
1.  Introduction
Between 1.2 and 0.6  Ma, the character of the glacial/interglacial cyclicity shifted from a 41-kyr period 
to the ∼100-kyr long, saw-toothed cycles characteristic of the Late Pleistocene (Imbrie et al., 1993; Rud-
diman et  al.,  1989). This cyclicity shift involved profound changes in the climatic system such as larg-
er glacial ice-sheets (Berger & Jansen,  1994; Raymo,  1997), an abrupt drop in glacial atmospheric CO2 
(Hönisch et al., 2009), and more pronounced precession pacing of the glacial/interglacial rhythm (Imbrie 
et al., 1993). Although there have been numerous studies on the Mid-Pleistocene Transition (MPT) (e.g., 
Clark et al., 2006; McClymont et al., 2013), the mechanisms responsible for the cyclicity shift in the absence 
of significant change in the orbital configuration remain elusive.

Abstract The Mid-Pleistocene Transition (MPT, 1,200–600 ka) marks the rapid expansion of 
Northern Hemisphere (NH) continental ice sheets and stronger precession pacing of glacial/interglacial 
cyclicity. Here, we investigate the relationship between thermocline depth in the central North Atlantic, 
subsurface northward heat transport and the initiation of the 100-kyr cyclicity during the MPT. To 
reconstruct deep-thermocline temperatures, we generated a Mg/Ca-based temperature record of deep-
dwelling (∼800 m) planktonic foraminifera from mid-latitude North Atlantic at Site U1313. This record 
shows phases of pronounced heat accumulation at subsurface levels during the mid-MPT glacial driven 
by increased outflow of the Mediterranean Sea. Concurrent warming of the subtropical thermocline 
and subpolar surface waters indicates enhanced (subsurface) inter-gyre transport of warm water to the 
subpolar North Atlantic, which provided moisture for ice-sheet growth. Precession-modulated variability 
in the northward transport of subtropical waters imprinted this orbital cyclicity into NH ice-sheets after 
Marine Isotope Stage 24.

Plain Language Summary Large continental ice-sheets are a key component of the Earth's 
climate system, yet the factors controlling their build-up and destabilization on geological time-scales are 
far from understood. One of the remarkable aspects of Pleistocene (2.58 Ma to 11.65 ka) ice-sheets is that 
they appear to be highly sensitive to low-latitude forcing, a teleconnection that is yet not well-understood. 
In this study, we investigate if changes in the subsurface transport of heat from the subtropics into the 
high latitude North Atlantic may have played an overlooked role in controlling ice-sheet size. To address 
this issue, we obtained a new record of upper ocean temperature distribution in the North Atlantic during 
the Mid-Pleistocene Transition (MPT, 1200–600 ka), a period when ice-sheets expanded and our climate 
system shifted to longer glacial cycles. Our data reveal distinct pulses of low-latitude heat that were 
transported northwards by the ocean, warming the surface of the high-latitude North Atlantic during cold 
stages of prominent ice-sheet build-up. These anomalously warm surface waters may have provided excess 
moisture to the adjacent ice-sheets. Thus, we suggest that subsurface transport of warm and salty waters 
northward imprinted low-latitude variability into high-latitude ice sheets starting during the MPT.
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transition to 100-kyr cyclicity
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Early studies on the MPT have suggested that the increase in precession forcing, typical for low-latitude cli-
mate variability, on high-latitude ice-sheets may be explained by the southward migration of the continental 
edges of Northern Hemisphere (NH) ice-sheets (Ruddiman & McIntyre, 1981). However, reconstructions 
of the Laurentide ice-sheet (LIS) meltwater discharges suggested that the LIS frequently expanded into 
mid-latitudes already in the Early Pleistocene, and even though precession-modulated NH summer insola-
tion strongly influenced these expansions, it had apparently little impact on the overall obliquity-paced gla-
cial/interglacial cyclicity (Shakun et al., 2016). Ruddiman et al. (1989) proposed that high-latitude ice sheets 
may have become more sensitive to precessional insolation heating of low- and mid-latitude land masses 
south of the ice sheets, but why and how this change would have happened during the MPT remained 
unclear. Although there appears to be a strong influence of precession-forced oceanic heat and moisture 
transport to the European and British ice sheets during the last two glacials (Kaboth-Bahr et al., 2018), it 
remains uncertain whether this relates to ice-sheet variability across the MPT. Understanding the climatic 
mechanisms supporting low-latitude influence on ice-accumulation and ice-sheet instability in the NH is 
therefore important, as it can provide important clues about the origin of the MPT.

