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Abstract.

It has been hypothesized that global temperature trends are tightly linked to tropical thermocline depth, and that thermocline
shoaling played a crucial role in the intensification of late Pliocene northern hemisphere glaciation. The Pliocene thermocline
evolution in the Pacific Ocean is well documented and supports this hypothesis, but thermocline records from the tropical
Atlantic Ocean are limited. We present new planktonic foraminiferal Mg/Ca, §'0 and §'3C records from the late Pliocene
interval at Ocean Drilling Program Site 959 in the eastern equatorial Atlantic (EEA), which we use to reconstruct ocean
temperatures and relative changes in salinity and thermocline depth. Data were generated using surface-dwelling
Globigerinoides ruber and subsurface-dwelling Neogloboguadrina dutertrei. Reduced gradients between the surface and
subsurface records indicate deepening of the EEA thermocline at the end of the Mid-Piacenzian Warm Period (mPWP; ~3.3-
3.0 Ma). We connect our late Pliocene records to previously published early Pliocene 520 data from Site 959 and compare
these to the Site 1000 in the Caribbean Sea. Over the course of the Pliocene, thermocline changes in the EEA and Caribbean
Sea follow similar patterns, with prominent step-wise thermocline deepening between ~5.5 and 4.0 Ma, gradual shoaling up
to the mPWP, followed by minor deepening at the end of the mPWP. The tropical thermocline depth evolution of the tropical
Atlantic differs from the Pacific, which is characterized by gradual basin-wide shoaling across the Pliocene. These results
potentially challenge the hypothesized link between tropical thermocline depth and global climate. The mechanisms behind
the periodically divergent Pacific and Atlantic thermocline movements remain speculative. We suggest that they are related to
basin geometry and heterogenous temperature evolutions in regions from where thermocline waters are sourced. A positive
feedback loop between source region temperature and tropical cyclone activity may have amplified tropical thermocline

adjustments.
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1 Introduction

The Pliocene (5.33-2.58 Ma) is the most recent geological epoch with substantially higher greenhouse gas concentrations (de
la Vega et al., 2020; Martinez-Boti et al., 2015; Stap et al., 2016) and elevated global surface temperatures (Brierley et al.,
2009; Dowsett et al., 2016; McClymont et al., 2020) compared to preindustrial times. This makes it an interesting interval to
study for its potential analogies with our future climate (Burke et al., 2018). Typical features of the warm Pliocene ocean are
the poleward expansion of the tropical warm pools and a reduction of the zonal sea surface temperature (SST) gradient in the
Pacific (Brierley et al., 2009; Dekens et al., 2008; Fedorov et al., 2013). Another key feature of the Pliocene ocean is the deep
tropical Pacific thermocline that gradually shoaled towards the end of the Pliocene (Dekens et al., 2007; Ford et al., 2012,
2015; Steph et al., 2010), while the meridional and zonal SST gradient steepened (Fedorov et al., 2015). It has been suggested
that this shoaling reached a critical threshold around 3 Ma and played an important role in the onset of northern hemisphere
glaciation (Fedorov et al., 2006; Philander and Fedorov, 2003; Steph et al., 2010). Moreover, because there is general coherence
between Pliocene changes in meridional, zonal, and vertical (i.e. thermocline depth) temperature gradients in the Pacific,

Fedorov et al. (2015) suggested that these temperature gradients are somehow mechanistically linked.

Interestingly, while the thermocline shoaled across the tropical Pacific, 30 and Mg/Ca records of planktic foraminifera show
that the Caribbean thermocline deepened during the early Pliocene (Steph et al., 2010). This was interpreted by Steph et al.
(2010) as a local phenomenon. However, early Pliocene §'80 records form the Eastern Equatorial Atlantic (EEA) also show a
thermocline deepening (Norris, 1998). This suggests that the entire tropical Atlantic may have had a different early Pliocene
thermocline evolution than the Pacific. If so, the link between tropical thermocline depth and Pliocene global temperature
trends may need to be reconsidered. Late Pliocene thermocline records from the EEA are currently unavailable, yet necessary

for a complete evaluation of Pliocene tropical thermocline depth evolution in a context of global climate changes.

We present the first records of late Pliocene thermocline depth variability in the EEA. We generated 320, §°C and Mg/Ca
records on surface-dwelling Globigerinoides ruber and subsurface-dwelling Neogloboquadrina dutertrei from Ocean Drilling
Program (ODP) Site 959 sediments. We use the offsets between these records to infer changes in thermocline/nutricline depth
and relative salinity changes. We evaluate our new records against previously published thermocline depth records from the

Atlantic and Pacific to evaluate global patterns of thermocline depth changes across the Pliocene.

2 Methods
2.1 Site and modern oceanographic setting

We used sediments recovered at ODP Site 959 during Leg 159 in the Gulf of Guinea at ~160 km offshore Ghana and Ivory
Coast (3.62°N, 2.73°W; 2090 m depth; Mascle et al., 1996, Figure 1). At present, this region is characterized by a shallow
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thermocline compared to the west Atlantic (Figure 2). Surface ocean circulation at Site 959 is characterized by the eastward
flowing geostrophic Guinea Current that originates from the North Equatorial Counter Current and the Canary Current (Figure
1). The thermal structure of the local water column varies seasonally in response to monsoon-induced changes in upwelling
intensity (Figure 1b). In West Africa, the intertropical convergence zone (ITCZ) shifts from 5-10°N in February to 15-20°N
in August, which forces strong southwesterly monsoonal winds over the Gulf of Guinea in boreal summer (Gu and Adler,
2004). A major upwelling event occurs along the northern coast in summer, which is likely forced by a combination of local
wind-stress, wind-induced eastward propagating Kelvin waves and intensification of the Guinea Current (Djakouré et al., 2017;
Verstraete, 1992), which together raise the thermocline. A shorter and weaker coastal upwelling event typically occurs in
winter (Wiafe and Nyadjro, 2015). South of Site 959, upwelling occurs at the equator in response to equatorial divergence and

along the African west coast due to persistent Ekman-pumping (Bakun and Nelson, 1991; Figure 1).

2.2 Thermocline depth reconstructions

The thermocline is typically defined as the depth at which the vertical temperature change is at its steepest. This depth can be
approximated with the 20°C isotherm in the modern ocean, which is typically done in modelling studies, but different isotherms
may be more appropriate in warmer climates (e.g. Von der Heydt and Dijkstra, 2011). A common approach for qualitative
reconstructions of past thermocline depth variability is by paired tracing of surface ocean and shallow subsurface ocean
conditions. We trace surface ocean conditions with Globigerinoides ruber and subsurface conditions with Neogloboquadrina
dutertrei, which typically reside in the upper ocean and at thermocline depths respectively (Anand et al., 2003; Rebotim et al.,
2017; Steph et al., 2009). Figure 3 conceptually shows how thermocline depth determines tracer offsets between surface- and
subsurface-dwellers (Asurface-subsurface). We use foraminiferal Asurface-subsurface 580, Mg/Ca, and 8*C (hereafter
AS¥80, AMg/Ca and A8™3C) to trace changes in thermocline and nutricline depth, and paired A§80-AMg/Ca to trace relative

salinity changes.

