felis, T., Adkins, J., Asami, R., Boer, W, et al. (2013). Interlaboratory study for coral Sr/Ca and other
element/Ca ratio measurements. Geochemistry, Geophysics, Geosystems, 14, 3730-3750. https://doi.org/10.1002/ggge.20230

Herbert, T. D., & Schuffert, J. D. (2000). 16. Alkenone unsaturation estimates of sea-surface temperatures at site 1002 over a full glacial
cycle. Proceedings of the Ocean Drilling Program, Scientific Results, 165, 239-247.

Hetzinger, S., Pfeiffer, M., Dullo, W., Ruprecht, E., & Garbe-Schonberg, D. (2006). Sr/Ca and 5%0ina fast-growing Diploria strigosa coral:
Evaluation of a new climate archive for the tropical Atlantic. Geochemistry Geophysics Geosystems, 7, Q10002. https://doi.org/10.1029/
2006GC001347

Hoffman, J. S., Clark, P. U., Parnell, A. C., & He, F. (2017). Regional and global sea-surface temperatures during the last interglaciation.
Science, 355(6322), 276-279. https://doi.org/10.1126/science.aai8464

Hiils, M., & Zahn, R. (2000). Millennial-scale sea surface temperature variability in the western tropical North Atlantic from planktonic
foraminiferal census counts. Paleoceanography, 15(6), 659-678. https://doi.org/10.1029/1999PA000462

Imbrie, J., Mclntyre, A., & Mix, A. (1989). Oceanic response to orbital forcing in the late Quaternary: Observational and experimental
strategies. In Anonymous (Ed.), Climate and Geo-sciences, (pp. 121-164). Springer.

Langebroek, P. M., & Nisancioglu, K. H. (2014). Simulating last interglacial climate with NorESM: Role of insolation and greenhouse gases
in the timing of peak warmth. Climate of the Past, 10(4), 1305-1318. https://doi.org/10.5194/cp-10-1305-2014

BROCAS ET AL.

8297


https://doi.org/10.1016/0033-5894(78)90064-9
https://doi.org/10.1002/2017PA003216
https://doi.org/10.1002/2017PA003216
https://doi.org/10.1594/PANGAEA.877852
https://doi.org/10.1016/j.epsl.2016.06.005
https://doi.org/10.1016/j.epsl.2016.06.005
https://doi.org/10.1594/PANGAEA.862148
https://doi.org/10.1016/j.gca.2008.04.005
https://doi.org/10.1016/j.quascirev.2014.06.031
https://doi.org/10.1016/j.quascirev.2014.06.031
https://doi.org/10.1016/0033-5894(84)90098-X
https://doi.org/10.1016/0033-5894(84)90098-X
https://doi.org/10.1029/2009GC002758
https://doi.org/10.1038/ncomms7159
https://doi.org/10.1029/2018GL078617
https://doi.org/10.1038/nature02546
https://doi.org/10.1038/ncomms5102
https://doi.org/10.1038/ncomms5102
https://doi.org/10.1038/ncomms1973
https://doi.org/10.1038/ncomms1973
https://doi.org/10.1130/G25581A.1
https://doi.org/10.1038/s41561-018-0146-0
https://doi.org/10.1016/j.palaeo.2016.10.022
https://doi.org/10.1007/BF00397165
https://doi.org/10.1016/j.palaeo.2010.10.022
https://doi.org/10.1016/j.palaeo.2010.10.022
https://doi.org/10.1016/j.epsl.2012.03.019
https://doi.org/10.5194/cp-9-841-2013
https://doi.org/10.5194/cp-9-841-2013
https://doi.org/10.1007/978-3-319-00693-2_5
https://doi.org/10.1002/ggge.20230
https://doi.org/10.1029/2006GC001347
https://doi.org/10.1029/2006GC001347
https://doi.org/10.1126/science.aai8464
https://doi.org/10.1029/1999PA000462
https://doi.org/10.5194/cp-10-1305-2014

