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Abrupt, millennial-scale climate oscillations, known as Dansgaard–Oeschger (D–O) cycles, characterized 
the climate system of the last glacial period. Although proxy evidence shows that D–O cycles resulted 
in large-scale changes in atmospheric circulation patterns around the planet, an understanding of how 
Atlantic Meridional Overturning Circulation (AMOC) varied across these events remains unclear. Here, we 
take advantage of the fact that both tropical atmospheric circulation changes corresponding to north–
south shifts in the Intertropical Convergence Zone (ITCZ) and large-scale changes in ocean circulation 
associated with AMOC variability can be reconstructed in the same sediment core from the Florida Straits 
to examine the relationship between atmospheric and ocean circulation changes across D–O events. 
To reconstruct surface water conditions, Mg/Ca-paleothermometry and stable isotope measurements 
were combined on the planktonic foraminifera Globigerinoides ruber (white variety) from sediment core 
KNR166-2 JPC26 (24◦19.61′N, 83◦15.14′W; 546 m depth) to reconstruct a high-resolution record of sea 
surface temperature and δ18Oseawater (a proxy for upper mixed layer salinity) during Marine Isotope 
Stages (MIS) 2 and 3 from 20–35 ka BP. As an additional proxy for upper water column salinity 
change, we also generate a faunal abundance record of the salinity-sensitive planktonic foraminifera 
Neogloboquadrina dutertrei. Our results suggest that rapid reductions in sea surface salinity occurred at 
the onset of D–O interstadials, while stadials are characterized by increased surface salinities. The most 
likely cause of these salinity changes was variation in the strength and position of the ITCZ across D–O 
events. Finally, we examine the relationship between millennial-scale atmospheric circulation changes 
recorded in the planktonic records and ocean circulation changes inferred from the benthic δ18O record 
from our core. Our results provide some of the first evidence that AMOC strength did vary across at least 
one of the millennial-scale D–O cycles of MIS 3.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Today, heat and salt are transported from low to high latitudes 
in the North Atlantic via the Gulf Stream. These saline upper-
waters release heat to the atmosphere as they encounter the much 
colder high-latitude climate and eventually become dense enough 
to sink and form North Atlantic Deep Water (NADW). NADW then 
flows south and eventually becomes part of the Circumpolar Deep 
Water flowing around Antarctica. This circulation, known as the 
Atlantic Meridional Overturning Circulation (AMOC), maintains a 
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modern transfer of heat from the South Atlantic to the North 
Atlantic. It has been proposed that changes in the strength of 
the AMOC are responsible for abrupt climate changes observed 
in the North Atlantic region over the last glacial cycle. Recon-
structing past changes in AMOC is therefore fundamental to un-
derstanding its relation to abrupt climate change. Most research 
has focused on understanding how AMOC has varied across the 
abrupt climate events since the Last Glacial Maximum (LGM), in-
cluding Heinrich Event 1, the Younger Dryas, and the 8.2 kyr 
event. Both geochemical and sedimentological evidence suggest 
that these cold events in the North Atlantic are indeed linked to 
a reduction in AMOC and a cooler climate, most likely due to a 
reduced poleward heat flux (Alley and Clark, 1999; Boyle, 2000;
Rahmstorf, 2002; Piotrowski et al., 2005; Evans and Hall, 2008;
Lynch-Stieglitz et al., 2011; Bradtmiller et al., 2014).

Nevertheless, much less is known about the role of AMOC in 
the older, millennial-scale climate oscillations of Marine Isotope 
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Stages (MIS) 2 and 3 known as Dansgaard–Oeschger (D–O) cy-
cles (Dansgaard et al., 1993). Although the prevailing paradigm 
holds that rapid climate shifts associated with the extreme climate 
swings of the last glacial period were forced by changes in the 
strength and northward extension of AMOC, resulting in abrupt 
temperature changes recorded in the Greenland ice core records 
(Broecker et al., 1990; Sarnthein et al., 1995; Rahmstorf, 2002;
Lohmann, 2003; Stouffer et al., 2006; Kageyama et al., 2013;
Zhang et al., 2014; Barker et al., 2015), the role of AMOC as the 
primary driver of these millennial-scale climate events remains un-
clear (Jackson, 2000; Seager et al., 2002; Romanova et al., 2006;
Wunsch, 2006; Skinner and Elderfield, 2007; Otto-Bliesner and 
Brady, 2010; Thornalley et al., 2013; Lynch-Stieglitz et al., 2014;
Roberts et al., 2014).

Regardless, previous research suggests D–O events had dra-
matic, worldwide effects on climate (Voelker et al., 2002; Clement 
and Peterson, 2008). In particular, cold phases in the North Atlantic 
were associated with a southward shift in the Intertropical Conver-
gence Zone (ITCZ) (Peterson and Haug, 2006; Peterson et al., 2000;
Koutavas and Lynch-Stieglitz, 2004), resulting in a weakening of 
the Indian and East Asian Monsoon systems (Dykoski et al., 2005;
Wang et al., 2001; Yuan et al., 2004) and a concomitant strength-
ening of the South American Monsoon (Kanner et al., 2012; Wang 
et al., 2007, 2008). Furthermore, it has been hypothesized that 
changes in tropical Atlantic evaporation/precipitation (E–P) ra-
tios associated with a southward shift in the ITCZ have the po-
tential to cause significant increases in tropical Atlantic surface 
salinity that could eventually impact surface water density and 
deep-water formation in the North Atlantic (Schmidt et al., 2004;
Schmidt and Spero, 2011; Carlson et al., 2008).