2.3 Stable isotope analysis

Samples were taken at 5-20 cm intervals from cores 959C-5H and 959C-6H between 35.77 and 48.73 revised Meters
Composite Depth (rMCD; splice by Vallé et al., 2016). The studied interval of nannofossil/foraminifer ooze (Mascle et al.,
1996) was dated using oxygen isotope stratigraphy (van der Weijst et al., 2020) and spans 3.5-2.8 Ma. The preservation of
planktonic foraminifera in the Pliocene of 959 is generally very good; a large proportion of the tests have a “glassy” appearance,
and G. ruber often still has spines around its aperture (Figure S1). These features suggest that diagenetic calcite overgrowth,

dissolution and recrystallisation are minimal (Edgar et al., 2015).
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For each measurement, 50-60 foraminiferal tests (G. ruber white s.s. and N. dutertrei) were picked from the 250-355 pum size
fraction. Cleaning of G. ruber was performed at Utrecht University and that of N. dutertrei at the Royal Netherlands Institute
for Sea Research (N10Z) following slightly different protocols to remove clay and coccoliths. After gently crushing the tests
between two glass plates, G. ruber was ultrasonically cleaned with ethanol and rinsed with distilled water. Crushed tests of N.
dutertrei were ultrasonically cleaned three times with methanol, two times with hot (95°C) 1% NaOH/H,0, solution and rinsed
with Milli-Q in between each step. Stable isotope analyses were performed at Utrecht University on a Thermo Finnigan
GasBench-I1 carbonate preparation device coupled to a Thermo Finnigan Delta-V mass spectrometer. The international IAEA-
CO-1 standard was measured to calibrate to the Vienna Pee Dee Belemnite (VPDB) and the inhouse NAXOS standard to

correct for drift and track analytical precision, which was better than 0.1%o for both carbon and oxygen isotopes.

2.4 Mg/Ca analysis and calibration

Sediment samples were wet-sieved with tap water and dried overnight at a low temperature. Per sample, between 20 and 60
specimens of the surface-dwelling G. ruber (white, s.s.) and the thermocline-dwelling N. dutertrei were picked form the 250-
355 pm size fraction and cleaned following the protocol of Barker et al. (2003). Tests were gently crushed between two glass
plates and ultrasonically treated with methanol (3x), hot 1% NaOH/H»0; solution at 95°C (2x), 0.001M HNO3 (1x) and rinsed
with Milli-Q in between each step. Trace element analyses were performed at the Royal Netherlands Institute for Sea Research
(NIOZ) on an Element-2 ICP-MS. Note that the four M2 samples (identified by peak benthic §'80; Van der Weijst et al., 2020)
were also used in a separate analysis for which a large quantity of carbonate was needed. For this reason, specimens of G.
ruber from samples 959C/6H-2/102-104, 959C/6H-2/107-109, 959C/6H-2/112-114 and 959C/6H-2/117-119 were combined
to a “M2 bulk sample”, and only 959C/6H-2/102-104 could also be analyzed separately. We calculate ocean temperatures

using Mg/Ca values (mmol/mol).

Ambient seawater temperature is typically the dominant control on the ratio of magnesium to calcium in foraminiferal shells
(e.g. Honisch et al., 2013; Tierney and Malevich, 2019). At present, there is no standard approach to calibrate Mg/Ca to
temperature, which complicates site-to-site comparisons (McClymont et al., 2020). However, there is general consensus that
calibrating Mg/Ca from fossil foraminifera to paleotemperature requires corrections for preferential removal of Mg over Ca
during dissolution of calcite in the water column and sediment (Dekens et al., 2002; Regenberg et al., 2006) and the effect of
the changing Mg/Ca of seawater (Mg/Casw) on geological timescales in relation to rates of oceanic crust production (Hardie,
1996). Moreover, most calibrations assume a constant partitioning coefficient (Dwmg) at a given temperature, i.e., a linear
relationship between Mg/Casw and calcite Mg/Ca (Mg/Cacarcite), but experiments suggest that Dug changes in response to
Mg/Casw (De Nooijer et al., 2017; Evans et al., 2016; Evans and Muller, 2012; Ries, 2004). To improve calibrations, species-
specific Dwyg sensitivities and past Mg/Casw need better constraints.
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Here, we apply a constant Pliocene Mg/Casy correction to the species-specific core top calibrations from Dekens et al. (2002),
in which a constant partitioning coefficient is assumed, and a dissolution correction is embedded based on species, ocean basin
and core depth:

. Past Mg/Cagw _C-
Mg/Ca (calcite) = B - ———2—="_ . gA(T-C - core depth) (1).
Present Mg/Casw

The slope (A) is 0.09 for G. ruber and 0.08 for N. dutertrei, the intersect (B) is 0.38 for G. ruber and 0.60 for N. dutertrei, and
the dissolution parameter (C) is 0.61 for G. ruber and 2.8 for N. dutertrei (Dekens et al., 2002). The present-day Mg/Casw is
5.2 mmol/mol and we use the Pliocene estimate of 4.3 mmol/mol (Evans et al., 2016). The core depth at Site 959 is 2.09 km.
Note that G. ruber is calibrated to SST and N. dutertrei to 50 m depth subsurface temperature respectively (Dekens et al.,
2002).

3 Results

Late Pliocene Mg/Ca SST estimates from surface dwelling G. ruber vary between 26.5°C and 29.0°C and Mg/Ca subsurface
temperatures from N. dutertrei between 21.0°C and 25.4°C (Figure 4). Surface 520 varies largely between -2.18%o and -
1.31%o and subsurface 530 between -1.19%o and -0.14%o. Surface 5'80 and Mg/Ca barely show a long-term trend, although
both record distinct cooling during the M2 glacial and peak temperatures during the KM3 interglacial. Subsurface 380 and
Mg/Ca both show a warming trend following the M2 glacial, although it is more gradual in Mg/Ca-SubST than in '80-SubST.
Surface and subsurface 5'3C values vary between 0.91-2.13%. and 0.56-1.45%. respectively. Both show an increasing trend in
the older part of the interval, and abruptly drop around KM3. In the younger part of the interval, surface 6*3C remains stable,

while subsurface 8'3C increases.

The A(surface-subsurface) Mg/Ca, §'80 and &'°C records (Figure 4) follow a similar trend towards smaller offsets. Both
AMg/Ca and A&%0 signal a vertical temperature gradient decrease from ~5.0 to 3.5°C. The A0 record decreases after the
M2 glacial, thereby leading the AMg/Ca and A8'C decrease around the KM3 interglacial by ~150 kyr. Moreover, A3'®0

stabilizes in the younger part of the interval, while AMg/Ca and A3**C continue to decrease.
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4 Discussion
4.1 Late Pliocene thermocline, nutricline and salinity changes in the Eastern Equatorial Atlantic

The decreasing surface-subsurface Mg/Ca and §'80 gradients between 3.3 Ma and 2.8 Ma at Site 959 reflect thermocline
deepening in the eastern equatorial Atlantic (Figure 4). These decreasing vertical gradients are driven by a gradual warming
trend in the subsurface ocean: G. ruber surface ocean Mg/Ca and &80 records remain stable across the interval, whereas the
N. dutertrei subsurface records show an increase in Mg/Ca and decrease in §'80 following the M2 glacial. Crude §'®0-based
temperature estimates calculated with the linear Shackleton (1974) calibration have similar values and amplitude of variation
as the Mg/Ca estimates, but the decreasing A8*®0 trend leads decreasing AMg/Ca (Figure 4).

