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Abstract The development of larger and longer lasting northern hemisphere ice sheets during the
mid-Pleistocene Transition (MPT) coincided with global cooling. Here, we show that surface waters of

the north-eastern Atlantic actually warmed across this interval (~1.2-0.8 Ma), which we argue reflects an
increase in the north-eastward transport of heat and moisture via the North Atlantic Current (NAC) into
the Nordic Seas (the Atlantic Inflow). We suggest that simultaneous cooling and warming along the north-
western and south-eastern margins (respectively) of the NAC during Marine Isotope Stage 28 (~995 ka)
reflected the increasing persistence of northern ice sheets as Atlantic Inflow increased. This resulted in

a diachronous shift from ~40 to ~100 kyr cyclicity across the North East (NE) Atlantic as the growing
influence of northern ice sheets spread southwards; to the north-west of the NAC the first “100 kyr” cycle
preceded Termination 12 (~960 ka), while on the south-eastern margin of the NAC the transition occurred
~100 kyr later. Exploratory climate model simulations suggest that increasing Atlantic Inflow at this time
could have accelerated ice sheet growth because pre-existing moderately sized ice sheets allowed the
positive effect of increasing precipitation to outpace melting. In addition, we propose that the dependence
of post-MPT ice sheets on moisture transport via the Atlantic Inflow may ultimately contribute to their
apparent vulnerability to insolation forcing once a critical size threshold is crossed and high latitude ice
sheets become starved of a vital moisture source.

1. Introduction: The Mid-Pleistocene Transition and First “Missed”
Interglacial: “IG 28”

The characteristic saw-tooth shape and long (~100 kyr) duration of glacial cycles within the Late Pleisto-
cene emerged sometime around 1 million years ago during the mid-Pleistocene Transition (MPT, Clark
et al., 2006; McClymont et al., 2013) (Figure 1). Prior to this, glacial cycles were largely symmetric in form
with a period of ~41 kyr, more closely reflecting the influence of northern hemisphere summer insolation
(Tzedakis et al., 2017). The MPT heralded not only the emergence of longer glacial cycles, but also the ap-
pearance of much larger ice sheets (Elderfield et al., 2012), despite no apparent change in orbital forcing
(Figure 1). As such, it is thought to relate at least in part to the long-term cooling (believed to reflect a secu-
lar decrease in atmospheric CO, [Seki et al., 2010]), which gave rise to the initial development of northern
hemisphere ice sheets during the Late Pliocene (Ravelo et al., 2004). However, most models (e.g., Berger
& Jansen, 1994; Clark et al., 2006; McClymont et al., 2013; Willeit et al., 2019) require an additional uni-
directional forcing to explain the change both in duration and intensity of glacial periods across the MPT.
Importantly, any theory must account for the fact that ice sheets of the “100 kyr world” are somehow capa-
ble of surviving successive peaks in northern summer insolation, which would previously have resulted in
complete deglaciation (Tzedakis et al., 2017). At the same time (and somewhat counterintuitively), it should
also accommodate the apparent vulnerability of these new “super glacial” ice sheets to rather modest inso-
lation forcing once they exceed some critical size (Raymo, 1997).

The first major phase of continental ice growth during the MPT (Figure 1) occurred within Marine Isotope
Stage (MIS) 22, ~900 ka (Elderfield et al., 2012), and is thought to have been associated with a significant
shift in Atlantic Ocean circulation and deep ocean carbon storage (Farmer et al., 2019; Lear et al., 2016;
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Figure 1. The first missed interglacial: “IG 28”, From top to bottom: LR04 benthic §'°0 stack (Lisiecki & Raymo, 2005) reveals lengthening and deepening

of glacial cycles across the mid-Pleistocene Transition (MPT) (black numbers are notable Marine Isotope Stages, MIS); seawater 5'°0 (Elderfield et al., 2012),
a proxy for continental ice volume; calorific summer energy at 65°N (Tzedakis et al., 2017) (blue circles are insolation peaks that give rise to interglacials
according to Tzedakis et al. (2017), red circles are peaks no longer sufficient to produce an interglacial following an increase in the threshold for deglaciation);
obliquity (Berger & Loutre, 1991) (solid black circles are obliquity peaks without an associated interglacial [Tzedakis et al., 2017]). “IG 28” (purple line)
represents the first missed interglacial (see text).

Pena & Goldstein, 2014). This led to the suggestion that the interval between MIS 25 and 21 could represent
the first “100 kyr” glacial cycle (Pena & Goldstein, 2014). However, a recent study (Tzedakis et al., 2017)
suggests that the first time an ice sheet managed to survive a peak in insolation during the MPT was signifi-
cantly earlier. Tzedakis and colleagues (Tzedakis et al., 2017) developed a model to predict the occurrence of
post-MPT interglacials, incorporating integrated summer insolation and a time-dependent discount applied
to the level of insolation required to produce an interglacial based on when the threshold was last crossed.
Crucially, the model suggests that a change in the (discounted) threshold must have occurred prior to 1 Ma
in order to explain why insolation peaks after that time, which would previously have resulted in an inter-
glacial, were no longer sufficient to do so. In other words, something in the climate system changed at or
just before 1 Ma that allowed ice sheets to escape successive insolation maxima and effectively “miss” one
or more interglacial.