Here, we take advantage of the fact that ITCZ shifts co-occur 
with D–O events to reconstruct atmospheric circulation changes in 
the tropical North Atlantic at our core site. North Atlantic stadial 
events cause a southward shift of the ITCZ and increased arid-
ity in the tropical North Atlantic (Peterson et al., 2000; Peterson 
and Haug, 2006), resulting in elevated tropical North Atlantic sea 
surface salinity (SSS) (Dahl et al., 2005; Krebs and Timmermann, 
2007a, 2007b; Lohmann, 2003; Stouffer et al., 2006; Vellinga and 
Wood, 2002; Zhang and Delworth, 2005; Schmidt et al., 2006). 
Schmidt and Lynch-Stieglitz (2011) showed that these north–
south shifts in the ITCZ across the last deglacial are recorded 
in the Florida Straits as changes in upper water column salin-
ity. Therefore, we extend the Schmidt and Lynch-Stieglitz (2011)
records using the same sediment core and methods to recon-
struct a millennial-scale record of upper water column salinity 
change in the Florida Straits from 20 to 35 ka BP. We combine 
δ18O measurements and Mg/Ca ratios (a proxy for SST) in the 
planktonic foraminifera Globigerinoides ruber (white variety) from 
sediment core KNR166-2-26JPC (herein referred to as JPC26). Us-
ing the Mg/Ca-based SST, we then generated a record of past 
δ18Oseawater (δ18OSW) variability. Because δ18OSW varies linearly 
with SSS (Fairbanks et al., 1992), it can be used as a proxy for 
past SSS change, if we assume the local δ18OSW: SSS relationship 
has not changed significantly over time. As an additional proxy 
for past changes in upper water column salinity, we also calculate 
the relative abundance of the upper-thermocline dwelling plank-
tonic foraminifera Neogloboquadrina dutertrei, a species shown to 
prefer reduced salinity conditions in the Caribbean and western 
tropical Atlantic (Hertzberg et al., 2012; Rasmussen and Thomsen, 
2012).

Finally, we investigate the timing of atmospheric and ocean 
circulation changes across millennial-scale climate events by com-
paring our new salinity records from MIS 2 and 3 with the recently 
published record of ocean circulation change from the same sedi-
ment core (Lynch-Stieglitz et al., 2014). These researchers used the 
δ18O in benthic foraminifera from JPC26, along with several other 
benthic δ18O records from both margins of the Florida Straits, 
to estimate past changes in geostrophic flow through the Florida 
Straits from the Younger Dryas to the present (Lynch-Stieglitz et 
al., 2009; 2011). Lynch-Stieglitz et al. (2014) argued that since 
changes in geostrophic flow over this time interval were reflected 
in changes in benthic δ18O from JPC26, the changes deeper in the 
core most likely reflect millennial-scale changes in AMOC strength. 
While Lynch-Stieglitz et al. (2014) argue that benthic δ18O change 
in JPC26 is sensitive to changes in AMOC, other processes including 
changes in the strength of the wind driven gyre circulation may 
also contribute to the observed signal. Assuming that the signal is 
driven predominantly by AMOC changes, we directly compare the 
timing of atmospheric and ocean circulation changes across our 
best resolved D–O event at ∼32.5 ka BP.

2. Regional setting

Sediment core JPC26 (24◦19.61′N, 83◦15.14′W; 546 m depth) 
was recovered from the Florida Straits near the Dry Tortugas 
(Fig. 1). The Florida Current overlaying the core site is comprised of 
wind-driven recirculated gyre water (∼17 Sv) and cross-equatorial 
flow from the South Atlantic (∼13 Sv) (Schmitz and McCart-
ney, 1993) forming the northward flowing surface branch of the 
AMOC. The waters in the Florida Current are sourced from the 
Caribbean, the tropical Atlantic, and western tropical South At-
lantic, and travel through the Yucatan Straights and the Gulf of 
Mexico before reaching the Florida Straits (Murphy et al., 1999;
Schmitz and Richardson, 1991). Thus, the surface waters maintain 
physical and chemical properties that are generally characteristic 
of the Caribbean.

The modern average annual sea surface temperature (SST) in 
the Florida Straits is 27.5 ◦C, with a seasonal cycle that varies from 
a minimum of 25.0–26.0 ◦C from December to March and a max-
imum of 29.0–29.4 ◦C from July to September (Locarnini, 2006). 
Modern average annual SSS offshore of the Dry Tortugas is ∼36.1, 
varying from a high of 36.1 to 36.2 from January to June and 
decreasing to a low of 35.9 from August to December (Antonov, 
2009). The shallow depth of the core (546 m), well above the 
carbonate compensation depth, results in fossil foraminifera that 
are not affected by dissolution. Although some researchers have 
found issues with diagenetic overgrows on benthic foraminifera 
from the Bahama margin of the Florida Straits (Marchitto et al., 
2007), foraminifera from the Florida Margin are not affected by 
this issue (Schmidt and Lynch-Stieglitz, 2011).

3. Materials and methods

3.1. Stable isotope analyses

The planktonic foraminifera G. ruber (white variety, sensu stricto) 
was picked in JPC26 at 2 cm intervals spanning 784.25–1120.25 cm 
in the core. To reduce size-dependent isotope fractionation differ-
ences (Lea et al., 2000; Spero et al., 2003), G. ruber was picked from 
the 250–350 μm size fraction. 10–12 individual shells were pooled 
and analyzed for stable oxygen and carbon isotopes at the Georgia 
Institute of Technology on a GV Instruments Isoprime mass spec-
trometer with Multiprep or a Finnigan MAT 253 mass spectrometer 
with Kiel Device. Samples were sonicated in methanol for approx-
imately 3–8 s and dried prior to isotope analysis.