Besides analytical and calibration errors, several confounding factors limit the use of A8'®0 and AMg/Ca as quantitative
proxies for thermocline depth, including: vertical migration of foraminifera in the water column (e.g. Steph et al., 2009),
variability in the mass and/or preservation of the high-5'20 and low-Mg/Ca secondary calcite crust that N. dutertrei precipitates
at the end of its lifecycle (Jonkers et al., 2012; Steinhardt et al., 2015), seawater carbon chemistry (Spero et al., 1997) and light
intensity (Spero and Michael, 1987). Moreover, a discrepancy is observed in depth habitat ranges of planktonic species based
on tows versus those reconstructed based on their 5180 values in core tops (Rebotim et al., 2017). Crucially, however, A§'®0
and AMg/Ca perform well in predicting larger thermocline patterns in the tropical Atlantic (Anand et al., 2003; Steph et al.,
2009).

In addition to ambient temperature, calcite §'20 is determined by local seawater §'80 (5w), which is in turn tightly linked to
salinity (Bigg and Rohling, 2000). Recently, Ddmmer et al. (2020) advised against using coupled Mg/Ca-5'80 data for salinity
reconstructions, because cumulative uncertainties from aforementioned confounding factors are too large to reliably
reconstruct measured dw. However, these uncertainties are mostly relevant when applying this method quantitatively to
discrete samples. To reduce these uncertainties, we use a semi-quantitative approach to assess regional long-term salinity
trends by calculating the relative vertical salinity gradient (Asalinity) from the discrepancy between AMg/Ca and A§'®0 (Figure
5). We assume that AMg/Ca best approaches Atemperature, despite the salinity effect on Mg/Ca (Gray et al., 2018; Honisch
et al., 2013), and that the residual A3*®0 is explained by salinity changes. Note that the intersects of the AMg/Ca and A§'®0
temperature reconstructions in Figure 5 may not correspond to a vertical salinity gradient of 0 due to uncertainties in both the
5'80-paleotemperature and the Mg/Ca calibrations. Rather, the intersects indicate an unknown baseline Asalinity to which the

rest of the record can be compared.

Absolute estimates of salinity from residual A3*0 values (Figure 5) depend on the assumed slope of the linear w-salinity
(6w-S) relationship. In the modern tropical Pacific, the dw-S slope varies with a factor >3 (0.09-0.32%o/salinity unit) between

across the equatorial Pacific, because the precipitation-forced isotopic “amount effect” (lower dw with higher tropical
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precipitation rates), is stronger in the western than eastern Pacific (Conroy et al., 2017). In the tropical Atlantic, however, this
relationship is poorly documented. Using the slope provided by Craig and Gordon (1965; 0.11%o/salinity unit), we calculate
that Asalinity was reduced by ~2 salinity units during the Mid Piacenzian Warm Period (mPWP; 3.264-3.025 Ma) compared
to the bordering intervals (Figure 5). At present, the vertical salinity gradient is ~1 in the Gulf of Guinea (Figure 1b), suggesting
that the Pliocene baseline salinity gradient was stronger than at present and/or that the dw-S slope was steeper. A doubling of
the assumed tropical Atlantic dw-S slope (0.22%o/salinity unit) is needed to solve the Asalinity peak to the modern gradient of
~1. It falls within range of modern tropical Pacific slopes and may be realistic for the interglacial Pliocene Atlantic, which was

characterized by intensified monsoonal precipitation over West Africa (Haywood et al., 2020).

In the absence of major circulation changes, the A8**C record mainly reflects changes in the biological carbon pump and
nutricline depth, which in the modern tropical ocean is tightly coupled to thermocline depth (Wilson and Adamec, 2002). We
here consider coupled thermocline and nutricline deepening to be the most likely explanation for the observed synchronous
changes in AMg/Ca and A8'*C around KM3. The relative lead of the A3'%0 decrease may explained by subsurface freshening
(i.e., deepening of the halocline, Figure 2b) in response to increased precipitation rates during the mPWP. This implies that
AMg/Ca may outperform A3*0 as a proxy for thermocline depth, but salinity changes would have to be strong in order to
fully obscure the thermocline depth signal in the A§'80 record. Despite temporarily increased precipitation during the mPWP,
the net Atemperature estimates from A8*%0 and AMg/Ca are equal between 3.5 and 2.8 Ma.

4.2 Divergent evolutions of the tropical Atlantic and Pacific thermocline

Our results show that the eastern equatorial Atlantic thermocline and nutricline deepened following the warmest mPWP
interglacials, while SST and deep ocean records show global cooling (Herbert et al., 2016; Lisiecki and Raymo, 2005). Late
Pliocene thermocline and nutricline changes are similar at Site 959 in the eastern equatorial Atlantic and Site 1000 in the
western tropical Atlantic (Figure 5), indicating that tropical thermocline deepening occurred across the entire basin. To further
explore global patterns of Pliocene tropical thermocline movements, we connect our new Site 959 50 data to the early
Pliocene records of Norris (1998) in Figure 6. Across the Pliocene, thermocline depth evolution was similar in the eastern
equatorial Atlantic and Caribbean Sea (Figure 6). The late Pliocene ~0.4%0 AS'80 decrease at Site 959 and Site 1000 is
relatively small compared to the fluctuations in the latest Miocene and early Pliocene (Figure 6). Both sites show a net ~1.5%o
AS8O decrease between 5.5 and 4.0 Ma, indicating significant thermocline deepening. This is followed by an interval of
moderate thermocline shoaling, before deepening again in the late Pliocene. With the exception of the late Pliocene interval at
Site 1241 (Figure 6), tropical Pacific proxy records reflect overall Pliocene thermocline shoaling (Ford et al., 2012, 2015;
LaRiviere et al., 2012; Steph et al., 2006b, 2010). Although changes in A§'®0 may not always be proportional to vertical
movement of the thermocline (see Section 4.1), the early Pliocene fluctuations in the Atlantic records are appreciably larger

7



220

225

230

235

240

245

https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

than the long-term shifts towards lower A3'%0 values in the Pacific (Figure 6). This suggests that the tropical Atlantic
thermocline underwent major changes during the early Pliocene, which were not paralleled in magnitude by late Pliocene

changes in the Atlantic or by any Pliocene thermocline change in the Pacific.