Of particular relevance to this study are two quasi-independent predictions (implicit within the study of
Tzedakis et al., 2017) of when the first “missed” interglacial (IG) may have occurred (Figure 1). First, it was
shown that every peak in obliquity between 2.6 and 1 Ma (except that at 2.062 Ma) was associated with an
interglacial, whereas after 1 Ma, interglacials typically occurred only with every second peak in obliquity.
The first obliquity peak to miss an interglacial was ~995 ka (Figure 1). We note that there was a minimum
in benthic 50 at that time (~992-1,002 ka), but it does not qualify as an interglacial according to Tzeda-
kis et al. (2017) and does not have its own MIS identifier (being counted within glacial MIS 28). For our

BARKER ET AL.

20f 23



V od |
AGU

Paleoceanography and Paleoclimatology 10.1029/2020PA004200
Speed (cm.s™")
0.3 0.3
North-
eastward
0.2 0.2
0.1 0.1 N
Northward 0 0 E
velocity (cm.s™)
-0.1 0.1
-0.2 0.2
Other
-0.3 0.3
30°'W 0" 30°E  90°'W 60°'W 30°'W 0° 30°E
i 80'N e 25
70N 20
15
60°N
SST (°C)

Eastward
velocity (cm.s™)

Figure 2. The North Atlantic Current (NAC) and Atlantic Inflow, Left hand panels show mean annual northward and eastward near-surface current velocities
calculated from satellite-tracked drogue drifters (i.e., drifters with a —15 m sea anchor) (Lumpkin & Johnson, 2013). Upper right panel shows calculated mean
annual near-surface current speed (red colors are north-eastward flow, blue colors all other directions). The Gulf Stream and its northward extension, the NAC,
are depicted by the north-eastward motion of surface waters across the North Atlantic. The Atlantic Inflow represents the continuation of this transport into the
Nordic Seas. Lower right panel shows core site locations referred to in main text superimposed on annual sea surface temperature (SST) (Locarnini et al., 2010).
Large scale features of SST reflect surface current transport, in particular the North-eastward transport of warm surface waters into the Nordic Seas via the NAC
and Atlantic Inflow systems. Maps created using Ocean Data View (Schlitzer, 2018).

purposes, we name this minimum “IG 28.” The second prediction comes from the model itself and consid-
ers the first time a peak in insolation, which would previously have given rise to an interglacial, failed to do
so. That peak occurred ~999 ka (also coincident with IG 28; Figure 1).

The large range in age estimates for the MPT (Clark et al., 2006; McClymont et al., 2013) reflects its spatial
diachronicity (i.e., changes occurred at different times in different places), making it difficult to differen-
tiate between the various models proposed to explain it. However, most explanations center on the North
Atlantic region. For example, changes in deep ocean circulation (Pena & Goldstein, 2014) (which could
lower atmospheric CO, [Farmer et al., 2019; Lear et al., 2016]), the removal of an erodible substrate across
North America (allowing the formation of larger land-based ice sheets [Clark et al., 2006]), the develop-
ment of Arctic ice shelves (allowing the buildup of marine-based ice sheets [Berger & Jansen, 1994; Knies
et al., 2009]) or an increase in the northward transport of heat and moisture via the North Atlantic Cur-
rent (NAC) and Atlantic Inflows (Hansen & @sterhus, 2000) (the “Nordic heat pump,” [Imbrie et al., 1992]
providing fuel for ice sheet growth [Berger and Jansen, 1994; Herndndez Almeida et al., 2012]). Given the
sensitivity of this region, we have produced high resolution (<200 years on average) records of ice rafted
debris (IRD) accumulation and relative abundance of the polar affiliated planktonic foraminifer, Neoglobo-
quadrina pachyderma (%NPS) from two sites (Ocean Drilling Program [ODP] Sites 981 and 983) spanning
the NAC system as it enters the Nordic Seas (Figure 2). We combine these with published records (Table S1;
Methods) to produce a spatiotemporal survey of the NAC as it evolved across the MPT (Figures 3-6).
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2. Materials and Methods
2.1. Sample Preparation and Faunal Counts on ODP 983 and 981

For this study, we processed 2,783 samples along the splice of ODP 983 (Jansen et al., 1996) (extending pre-
vious work [Barker et al., 2015; Barker et al., 2019]) and 636 samples along the splice of ODP 981 (Jansen
et al., 1996). Sediment samples were spun overnight and washed with deionized water through a 63 yum
sieve before being dried at 40°C. IRD and faunal counts were made on the >150 um fraction after splitting
to yield approximately 300 entities. IRD was considered as the total number of lithogenic/terrigenous grains
counted. Only left coiling specimens of N. pachyderma were counted and all five morphotypes of N. pachy-
derma found in recent Arctic sediments (Eynaud, 2011) were counted. Foraminiferal and IRD counts from
ODP Site 980 were published previously (intermittently) back to 1 Ma (Oppo et al., 1998, 2001; Wright &
Flower, 2002). Since ODP Sites 980 and 981 were recovered from the same location (Jansen et al., 1996), we
are able to splice our records from Site 981 with those from Site 980 (Figure S1).