The dynamics of NH ice-sheets are intimately linked to variations in ocean circulation on millennial and 
orbital timescales (Hodell & Channell, 2016; Zhang et al., 2014). The upper ocean provides a direct source 
of heat and moisture to the atmosphere, thus impacting the mass balance of the adjacent ice-sheets. The 
strength of the heat transport into the North Atlantic depends on the transfer of accumulated warm waters 
from the mid-latitude Subtropical Gyre (STG) to the high-latitude Subpolar Gyre (SPG, Bower et al., 2019; 
Broecker, 1991). Recent modeling and drifter studies on North Atlantic inter-gyre exchange indicate that 
communication between the gyres at the surface is limited due to southward Ekman velocities and a strong 
surface potential vorticity gradient (Burkholder & Lozier, 2014). As these constraints on the inter-gyre con-
nectivity decrease with depth, a more direct pathway exists for water stored within the subsurface STG 
to flow northwards along density surfaces (isopycnals) that outcrop in the high-latitude North Atlantic 
(Foukal & Lozier, 2016). The discovery of this subsurface route implies that subtropical water is transmitted 
to higher latitudes from deeper water depths than previously expected. Maximum flow was found along 
the σ0 = 27.1 isopycnal, which currently lies between 400 and 500 m in the modern central North Atlantic 
(Burkholder & Lozier, 2011). Hence, northward heat transport via subsurface routes may have played a so 
far neglected role in oceanographic processes, including the boundary conditions leading to the MPT.

Here, we report on a new subsurface temperature (SubT) record from Integrated Ocean Drilling Project 
(IODP) Site U1313 (41°N, 33°W, 3,426 m water depth, Figure 1) across the interval Marine Isotope Stage 
(MIS) 36 to 14 (∼1.2–0.54 Ma). We calculate the surface-subsurface temperature gradient between SubT and 
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Figure 1.  (main) Temperature along the σ0 = 27.45 surface, which intersects Site U1313 (star) at 800 m depth 
(Locarnini et al., 2019). Black contours indicate isohalines from 35 to 36 psu at 0.25 intervals (Zweng et al., 2019). 
(inset) Location of Site U1313 (star) relative to the Subtropical Gyre (STG) and the Subpolar Gyre (SPG).
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the sea-surface temperature (SST) record from the same core (Naafs et al., 2012). As vertical temperature 
gradients determine thermocline stratification in the region, these data allowed to reconstruct the geomet-
ric configuration of isopycnals in the upper ocean along the primary heat pathway between the STG and the 
SPG. We further assessed the connection between thermocline stratification and northward heat transport 
across the MPT by calculating the surface-temperature gradient between Site U1313 and subpolar Site 982 
(Lawrence et al., 2010) (ΔSSTU1313-982) located at northeastern North Atlantic (NENA). Based on our find-
ings, we propose that subsurface heat transport played a vital role in enhancing the northward oceanic heat 
transport during the MPT, which might have helped shaping glacial/interglacial variability during Mid- and 
Late Pleistocene.