3.2. Minor and trace metal analyses

Foraminiferal metal/Ca (Me/Ca) ratios were measured on the 
same intervals and size fraction of G. ruber specimens used for 
the stable isotope analyses. Around 580 μg of G. ruber shell ma-
terial/sample (∼35–45 shells) were crushed, homogenized, split 
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Fig. 1. Site location. The location of the core used in this study (red circle), KNR166-2 JPC26 on the northern margin of the Florida Straits. Also noted are the positions of 
the Cariaco Basin (Peterson et al., 2000) in the western tropical Atlantic, and Pacupahuain (Kanner et al., 2012) and Botuverá (Wang et al., 2007) caves from South America 
(yellow circles) (map generated using GeoMapApp). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
and then cleaned for trace element analyses according to the pro-
cedures of Schmidt et al. (2012a) without the DTPA step. Sam-
ples underwent three rinses in ultra-pure water, then two rinses 
in methanol, followed by two rinses in ultra-pure water. Next, 
samples were bathed in a hot reducing solution (ammonium cit-
rate, ammonium hydroxide, and hydrazine) for 30 min and then 
an oxidizing solution (hydrogen peroxide and sodium hydroxide) 
for 10 min, and then transferred into new acid-leached micro-
centrifuge vials. They were finally leached with a dilute ultra-pure 
acid solution (0.001 N HNO3) and stored for minor and trace el-
ement analyses. All clean work was conducted in laminar flow 
benches under trace metal clean conditions. Using isotope dilu-
tion, as outlined in Lea and Martin (1996) and Lea et al. (2000), 
the samples were dissolved and analyzed for Me/Ca ratios on a 
Thermo Scientific Element XR High Resolution Inductively Coupled 
Plasma Mass Spectrometer (HR-ICP-MS) at Texas A&M University. 
Approximately 90% of the samples were replicated at least once.

The following elements were measured: Na, Mg, Ca, Sr, Ba, U, 
Al, Fe, and Mn. Analyses with high Al/Ca indicate the presence of 
detrital clays that were not removed during the cleaning process. 
Elevated levels of Fe/Ca or Mn/Ca indicate the presence of diage-
netic coatings that were not removed during the cleaning process. 
Analyses with high (>100 μmol/mol) Al/Ca, Fe/Ca or Mn/Ca ratios 
or with low percent recovery (<20%) were rejected. Low percent 
recovery values usually indicate loss of shell material during the 
cleaning process, most likely due to human error. All geochem-
ical data are archived at the NOAA National Centers for Envi-
ronmental Information at: https://www.ncdc.noaa.gov/data-access/
paleoclimatology-data.
3.3. Calculating sea surface temperature

Culturing and most core top studies show that Mg/Ca ratios 
in planktonic foraminifera are primarily controlled by temperature 
(Nürnberg et al., 1996; Mashiotta et al., 1999; Lea et al., 1999;
Dekens et al., 2002; Anand et al., 2003; Ferguson et al., 2008;
Kisakürek et al., 2008; Dueñas Bohórquez et al., 2009), and that 
changes in pH and salinity only have a minor effect on shell Mg/Ca 
ratios (Nürnberg et al., 1996; Hastings et al., 1998; Mashiotta et al., 
1999; Lea et al., 1999; Kisakürek et al., 2008; Dueñas Bohórquez et 
al., 2009; Hönisch et al., 2013). Although, Arbuszewski et al. (2010)
argued that increased SSS can significantly affect shell Mg/Ca ratios 
at salinities >35, these results have recently been called into ques-
tion by Hönisch et al. (2013) and Hertzberg and Schmidt (2013). 
Hönisch et al. (2013) presented new culturing study data con-
ducted under elevated SSSs and found no evidence of an increasing 
influence of salinity on Mg/Ca ratios in G. ruber. Instead, their study 
confirmed previous data showing a 3–5% increase in shell Mg/Ca 
per salinity unit increase. Additionally, a recent subsampling of the 
core tops used in the Arbuszewski et al. (2010) study by Hertzberg 
and Schmidt (2013) found no evidence of excess Mg/Ca in G. ru-
ber shells, but instead confirmed that the established multi-species 
planktonic Mg/Ca:SST relationship from Anand et al. (2003) can be 
used to reconstruct regional modern SST gradients in the modern 
tropical/subtropical Atlantic using G. ruber, once latitudinal differ-
ences in preservation are taken into account. Therefore, the follow-
ing multi-species equation was used to convert Mg/Ca ratios to SST 
(Anand et al., 2003):

Mg/Ca = 0.38 exp(0.09 ∗ SST) (1)

https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
https://www.ncdc.noaa.gov/data-access/paleoclimatology-data
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3.4. Calculating δ18OSW

One of the most accurate ways of calculating past δ18OSW
change is to measure Mg/Ca ratios and δ18OC on the same shell 
material from fossil foraminifera (Mashiotta et al., 1999; Lea et al., 
2000; Rosenthal et al., 2000; Schmidt et al., 2004, 2006). Addition-
ally, if we assume that the δ18OSW:SSS relationship did not sig-
nificantly change in the past, inferences about changes in salinity 
can be made. Previous studies showed that the low light Orbulina 
universa SST:δ18O relationship (Bemis et al., 1998) properly esti-
mates δ18OSW from G. ruber Mg/Ca-SST and δ18OC estimates (Lea et 
al., 2000; Schmidt et al., 2004, 2006; Schmidt and Lynch-Stieglitz, 
2011). Therefore, the following equation from Bemis et al. (1998)
was used to calculate δ18OSW:

T (◦C) = 16.5 − 4.8
(
δ18OC − δ18OSW

)
(2)

3.5. Correcting for the influence of continental ice volume on δ18OSW

Long-term variations in δ18OSW due to changes in continen-
tal ice volume can also have a large effect on foraminiferal δ18OC
values. The lighter H2

16O isotopologue is preferentially removed 
from ocean basins during evaporation of surface waters, and these 
‘light’ water molecules eventually precipitate out over the conti-
nents, leading to ice sheets highly depleted in H2

18O and causing 
the global δ18OSW value to increase. When continental ice sheets 
melted on the glacial termination, the highly depleted H2

18O wa-
ter mixed back into the oceans. Based on the assumption that 
sea level during the Last Glacial Maximum was ∼120 m lower 
than present (Fairbanks, 1989), and that the LGM δ18OSW value 
was 1.05� heavier than modern (Schrag et al., 2002), a sea 
level change of 1 m corresponds to a global δ18OSW change of 
−0.00875�. Using a splice of two high-resolution sea level curves 
available for early MIS 2 and late MIS 3 (Yokoyama et al., 2000;
Waelbroeck et al., 2002), this relationship can be used to remove 
the influence of continental ice volume variability on calculated 
δ18OSW, resulting in ice volume free δ18OSW (δ18OIVF-SW). The re-
sulting δ18OIVF-SW record reflects local salinity oscillations in the 
Florida Straits.

3.6. Neogloboquadrina dutertrei abundance

Another potential indicator of relative salinity change in the 
upper water column is the fossil faunal abundance of the plank-
tonic foraminifera N. dutertrei. This species is a thermocline-dweller 
that is linked to productive areas in the tropics and subtropics 
(Fairbanks et al., 1982; Schmuker and Schiebel, 2002; Rasmussen 
and Thomsen, 2012). They are most populous near the water 
column’s deep chlorophyll maximum (Fairbanks et al., 1982; Curry 
et al., 1983; Ortiz et al., 1995). Because rivers supply nutrients 
to the ocean and stimulate phytoplankton blooms (e.g., more 
food availability), N. dutertrei populations may increase with en-
hanced fluvial input. Alternatively, N. dutertrei may be more toler-
ant of lower salinity conditions than other planktonic foraminifera. 
Therefore, this species has been used as an indicator of past re-
ductions in upper water column salinity (freshening) in several 
ocean basins (Ruddiman, 1971; Cullen, 1981; Kennett et al., 1985;
Hertzberg et al., 2012; Rasmussen and Thomsen, 2012).

To calculate past changes in abundance in our core, N. dutertrei
individuals were counted from the >150 μm size fraction from 
each interval. This size fraction was split several times using a mi-
crosplitter until an aliquot of at least 300 foraminifera remained 
(Fatela and Taborda, 2002). N. dutertrei were only counted if at 
least 60% of the whole shell remained and could be unequivo-
cally identified. After counting, the total number of individuals of 
N. dutertrei per sample was computed by multiplying the num-
ber counted by the fraction that remained after splitting. The total 
population of N. dutertrei per interval was then normalized by di-
viding by the dry mass of the sediment from the corresponding 
interval, resulting in the number of N. dutertrei per gram of sedi-
ment per interval.

3.7. Error analysis

Long-term analytical precision for the δ18OC measurements is 
better than 0.08� based on replicate analyses of NBS-19 or in-
house standards. The long-term analytical reproducibility of a syn-
thetic, matrix-matched Mg/Ca standard analyzed by HR-ICP-MS 
over the course of this study is ±0.48%. The pooled standard de-
viation of all replicate Mg/Ca analyses is ±2.6% (1 SD, degrees 
of freedom = 191) based on 356 analyzed intervals and an aver-
age Mg/Ca ratio of 3.56 mmol/mol, which equates to an error of 
±0.09 mmol/mol, or ±0.28 ◦C using equation (1).

Error on the calculated δ18OSW values was estimated by propa-
gating the 1σ analytical error on the δ18OC values and the pooled 
standard deviation value on the Mg/Ca replicates with the re-
ported error on calibration equations (1) and (2), resulting in an 
error of ±0.23�. Previous studies report similar error propaga-
tions for δ18OSW residuals based on δ18OC and Mg/Ca-SSTs in 
G. ruber (Carlson et al., 2008; Lea et al., 2000; Schmidt et al., 
2004, 2006, 2012a; Lund and Curry, 2006; Weldeab et al., 2006;
Oppo et al., 2009; Schmidt and Lynch-Stieglitz, 2011).

3.8. Age model development

The age model for JPC26 is based on seven radiocarbon-dated 
intervals for the interval from 20 to 35 ka BP. The radiocarbon 
dates were previously published in Lynch-Stieglitz et al. (2014) and 
converted to calendar ages using the updated version of CALIB 7.0 
(Stuiver et al., 2014, Calib calibration program, version 7.0) and the 
Marine13 calibration dataset (Reimer et al., 2013), using the stan-
dard marine reservoir correction of 405 yr. Assuming linear sedi-
mentation rates between the most probable calendar ages for each 
radiocarbon-dated interval, an age model was developed. Based on 
these results, sedimentation rates in JPC26 range from 17 cm/ka 
from 20–30 ka to 38 cm/ka from 30–4.5 ka. All of the previously 
published radiocarbon dates from JPC26 and their associated 2σ
errors between 20 and 34.5 ka BP are shown on the x-axis of Fig. 2
(Lynch-Stieglitz et al., 2011, 2014).