We also counted full foraminiferal assemblages for 355 samples in ODP 983, spanning several interglacial
sections (Figure 5). Transfer function models (using the Modern Analogue Technique, MAT [Hutson, 1979])
were constructed using species abundance data from the ForCenS compilation (Siccha & Kucera, 2017) and
annual mean sea surface temperatures from WOA1998 (Boyer et al., 1998) (use of an older data product
helps to reduce the effect of global warming). RMSE (root mean squared error, defined as the square root
of the average squared error between the observed and predicted values for the training set) is 1.85°C,
determined using h-block cross validation to reduce the influence of spatial autocorrelation (Telford &
Birks, 2009). A cut-off distance of 850 km was used, which was previously shown to be appropriate for the
North Atlantic (Trachsel & Telford, 2016). We use the similarity-weighted mean temperature of the 10 best
analogs to derive the estimates of past sea surface temperature. Samples with a minimum dissimilarity
above the fifth percentile of the distribution of dissimilarities in the core top compilation (0.145) are consid-
ered to have poor analogs to the modern and were rejected (total 14/355). Calculations were performed in R
(R_Core_Team, 2020) using the rioja package (Juggins, 2017).

2.2. Age Models for North Atlantic Cores

We place all records generated and used in this study on a common timescale for consistency and to allow
direct comparison among sites on a millennial timescale. We use the timescale developed for Integrated
Ocean Drilling Program (IODP) Site U1385 (Hodell et al., 2015) as a reference because this provides a tar-
get with millennial-scale resolution back to 1.5 Ma. We tuned our records from ODP Site 983 to the U1385
record of Ca/Ti (on a log scale) acquired by XRF scanning ([Hodell et al., 2015) (Figure S2). At the site of
U1385, log(Ca/Ti) is thought to reflect changes in the relative supply of biogenic carbonate and detrital sed-
iment. Biogenic carbonate apparently increases during interglacial and interstadial periods and decreases
during glacial and stadial periods, and therefore provides a proxy for high northern latitude millennial-scale
climate variability. We limited our tuning to features in the IRD and coarse fraction records and occasional
abrupt warming events (decreasing %NPS), following arguments put forward in previous studies (Austin &
Hibbert, 2012; Barker et al., 2015). Hodell et al. (2015) derived several age models for U1385, but here we
employ that obtained by correlating peaks in L* (i.e., sediment color) to local summer insolation at 37°N,
based on the observation of a strong precession-like signal within L* that displays similar amplitude modu-
lation as precession (a function of eccentricity).

We then placed records of %ZNPS from all sites in our survey (Table S1; except for ODP Site 985, which has
too low resolution for such an exercise) onto the U1385 timescale by tuning their records to those from Site
983 (Figure S2). Where possible, we tuned the record of IRD from each site to that of Site 983 with additional

Figure 3. Diachronicity of the mid-Pleistocene Transition (MPT), From top to bottom: LR04 benthic 80 stack (Lisiecki & Raymo, 2005) (green numbers are
marine isotope stage [MIS], black numbers are glacial terminations); 65°N calorific half year insolation energy (Tzedakis et al., 2017) (see Figure 1 annotation
for explanation of colored symbols); obliquity (Berger and Loutre, 1991); %NPS and ice rafted debris (IRD)/g from Ocean Drilling Program (ODP) 980/981
(Wright & Flower, 2002; this study); %NPS and IRD/g from ODP 983 (Barker et al., 2019; this study); 35-45 kyr Taner filter of %NPS records with Hilbert
transforms defining envelopes; rate of change of Hilbert transforms for initial decrease in ~40 kyr power (later decrease not plotted); 70-130 kyr Taner filter of
%NPS records with Hilbert transforms defining envelopes; rate of change of Hilbert transforms for initial increase in ~100 kyr power (later increase not plotted).