2.  Current Hydrography of Site U1313
Site U1313 is ideally situated to track heat transport variability to the higher latitudes as it is located at 
the intersection between STG and SPG (Figure 1). At the surface, U1313 is within the North Atlantic Cur-
rent, characterized by saline and warm waters (∼18°C). The uppermost 150 m of the water column at Site 
U1313 comprises the mixed layer (supporting text and Figure S1) and the seasonal thermocline (Locarnini 
et al., 2019; Zweng et al., 2019). The permanent thermocline, between 150 and 1,100 m, is extremely deep 
due to entrainment of Mediterranean Outflow Water (MOW) into central waters in the eastern North Atlan-
tic (Spall, 1999) and contains the mode waters formed within the inter-gyre region and eastern SPG (Bram-
billa et al., 2008; García-Ibáñez et al., 2018). Eastern North Atlantic Central Waters of 12°C–16°C originate 
in the inter-gyre regions and occupy depths between 150 and 650 m. Between 650 and 1,100 m, the water 
column at Site U1313 is occupied by Subpolar Mode Waters (SPMW) formed in the Iceland and Irminger 
basins (Text S1). In the intermediate levels (1,100–2,000 m), fresh and oxygenated Labrador Sea Water mixes 
isopycnally with saline and warm MOW (Daniault et al., 1994) to form upper North Atlantic Deep Water 
(NADW). Below 2,000 m, the North Atlantic is dominated by the lower NADW.

To calculate SubT, we selected the foraminifera Globorotalia crassaformis that thrives at oxygen-depleted 
levels of the upper pycnocline (Kemle-von Mücke & Oberhänsli, 1999). At Site U1313, low-oxygen levels 
are found at ∼800 m depth, at the deep thermocline, in agreement with the calculated calcification depth 
for this species in the subtropical North Atlantic (Cléroux et al., 2013). At this depth (σ0 = 27.45), the water 
column is characterized primarily by SPMW (García-Ibáñez et al., 2018) and MOW that modulates temper-
ature distribution at this density level in central North Atlantic (Figure 1 and Text S1).

3.  Materials and Methods
3.1.  Sampling and Sample Preparation

We used sediment samples of Site U1313, drilled in the central North Atlantic during IODP Expedition 306 
(Figure 1). Sections from the primary splice were sampled every 5 cm between 26.82 adjusted composite 
depth in meters (amcd) and 56.77 amcd. The 10 cm3 samples were freeze dried, weighted, wet sieved over 
>125 µm and >63 µm meshes, rinsed with Milli-Q water, and dried at 40°C. Around 15 tests (∼750 μg) of the 
deep-dwelling foraminiferal species G. crassaformis were picked from a narrow size fraction (315–400 μm). 
Subsequently, the tests were cracked between glass plates, homogenized, and used for trace-element analy-
ses. Tests of Cibicidoides wuellerstorfi and Uvigerina peregrina were picked, analyzed for stable isotopes, and 
used to update the Site U1313 age model (see supporting Text S2, Figure S3, and Table S1).

3.2.  Mg/Ca Analyses

For Mg/Ca analyses, the cracked foraminiferal tests were cleaned following the procedures described by 
Martin and Lea (2002) without the diethylenetriaminepentaacetic acid (DTPA) step. This method includes a 
reduction step for the removal of metal-oxides with an ammonium citrate/hydrazine solution and an oxida-
tion step with H2O2 for the removal of organic matter. A total of 540 trace-element analyses have been per-
formed on a Thermo Scientific Agilent 720 ICP-OES at the Institute of Earth Sciences, Heidelberg Univer-
sity. Blanks were measured alongside the samples to exclude potential contamination during the cleaning 
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process. Standard deviation from replicates (n = 20) was ±0.14 mmol/mol for Mg/Ca, which would account 
for a temperature uncertainty of ±0.86°C using the species-specific Equation 1 (Cléroux et al., 2013).

  0.132 0.018Mg 0.624 0.007
Ca

Te (1)

Fe/Ca and Mn/Ca ratios were additionally analyzed to monitor contamination by siliciclastic material 
and diagenetic overgrowths. Mg/Ca, Fe/Ca, and Mn/Ca results were normalized to the external standard 
ECRM752-1 (3.762 mmol/mol for Mg/Ca, 0.17 mmol/mol for Fe/Ca, 0.132 mmol/mol for Mn/Ca, Greaves 
et al., 2008). Linear correlation between Fe/Ca and Mg/Ca was inferred as siliciclastic contamination and 
led to the exclusion of seven data points with Fe/Ca >0.2 mmol/mol. Linear correlation between Mn/Ca 
and Mg/Ca was interpreted as a sign of diagenetic overgrowth and led to the exclusion of further three data 
points with Mn/Ca >0.26 mmol/mol.