4. Results and discussion

4.1. G. ruber δ18OC and Mg/Ca-SSTs

Our new G. ruber δ18OC and Mg/Ca-SST records from JPC26 
were combined with the previously published deglacial records in 
Lynch-Stieglitz et al. (2011) and Schmidt and Lynch-Stieglitz (2011)
in order to show the entire record on Fig. 2. The G. ruber δ18OC
record shows an overall increasing trend from 35–20 ka BP, punc-
tuated by several millennial-scale oscillations (Fig. 2A). Although it 
is difficult to correlate many of the G. ruber δ18OC oscillations with 
D–O events in the NGRIP ice core record (Fig. 2F), one millennial-
scale event in the section of the core with highest sedimentation 
rates (35–30 ka BP) does resemble D–O 5. The stadial–interstadial 
transition into D–O 5 occurs at ∼32.5 ka BP in the NGRIP ice core 
record. Our G. ruber δ18OC record also shows a pronounced ∼1.0�
decrease at 32.6 ka BP (mid-point of this transition), synchronous 
within age model error with NGRIP. This relationship would sug-
gest that interstadial intervals in the Florida Straits were charac-
terized by warmer and/or fresher conditions, whereas the stadials 
were associated with colder and/or saltier conditions.
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Fig. 2. G. ruber δ18OC, Mg/Ca-SST, δ18OSW, δ18OIVF-SW, N. dutertrei abundances, and 
NGRIP δ18OICE. (A) δ18OC values in G. ruber collected from the Florida Straits (JPC26) 
(dark green line – 3-point smoothed) and corresponding unsmoothed values (light 
green line). (B) Mg/Ca-SSTs (dark red line – 3-point smoothed) and calculated SST 
from JPC26 calculated using the general planktonic relationship from Anand et al.
(2003): Mg/Ca = 0.38 exp 0.09(SST). The optimistic 1σ error of ±0.5 ◦C is shown 
by the black error bar. (C) Calculated δ18OSW values from the Florida Straits (JPC26). 
(D) Calculated δ18OIVF-SW values from the Florida Straits (JPC26). (E) N. dutertrei
abundance record from the Florida Straits (dark purple line – 3-point smooth), with 
increased abundance indicating periods of reduced upper water column salinity. 
(F) NGRIP δ18OICE record. Gold diamonds on the x-axis indicate the intervals in 
JPC 26 with radiocarbon dates and their associated 2σ error. The ages for Heinrich 
events 1, 2 and 3 were determined from the Hulu Cave δ18O record from Wang et 
al. (2001) and are identified by blue bars. Gray bars indicate interstadial D–O events 
from in the NGRIP ice core record. The yellow bar represents the Younger Dryas.

Although the Mg/Ca-SST record from JPC26 reveals several 
millennial-scale temperature oscillations with a magnitude of 
∼2 ◦C between 20 and 35 ka BP, again there does not appear to 
be a clear connection between temperature change in the Florida 
Straits and air temperatures over Greenland (Zhang et al., 2015). 
Nevertheless, the Mg/Ca-SST record does indicate an abrupt warm-
ing of nearly 2 ◦C at the onset of D–O 5 at 32.6 ka BP (Fig. 2B). 
Cooler stadial temperatures in the Florida Straits are recorded in 
the stadial before D–O 5 and in the subsequent stadial follow-
ing the event. Cooler stadial temperatures in the Florida Straits 
are consistent with modeling studies that show cooler atmo-
spheric temperatures in the tropical North Atlantic in response 
to a freshwater-induced weakening of AMOC (Chiang et al., 2008;
Wan et al., 2009). Previous modeling studies suggested high-
latitude cooling related to AMOC slowdown is readily transferred 
to low latitude regions in the Northern Hemisphere through 
both atmospheric and oceanic processes (Stouffer et al., 2006;
Chiang et al., 2008; Wan et al., 2009; Schmidt et al., 2012b). 
For example, modeling results show that atmospheric circulation 
changes associated with AMOC weakening result in a surface cool-
ing in the entire tropical North Atlantic (Chiang et al., 2008;
Wan et al., 2009). Increased wind strength during stadials may 
have also resulted in cooler SSTs due to increasing the evaporative 
heat flux (Chiang et al., 2008).

4.2. Salinity changes in the Florida Straits during MIS 2 and 3

Next, we calculate δ18OSW change in the Florida Straits by com-
bining our G. ruber Mg/Ca-SST estimates and δ18OC values (Fig. 2C), 
and then correct for changes in global δ18OSW change due to con-
tinental ice volume, resulting in our δ18OIVF-SW record (Fig. 2D). 
Because δ18OSW covaries linearly with SSS in the modern ocean 
(Fairbanks et al., 1992), it is one of the most direct proxies for 
estimating past changes in salinity (Lea et al., 2000). The calcu-
lated δ18OIVF-SW record suggests significant surface salinity changes 
in the Florida Straits across many of the stadial–interstadial tran-
sitions. Interstadial δ18OIVF-SW values tend to be more negative 
(fresher) and stadial δ18OIVF-SW values are more positive (saltier) 
(Fig. 2D). In particular, D–O 5 is marked by a large and abrupt 
∼1.0� decrease in δ18OIVF-SW at 32.6 ka BP. In addition, D–O in-
terstadials 6 and 3 also suggest reduced SSS in the Florida Straits. It 
is interesting that while δ18OIVF-SW values remain enriched across 
Heinrich Event 3 (H3), H2 is marked by a large δ18OIVF-SW de-
crease. The ages for Heinrich events 1, 2 and 3 were determined 
from the Hulu Cave δ18O record from Wang et al. (2001) and are 
identified by blue bars on Fig. 2. The lighter δ18OIVF-SW values dur-
ing H2 may result from the influence of 18O-depleted meltwater 
entering the northern North Atlantic that was eventually advected 
into the subtropical gyre and the Florida Straits.