Purple line is “interglacial 28”.
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Figure 4. Emergence of the “100 kyr” world, From top to bottom: LR04 benthic §'*0 stack (Lisiecki & Raymo, 2005);
ice rafted debris (IRD) accumulation at Ocean Drilling Program (ODP) Site 983; log(Ca/Ti) (Hodell et al., 2015) and
Alkenone sea surface temperature (SST) (Rodrigues et al., 2017) from Integrated Ocean Drilling Program (IODP)

Site U1385; %NPS from Deep Sea Drilling Project (DSDP) 607 (Ruddiman et al., 1987), ODP 980/981 (Wright &
Flower, 2002; this study), IODP U1314 (Hernandez Almeida et al., 2012), ODP 983 (Barker et al., 2019; this study) and
ODP 984 (Wright & Flower, 2002); integrated summer insolation at 65°N (Tzedakis et al., 2017); precession (gray) and
obliquity (black) (Berger & Loutre, 1991). Pink and Blue boxes represent canonical marine isotope stages (MIS). The
first “100 kyr” cycle (double-headed arrow) is bounded by T12 and T14.1. Curved dashed arrow represents south-
eastward progression of the Arctic Front as glacial conditions develop.
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constraints from abrupt warming events (decreases in %NPS). IRD is not recorded at Deep Sea Drilling Pro-
ject (DSDP) Site 607. However, by using the age model developed by Lisiecki and Raymo (2005) for this site
we note that N. pachyderma only becomes abundant when conditions further north are very cold and IRD
is common, that is, the coldest conditions at Site 607 seem to correspond to ice rafting events further north.
The same relationship is observed between the IRD record from Site 983 and the Alkenone-based sea sur-
face temperature (SST) record from Iberian Margin Site U1385 (Rodrigues et al., 2017) (Figure S4), which
were not explicitly tuned together. Accordingly, we used the record of IRD/g from ODP 983 as a tuning tar-
get for the (relatively low resolution) faunal SST record from Site 607 (Figure S2). Using this approach, we
observe good agreement between the Alkenone SST records from Sites U1385 and 607 (note these records
were not tuned together directly) (Figure S4). We also note that when placed on the age models derived here
the records of benthic §'®0 from each site in our survey site do not violate their expected correlations with
the LR04 benthic stack (Figure S2) (Lisiecki & Raymo, 2005).

2.3. Time series Analysis

Bandpass filtering was performed on evenly resampled (200 years) time series using a Taner filter (roll-off
rate = 10*) within the Astrochron (Meyers, 2014) Package for R (R_Core_Team, 2020). Hilbert transforms of
the bandpass filtered series were also implemented using Astrochron. Rates of change of Hilbert transforms
were calculated and a running mean of 10 kyr was applied before plotting (Figure 3). Wavelet transform
and coherency analyses were produced using the Matlab function presented by Grinsted et al. (2004), im-
plemented on evenly resampled (200 years) time series.

2.4. Climate Model Description

We use a comprehensive fully coupled atmosphere-ocean general circulation model (AOGCM), COSMOS
(ECHAMS5-JSBACH-MPI-OM) to explore the potential effects of ocean circulation on ice sheet growth.
Within COSMOS the atmospheric model ECHAMS5 (Roeckner et al., 2003), complemented by the land
surface component JSBACH (Brovkin et al., 2009), is used at T31 resolution (~3.75°), with 19 vertical lay-
ers. The ocean model MPI-OM (Marsland et al., 2003), including sea-ice dynamics formulated using vis-
cous-plastic rheology (Hibler III, 1979), has a resolution of GR30 (3° x 1.8°) in the horizontal, with 40 un-
even vertical layers. COSMOS has previously been used to investigate a range of paleoclimate phenomena,
including the last millennium (Jungclaus et al., 2010), the Miocene warm climate (Hossain et al., 2020;
Knorr & Lohmann, 2014), the Pliocene (Stepanek et al., 2020), internal variability of the climate system
(Wei et al., 2012), Holocene variability (Wei & Lohmann, 2012), the Last Glacial Maximum (LGM) climate
(Abelmann et al., 2015; Zhang et al., 2013) and glacial millennial-scale variability (Gong et al., 2013; Maier
et al., 2018; Zhang et al., 2014, 2017). This indicates that it is capable of capturing key features of different
climate states and is thus a suitable climate model for this study.

3. Results and Discussion
3.1. Diachronicity of the MPT and the First “100 kyr” Cycle

Our new records of %NPS (higher values reflect colder surface conditions) from ODP Sites 981 and 983
demonstrate the transition from ~41 to ~100 kyr periodicity across the MPT (Figure 3). Notably, the gain
(decrease) of power in the ~100 kyr (~40 kyr) band at Site 983 (north-western margin of the NAC system)
occurred significantly earlier than at Site 980/981 (south-eastern NAC). In particular, the gain in ~100 kyr