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2019GL083094

Lauchstedt, A., Pandolfi, J. M., & Kiessling, W. (2017). Towards a new paleotemperature proxy from reef coral occurrences. Scientific
Reports, 7(1), 10461. https://doi.org/10.1038/s41598-017-10961-3

Leduc, G., Schneider, R., Kim, J., & Lohmann, G. (2010). Holocene and Eemian sea surface temperature trends as revealed by alkenone and
Mg/Ca paleothermometry. Quaternary Science Review, 29(7-8), 989-1004. https://doi.org/10.1016/j.quascirev.2010.01.004

Leduc, G., Vidal, L., Tachikawa, K., Rostek, F., Sonzogni, C., Beaufort, L., & Bard, E. (2007). Moisture transport across Central America as a
positive feedback on abrupt climatic changes. Nature, 445(7130), 908-911. https://doi.org/10.1038/nature05578

McCulloch, M. T., Gagan, M. K., Mortimer, G. E., Chivas, A. R., & Isdale, P. J. (1994). A high-resolution Sr/Ca and 880 coral record from
the Great Barrier Reef, Australia, and the 1982-1983 El Nifio. Geochimica et Cosmochimica Acta, 58(12), 2747-2754. https://doi.org/
10.1016/0016-7037(94)90142-2

McKay, N. P., Overpeck, J. T., & Otto-Bliesner, B. L. (2011). The role of ocean thermal expansion in Last Interglacial sea level rise.
Geophysical Research Letters, 38, L14605. https://doi.org/10.1029/2011GL048280

Mudelsee, M. (2014). Climate time series analysis: Classical statistical and bootstrap methods, (Second ed.p. 454). Cham, Switzerland:
Springer.

Mudelsee, M., Bickert, T., Lear, C. H., & Lohmann, G. (2014). Cenozoic climate changes: A review based on time series analysis of marine
benthic §'®0 records. Reviews of Geophysics, 52, 333-374. https://doi.org/10.1002/2013RG000440

Nicholl, J. A. L., Hodell, D. A., Naafs, B. D. A., Hillaire-Marcel, C., Channell, J. E. T., & Romero, O. E. (2012). A Laurentide outburst
flooding event during the last interglacial period. Nature Geoscience, 5(12), 901-904. https://doi.org/10.1038/NGEO1622

Nikolova, I, Yin, Q., Berger, A., Singh, U. K., & Karami, M. (2013). The last interglacial (Eemian) climate simulated by LOVECLIM and
CCSM3. Climate of the Past, 9(4), 1789-1806. https://doi.org/10.5194/cp-9-1789-2013

Niirnberg, D., Ziegler, M., Karas, C., Tiedemann, R., & Schmidt, M. W. (2008). Interacting Loop Current variability and Mississippi River
discharge over the past 400 kyr. Earth and Planetary Science Letters, 272(1-2), 278-289. https://doi.org/10.1016/j.epsl.2008.04.051

Obert, J. C., Scholz, D., Felis, T., Brocas, W. M., Jochum, K. P., & Andreae, M. O. (2016). 29Th/u dating of Last Interglacial brain corals
from Bonaire (southern Caribbean) using bulk and theca wall material. Geochimica et Cosmochimica Acta, 178, 20-40. https://doi.org/
10.1016/j.gca.2016.01.011

Otto-Bliesner, B. L., Rosenbloom, N., Stone, E. J., McKay, N. P., Lunt, D. J., Brady, E. C., & Overpeck, J. T. (2013). How warm was the last
interglacial? New model-data comparisons. Philosophical Transactions of the Royal Society A,
371(2001). https://doi.org/10.1098/rsta.2013.0097

Pedersen, R. A., Langen, P. L., & Vinther, B. M. (2016). The last interglacial climate: comparing direct and indirect impacts of insolation
changes. Climate Dynamics, 48, 1-17. https://doi.org/10.1007/s00382-016-3274-5

von Reumont, J., Hetzinger, S., Garbe-Schonberg, D., Manfrino, C., & Dullo, W. (2016). Impact of warming events on reef-scale tem-
perature variability as captured in two Little Cayman coral Sr/Ca records. Geochemistry Geophysics Geosystems, 17, 846-857. https://doi.
0rg/10.1002/2015GC006194