In addition, abundance counts of N. dutertrei in JPC26 show that 
a significantly larger number of N. dutertrei were present during 
interstadials. In contrast, extremely low abundances of N. dutertrei
(near zero) are present during stadials (Fig. 2E). This lends support 
to our interpretation that the isotopically light δ18OIVF-SW values 
that we calculate for D–O interstadials 6, and 5 are indeed as-
sociated with reduced salinity conditions in the Florida Straits. 
The well-resolved increase in the number of N. dutertrei across 
the D–O 5 inception is in excellent agreement with the negative 
excursion in the δ18OIVF-SW values at this time (Fig. 3A and B), 
suggesting a rapid decrease in upper water column salinity. Fur-
thermore, there is no increase in N. dutertrei across H3, consistent 
with the lack of change in δ18OIVF-SW values across this event. Fi-
nally, the abrupt decrease in δ18OIVF-SW values at the start of H2 
is mirrored in the N. dutertrei abundance record, suggesting a sig-
nificant salinity reduction at this time. Therefore, we believe the 
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Fig. 3. Tropical hydrologic cycle comparison for MIS 3. (A) Calculated δ18OIVF-SW

values (dark blue line – 3-point smooth) from the Florida Straits (JPC26), increased 
values indicate increased SSS in the Florida Straits during MIS 3. (B) N. dutertrei
abundances in the Florida Straits (JPC26) (dark purple line – 3-point smooth), with 
increased abundance indicating periods of reduced upper water column salinity. 
(C) Cariaco Basin Fe record (Peterson et al., 2000), indicating north–south shifts 
in the position of the ITCZ across D–O Events. (D) Pacupahuain Cave speleothem 
δ18OC record from Peru (Kanner et al., 2012), indicating drier conditions (more pos-
itive δ18O values) when the ITCZ is located farther north. (E) NGRIP δ18OICE record. 
Gold diamonds on the x-axis indicate intervals in JPC 26 with radiocarbon dates 
and their associated error. Gray bars indicate interstadials 5 and 6 and green bar 
marks minor interstadial 4.2 in the NGRIP ice core record. The blue bar represents 
Heinrich event 3.

N. dutertrei abundance record is a reliable proxy for upper water 
column salinity changes in the Florida Straits.

Previous geochemical proxy studies showed how millennial-
scale shifts in the ITCZ affect precipitation and SSS in the Caribbean 
region. A northward shift of the ITCZ results in increased precip-
itation and reduced SSS in the circum-Caribbean region, whereas 
a shift in the ITCZ to the south results in drier and saltier con-
ditions in the western tropical Atlantic (Peterson et al., 2000;
Schmidt et al., 2004; Peterson and Haug, 2006; Stansell et al., 
2010; Schmidt and Lynch-Stieglitz, 2011). Similar results were 
also observed in multiple modeling experiments (Vellinga and 
Wood, 2002; Lohmann, 2003; Dahl et al., 2005; Zhang and Del-
worth, 2005; Stouffer et al., 2006). These studies concluded that 
the most likely cause for stadial–interstadial hydrologic changes 
in the tropical/subtropical Atlantic was meridional migrations of 
the ITCZ. Cold intervals in the high-latitude North Atlantic cor-
relate with southerly shifts of the ITCZ, thus resulting in in-
creased surface salinity and more positive δ18OIVF-SW values in 
the Caribbean and the Florida Straits (Schmidt and Lynch-Stieglitz, 
2011).

Peterson et al. (2000) analyzed the color reflectance and el-
emental chemistry of a sediment core from the Cariaco Basin, 
located off the northern coast of Venezuela. This high-resolution 
core was characterized by significant decreases in reflectance and 
an increase in counts of riverine-derived iron and titanium dur-
ing interstadials (Fig. 3C). These changes were interpreted to reflect 
changes in the amount of rainfall over northern South America and 
were thought to result from north–south shifts in the position of 
the ITCZ on millennial time scales (Peterson et al., 2000). When 
the ITCZ was in a more northerly position, the Cariaco Basin re-
ceived more runoff from northern South America, delivering more 
Fe to the sediments. Comparison of our δ18OIVF-SW reconstruction 
from the section of JPC26 with the highest MIS 3 sedimentation 
rates (∼30–35 ka BP) shows that reduced δ18OIVF-SW values (re-
duced salinity) in JPC26 occur during times of increase Fe content 
in the Cariaco Basin sediments (wetter climate) (Fig. 3C). The mi-
nor offsets in the timing of the observed rapid hydrologic changes 
in the JPC26 and Cariaco Basin records probably result from the 
Cariaco record being tuned to the GISP2 ice core record rather 
than NGRIP. The transition into D–O 5 occurs at 32.5 ka BP and 
stadial conditions are reached at 32.0 ka BP in the NGRIP δ18OICE
record. In the GISP2 δ18OICE record, however, the transition into 
D–O 5 occurs at 32.4 ka BP and full stadial conditions are reached 
at 31.6 ka BP. If the Cariaco Basin record was tuned instead to 
the NGRIP δ18OICE record, the timing of the interstadial–stadial 
events would be closer to what we find in JPC26. Regardless of 
the timing offsets, we argue that the Cariaco Basin Fe and the 
JPC26 δ18OIVF-SW records both indicate enhanced precipitation dur-
ing interstadials when the ITCZ was located farther north, and drier 
stadial conditions in the tropical North Atlantic when the ITCZ mi-
grated south.