4.  Results and Discussion
4.1.  Subsurface Temperature and Thermocline Variability at Site U1313

The SubT record shows a glacial-interglacial pattern, which follows SST fluctuations at Site U1313 between 
MIS 36 and MIS 25 (Figures 2a and S4). From MIS 24 to 17, SubTs begin a long-term temperature increase 
interrupted by abrupt transitions to cold temperatures. Distinct SubT increases also preceded surface warm-
ing at the end of cold stages MIS 24, 22, and 20 (Figure S5), with a maximum lead of SubT relative to SST 
of ∼22 kyr during MIS 22.

Our vertical temperature gradient Δ(SST-SubT) shows that a steep thermal gradient of 11.2 ± 1.9°C existed 
at Site U1313 for most of the time interval between 1.2 and 0.93 Ma (MIS 36–25; Figure 2b), which is high-
er than the modern mean annual gradient between surface and 800 m water depth of ∼9.5°C (Locarnini 
et al., 2019) (for a discussion of the uncertainty of the Δ(SST-SubT) gradient, cf. Text S3). Between MIS 
24 and MIS 17 (∼0.93–0.67 Ma), SST cooling is opposed by warm SubTs, resulting in a prolonged phase 
of decreased stratification (9.1°C ± 1.5°C) that clearly separates this interval from short episodes of weak 
stratification occurring earlier in the record. This trend reversed only after MIS 17 (∼0.67 Ma) when the 
steep thermal gradient was re-established.

Weak upper-ocean stratification between MIS 24 and 17 (Figure 2b) shows that the thermocline deepened 
in the mid-latitude North Atlantic and heat accumulated at subsurface levels. Minimum upper-ocean strat-
ification occurred during MIS 24 (8.6°C ± 1.2°C) and MIS 22 (7.4°C ± 1.6°C, Figure 2b), crucial stages of 
ice-sheet build up during the MPT (Ford & Raymo, 2019), in particular of the European Ice Sheet (Berger 
& Jansen, 1994; Knudsen et al., 2020).

4.2.  Heat Transfer Into the High Latitude North Atlantic During the MPT

Net northward heat transport to NENA was evaluated based on the horizontal SST gradient (ΔSSTU1313-982; 
Figure 2c) between Site U1313 (Naafs et al., 2012) and subpolar Site 982 at 58°N (Lawrence et al., 2010). The 
evaluation of possible seasonality biases in alkenone-based SSTs suggests that these would not negatively 
impact our findings but rather reinforce them (cf. Texts S3 and S4).