Richey, J. N., Thirumalai, K., Khider, D., Reynolds, C. E., Partin, J. W., & Quinn, T. M. (2019). Considerations for Globigerinoides ruber
(white and pink) paleoceanography: Comprehensive insights from a long-running sediment trap. Paleoceanography and
Paleoclimatology, 34, 353-373. https://doi.org/10.1029/2018PA003417

Sanchez Goiii, M. F., Bakker, P., Desprat, S., Carlson, A. E., van Meerbeeck, C. J., Peyron, O., et al. (2012). European climate optimum and
enhanced Greenland melt during the Last Interglacial. Geology, 40(7), 627-630. https://doi.org/10.1130/G32908.1

Schlitzer, R., 2015: Ocean Data View. (Available online at http://odv.awi.de, 2015).

Schmidt, M. W., & Spero, H. J. (2011). Meridional shifts in the marine ITCZ and the tropical hydrologic cycle over the last three glacial
cycles. Paleoceanography, 26, PA1206. https://doi.org/10.1029/2010PA001976

Schmidt, M. W., Spero, H. J., & Lea, D. W. (2004). Links between salinity variation in the Caribbean and North Atlantic thermohaline
circulation. Nature, 428(6979), 160-163. https://doi.org/10.1038/nature02346

Schneider, T., Bischoff, T., & Haug, G. H. (2014). Migrations and dynamics of the Intertropical Convergence Zone. Nature, 513(7516), 45-53.
https://doi.org/10.1038/nature13636

Smith, T. M., Reynolds, R. W., Peterson, T. C., & Lawrimore, J. (2008). Improvements to NOAA's historical merged land-ocean surface
temperature analysis (1880-2006). Journal of Climatology, 21(10), 2283-2296. https://doi.org/10.1175/2007JCLI2100.1

Stoddart, D. R. (1969). Ecology and morphology of recent coral reefs. Biological Reviews, 44(4), 433-498. https://doi.org/10.1111/j.1469-
185X.1969.tb00609.x

Telford, R., Li, C., & Kucera, M. (2013). Mismatch between the depth habitat of planktonic foraminifera and the calibration depth of SST
transfer functions may bias reconstructions. Climate of the Past, 9(2), 859-870. https://doi.org/10.5194/cp-9-859-2013

Thirumalai, K., Quinn, T. M., & Marino, G. (2016). Constraining past seawater 80 and temperature records developed from foraminiferal
geochemistry. Paleoceanography, 31, 1409-1422. https://doi.org/10.1002/2016PA002970

Thirumalai, K., Quinn, T. M., Okumura, Y., Richey, J. N., Partin, J. W., Poore, R. Z., & Moreno-Chamarro, E. (2018). Pronounced
centennial-scale Atlantic Ocean climate variability correlated with Western Hemisphere hydroclimate. Nature Communications, 9,
113-111. https://doi.org/0.1038/s41467-018-02846-4

Turney, C. S. M., & Jones, R. T. (2010). Does the Agulhas Current amplify global temperatures during super-interglacials? Journal of
Quaternary Science, 25(6), 839-843. https://doi.org/10.1002/jqs.1423

Tzedakis, P. C., Drysdale, R. N., Margari, V., Skinner, L. C., Menviel, L., Rhodes, R. H,, et al. (2018). Enhanced climate instability in the
North Atlantic and southern Europe during the Last Interglacial. Nature Communications, 9(1), 4235. https://doi.org/10.1038/s41467-
018-06683-3

Tzedakis, P. C., Wolff, E., Skinner, L., Brovkin, V., Hodell, D., McManus, J. F., & Raynaud, D. (2012). Can we predict the duration of an
interglacial? Climate of the Past, 8(5), 1473-1485. https://doi.org/10.5194/cp-8-1473-2012

Wang, C. (2007). Variability of the Caribbean low-level jet and its relations to climate. Climate Dynamics, 29(4), 411-422. https://doi.org/
10.1007/s00382-007-0243-z