Figure 5. Evolution of North East (NE) Atlantic surface conditions since 1.2 Ma, From top to bottom: ice rafted debris (IRD) accumulation at Ocean Drilling
Program (ODP) Site 983 (Barker et al., 2015, 2019; this study); LR04 benthic §'0 stack (Lisiecki & Raymo, 2005); faunal sea surface temperature (SST)
reconstruction and %NPS from Deep Sea Drilling Project (DSDP) 607 (Ruddiman et al., 1987); %NPS from ODP 980/981 (Oppo et al., 1998, 2001; Wright &
Flower, 2002; this study), U1314 (Alonso-Garcia et al., 2011; Hernandez Almeida et al., 2012), 983, 984 (Mokeddem & McManus, 2016; Mokeddem et al., 2014;
Wright & Flower, 2002) and 985 (Baumann & Huber, 1999); Modern Analogue Technique (MAT) faunal SST estimates from ODP 983 (white square is modern
SST, gray curve is %NPS); accumulation rate of all other species (i.e., not N. pachyderma) from ODP 983. Blues and pink boxes are marine isotope stage (MIS)
intervals analyzed in Table S2 and shown in Figure 6.
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power at Site 983 occurred during the interval spanning MIS 31-25 while at Site 980/981 the rise in ~100 kyr
power occurred ~100 kyr later (across MIS 25-21). Below, we explore the reasons for this diachronicity. We
begin by looking at each record individually.

At ODP Site, 980/981 we observe three typical “100kyr” glacial cycles between ~950 and ~700 ka (Figure 3).
These were bounded by glacial terminations T8-T12, each of which were separated by four precession cy-
cles. Prior to T12, warm intervals at Site 980/981 were more symmetric in appearance, and except for MIS
27, were aligned with maxima in obliquity. It is notable that although power in the obliquity band decreased
just before T12, it strengthened again with the development of ~100 kyr periodicity after ~950 ka, but now
the phase had shifted so that changes at Site 980/981 lagged obliquity by ~90° (Figure S3). This shift in
phase reflects the more complex interactions within the coupled climate system during the Late Pleisto-
cene (Chalk et al., 2017; Clark et al., 2006; McClymont et al., 2013; Tzedakis et al., 2017). In this case, the
apparent delay in response to obliquity forcing from T12 onwards reflects the occurrence of prolonged cold
periods just prior to glacial termination, while obliquity increases (Figure S3). These intervals were the new
“super glacials” of the 100 kyr world, and each was followed by a much more dramatic (abrupt) deglacial
warming than had previously occurred. At Site 980/981 the first of these abrupt deglacial transitions was
Termination 12 (Figure 4). If glacial terminations (as defined by Broecker & van Donk, 1970) are an exclu-
sive feature of the “100 kyr” world, this supports our contention (below) that the first 100 kyr cycle occurred
prior to T12. We also note that the increasing magnitude of glacial terminations across the MPT (within our
records from the North East [NE] Atlantic) was not only a function of colder glacials, but also of warmer
interglacials (Figures 3-5), a point we return to in Section 3.2.

At the more northerly site (Site 983) we observe similarities and differences with Site 980/981 (Figure 3).
Before ~1 Ma, we observe ~40 kyr periodicity, similar to that further south but with more pronounced
millennial-scale variability presumably reflecting increased sensitivity to fluctuations in the Arctic and Po-
lar fronts (Alonso-Garcia et al., 2011; Barker et al., 2015). Likewise, following T12 Site 983 experienced
~100 kyr glacial cycles similar to those at Site 980/981. The major difference between sites on the northern
and southern margins of the NAC system was centered on IG 28 (Figure 3). Notably the broad obliquity-re-
lated warming seen at Site 980/981 was represented at Site 983 by a short-lived warm peak, followed by a
period of pronounced cold (a similar feature is observed at Site U1314; Figure 4). The lack of a prolonged
“40 kyr” warm interval during IG 28 at Site 983 directly resulted in the weakening of ~40 kyr periodicity
and rise in ~100 kyr power at that location i.e., the first 100 kyr cycle at Site 983 was a result of the missed
interglacial IG 28.

Our results therefore appear to confirm that the first cycle of the 100 kyr world preceded Termination 12
and that the first definitive “missed interglacial” (which we observe as a pronounced cold interval at Site
983 associated with a peak in obliquity) indeed occurred ~995 ka (i.e., IG 28). In addition, counting back
four precession cycles from T12 (the typical duration of a Late Pleistocene glacial cycle [Cheng et al., 2016]),
we observe a termination-like event (“T14.1”) ~1,050 ka within glacial MIS 30 (Figure 4). While this event
cannot qualify as a canonical termination (given that benthic §'®0 was increasing at the time) it does bear
some of the other hallmarks characteristic of Late Pleistocene glacial terminations. For example, the event
comprised a pulse of IRD, followed by an abrupt decrease in %NPS (at least at Site 983). Furthermore, it
directly preceded a warm (“interglacial-like”) interval at all sites in our survey (Figure 4). The event was also
recorded further south on the Iberian Margin (IODP Site U1385) where the record of Ca/Ti reveals a sharp
increase at this time (Figure 4), suggesting an abrupt warming (if analogous to similar events during the last
1 Myr; Figure 4 [Hodell et al., 2015; Rodrigues et al., 2017]).