Across the studied interval, ΔSSTU1313-982 follows the same trend as our stratification index (r  =  0.69, 
p < 0.01 using the Monte-Carlo-based surrogateCorr script implemented in the astrochron package in R; 
Meyers et al., 2014). Based on the modern annual SST difference between both sites (∼7°C), we interpret 
the reduced ΔSSTU1313-982 between MIS 24 and MIS 17 to reflect an increased net northward heat transport 
between subtropical and subpolar latitudes in the North Atlantic. The relatively mild and higher than av-
erage temperatures at Site 982 particularly during MIS 22 (Figure 3a) are notably at odds with the concur-
rent intrusion of subpolar waters in the mid-latitude North Atlantic as reflected by the high abundance of 
Neogloboquadrina pachyderma (Ruddiman et al., 1989, Figure 2d) and SST cooling at Site U1313 (Naafs 
et al., 2012). This indicates that the heat giving rise to mild SST at Site 982 between MIS 24 and MIS 17 was 
not transferred along a surface trajectory.
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Figure 2.  (a) Alkenone-based SSTs at Sites U1313 (blue, 3pt running mean; Naafs et al., 2012) and 982 (orange; Lawrence et al., 2010) and Mg/Ca-based SubT 
at Site U1313 (red, original data and 3 pt running mean; this study). (b) Upper-ocean stratification (Δ[SST-SubT]) at Site U1313 (original data and 3pt running 
mean). Purple shading marks stratification weaker (deeper thermocline) than the modern (9.5°C). Dashed line marks interval between 0.93 and 0.67 Ma 
(MISs 24–17). (c) Temperature gradient between Sites U1313 and 982. Shading marks ΔSSTU1313-982 lower gradient than the study interval's average (3.2°C). (d) 
Percentage of N. pachyderma (Ruddiman et al., 1989) at Site 607.
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Figure 3.  (a) Northern Hemisphere (NH) ice sheets sea-level equivalent (de Boer et al., 2014). (b) SST gradient between sites U1313 (Naafs et al., 2012) and 982 
(Lawrence et al., 2010). (c) Thermocline stratification reflected by the Δ(SST-SubT) gradient at Site U1313. (d) Mediterranean dust index at Site 967 (Larrasoaña 
et al., 2003). (e) Eccentricity (dashed line) and precession parameters (solid line, Laskar et al., 2004). (f) Estimates of atmospheric pCO2 (red line: Bereiter 
et al., 2015; pink symbols: Hönisch et al., 2009; pink line: Chalk et al., 2017).
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4.3.  Did Shifts in the Subpolar Front and/or Variations in AMOC Strength Cause the Subsurface 
Warming Between MIS 24 and MIS 17?

Temperature fluctuations in the upper ocean of the mid-latitude North Atlantic thermocline depth are 
typically attributed to spatial shifts of the Subpolar Front, as an expansion (retreat) of the front would de-
crease (increase) the influence of the STG above Site U1313, thereby cooling (warming) the entire upper 
water column. Such frontal shifts should therefore generate synchronous fluctuations of SST and SubT. 
However, particularly during MIS 24 and the end of MISs 22 and 20, SubT warmed while SST remained cold 
(Figures 2a and S5), arguing against frontal shifts as a driver of the SubT increases during these intervals.

The increased warming at depth with respect to the surface might instead be the consequence of a weakened 
Atlantic Meridional Overturning Circulation (AMOC; Lopes dos Santos et al., 2010); decreased inter-gyre 
heat transport would converge heat in the subtropics reducing thermal stratification in the upper ocean. 
As such, a weakened AMOC during the “900-kyr event” (Pena & Goldstein, 2014) could have contributed 
to thermocline deepening at our Site during MIS 24–22. However, we have two indications that the Δ(SST-
SubT) variability was not primarily driven by fluctuations of AMOC strength: (a) The “900-kyr event” has 
been inferred to be a prolonged slowdown of ocean circulation centered around MIS 23, when the export 
of northern-sourced waters to the Southern Ocean was at its minimum (Pena & Goldstein, 2014). Temper-
ature gradients at Site U1313, however, are comparable to modern (∼9.5°C) during MIS 23, indicating that 
the thermocline was not particularly affected by a weak AMOC; (b) if Δ(SST-SubT) variability was driven 
by AMOC strength on orbital time scales, we would expect its spectral signal to peak in the obliquity band 
(Lisiecki, 2008; Rutberg & Broccoli, 2019). However, our Δ(SST-SubT) record is dominated by a peak in 
the precession frequency, without any obliquity imprint (Figure S6). This finding supports the assumption 
that AMOC strength is not the primary driver of the temperature gradient in the subtropical North Atlantic 
during the MPT.

4.4.  Did Increased MOW Production Cause Thermocline Warming During the MPT?

We argue that the influence of the MOW on the deep-thermocline waters at Site U1313 is primarily respon-
sible for the SubT warming during MIS 24–17 and induces the precession modulation of the Δ(SST-SubT) 
record. The MOW is a particularly suitable candidate to explain the good agreement between thermocline 
warming and increased northward heat transport to SPG because it affects temperature and salinity at 
deep-thermocline and upper-intermediate levels of both subtropical and subpolar North Atlantic (Potter 
& Lozier, 2004), thus playing a crucial role in determining upper-ocean stratification (Feucher et al., 2016).