Waurtzel, J. B., Black, D. E., Thunell, R. C., Peterson, L. C., Tappa, E. J., & Rahman, S. (2013). Mechanisms of southern
Caribbean SST variability over the last two millennia. Geophysical Research Letters, 40, 5954-5958. https://doi.org/10.1002/
2013GL058458

Xu, Y., Pearson, S., & Kilbourne, K. H. (2015). Assessing coral Sr/Ca-SST calibration techniques using the species Diploria strigosa.
Palaeogeography, Palaeoclimatology, Palaeoecology, 440, 353-362. https://doi.org/10.1016/j.palaeo.2015.09.016

Yarincik, K., Murray, R., & Peterson, L. (2000). Climatically sensitive eolian and hemipelagic deposition in the Cariaco Basin,
Venezuela, over the past 578,000 years: Results from Al/Ti and K/Al. Paleoceanography, 15(2), 210-228. https://doi.org/10.1029/
1999PA900048

BROCAS ET AL.

8298


https://doi.org/10.1038/s41598-017-10961-3
https://doi.org/10.1016/j.quascirev.2010.01.004
https://doi.org/10.1038/nature05578
https://doi.org/10.1016/0016-7037(94)90142-2
https://doi.org/10.1016/0016-7037(94)90142-2
https://doi.org/10.1029/2011GL048280
https://doi.org/10.1002/2013RG000440
https://doi.org/10.1038/NGEO1622
https://doi.org/10.5194/cp-9-1789-2013
https://doi.org/10.1016/j.epsl.2008.04.051
https://doi.org/10.1016/j.gca.2016.01.011
https://doi.org/10.1016/j.gca.2016.01.011
https://doi.org/10.1098/rsta.2013.0097
https://doi.org/10.1007/s00382-016-3274-5
https://doi.org/10.1002/2015GC006194
https://doi.org/10.1002/2015GC006194
https://doi.org/10.1029/2018PA003417
https://doi.org/10.1130/G32908.1
http://odv.awi.de
https://doi.org/10.1029/2010PA001976
https://doi.org/10.1038/nature02346
https://doi.org/10.1038/nature13636
https://doi.org/10.1175/2007JCLI2100.1
https://doi.org/10.1111/j.1469-185X.1969.tb00609.x
https://doi.org/10.1111/j.1469-185X.1969.tb00609.x
https://doi.org/10.5194/cp-9-859-2013
https://doi.org/10.1002/2016PA002970
https://doi.org/0.1038/s41467-018-02846-4
https://doi.org/10.1002/jqs.1423
https://doi.org/10.1038/s41467-018-06683-3
https://doi.org/10.1038/s41467-018-06683-3
https://doi.org/10.5194/cp-8-1473-2012
https://doi.org/10.1007/s00382-007-0243-z
https://doi.org/10.1007/s00382-007-0243-z
https://doi.org/10.1002/2013GL058458
https://doi.org/10.1002/2013GL058458
https://doi.org/10.1016/j.palaeo.2015.09.016
https://doi.org/10.1029/1999PA900048
https://doi.org/10.1029/1999PA900048

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2019GL083094

Ziegler, M., Niirnberg, D., Karas, C., Tiedemann, R., & Lourens, L. J. (2008). Persistent summer expansion of the Atlantic Warm Pool
during glacial abrupt cold events. Nature Geoscience, 1(9), 601-605. https://doi.org/10.1038/nge0277

References From the Supporting Information

Andrade, C. A., Barton, E. D., & Mooers, C. N. (2003). Evidence for an eastward flow along the Central and South American Caribbean
Coast. Journal of Geophysical Research, 108(C6), 3185. https://doi.org/10.1029/2002JC001549

Asami, R., Felis, T., Deschamps, P., Hanawa, K., Iryu, Y., Bard, E., et al. (2009). Evidence for tropical South Pacific climate change during
the Younger Dryas and the Bolling-Allered from geochemical records of fossil Tahiti corals. Earth and Planetary Science Letters, 288(1-2),
96-107. https://doi.org/10.1016/j.eps1.2009.09.011