It was suggested by Fedorov et al. (2015) that global temperature trends are tightly linked to tropical thermocline depth and
that thermocline shoaling played a crucial role in the onset of Northern Hemisphere glaciations around 3 Ma Fedorov et al.,
2006). Heat that is gained in the tropics must be balanced by heat loss at high latitudes, and because more heat can be gained
by an ocean with a shallow thermocline, tropical thermocline shoaling should lead to surface ocean cooling at high latitudes
(Boccaletti et al., 2004; Fedorov et al., 2006; Philander and Fedorov, 2003). While this theory is supported by the majority of
the Pacific thermocline records (Ford et al., 2012, 2015; LaRiviere et al., 2012; Steph et al., 2006b, 2010), it appears to be
inconsistent with basin-wide deepening of the tropical Atlantic thermocline (Figure 6). The link between ocean SST gradients,
tropical thermocline depth, and ocean heat transport may be different in the Atlantic and Pacific oceans, because the
asymmetric geometry of the Atlantic basin leads to a different pattern of tropical thermocline ventilation (Harper, 2000). Also,
Atlantic Meridional Overturning Circulation (AMOC) leads to northward ocean heat transport in both hemispheres, in contrast
to the Pacific Ocean (Forget and Ferreira, 2019). However, because the tropical Pacific is larger than the tropical Atlantic,
Pacific thermocline shoaling may have been sufficient to balance heat loss at high latitudes, even if partly counteracted by
Atlantic thermocline deepening.

4.3 Controls on Pliocene thermocline changes
4.3.1 Central American Seaway closure

It has been hypothesized that CAS closure played a major role in the global tropical thermocline depth (Steph et al., 2010;
Zhang et al., 2012). In this scenario, salt transport to the North Atlantic increased as a consequence of reduced inflow of
relatively fresh Pacific surface waters, which in model simulations promotes the production of NADW (Lunt et al., 2007;
Sepulchre et al., 2014; Steph et al., 2010; Zhang et al., 2012). Steph et al. (2010) reasoned that an increased volume of NADW
was associated with a greater volume of the “cold water sphere”, which raised the tropical thermocline everywhere except for
the Caribbean region. There, reduced inflow of cold Pacific waters caused the thermocline to deepen locally. However, our
study shows that tropical thermocline deepening occurred across the basin (Figure 6). Even if CAS closure had promoted
NADW production and/or AMOC strength, it is not clear how this, in turn, would have affected tropical thermocline depth, as
both negative (Lopes dos Santos et al., 2010) and positive (Venancio et al., 2018) relationships between thermocline depth and
AMOC strength have been inferred from proxy data. Moreover, it is unclear if CAS closure could have had an opposite effect

on tropical Atlantic and Pacific thermocline depths, as this conflicts with modeling studies (Steph et al., 2010).
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4.3.2 Source region SSTs and tropical cyclones

Tropical thermocline waters are sourced from mid-Ilatitude surface waters (Harper, 2000). It has therefore been suggested that
extratropical cooling contributed to the Pliocene shoaling of the tropical Pacific thermocline (Ford et al., 2012, 2015). During
the early Pliocene, midlatitude SSTs were indeed generally higher than preindustrial (Brierley et al., 2009). However, Pliocene
midlatitude temperature evolutions were regionally variable (Herbert et al., 2016), with a notable asymmetry between the
northern and southern hemisphere (Pontes et al., 2020). At present, Pacific thermocline waters are sourced from mid-latitude
surface waters in both the northern and southern hemisphere, whereas in the Atlantic, the thermocline is predominantly sourced
from the southern hemisphere as a consequence of the asymmetric basin geometry (Harper, 2000). Mid-Ilatitude SST records
from potential Pacific tropical thermocline source regions register predominantly cooling between 5.5 and 2.8 Ma. In contrast,
South Atlantic Site 1088 registers warming during the latest Miocene/early Pliocene, and during the mPWP (Figure 7), in
tandem with tropical Atlantic thermocline deepening. However, South Atlantic cooling between ~4.5 and 3.5 Ma (Figure 7) is
not mirrored by thermocline shoaling, suggesting that source region SST was not likely the only driver of tropical Atlantic

thermocline depth.

Tropical thermaocline depth is also affected by cyclone activity, which, in turn, is linked to the latitudinal SST gradient in a
positive feedback mechanism (Fedorov et al., 2010). In other words, source region SSTs are potentially relevant to tropical
thermocline dynamics in terms of both stand-alone trends, and in the context of distant SST trends. Tropical cyclones force
vertical mixing in the upper ocean, which deepens the tropical thermocline (Bueti et al., 2014; Jansen et al., 2010). Tropical
cyclone activity was higher in the early Pliocene than at present, especially in the Pacific (Fedorov et al., 2010). Gradually
increasing zonal and meridional SST gradients (Fedorov et al., 2015) would have promoted stronger Walker and Hadley
circulation, thereby reducing tropical cyclone activity and raising the tropical thermocline (Brierley et al., 2009; Fedorov et
al., 2010). The Pacific underwent a stronger reduction in tropical cyclone activity than the Atlantic (Fedorov et al., 2010),

which may be linked to the contrasting evolution of the Pacific and Atlantic tropical thermocline depth.

5 Conclusions

Our new Mg/Ca, 60 and §*3C records from Site 959 indicate late Pliocene thermocline and nutricline deepening in the eastern
equatorial Atlantic, starting at the end of the mPWP. A temporal discrepancy between A§'0 and AMg/Ca can be explained
by a transient reduction of the vertical salinity gradient in response to intensification of west African monsoonal precipitation
during the mPWP. Tropical thermocline deepening occurred across the Atlantic basin, as is indicated by a nearly identical
A8 record at Site 1000 in the Caribbean Sea. This seems inconsistent with the hypothesis that Pliocene global cooling was
linked to tropical thermocline shoaling, as observed in the Pacific, although Atlantic thermocline adjustments may have had
less effect on the global heat budget because the Atlantic basin is smaller. The mechanisms driving Pliocene thermocline
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changes are currently speculative. In climate models, Central American Seaway closure leads to global thermocline shoaling,
but during most of the early and late Pliocene, opposite changes occurred in the tropical Atlantic and Pacific thermoclines. We
therefore suggest to further explore if the opposite alternative mechanisms, such as source water temperature forcing in the
Southern Ocean in combination with tropical cyclone activity. Due to basin morphology, tropical Atlantic thermaocline waters
are sourced from the southern hemisphere, whereas both hemispheres feed the tropical thermocline waters in the Pacific.
Asymmetric northern and southern hemisphere temperature trends may therefore have contributed to the differences in Atlantic
and Pacific thermocline depth changes. A positive feedback loop between meridional SST gradients and tropical cyclones may

have amplified vertical thermocline movements.

Data availability

New Site 959 data are available as a supplement to this paper and will be uploaded to the PANGAEA online data repository
upon publication.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

We thank the International Ocean Discovery Program and the predecessors for samples and data, Arnold van Dijk (UU), Cindy
Remijnse-Schrader (UU), Wim Boer (N10Z) and Geert-Jan Brummer (N10Z) for technical support and advice. We are also
grateful to editor Luc Beaufort (Cerege) and two anonymous reviewers for constructive criticism on an earlier draft of this
work. This work was carried out under the program of the Netherlands Earth System Science Centre (NESSC), financially
supported by the Ministry of Education, Culture and Science (OCW).

References

Anand, P., Elderfield, H. and Conte, M. H.: Calibration of Mg/Ca thermometry in planktonic foraminifera from a sediment
trap time series, Paleoceanography, 18(2), doi:10.1029/2002PA000846, 2003.