Today, MOW mostly originates from warm and saline intermediate-depth waters formed in the Eastern 
Mediterranean that exit the Mediterranean Sea through the Strait of Gibraltar. Upon its passing through 
the Strait of Gibraltar, MOW warms the deep subtropical thermocline in eastern North Atlantic by intensely 
entraining the surrounding central waters (Baringer & Price, 1999), the residual Antarctic Intermediate 
Water (Reid, 1994), and by the release and decay of mesoscale eddies (Arhan & King, 1995; Bashmach-
nikov et al., 2015). Topographic control in the Gulf of Cadiz divides the MOW into a westward branch and 
northward branch, with the latter flowing at around 700 m water depth as an eastern boundary undercur-
rent along the European continental margin to the Irish Seas and Rockall Trough (Baringer & Price, 1999). 
There, it interacts with the North Atlantic Current due to upward sloping isopycnals and deep mixing in 
the eastern SPG (Pollard et al., 1996). Together, the warming effect of both branches effectively decreases 
thermocline stratification in eastern North Atlantic (Jia et al., 2007), increasing thermocline depth, and 
connecting western subtropics to NENA through density layers (Figure S2). This subsurface inter-gyre con-
nection creates a pathway for isopycnal transport of thermohaline anomalies.

On orbital time scales, the production of MOW strongly depends on the aridity in the Eastern Mediterranean 
realm, which is driven by strength of the African Monsoon (AfM, Rohling et al., 2015) (cf. Text S5). During 
increased NH insolation (precession minima), the Intertropical Convergence Zone migrates northward and 
strengthens the AfM (Rohling et al., 2002). This strengthening leads to increased freshwater outflow by the 
River Nile decreasing surface salinity and buoyancy at the source region of the MOW (Bahr et al., 2015; Ro-
hling et al., 2015). In turn, under a weaker AfM (precession maxima) and reduced continental fresh-water 
run-off, MOW production intensifies. This direct connection between MOW and AfM variability imprints a 
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strong and persistent precession-beat into MOW production (Bahr et al., 2015), which is also evident from 
the prevalence of precession (next to obliquity) in the cross-spectrum between Δ(SST-SubT) and the Medi-
terranean dust index (Figure S7).

Pronounced and widespread erosional features within the contourite system in the Gulf of Cadiz indicate 
strong outflow of the Mediterranean during the MPT (Hernandez-Molina et al., 2014; Lofi et al., 2016). 
This is further supported by increased dust influx toward the eastern Mediterranean Sea between MIS 25 
and MIS 17 suggesting the prevalence of arid conditions in northeast Africa, which would have facilitated 
strong MOW production (Larrasoaña et al., 2003, Figures 3 and S8). This period also aligns with a scarcity 
of sapropels in the Eastern Mediterranean (Figure 3d and Konijnendijk et al., 2014), suggesting diminished 
runoff by the River Nile (Rohling et al., 2015). The presumed strengthening of MOW production during 
this interval also coincides with a period of flourishing cold-water coral reefs at the Irish Margin after a 600 
kyr-long hiatus (Kano et al., 2007). These corals depend on the high-energy pycnocline between MOW and 
central waters for nutrient mobilization and larval dispersal, serving as indicators of MOW's northward 
branch presence along the eastern European margins (Wienberg et al., 2020).

The enhanced MOW production during MIS 25–17 is likely the result of the minimum of the ∼2.4 Myr 
eccentricity cycle at ∼930 ka. Low eccentricity led to reduced precession amplitudes, a weakened AfM, and 
thus favored conditions ideally suited to sustain a strong MOW production. This in turn would have kept 
the deep thermocline in the subtropical North Atlantic relatively warm even during times of decreasing 
atmospheric pCO2 (Hönisch et al., 2009) and global surface-water cooling (McClymont et al., 2013). In-
creased subsurface heat advection to SPG, counteracting surface cooling, would lead to weaker thermocline 
stratification in central and northeastern North Atlantic, thus, creating a subsurface channel for latitudinal 
heat transport via the deep thermocline.