We therefore hypothesize that the interval bounded by T14.1 and T12 represents the first full cycle of the
~100 kyr world at least within our study region. Accordingly, IG 28 appears to represent the first (definitive)

Figure 6. Spatiotemporal survey of the North East (NE) Atlantic, (a, i) #NPS from the MARGO (Margo_Project_Members, 2009) database for the Holocene
(coretop) and Last Glacial Maximum (LGM) (b-h, j, k) Colored circles represent mean %NPS across selected time intervals in several NE Atlantic cores

(Figure 5; Table S2). Parts (b-h) are underlain by modern annual sea surface temperature (SST) (Locarnini et al., 2010). Asterisks denote “missed interglacials”-
see text. Interglacials “proper” show trend toward warmer conditions (lower %NPS) since marine isotope stage (MIS) 31. Note that relative to MIS 31 the
gradient in %NPS across the North Atlantic Current (NAC) (i.e., between Site 980/981 vs. Sites 983 and 1314) increased during IG 28 as a result of warming at
Site 980/981 and cooling at Sites 983 and 1314. A similar situation is observed for MIS 23 and MIS 16 relative to MIS 31. Maps were created using Ocean Data

View (Schlitzer, 2018).
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time that northern hemisphere ice sheets did not shrink back to their typical interglacial size despite a
maximum in summer insolation that previously would have driven them to do so (Tzedakis et al., 2017). We
suggest that cold conditions along the north-western margin of the NAC at this time reflected the burgeon-
ing influence of lingering northern ice sheets, but this influence was not yet experienced by more southerly
sites. In fact at the same time, we observe warmer conditions further south that were part of a longer-term
trend toward warmer interglacials which (notably) commenced at or before 1.1 Ma (i.e., well before the
emergence of much larger ice sheets ~0.9 Ma; see Section 3.2). In Sections 3.3 and 3.4, we argue that this
trend reflected a strengthening of Atlantic Inflow, causing an increase in the rate of ice sheet growth and
ultimately the appearance of larger ice sheets across the MPT.

We note that the T14.1 event was aligned with a peak in northern summer insolation that was a function of
precession rather than obliquity (which was near to its minimum value at that time; Figure 4). Reflecting on
recent conclusions about the importance of obliquity for glacial termination (Bajo et al., 2020), this observa-
tion leads us to repeat previous suggestions (e.g., Huybers, 2011) that the most parsimonious solution for the
timing of glacial terminations is to call on variations in integrated summer insolation (Tzedakis et al., 2017),
which combines the effects of precession and obliquity (as originally proposed [Milankovitch, 1941]), rather
than contest the relative merits of one or the other.

3.2. Warming Trends Across the MPT

Most surface temperature reconstructions across the MPT suggest that this was a period of global cooling
(McClymont et al., 2013) but regional warming trends have also been reported. Of particular relevance
here are studies by Wright and Flower (2002) and Hernandez Almeida et al. (2012) who (using results also
shown here) argued for a northward migration of the (interglacial) Arctic Front (AF) since ~1 Ma. Our new
%NPS results suggest that this trend may have begun as early as 1.2 Ma (Figure 5) and, when combined with
other sites in our survey, we observe that interglacial warming during the MPT occurred right across the
NAC and into the Nordic Seas (notably however equivalent records from DSDP Site 607 suggest a cooling
from MIS 31 to MIS 23, implying that the warming we observe across the NE Atlantic was indeed regional;
Figure 5). We observe a similar warming trend using the full foraminiferal assemblage to calculate SST at
ODP Site 983 (Methods; Figure 5), in agreement with earlier findings at nearby sites (Figure S4) (Hern4an-
dez Almeida et al., 2012; Wright & Flower, 2002). In accordance with our record of %NPS, we observe a
trend toward warmer interglacial SSTs between MIS 31 and MIS 5 with a few warmer horizons within MIS
19 and 17 (Wright & Flower (2002) also found particularly warm temperatures during MIS 19 at Site 980;
Figure S4). Our MAT temperature estimates for MIS 1 agree with modern values (Figure 5), but are signif-
icantly lower than MIS 5 by 2-3°C (RMSE = 1.85°C), which is in agreement with previous comparisons
(Hoffman et al., 2017).

It has been suggested (Huber et al., 2000) that N. pachyderma only became fully polar affiliated at around
1.1 Ma (being only subpolar up until that time), which would imply that faunal-based records from older
periods might be less reliable in terms of temperature reconstruction. On the other hand, the presence of N.
pachyderma in the central Arctic around the time of the Olduvai geomagnetic event (Atkins, 1991) (dated
to around 1.8 Ma [Kusu et al., 2016]) implies that the species was already adapted to polar conditions well
before the MPT. This agrees with earlier estimates for the cold water adaption of N. pachyderma around
1.7 Ma (Raymo et al., 1987). Notwithstanding, it is valuable to assess the robustness of our inference of
warming across the MPT.