Recently published speleothem records from southern Brazil 
(Wang et al., 2007) and Peru (Kanner et al., 2012) (Fig. 1 for study 
locations) showed how the ITCZ affected low-latitude Southern 
Hemisphere monsoon patterns. The groundwater supply to these 
caves is impacted by the intensity of the South American Mon-
soon that in turn, is influenced by ITCZ migrations (Wang et al., 
2007). A southward shift of the ITCZ during Greenland stadials cor-
responds to wet intervals in both Brazil (Wang et al., 2007) and 
Peru (Kanner et al., 2012) (Fig. 3D). These speleothem records are 
anti-phased with Northern Hemisphere millennial-scale ITCZ dy-
namics as recorded in the Cariaco Basin, and resemble the NGRIP 
δ18OICE record (Fig. 3D and E). These wet-dry intervals are there-
fore anti-phased with hydrologic cycle changes in the tropical 
North Atlantic, as recorded in the JPC26 δ18OIVF-SW record (Fig. 3A 
and B), suggesting that tropical hydrologic changes associated with 
north–south shifts in the mean position of the ITCZ are the linking 
mechanism between these distant tropical records.

Interestingly, both the calculated δ18OIVF-SW record and the 
N. dutertrei abundance record from JPC26 suggest a return to 
interstadial-like conditions in the Florida Straits at ∼31.9 ka BP, 
shortly after the start of the stadial after D–O 5 (green bar on 
Figs. 3 and 4). However, there is no corresponding interstadial 
at this time in the NGRIP δ18OICE record (Fig. 3E). Furthermore, 
this shift to increased freshwater input was not isolated to the 



T.R. Them et al. / Earth and Planetary Science Letters 427 (2015) 47–56 53
Fig. 4. Atmospheric and ocean circulation changes in the Florida Straits. (A) Calcu-
lated δ18OIVF-SW from JPC26, indicating SSS changes during MIS 3. (B) N. dutertrei
abundance record from JPC26, with increased abundance indicating periods of re-
duced upper water column salinity. (C) Benthic foraminiferal (Cibicidoides spp.) 
δ18OC record, indicating changes in Florida Current transport, from Lynch-Stieglitz et 
al. (2014). Increased benthic δ18OC values suggest increased Florida Current trans-
port. Gray shaded bars represent interstadial periods in NGRIP and blue shaded bar 
represents Heinrich events 2 and 3. The green shaded bar represents interstadial 4.2. 
(For interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

Florida Straits, as it is also observed in the Cariaco Basin Fe record 
(Peterson et al., 2000) (Fig. 3C). Finally, the Southern Hemisphere 
cave record from Peru (Kanner et al., 2012) suggests that this inter-
val was drier in the southern tropics (Fig. 3D). Because this event 
is evident in several records and it occurs between D–O events 
4 and 5, it has been identified by some researchers as intersta-
dial 4.2 (Peterson et al., 2000; Kanner et al., 2012). Taken together, 
these three lines of evidence suggest a northward shift in the ITCZ 
during interstadial 4.2. It is interesting that this brief climate event 
recorded in these tropical records is not present in the NGRIP δ18O
record (Fig. 3E). Because northern hemisphere sea ice extent has 
been shown in models to have a significant impact on the position 
of the ITCZ (Chiang and Bitz, 2005), a possible mechanism to ex-
plain this pattern could be a partial melting of sea ice localized to 
the northwestern Atlantic that was not large enough to allow for a 
reduction of sea ice in the Nordic Seas or a warming over Green-
land, but large enough to induce a tropical atmospheric response. 
Modeling experiments by Li et al. (2010) showed that a melting 
of sea ice in the northwestern Atlantic has almost no impact on 
air temperatures over Greenland. Alternatively, interstadial 4.2 may 
have been a tropical atmospheric response to an unknown driver 
in the climate system that operates independently from the North 
Atlantic.

In a recent study, Deplazes et al. (2013) reconstructed a lami-
nation index for the Cariaco Basin over the last glacial cycle. These 
researchers observed that the degree of laminated sediments in-
creased during D–O interstadials and reasoned that this resulted 
from a northward shift in the ITCZ when increased riverine input 
into the Cariaco Basin caused bottom waters in the basin to be-
come anoxic. They also noted that while all D–O events older than 
∼31 ka BP are associated with increased lamination, the younger 
D–O events 2–4 that occurred closer to the LGM remained bio-
turbated. In other words, the Cariaco Basin sediment lamination 
record did not record D–O events 2–4. Deplazes et al. (2013) ex-
plained these results by arguing that as conditions continued to 
cool in the North Atlantic leading up to the LGM, the ITCZ eventu-
ally became permanently suppressed southward, making the Cari-
aco Basin no longer sensitive to its position. This gradual south-
ward migration of the ITCZ from MIS 3 to MIS 2 has also been hy-
pothesized to be forced by orbital changes in the cross-equatorial 
insolation gradient (Zarriess et al., 2011). If this were the case, it 
would also explain why our salinity proxies from JPC26 respond to 
D–O events 5 and 4.2, but not to D–O events 2–4. Our records sug-
gest that during the interval from 31 ka BP to the LGM, the ITCZ 
was either too weak, or suppressed too far south, to have a sig-
nificant impact on tropical North Atlantic salinity. Interestingly, H3 
and H2 also do not stand out as an increase in upper water column 
salinity in our reconstructed δ18OIVF-SW or our N. dutertrei abun-
dance records from JPC26. Our salinity proxies show no change 
across H3, while H2 experienced a significant decrease in upper 
water column salinity as indicated by both the δ18OIVF-SW and 
N. dutertrei records. One possible reason for the lack of an increase 
in either of our salinity proxies during H3 and H2 is that stadial 
conditions prior to these events had already caused a southward 
shift in the ITCZ, and that further cooling in the North Atlantic had 
no impact on surface salinity in the tropical North Atlantic. During 
this interval, other regional factors probably had a larger influence 
on upper water column salinity variability in the Florida Straits.