4.5.  Further Implications: Impact of the Subsurface Heat Channel on Ice-Sheet Growth

Subsurface transport of warm waters to eastern SPG has the potential to impact adjacent ice-sheets. Within 
glacials stages with intermediate-sized ice sheets, warming of the eastern subpolar gyre could provide the 
moisture necessary to promote ice-sheet build up. To evaluate if the anomalously strong subsurface heat 
transport into the high latitudes during the MPT could provide additional moisture and thus enhance NH 
ice-sheet growth, we have conducted two glacial simulations with an atmospheric global-circulation model. 
The initial settings of both control (A_CTL) and experiment (A_WARM) simulations reflected intermediate 
glacial conditions with global ice-sheet volumes consistent with pre-MIS 22 glaciations (∼65 m sea level 
equivalent, Zhang et al., 2014; see supporting Text S6 and Figures 4 and S9). The experiment run was forced 
with a 2°C higher mean SST at NENA. This 2°C warming is the average SST difference at Site 982 between 
the glacial interval with lowest net northward heat transport (MIS 26; ∼11°C, Lawrence et al., 2010) and 
the glacial with maximum subsurface warming and maximum northward heat transport (MIS 22; ∼13°C). 
According to our model output, warming the subpolar North Atlantic by 2°C during intermediate glacial 
conditions boosts atmospheric absolute humidity, as well as stimulates a low-pressure anomaly across the 
NENA (Figure 4c). This in turn leads to enhanced moisture transport and a salient increase in annual mean 
precipitation over the Eurasian ice-sheets (Figure 4b) without evident changes in ice-sheet surface melting 
(Figure 4a). Based on this precipitation increase, our model output suggests that SST warming at NENA 
would have led to at least 3 m equivalent sea level of additional ice-volume growth. This is a conservative 
estimate because ice-sheet volumes were fixed in our simulations.

The increased northward subsurface heat transport against the cold atmospheric background associated 
with decreased glacial atmospheric CO2 and intermediate-sized ice sheets ultimately provided a potent 
moisture source as evidenced by our model results and acted as an amplifier for NH ice-sheet growth over 
the strongly eroded regolith (Clark & Pollard, 1998; Clark et al., 2006). The resultant ice-sheet enlargement 
thus might have played a pivotal role for the cryosphere system to cross the critical threshold that enabled 
the full establishment of the large Late Pleistocene ice sheets after ∼700 ka BP.
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5.  Conclusions
Here we describe a new precession-paced mechanism for the subsurface transport of warm waters to the 
eastern SPG during the MPT. Strong outflow of the Mediterranean Sea during the MPT deepened the ther-
mocline in subtropical North Atlantic and led to the return of the MOW's northward branch to the eastern 
SPG, connecting the gyres along density layers. Increased inter-gyre connectivity allowed for the advection 
of warm waters to NENA at a time of presumably lower atmospheric temperatures, due to decreased glacial 
atmospheric CO2 and southward shift of the SPG. Within glacial stages with intermediate-sized ice-sheets, 
a warming of the eastern SPG could have provided the moisture necessary to promote precipitation over 
ice-sheets downstream, particularly over the European Ice Sheets. As the advection of subtropical waters 
into the North Atlantic was essentially driven by orbital precession via the MOW, the combination of both 
the intrinsic obliquity forcing of ice-sheet feedbacks (Imbrie et al., 1993) and the precession-paced changes 
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Figure 4.  Changes in (a) Simulated changes in the annual mean positive degree days (units: day), (b) The annual mean precipitation (units: mm/year), (c) 
sea-level pressure (SLP, shaded, units: Pa), and vertical integrated moisture transport (vector, units: kg m−1 s−1) in response to sea-surface warming in the 
northeastern North Atlantic in the climate model (Figure S9).
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in North Atlantic stratification might explain the averaged 100-kyr cyclicity that characterizes the post-MPT 
world (Feng & Bailer-Jones, 2015).
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