Asami, R,, Iryu, Y., Hanawa, K., Miwa, T., Holden, P., Shinjo, R., & Paulay, G. (2013). MIS 7 interglacial sea-surface temperature and
salinity reconstructions from a southwestern subtropical Pacific coral. Quaternary Research, 80(3), 575-585. https://doi.org/10.1016/].
yqres.2013.09.002

Bak, R. P, Nieuwland, G., & Meesters, E. H. (2005). Coral reef crisis in deep and shallow reefs: 30 years of constancy and change in reefs of
Curacao and Bonaire. Coral Reefs, 24(3), 475-479. https://doi.org/10.1007/s00338-005-0009-1

Engel, M., Briickner, H., Wennrich, V., Scheffers, A., Kelletat, D., Vott, A., et al. (2010). Coastal stratigraphies of eastern Bonaire
(Netherlands Antilles): New insights into the palaeo-tsunami history of the southern Caribbean. Sedimentary Geology, 231(1-2), 14-30.
https://doi.org/10.1016/j.sedge0.2010.08.002

Felis, T., Pdtzold, J., & Loya, Y. (2003). Mean oxygen-isotope signatures in Porites spp. corals: Inter-colony variability and correction for
extension-rate effects. Coral Reefs, 22(4), 328-336. https://doi.org/10.1007/s00338-003-0324-3

Kilbourne, K. H., Quinn, T. M., & Taylor, F. W. (2004). A fossil coral perspective on western tropical Pacific climate ~350 ka.
Paleoceanography, 19, PA1019. https://doi.org/10.1029/2003PA000944

Kopp, R. E., Simons, F. J., Mitrovica, J. X., Maloof, A. C., & Oppenheimer, M. (2009). Probabilistic assessment of sea level during the last
interglacial stage. Nature, 462(7275), 863-867. https://doi.org/10.1038/nature08686

Stoll, H. M., Schrag, D. P, & Clemens, S. C. (1999). Are seawater Sr/Ca variations preserved in Quaternary foraminifera? Geochimica et
Cosmochimica Acta, 63(21), 3535-3547. https://doi.org/10.1016/S0016-7037(99)00129-5

Swart, P. K., Elderfield, H., & Greaves, M. J. (2002). A high-resolution calibration of Sr/Ca thermometry using the Caribbean coral
Montastraea annularis. Geochemistry Geophysics Geosystems, 3(11), 8402. https://doi.org/10.1029/2002GC000306

Waelbroeck, C., Labeyrie, L., Michel, E., Duplessy, J. C., McManus, J., Lambeck, K., et al. (2002). Sea-level and deep water temperature
changes derived from benthic foraminifera isotopic records. Quaternary Science Review, 21(1-3), 295-305. https://doi.org/10.1016/S0277-
3791(01)00101-9

Erratum

In the originally published version of this article, there were errors in Figure 1b and its legend. These errors
have since been corrected, and the present version may be considered the authoritative version of record.
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Introduction

This supporting information contains text describing potential uncertainties associated with
coral proxy reconstructions at Bonaire. A table is provided detailing **°Th/U ages and the
number of monthly resolved years that comprise each Bonaire mean coral Sr/Ca and §*°0 value.
Additional figures pertinent to the study of last interglacial (LIG) sea surface temperatures
(SST) using fossil coral material from the island of southern Caribbean island of Bonaire are
provided. Mean coral Sr/Ca, §'°0, §**Oseawater and growth rates are presented to illustrate
that no temperature dependent growth relationship exists within our proxy records. All other
data was obtained from their specific reference and treated accordingly. We compare our
assessment of mid- last interglacial coral Sr/Ca-SST anomalies from modern to compilations of
tropical Atlantic sedimentary records. In doing so we illustrate all LIG tropical Atlantic SST
records to highlight the context in which our coral Sr/Ca and §"0 records are significant to the
interpretation of LIG SSTs.