To that end, we calculated the accumulation rate of all other species of planktonic foraminifer in ODP 983
(a quantity that is independent from %NPS; Figure 5). Although this parameter may be sensitive to other
changes (e.g., primary productivity), we see a trend toward greater accumulation of nonpolar (i.e., warmer
than polar) species over the last 1.2 Myr, in agreement with the trend observed in %NPS. A similar result
is seen at ODP Site 985 (Figure S5) (Baumann & Huber, 1999), which is actually within the Nordic Seas
(Figure 2).

Equivalent changes in the North Atlantic have also been identified in other indicator species. For example,
an increase in warm diatom species after 0.84 Ma in IODP Site U1304 (Shimada et al., 2008) (Figure 2 and S5)
is thought to reflect a shift from comparatively cold surface conditions (including during interglacials) prior
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to 0.84 Ma, to a more modern-like situation with subtropical surface waters prevailing at Site U1304 during
interglacial periods. Shimada et al. (2008) used a principle component analysis to (semi)quantify changes
in surface temperature at this site (Figure S5) and although not as clear as the trend observed in records of
%NPS there is a shift toward warmer (interglacial) conditions across the MPT.

However, SST reconstructions based on C37 alkenone unsaturation ratios (UX3;) from the same region
as our study (and the same site in one case) do not show a warming between 1.2 and 0.9 Ma (Lawrence
et al., 2009; McClymont et al., 2008) (Figure S4). On the one hand, we note good agreement between trends
in UX5, (Lawrence et al., 2010) and foraminiferal faunal-based (Ruddiman et al., 1987) SST estimates at
DSDP Site 607 throughout the whole interval, with interglacial cooling between MIS 31 and MIS 25. We also
note that both UX'3; and faunal SST estimates for MIS 22 at this site are significantly colder than for MIS 16,
in line with %NPS records from the more southerly sites in our survey. The same is true for Iberian Margin
IODP Site U1385. We also note good agreement between our faunal-based SST estimates from ODP 983 and
alkenone estimates from the same core (McClymont et al., 2008) after ~1 Ma. However, the records do not
agree prior to this time. In fact, the U, SST estimate for MIS 31 at Site 983 is warmer than for MIS 25. A
similar picture (although not as stark) is seen at ODP Site 982 (Lawrence et al., 2009) (Figure S4), which is
positioned between 983 and 980/981 (Figure 2).

Differences among the various proxies used to reconstruct ocean surface temperature abound. Planktonic
foraminiferal assemblages can be altered by carbonate dissolution at the sea floor (Berger, 1968), but the
opposing trends we observe at ODP 983, 981 versus DSDP 607 suggest that this does not explain our obser-
vations and moreover, the carbonate content of interglacial sediments at Site 983 shows a slight decrease
between 1.3 and 1 Ma (Baumann & Huber, 1999). If %CaCO; were taken as an indicator for dissolution we
might expect %NPS to increase (rather than decrease, as we observe) as a result of its resistance to fragmen-
tation (relative to the other common species at this site [Berger, 1970]). Alkenones can be subjected to later-
al transport due to the small size of their host carrier and the even smaller alkenone molecules themselves
(Ohkouchi et al., 2002) and McClymont et al. (2008) acknowledge that the accumulation of alkenones and
other marine organic matter at the site of ODP 983 could reflect a combination of production in the over-
lying ocean and addition as well as removal of fine sediment fractions by the bottom currents, which vary
as a function of deep water overflows across the Iceland-Scotland Ridge. There is also some question as to
whether UXy, SST estimates may be biased toward warmer (summer) season temperatures at higher lati-
tudes (Prahl et al., 2010), in which case colder periods (perhaps MIS 31) could appear anomalously warm.

A possible reconciliation of this apparent discrepancy is the suggestion of increased incursion of Arctic
surface waters into the NE Atlantic from ~1.15 Ma, as proposed by McClymont et al. (2008), based on the
relative abundance of the C37:4 alkenone at ODP Site 983. As we discuss in Section 3.3, we believe that the
warming observed across the NE Atlantic since ~1.1 Ma is a result of increasing Atlantic Inflow into the
Nordic Seas. Since this inflow is just one part of the dynamic exchange of waters between the Atlantic and
Arctic (and Pacific) Oceans today (@sterhus et al., 2019), it seems reasonable to suspect that an increase in
Atlantic Inflow will be matched by an increase in other exchange components, including the transport of
cold surface waters into the NE Atlantic from the Arctic via the East Greenland Current. If this were the
case, then we might expect to find an admixture of temperature signals within this region.

In summary, given the consistency among foraminifer-based records and other proxies from cores spanning
the NAC (Figure 5 and S5) and the contrasting trends observed between those and records (both foraminifer
and alkenone based) from further south (DSDP Site 607; Figure S4), we suggest that the trend toward warm-
er interglacials across the MPT is a robust feature of the NE Atlantic. Furthermore, as stated above, the
regional nature of this warming trend (on a background of global cooling) implicates a regional change in
ocean dynamics, which we explore below.