Bakun, A. and Nelson, C. S.: The Seasonal Cycle of Wind-Stress Curl in Subtropical Eastern Boundary Current Regions, J.
Phys. Oceanogr., 21(12), 1815-1834, doi:10.1175/1520-0485(1991)021<1815:TSCOWS>2.0.CO;2, 1991.

Barker, S., Greaves, M. and Elderfield, H.: A study of cleaning procedures used for foraminiferal Mg/Ca paleothermometry,
Geochemistry, Geophys. Geosystems, 4(9), 1-20, doi:10.1029/2003GC000559, 2003.

10



310

315

320

325

330

335

340

https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

Bigg, G. R. and Rohling, E. J.: An oxygen isotope data set for marine waters, J. Geophys. Res. Ocean., 105(C4), 85278535,
doi:10.1029/2000JC900005, 2000.

Boccaletti, G., Pacanowski, R. C., Philander, S. G. H. and Fedorov, A. V.: The thermal structure of the Upper Ocean, J.
Phys. Oceanogr., 34(4), 888-902, doi:10.1175/1520-0485(2004)034<0888:TTSOTU>2.0.CO;2, 2004.

Brierley, C. M., Fedorov, A. V., Liu, Z., Herbert, T. D., Lawrence, K. T. and Lariviere, J. P.: Greatly expanded tropical
warm pool and weakened Hadley circulation in the early Pliocene., Science, 323(5922), 1714-1718,
doi:10.1126/science.1167625, 2009.

Bueti, M. R., Ginis, I., Rothstein, L. M. and Griffies, S. M.: Tropical cyclone-induced thermocline warming and its regional
and global impacts, J. Clim., 27(18), 6978-6999, doi:10.1175/JCLI-D-14-00152.1, 2014.

Burke, K. D., Williams, J. W., Chandler, M. A., Haywood, A. M., Lunt, D. J. and Otto-Bliesner, B. L.: Pliocene and Eocene
provide best analogs for near-future climates, Proc. Natl. Acad. Sci. U. S. A., 115(52), 13288-13293,
d0i:10.1073/pnas.1809600115, 2018.

Conroy, J. L., Thompson, D. M., Cobb, K. M., Noone, D., Rea, S. and LeGrande, A. N.: Spatiotemporal variability in the
8180-salinity relationship of seawater across the tropical Pacific Ocean, Paleoceanography, doi:10.1002/2016PA003073,
2017.

Craig, H. and Gordon, L. I.: Deuterium and oxygen-18 variations in the ocean and marine atmosphere, in Stable isotopes in
oceanographic studies and paleotemperatures, edited by E. Tongiorgi, pp. 9-130, Proceedings, Spoleto, Italy, Consiglio
Nazionale delle Ricerche, Lab. de Geologia Nucleare, Pisa, Italy., 1965.

Démmer, L. K., de Nooijer, L., van Sebille, E., Haak, J. G. and Reichart, G.-J.: Evaluation of oxygen isotopes and trace
elements in planktonic foraminifera from the Mediterranean Sea as recorders of seawater oxygen isotopes and salinity, Clim.
Past, 16(6), 2401-2414, doi:10.5194/cp-16-2401-2020, 2020.

Dekens, P. S., Lea, D. W., Pak, D. K. and Spero, H. J.: Core top calibration of Mg/Ca in tropical foraminifera: Refining
paleotemperature estimation, Geochemistry, Geophys. Geosystems, 3(4), 1-29, doi:10.1029/2001GC000200, 2002.

Dekens, P. S., Ravelo, A. C. and McCarthy, M. D.: Warm upwelling regions in the Pliocene warm period,
Paleoceanography, 22(August), 1-12, doi:10.1029/2006PA001394, 2007.

Dekens, P. S., Ravelo, A. C., McCarthy, M. D. and Edwards, C. A.: A 5 million year comparison of Mg/Ca and alkenone
paleothermometers, Geochemistry, Geophys. Geosystems, 9(10), doi:10.1029/2007GC001931, 2008.

De Nooijer, L. J., Van Dijk, ., Toyofuku, T., & Reichart, G. J.: The impacts of seawater Mg/Ca and temperature on element
incorporation in benthic foraminiferal calcite, Geochemistry, Geophys, Geosystems, 18(10), 3617-3630,
doi:10.1002/2017GC007183

Djakouré, S., Penven, P., Bourlés, B., Koné, V. and Veitch, J.: Respective roles of the Guinea current and local winds on the
coastal upwelling in the northern Gulf of Guinea, J. Phys. Oceanogr., 47(6), 1367-1387, d0i:10.1175/JPO-D-16-0126.1,
2017.

Dowsett, H. J., Dolan, A. M., Rowley, D., Pound, M., Salzmann, U., Robinson, M. M., Chandler, M., Foley, K. and
Haywood, A. M.: The PRISM4 (mid-Piacenzian) palaeoenvironmental reconstruction, Clim. Past Discuss., 4(March), 1-39,
doi:10.5194/cp-2016-33, 2016.

11



345

350

355

360

365

370

375

380

https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

Edgar, K. M., Anagnostou, E., Pearson, P. N. and Foster, G. L.: Assessing the impact of diagenesis on 611B, 613C, 5180,
Sr/Ca and B/Ca values in fossil planktic foraminiferal calcite, Geochim. Cosmochim. Acta, 166, 189-209,
d0i:10.1016/j.gca.2015.06.018, 2015.

Evans, D., & Miiller, W.: Deep time foraminifera Mg/Ca paleothermometry: Nonlinear correction for secular change in
seawater Mg/Ca. Paleoceanography, 27(4), doi:10.1029/2012PA002315, 2012.

Evans, D., Brierley, C. M., Raymo, M. E., Erez, J. and Miller, W.: Planktic foraminifera shell chemistry response to
seawater chemistry: Pliocene—Pleistocene seawater Mg/Ca, temperature and sea level change, Earth Planet. Sci. Lett., 438,
139-148, doi:10.1016/j.epsl.2016.01.013, 2016.

Fedorov, A. V., Dekens, P. S., McCarthy, M., Ravelo, A. C., DeMenocal, P. B., Barreiro, M., Pacanowski, R. C. and
Philander, S. G.: The Pliocene Paradox (Mechanisms for a Permanent EI Nino), Science (80-. )., 312(5779), 1485-1489,
doi:10.1126/science.1122666, 2006.

Fedorov, A. V., Brierley, C. M. and Emanuel, K.: Tropical cyclones and permanent El Nifio in the early Pliocene epoch.,
Nature, 463(7284), 1066-1070, doi:10.1038/nature08831, 2010.

Fedorov, A. V., Brierley, C. M., Lawrence, K. T., Liu, Z., Dekens, P. S. and Ravelo, A. C.: Patterns and mechanisms of early
Pliocene warmth., Nature, 496(7443), 43-9, doi:10.1038/nature12003, 2013.

Fedorov, A. V., Burls, N. J., Lawrence, K. T. and Peterson, L. C.: Tightly linked zonal and meridional sea surface
temperature gradients over the past five million years, Nat. Geosci., (November), doi:10.1038/nge02577, 2015.

Ford, H. L., Ravelo, A. C. and Hovan, S.: A deep Eastern Equatorial Pacific thermocline during the early Pliocene warm
period, Earth Planet. Sci. Lett., 355-356, 152-161, doi:10.1016/j.epsl.2012.08.027, 2012.