Text Sa

Due to Bonaire’s geographical setting, corals from this island are considered a good
source of open ocean environmental reconstructions (Giry et al., 2012; Brocas et al., 20163,
2018a), however uncertainties exist associated with LIG fossil material. Absolute ***Th/U dating
of these corals includes inherent age uncertainties between 0.8 and 3.1 ka (+20) (Obert et al.,,
2016; Brocas et al., 2016a) and their coral proxy mean values derive of records of between three
and 37 years. Therefore, our major findings describe records containing =10 years and are
termed according to shared *°Th/U ages and overlapping errors (supporting information table
S1). Coral colonies retrieved from Bonaire’s lower reef terrace were potentially transported by
wave activity until they finally became a cemented part of the reef, preventing a precise
determination of the absolute water depth these LIG corals inhabited (Obert et al., 2016).
Moreover, our corals were recovered between 20 and go m inland, from terraces that were
uplifted 1.5 to 5.5 m, at a rate 0.02 to 0.08 meters per 1000 years (Engel et al., 2012) and during
a time when maximum global mean relative sea level (RSL) are widely cited to have been 6.6 to
9.0 m above present sea level (Kopp et al., 2009). Taken together, we approximate that our
corals inhabited a reef crest between 5 and 15 m of the sea surface, a similar habitat range to
modern D.strigosa at Bonaire. Previous studies (Kilbourne et al., 2004; Asami et al., 2013; Felis
etal,, 2012, 2014) corrected for the influence of RSL changes on the Srand §'°0 content of
seawater over glacial/interglacial time scales (Stoll et al., 1999, Waelbroeck et al., 2002).
However, assumed changes in seawater Sr/Ca during glacial sea level lowstands have large
uncertainties, but are of minor relevance for the interpretation of fossil corals from interglacial
highstands (Stoll et al., 1999; Asami et al., 2009; Felis et al., 2012, 2014). A potential influence
on local seawater properties are the centers of seasonal (December to May) upwelling found in
the vicinity of the Gulf of Venezuela and the Cariaco Basin, ~300 km to the south- west and east
of the island, respectively. Due to an eastward flowing undercurrent immediately to the south
of Bonaire (Andrade et al., 2003), upwelling of cold and more saline water filaments is inhibited
and does not influence Bonaire on timescales greater than a week (Bak et al., 2005).
Furthermore, both the carbonate platform and the freshwater input, via relief rainfall, at
Bonaire is insufficiently large to significantly alter local Sr composition of seawater (Swart et al.,
2002).

Importantly, three modern corals successfully reconstructed local instrumental SST
seasonality (Giry et al., 2012), providing confidence that they also represent typical between
colony offsets associated with the above described uncertainties, time intervals, biological
kinetic effects, and uncertainties regarding individual coral proxy sensitive to SST (Felis et al.,
2004, 2015; Delong et al., 2010; Flannery et al., 2017). These between-colony offsets among
modern corals of the same reef have complicated the reconstruction of mean SST from fossil
corals of the Holocene (Felis et al., 2003, Abram et al., 2009; Giry et al., 2012) and the last
glacial-interglacial cycle (Felis et al., 2004; 2012, 2014). We therefore utilizes an approach to
error estimation that incorporates between colony offsets at Bonaire and uncertainties
associated with the calibration of mean coral Sr/Ca to SST. Our corals geochemical and isotopic
measurements exhibited no growth dependent relationship which might manifest itself as a
season bias in our data. Each annual cycle of data was screened to ensure that it was a)
comprised of at least 11-12 measurements so that monthly interpolation was representative
and b) exhibited complete sinusoidal curves with raw data points not clustered around a specific
season. The annual foraminifera assemblage SST records of the CLIMAP Project Members
(1984) often derive from the averaged LIG summer and winter records. This, results in a



seasonal bias, which we corrected for by subtracting from the sedimentary ASST the difference
between a) the average of June-July-August (JJA) and December-January-February (DFJ) SST
and b) the annual average SST, using a 1 x 1° grid of Extended Reconstructed Sea Surface
Temperature version 3b (ERSSTv3b) dataset for 1910-2000 (Smith et al., 2008). This correction
was consistent with that applied by ASST by Hoffman et al. (2017), but wasn’t necessary for
tropical Atlantic foraminiferal Mg/Ca-SST records (Richey et al., 2019). Comparison to
ERSSTv3b maintains consistency with the instrumental datasets previously used to evaluate
Bonaire coral SST reconstructions (Giry et al., 2016; Brocas et al., 2016) and minor differences
were found between other instrumental data products.