4.3. Estimating geostrophic current from δ18O in benthic foraminifera

Lynch-Stieglitz et al. (1999a) showed that the δ18O in modern 
benthic foraminifera could be used to estimate the density of wa-
ters on either margin of the Florida Straits. Because flow through 
the Florida Straits is in geostrophic balance, changes in the cross-
straits density gradient recorded in benthic δ18OC can be used to 
estimate past changes in the Florida Current (Lynch-Stieglitz et 
al., 1999a, 1999b). Using the geostrophic method, Lynch-Stieglitz 
et al. (2011) used benthic δ18OC records from the Florida Straits 
to reconstruct Florida Current transport changes across the last 
deglacial. They showed that while δ18OC changes on the Ba-
hama Margin primarily reflected sea level variability, the ben-
thic δ18OC values on the Florida Margin recorded density changes 
most likely resulting from geostrophic flow variability. Their re-
sults showed that the Florida Current was significantly reduced 
during the Younger Dryas cold period, resulting in a reduction 
of northward heat transport out of the tropical Atlantic and a 
significant cooling in the high-latitude North Atlantic. Recently, 
Lynch-Stieglitz et al. (2014) extended their benthic δ18OC records 
back to ∼35 ka BP from cores spanning both margins of the Florida 
Straits (including JPC26). While not discussed in that paper which 
focused on the Heinrich Events, the records show millennial scale 
changes in benthic δ18OC in the earliest part of the record between 
30–34 ka BP. Here we interpret these changes as reflecting changes 
in the AMOC and infer a strengthening during D–O interstadials 
5 and 6. While it is often hypothesized that D–O events are as-
sociated with changes in the site of deepwater formation in the 
North Atlantic and/or strength of the AMOC, these data provide 
some of the first evidence for changes in AMOC strength over D–O 
cycles.

As discussed above, the best-resolved MIS 3 section of JPC26 
is from 30–34.5 ka BP, centered on D–O 5. A decrease in the 



54 T.R. Them et al. / Earth and Planetary Science Letters 427 (2015) 47–56
JPC26 δ18OIVF-SW record (reduced salinity) and an increase in the 
N. dutertrei abundance record (reduced salinity) marks the tran-
sition into D–O 5 at ∼32.6 ka BP (Fig. 4A and B). The D–O 5 
transition is also characterized by a large increase in benthic δ18OC, 
suggesting an increase in Florida Current transport associated with 
an AMOC strengthening at this time. On close inspection, both 
the calculated δ18OIVF-SW and the N. dutertrei abundance records 
precede the benthic δ18OC changes into D–O 5. Because the com-
pounded error associated with the calculation of δ18OIVF-SW could 
mask the true timing of this transition, we compare the timing 
of the N. dutertrei abundance record as a proxy for upper water 
column salinity change on this transition. The N. dutertrei abun-
dance increases at 32.9 ka BP, about 200 yr before the benthic 
δ18OC transitions to interstadial values at 32.7 ka BP. In contrast, 
both the benthic δ18OC and the N. dutertrei abundance decrease 
synchronously on the transition into the stadial after D–O 5 at 
31.9 ka BP.

The lead in upper water column salinity change across the D–O 
5 interstadial transition could be evidence that the ITCZ migrated 
north before AMOC reached full interstadial strength. Schmidt and 
Lynch-Stieglitz (2011) also found that surface salinity in the Florida 
Straits decreased before benthic δ18OIVF-C values on the transition 
out of the Younger Dryas cold period at 11.5 ka BP, suggesting a 
lead in atmospheric circulation on this interstadial transition as 
well. Taken together, these results suggest that atmospheric cir-
culation changes may lead AMOC changes on the transitions going 
from cold stadials into warm interstadials. If this is correct, then 
AMOC may serve as a secondary amplifier of the warming after it 
is initiated by another mechanism in the climate system.

5. Conclusions

In this study, we present millennial-scale records of δ18OIVF-SW
and N. dutertrei abundance change as proxies for upper water col-
umn salinity variability in the Florida Straits from 20–35 ka BP. 
Our results show that for the best-resolved D–O events in our 
record, interstadials are associated with reduced upper water col-
umn salinities, while stadial events are associated with increases 
in salinity. These changes are thought to reflect north–south shifts 
in the position of the ITCZ, affecting the E–P ratio in the tropical 
North Atlantic. Furthermore, our results suggest that upper wa-
ter column salinity did not increase beyond elevated stadial values 
during H2 or H3. In fact, our salinity proxies suggest a reduction in 
upper water column salinity during H2. During the interval from 
31 ka BP to the LGM, the North Atlantic was probably too cold 
and the ITCZ was either too weak, or suppressed too far south, to 
have a significant impact on tropical North Atlantic salinity. Finally, 
we examine the relationship between millennial-scale atmospheric 
circulation changes recorded in the planktonic records and ocean 
circulation changes inferred from the benthic δ18O record from our 
core. Our results provide some of the first evidence that AMOC 
strength did vary across at least one of the millennial-scale D–O 
cycles of MIS 3.
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