Ford, H. L., Ravelo, A. C., Dekens, P. S., Lariviere, J. P. and Wara, M. W.: The evolution of the equatorial thermocline and
the early Pliocene EI Padre mean state, Geophys. Res. Lett., 42, 4878-4887, doi:10.1002/2015GL 064215, 2015.

Forget, G. and Ferreira, D.: Global ocean heat transport dominated by heat export from the tropical Pacific, Nat. Geosci.,
12(5), 351-354, doi:10.1038/s41561-019-0333-7, 2019.

Gray, W. R., Rae, J. W. B., Wills, R. C. J., Shevenell, A. E., Taylor, B. J., Burke, A., Foster, G.L., and Lear, C. H.: Deglacial
planktic foraminiferal boron isotope and Mg/Ca data from sediment core MD01-2416 in the western North Pacific Ocean,
Nat. Geosci., 11, 340-344, doi:10.1594/PANGAEA.887381. 2018.

Gu, G. and Adler, R. F.: Seasonal evolution and variability associated with the West African monsoon system, J. Clim.,
17(17), 3364-3377, doi:10.1175/1520-0442(2004)017<3364:SEAVAW>2.0.CO;2, 2004.

Hardie, L. A.: Secular variation in seawater chemistry: An explanation for the coupled secular variation in the mineralogies
of marine limestones and potash evaporites over the past 600 my. Geology, 24(3), 279-283, doi: 10.1130/0091-
7613(1996)024<0279:SVISCA>2.3.C0O;2, 1996.

Harper, S.: Thermocline ventilation and pathways of tropical-subtropical water mass exchange, Tellus, Ser. A Dyn.
Meteorol. Oceanogr., 52(3), 330-345, doi:10.3402/tellusa.v52i3.12269, 2000.

Haywood, A. M., Tindall, J. C., Dowsett, H. J., Dolan, A. M., Foley, K. M., Hunter, S. J., Hill, D. J., Chan, W. Le, Abe-
Ouchi, A., Stepanek, C., Lohmann, G., Chandan, D., Richard Peltier, W., Tan, N., Contoux, C., Ramstein, G., Li, X., Zhang,
Z., Guo, C., Nisancioglu, K. H., Zhang, Q., Li, Q., Kamae, Y., Chandler, M. A., Sohl, L. E., Otto-Bliesner, B. L., Feng, R.,
Brady, E. C., Von Der Heydt, A. S., Baatsen, M. L. J. and Lunt, D. J.: The Pliocene Model Intercomparison Project Phase 2:
Large-scale climate features and climate sensitivity, Clim. Past, 16(6), 2095-2123, doi:10.5194/cp-16-2095-2020, 2020.

12



385

390

395

400

405

410

415

https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

Herbert, T. D., Lawrence, K. T., Tzanova, A., Peterson, L. C., Caballero-Gill, R. and Kelly, C. S.: Late Miocene global
cooling and the rise of modern ecosystems, Nat. Geosci., 9(September), doi:10.1038/nge02813, 2016.

von der Heydt, A. S. and Dijkstra, H. A.: The impact of ocean gateways on ENSO variability in the Miocene, Geol. Soc.
Spec. Publ., 355, 305-318, doi:10.1144/SP355.15, 2011.

Honisch, B., Allen, K. A, Lea, D. W., Spero, H. J., Eggins, S. M., Arbuszewski, J., DeMenocal, P., Rosenthal, Y., Russell,
A. D. and Elderfield, H.: The influence of salinity on Mg/Ca in planktic foraminifers — Evidence from cultures, core-top
sediments and complementary 6180, Geochim. Cosmochim. Acta, 121, 196-213, doi:10.1016/j.gca.2013.07.028, 2013.

Jansen, M. F., Ferrari, R. and Mooring, T. A.: Seasonal versus permanent thermocline warming by tropical cyclones,
Geophys. Res. Lett., 37(3), doi:10.1029/2009g1041808, 2010.

Jonkers, L., De Nooijer, L. J., Reichart, G. J., Zahn, R. and Brummer, G. J. A.: Encrustation and trace element composition
of Neogloboquadrina dutertrei assessed from single chamber analyses implications for paleotemperature estimates,
Biogeosciences, doi:10.5194/bg-9-4851-2012, 2012.

de la Vega, E., Chalk, T. B., Wilson, P. A., Bysani, R. P. and Foster, G. L.: Atmospheric CO2 during the Mid-Piacenzian
Warm Period and the M2 glaciation, Sci. Rep., 10(1), 11002, doi:10.1038/s41598-020-67154-8, 2020.

Lisiecki, L. E. and Raymo, M. E.: A Pliocene-Pleistocene stack of 57 globally distributed benthic 180 records,
Paleoceanography, 20(1), doi:10.1029/2004PA001071, 2005.

Liu, C., Liang, X., Ponte, R. M., Vinogradova, N. and Wang, O.: Vertical redistribution of salt and layered changes in global
ocean salinity, Nat. Commun., 10(1), doi:10.1038/s41467-019-11436-x, 2019.

Locarnini, R. A., Mishonov, A. V., Antonov, J. |., Boyer, T. P., Garcia, H. E., Baranova, O. K., Zweng, M. M., Paver, C. R.,
Reagan, J. R., Johnson, D. R., Hamilton, M., and Seidov, D.: World Ocean Atlas 2013, Volume 1: Temperature, edited by:
Levitus, S., NOAA Atlas NESDIS, 73, 40 pp., 2013.

Lopes dos Santos, R. A., Prange, M., Castafieda, I. S., SchefuR, E., Mulitza, S., Schulz, M., Niedermeyer, E. M., Sinninghe
Damsté, J. S. and Schouten, S.: Glacial-interglacial variability in Atlantic meridional overturning circulation and thermocline
adjustments in the tropical North Atlantic, Earth Planet. Sci. Lett., 300(3—4), 407-414, doi:10.1016/j.epsl.2010.10.030, 2010.

Lunt, D. J., Valdes, P. J., Haywood, A. M. and Rutt, I. C.: Closure of the Panama Seaway during the Pliocene: implications
for climate and Northern Hemisphere glaciation, Clim. Dyn., 30(1), 1-18, d0i:10.1007/s00382-007-0265-6, 2007.

Martinez-Boti, M. a., Foster, G. L., Chalk, T. B., Rohling, E. J., Sexton, P. F., Lunt, D. J., Pancost, R. D., Badger, M. P. S.
and Schmidt, D. N.: Plio-Pleistocene climate sensitivity evaluated using high-resolution CO2 records, Nature, 518(7537),
49-54, doi:10.1038/nature14145, 2015.

Mascle, J., Lohmann, G., Clift, P. D. and and the shipboard scientific party: Proceedings of the Ocean Drilling Program,
Initial Reports 159, Proc. Ocean Drill. Program, Initial Reports, 159(College Station, TX, Ocean Drilling Program), 1996.