Table S1

Terms Coral I.D. Record Mean “’Th/U  “’Th/U Coral Sr/Ca Coral 8™°0
used length  samples age age error Mean Full error Mean Full error
(years) peryear  (ka) (ka) (206)  (mmol/mol) (mmol/mol) (%VPDB) (%.VPDB)
BON-0-A 15 14 0.00 0.00 9.208 N/A -4.35 N/A
Modern  BON-9-B 13 15 0.06 0.05 9.063 N/A -4.35 N/A
BON-9-A 30 12 0.10 0.08 9.079 N/A -4.24 N/A
BON-20-A 7 15 1.84 0.02 9.173 0.049 -4.03 0.047
) BON-6-A 68 11 2.35 0.05 9.183 0.049 -4.12 0.040
Mllgt;)to BON-7-A 39 11 3.79 0.03 9.188 0.049 -4.11 0.040
Holocene BON-7-B 33 13 383  0.03 9.273 0.049 -4.18 0.043
BON-4-G 23 11 4.27 0.03 9.232 0.050 -4.14 0.051
BON-3-E 67 11 6.22 0.05 9.295 0.049 -3.98 0.044
Late LI BON-5-D 20 11 1177 0.8 9.147 0.049 -4.08 0.050
BON-5-A 14 15 120.5 11 9.147 0.050 -3.97 0.044
N/A BON-28-A 6 17 123.3 3.1 9.326 0.049 -3.84 0.059
BON-12-A 37 13 123.9 1.3 9.192 0.049 -3.95 0.043
Mid- LIG BON-26-A 3 13 124.9 1.9 9.219 0.049 -4.10 0.038
BON-24-All.2 5 14 125.5 2.4 9.236 0.049 -4.18 0.062
BON-13-Al.1 10 16 125.8 1.6 9.428 0.050 -4.15 0.054
Early LIG BON-33-BlI 10 13 129.7 1.7 9.293 0.049 -4.02 0.050
Table Sa