McClymont, E. L., Ford, H. L., Ho, S. L., Tindall, J. C., Haywood, A. M., Alonso-Garcia, M., Bailey, I., Berke, M. A,
Littler, K., Patterson, M. O., Petrick, B., Peterse, F., Ravelo, A. C., Risebrobakken, B., De Schepper, S., Swann, G. E. A,,
Thirumalai, K., Tierney, J. E., van der Weijst, C., White, S., Abe-Ouchi, A., Baatsen, M. L. J., Brady, E. C., Chan, W.-L.,
Chandan, D., Feng, R., Guo, C., von der Heydt, A. S., Hunter, S., Li, X., Lohmann, G., Nisancioglu, K. H., Otto-Bliesner, B.
L., Peltier, W. R., Stepanek, C. and Zhang, Z.: Lessons from a high-CO2 world: an ocean view from ~ 3 million years ago,
Clim. Past, 16(4), 1599-1615, doi:10.5194/cp-16-1599-2020, 2020.

13



420

425

430

435

440

445

450

https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

Norris, R.D.: Miocene-Pliocene surface-water hydrography of the eastern equatorial Atlantic. In: Mascle, J., Lohmann, G.P.,
Moullade, M. (eds.), Proceedings of the Ocean Drilling Program, Scientific Results VVol. 159, College Station, TX (Ocean
Drilling Program), 539-555, 1998.

Philander, S. G. and Fedorov, A. V.: Role of tropics in changing the response to Milankovich forcing some three million
years ago, Paleoceanography, 18(2), doi:10.1029/2002PA000837, 2003.

Pontes, G. M., Wainer, 1., Taschetto, A. S., Sen Gupta, A., Abe-Ouchi, A., Brady, E. C., Chan, W. Le, Chandan, D.,
Contoux, C., Feng, R., Hunter, S. J., Kame, Y., Lohmann, G., Otto-Bliesner, B. L., Peltier, W. R., Stepanek, C., Tindall, J.,
Tan, N., Zhang, Q. and Zhang, Z.: Drier tropical and subtropical Southern Hemisphere in the mid-Pliocene Warm Period,
Sci. Rep., 10(1), 1-11, doi:10.1038/s41598-020-68884-5, 2020.

Rebotim, A., Voelker, A. H. L., Jonkers, L., Waniek, J. J., Meggers, H., Schiebel, R., Fraile, I., Schulz, M. and Kucera, M.:
Factors controlling the depth habitat of planktonic foraminifera in the subtropical eastern North Atlantic, Biogeosciences,
14(4), 827-859, doi: 10.5194/bg-14-827-2017, 2017.

Regenberg, M., Nirnberg, D., Steph, S., Groeneveld, J., Garbe-Schénberg, D., Tiedemann, R. and Dullo, W. C.: Assessing
the effect of dissolution on planktonic foraminiferal Mg/Ca ratios: Evidence from Caribbean core tops, Geochemistry,
Geophys. Geosystems, 7(7), doi:10.1029/2005GC001019, 2006.

Ries, J. B.: Effect of ambient Mg/Ca ratio on Mg fractionation in calcareous marine invertebrates: A record of the oceanic
Mg/Ca ratio over the Phanerozoic, Geology, 32(11), 981-984, doi:10.1130/G20851.1, 2004.

Schlitzer, R.: Ocean Data View 5.2.0, https://odv.awi.de, 2019

Sepulchre, P., Arsouze, T., Donnadieu, Y., Dutay, J. C., Jaramillo, C., Le Bras, J., Martin, E., Montes, C. and Waite, A. J.:
Consequences of shoaling of the Central American Seaway determined from modeling Nd isotopes, Paleoceanography,
29(3), 176-189, doi:10.1002/2013PA002501, 2014.

Shackleton, N. J.: Attainment of isotopic equilibrium between ocean water and the benthonic foraminifera genus Uvigerina:
isotopic changes in the ocean during the last glacial, Collog. Int. du C.N.R.S., 219, 203-209, 1974.

Spero, H. J. and Michael, D.: The Influence of Symbiont Photosynthesis on the 6180 and 313C Values of Planktonic
Foraminiferal Shell Calcite, , 4, 213-228, 1987.

Spero, H. J., Bijma, J., Lea, D. W. and Bemis, B. E.: Effect of seawater carbonate concentration on foraminiferal carbon and
oxygen isotopes, Nature, 390(6659), 497-500, d0i:10.1038/37333, 1997.

Stap, L. B., de Boer, B., Ziegler, M., Bintanja, R., Lourens, L. J. and van de Wal, R. S. W.: CO2 over the past 5 million
years: Continuous simulation and new 811B-based proxy data, Earth Planet. Sci. Lett., 439, 1-10,
doi:10.1016/j.epsl.2016.01.022, 2016.

Steinhardt, J., De Nooijer, L. L. J., Brummer, G. J. and Reichart, G. J.: Profiling planktonic foraminiferal crust formation,
Geochemistry, Geophys. Geosystems, 16(7), 2409-2430, doi:10.1002/2015GC005752, 2015.

Steph, S.: Oxygen and carbon isotope ratios of foraminifers of ODP Site 165-1000. PANGAEA,
doi:10.1594/PANGAEA.272449, 2005.

Steph, S., Tiedemann, R., Prange, M., Groeneveld, J., Nirnberg, D., Reuning, L., Schulz, M. and Haug, G. H.: Changes in
Caribbean surface hydrography during the Pliocene shoaling of the Central American Seaway, Paleoceanography, 21(4), 1—
25, doi:10.1029/2004PA001092, 2006a.

14



455

460

465

470

475

480

485

https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

Steph, S., Tiedemann, R., Groeneveld, J., Sturm, A. and Nirnberg, D.: Pliocene Changes in Tropical East Pacific Upper
Ocean Stratification: Response to Tropical Gateways?, Proc. Ocean Drill. Program, 202 Sci. Results, 202(October),
doi:10.2973/odp.proc.sr.202.211.2006, 2006b.

Steph, S., Regenberg, M., Tiedemann, R., Mulitza, S. and Nurnberg, D.: Stable isotopes of planktonic foraminifera from
tropical Atlantic/Caribbean core-tops: Implications for reconstructing upper ocean stratification, Mar. Micropaleontol., 71(1—
2), 1-19, d0i:10.1016/j.marmicro.2008.12.004, 20009.

Steph, S., Tiedemann, R., Prange, M., Groeneveld, J., Schulz, M., Timmermann, A., Nirnberg, D., Rihlemann, C., Saukel,
C. and Haug, G. H.: Early Pliocene increase in thermohaline overturning: A precondition for the development of the modern
equatorial Pacific cold tongue, Paleoceanography, 25(2), 1-17, doi:10.1029/2008PA001645, 2010.

Tierney, J. E. and Malevich, S. B.: Bayesian Calibration of the Mg/Ca Paleothermometer in Planktic Foraminifera,
Paleoceanography and Paleoclimatology, 34(12), 2005-2030., doi:10.1029/2019PA003744, 2019.

Venancio, I. M., Mulitza, S., Govin, A., Santos, T. P., Lessa, D. O., Albuquerque, A. L. S., Chiessi, C. M., Tiedemann, R.,
Vahlenkamp, M., Bickert, T. and Schulz, M.: Millennial- to Orbital-Scale Responses of Western Equatorial Atlantic
Thermocline Depth to Changes in the Trade Wind System Since the Last Interglacial, Paleoceanogr. Paleoclimatology,
33(12), 1490-1507, d0i:10.1029/2018PA003437, 2018.

Verstraete, J. M.: The seasonal upwellings in the Gulf of Guinea, Prog. Oceanogr., 29(1), 1-60, doi:10.1016/0079-
6611(92)90002-H, 1992.

Wagner, T.: Pliocene-Pleistocene deposition of carbonate and organic carbon at Site 959: Paleoenvironmental implications
for the eastern equatorial Atlantic off the Ivory Coast/Ghana. In: Mascle, J., Lohmann, G.P., Moullade, M. (eds.),
Proceedings of the Ocean Drilling Program, Scientific Results Vol. 159, College Station, TX (Ocean Drilling Program), 539-
555, 1998.

van der Weijst, C. M. H., Winkelhorst, J., Lourens, L., Raymo, M. E., Sangiorgi, F. and Sluijs, A.: A Ternary Mixing Model
Approach Using Benthic Foraminifer 613C-5180 Data to Reconstruct Late Pliocene Deep Atlantic Water Mass Mixing,
Paleoceanogr. Paleoclimatology, 35(12), doi:10.1029/2019PA003804, 2020.

Wiafe, G. and Nyadjro, E. S.: Satellite observations of upwelling in the gulf of Guinea, IEEE Geosci. Remote Sens. Lett.,
12(5), 1066-1070, doi:10.1109/LGRS.2014.2379474, 2015.

Wilson, C. and Adamec, D.: A global view of bio-physical coupling from SeaWiFS and TOPEX satellite data, 1997-2001,
Geophys. Res. Lett., 29(8), 1-4, doi:10.1029/2001GL014063, 2002.

Zhang, X., Prange, M., Steph, S., Butzin, M., Krebs, U., Lunt, D. J., Nisancioglu, K. H., Park, W., Schmittner, A., Schneider,
B. and Schulz, M.: Changes in equatorial Pacific thermocline depth in response to Panamanian seaway closure: Insights from
a multi-model study, Earth Planet. Sci. Lett., 317-318, 76-84, doi:10.1016/j.epsl.2011.11.028, 2012.

Zweng, M. M., Reagan, J. R., Antonov, J. I., Locarnini, R. A., Mishonov, A. V., Boyer, T. P., Garcia, H. E., Baranova, O.
K., Johnson, D. R., Seidov, D., and Biddle, M. M.: World Ocean Atlas 2013, Volume 2: Salinity, edited by: Levitus, S.,
NOAA Atlas NESDIS, 74, 39 pp., 2013.

15



https://doi.org/10.5194/cp-2021-68 Climate
Preprint. Discussion started: 18 Jgne 2021 of the Past
(© Author(s) 2021. CC BY 4.0 License.

Discussions

20°N

10°N

EQ

H
S
z
3
8

10°S

3o0°w 20°wW 10°W 10°E 20°E

490

Figure 1. General surface currents and upwelling areas in the eastern equatorial Atlantic. Blue shading: coastal upwelling in boreal
summer; pink shading: equatorial upwelling; orange shading: permanent coastal upwelling. NEC: North Equatorial Current;
NECC: North Equatorial Counter Current; CC: Canary Current; GC: Guinea Current; SEC: South Equatorial Current; EUC:
Equatorial Undercurrent; SECC: South Equatorial Counter Current; BCC: Benguela Coastal Current. Green stippled lines mark

495  the annual range of the Intertropical Convergence Zone (ITCZ). Figure after Norris, (1998); Wagner, (1998); Wiafe and Nyadjro
(2015). Map generated with Ocean Data View (Schlitzer, 2020) (Schlitzer, Reiner, Ocean Data View, odv.awi.de, 2020).
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500 Figure 2. (a): Upper ocean temperature (shaded contours; Locarnini et al., 2013) and salinity (black contours; Zweng et al., 2013)
profiles across the black stippled line (see map) between Site 1000 and Site 959. The white stippled line shows the 20°C isotherm
depth. Cross section generated with Ocean Data View (Schlitzer, 2020) (Schlitzer, Reiner, Ocean Data View, odv.awi.de, 2020).
(b): Seasonal vertical temperature and salinity profiles in the Gulf of Guinea (2.5°N 3.5°W; Locarnini et al., 2013; Zweng et al.,
2013). Symbols (left panel) mark the 20°C isotherm depth, which varies seasonally between ~40-60 meters.
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Figure 3. Conceptual manifestation of the thermocline depth as a AMg/Ca A§'®0 signal. Depth differentiation of the G. ruber and N.
dutertrei habitats (stippled arrows) on a vertical temperature gradient (black line) sets a $'®0 and Mg/Ca offset in exported
510 foraminiferal tests (solid arrows). The magnitude of this offset changes in response to thermocline shoaling and deepening.
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Figure 4. (a): Surface (G. ruber; blue) and subsurface (N. dutertrei; orange) 830 and Mg/Ca temperature (b): Surface (G. ruber;
green) and subsurface (N. dutertrei; pink) 8'3C records. Bold lines in (a) and (b) are smoothed with a LOESS moving regression
model. (c): A(Surface-subsurface) offsets from (a) and (b). Site 959 benthic 820 record (van der Weijst et al., 2020) as grey silhouette
for reference. Vertical bands indicate the M2 glacial and KM3 interglacial stage. Note that planktic %0 and temperature axes are
evenly scaled according to the 8O-T relationship of Shackleton (1974).
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Figure 5. (a): Smoothed Mg/Ca and 60 records from Site 959 (b): Relative magnitude of the salinity gradient between surface and
subsurface, calculated by deconvolving A(surface-subsurface) %0 and Mg/Ca, and assuming a modern tropical Atlantic $'%0-S
slope (0.11%o/salinity unit; solid line) and a doubled slope (dashed line). (c): LOESS smoothed thermocline and nutricline tracers
from Site 959 (as in Figure 4c) and Site 1000 in the Caribbean Sea (stippled lines, data from Steph, 2005). Site 1000 A§'3C was steeper

than at Site 959, and was corrected with -0.4%. to aid visual comparison.
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Figure 6. Compilation of tropical A8'%0 data. (a): Eastern Equatorial Atlantic (EEA) Site 959, this study and Norris (1998). (b):

Western Tropical Atlantic (WTA) Site 1000, Steph, (2005) and Steph et al. (2006a). (c): Eastern Equatorial Pacific (EEP) Site 1241,

Steph et al. (2006b). (d): Western Equatorial Pacific (WEP) Site 806, LaRiviere et al. (2012). (¢) LOESS smoothed records. Surface

Trilobatus sacculifer records were corrected with +0.33%. to G. ruber based on their offset in the modern ocean (Steph et al., 2009).
530 Blue square marks late Pliocene interval covered in Figures 4 and 5.
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Figure 7. Regionally sorted mid-latitude U¥'37 temperature records from the Herbert et al. (2016) compilation. (a): North Atlantic;
(b): South Atlantic; (c): North Pacific; (d): South Atlantic. Vertical shading: intervals with consistent tropical Atlantic thermocline
535 deepening (yellow) and shoaling (green).
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