Details of the Bonaire corals measured for Sr/Ca and 80 and their full error (+10) at during the last interglacial (LIG) (this study), late LIG (Felis
et al.,, 2015), the mid- to late Holocene and modern times (Giry et al., 2012). Terms used to group corals were assigned based on *°Th/U age and
weighted errors (Obert et al., 2016; Brocas et al., 2016a). BON-28-A was not grouped due to its large overlapping age error. All original monthly
resolved coral Sr/Ca data (https://doi.org/10.1594/PANGAEA.862148) and coral §**0 and §**Oseawater data
(https://doi.org/10.1594/PANGAEA.877852) are available from PANGAEA.
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Figure Sa. Tropical Atlantic last interglacial (LIG) SST anomalies (ASST) complied for a) this
study, b) Hoffman et al. (2017), c) McKay et al. (2011) and d) Turney and Jones, (2010). The
location of Bonaire and our coral finding of ~2°C cooler than modern SST at ~126 ka using the
Sr/Ca-SST calibration of Felis et al., (2009) is illustrated (triangle, 5). LIG SST reconstructions
derived from foraminifera assemblage transfer functions (lettered circles a-f: CLIMAP Project
Members et al. (1984)), Mg/Ca (numbered squares: 1 (Ziegler et al., 2008), 2 (Imbrie et al.,
1989), 3 (Hils and Zahn, 2000) and 4 (Schmidt et al., 2004)), and Uk’37 (diamond 6: Herbert and
Schuffert, (2000)). Turney and Jones, (2010) derived sedimentary ASST by averaging
reconstructed SST over the MIS e isotopic plateau and subtracting the average SST within the
nearest 2° x 2° gridded instrumental data series (1961-1990). Whereas, McKay et al. (2011)
defined sedimentary ASST as the average SST of 5 ka centered on peak LIG SST, minus the
average SST between o and 5 ka. Furthermore, McKay et al. (2011) and Hoffman et al. (2017)
only considered sedimentary records with a resolution less than 3 and 4 ka, respectively, on
their published age models. Hoffman et al. (2017) calculated ASST for each proxy record with
reference to the HadISST1.11870-1889, based on this periods SST being closest within this
database to the pre-industrial. Maps generated with Ocean Data View (Schlitzer, 2015)
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Figure S2. Tropical Atlantic mean annual coral proxies compared to their respective annual
average growth rates. Records reconstruct climatic conditions during modern, mid- to late
Holocene (Giry et al., 2012), late LIG (Felis et al., 2015) and the Last Interglacial (this study)
periods. a) Coral Sr/Ca derived SST anomaly from the three modern coral weighted average is
calculated using the annual Sr/Ca-SST relationship of -0.066 and -0.140 mmol/mol per °C from
Hetzinger et al. (2006) and Felis et al. (2009), respectively. These values are used to subtract the
SST component from b) paired mean annual coral §'®0 measurements in order to calculate
5"®0Oseawater. Coral mean annual §'*Oseawater calculated using the §'*0-SST relationship of c)
-0.196 %o per °C (Hetzinger et al., 2006) and d) -0.213 %o per °C (Felis et al., 2009) and their
respective Sr/Ca-SST relationships. Individual error bars represent the + full error (filled,
reported at 10) and +1 combined error (hollow, calculated at 20, Abram et al., 2006). Three
coral modern weighted mean is indicated by the horizontal lines with, +1 the largest of the
internal or external error (grey shading). Horizontal error lines indicate **°Th/U-age uncertainty
at 20 level (Obert et al., 2016). Modern and mid- to late Holocene ages are smaller than symbol
size. e) Mean annual coral growth rates reveal no biological influence on proxy records.
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Figure S3. Last interglacial foraminifera assemblage transfer functions derived SST for various
sites within the tropical Atlantic. Horizontal dark lines illustrates the core top value with red and
blue shading indicating departures from this, respectively. All records originate from CLIMAP
Project Members, (1984).
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Figure S4. Coral and sedimentary records that reconstruct annual sea surface temperatures
(SST) during the mid- to late Holocene and last interglacial (LIG). Record 5 illustrates Bonaire
(12°N) coral mean annual Sr/Ca for the last interglacial (LIG) (this study), late LIG (Felis et al.,
2015), the mid- to late Holocene and modern times (Giry et al., 2012). Coral Sr/Ca derived SST
anomaly from the 3 modern coral weighted average (horizontal black line with + external error
depicted by grey shading) is calculated using the annual Sr/Ca-SST relationship of -0.066
(Hetzinger et al., 2006) and -0,140 mmol/mol per °C (Felis et al., 2009). The error bars depict the
+1 combined error (hollow, Abram et al., 2009) and +1 full error (filled, this study). Horizontal
error lines indicate 230Th/U-age uncertainty at +20 level (Obert et al., 2016). Modern and mid-
to late Holocene ages are smaller than symbol size. Annual mean insolation anomaly from
modern (W/m2) received at 12°N (Berger, 1978) is illustrated above. Sedimentary archives
derived from G. ruber Mg/Ca (numbered squares 1: (Ziegler et al., 2008), 2: (Imbrie et al., 1989),
3: (HUls and Zahn, 2000) and 4: (Schmidt et al., 2004)), and Uk’37 (diamond 6: Herbert and
Schuffert, 2000) proxy compilations are illustrated for the western tropical Atlantic (0° - 35°N x
100° - 30°W). These records are numbered according to latitude and correspond to figure 1. LIG
warmer or colder than the most recent reconstructed SST are shaded red and blue,
respectively. The reported +1 standard deviation is depicted in the top right of each record.
Vertical orange shading indicates the date ascribed to our coldest dwelling coral at 125.8 ka.
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