3.3. Strengthening Atlantic Inflow since 1.2 Ma

It has long been held that a strong Atlantic Meridional Overturning Circulation (AMOC) is a key ingredi-
ent for the growth of large northern land-based ice sheets through its northward transport of warm, moist
air (Berger & Jansen, 1994; Hebbeln et al., 1998; Ruddiman & Mclntyre, 1979). Moreover, several studies
(although not all; see below) have concluded that the AMOC, and particularly its north-eastern component
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(the Atlantic Inflow and corresponding deep overflows [Hansen & @sterhus, 2000] aka the Nordic heat
pump [Imbrie et al., 1992; Berger and Jansen, 1994]) have strengthened over the last million years or so
(Baumann & Huber, 1999; Berger & Jansen, 1994; Henrich et al., 2002; Hernandez Almeida et al., 2012;
Poirier & Billups, 2014; M. E. Raymo et al., 2004). Our analysis provides support for this contention. The
imprint of the modern NAC is apparent from maps of SST and core top %NPS (Figures 2 and 6a), which
reflect the north-eastward flow of warm surface waters into the Nordic Seas. Without this flow the patterns
of SST and %NPS would be more akin to those of the LGM when the polar front assumed a more zonal
position (Figure 6i). Thus, the low modern values of %NPS observed at the northerly sites in our survey
(Margo_Project_Members, 2009) (Figure 6a) are due to an active Nordic heat pump. By extension, we sug-
gest (following previous studies [Hernandez Almeida et al., 2012; Wright & Flower, 2002; ]) that a gradual
strengthening of Atlantic Inflow over the past ~1.2 Myr can explain why we observe decreasing interglacial
%NPS (warming) across the NE Atlantic (implying a north-westward migration of the Arctic Front) even
though global temperature trends do not share this characteristic.

Studies using a variety of approaches provide relevant information on the evolution of interglacial circula-
tion patterns across the MPT. Records of benthic foraminiferal §**C are widely used to reconstruct circula-
tion changes but there are severe caveats, including biological over printing and end member changes. As
such, it is probably unsurprising that disagreements are common. For example, Raymo et al. (2004) con-
structed vertical profiles of §"°C in the high-latitude North Atlantic for each glacial and interglacial period
over the past 1.8 Myr. They concluded that relatively sea-ice-free conditions promoting open ocean deep
convection in the modern Nordic Seas may have been limited to interglacials of the last 0.6 Myr with deep
water production during earlier interglacials limited to that produced by, for example, brine rejection (i.e.,
they invoke a strengthening of interglacial deep water production in the Nordic Seas across the mid-Pleis-
tocene). Based on benthic §'*C records from lower latitudes (but still in the North Atlantic), Poirier and
Billups (2014) also concluded that interglacial deep water production in the Nordic Seas increased across
the MPT. However, Bell et al. (2015) employed benthic §"3C records from the Southeast Atlantic (in combi-
nation with more northerly sites) to conclude that peak production of North Atlantic Deep Water (NADW)
was reached between 2 and 1.5 Ma, becoming weaker after that time. On the other hand, one of the main
conclusions drawn by Raymo et al. (2004) was that large changes in the initial 5"°C of northern-sourced
deep water endmembers probably make inferences of past circulation changes based on benthic §°C un-
certain at best.

Several studies provide alternative evidence in support of a strengthening of Atlantic Inflow and the Nordic
heat pump across the MPT. For example, during the Pliocene, warm and relatively ice-free conditions in
the North Atlantic region (Dowsett et al., 2010; Miller et al., 2012) (which are commonly thought to re-
flect a strong AMOC and enhanced Atlantic Inflow [Dowsett et al., 1992; Frenz et al., 2006; Otto-Bliesner
et al., 2017; Raymo et al., 1996; Robinson et al., 2011]) were reflected in the Nordic Seas by enhanced car-
bonate preservation (Henrich et al., 2002). Subsequent global cooling and the initiation of major northern
hemisphere glaciation in the Late Pliocene (Ravelo et al., 2004) were paralleled by a major reduction in
carbonate preservation in the Nordic Seas from 2.8 to 1.2 Ma, which is thought to reflect a decrease in At-
lantic Inflow (Baumann & Huber, 1999; Henrich et al., 2002). Subsequently, a shift toward higher rates of
biogenic carbonate production and accumulation in the Nordic Seas since ~1.2 Ma (Figure S5) is thought
to reflect increasing Atlantic Inflow since that time (Baumann & Huber, 1999; Henrich et al., 2002). This
transition can be identified by a marked decrease in the contrast in carbonate sedimentation between the
NE Atlantic and Nordic Seas, with the contrast becoming even less pronounced after 0.65 Ma (Baumann
& Huber, 1999). Notably, this timing agrees well with the subset of studies based on benthic 8"C (Raymo
et al., 2004; Poirier & Billups, 2014) which argue for a strengthening of Atlantic Inflow across the MPT.

Sedimentary Nd isotopes have also been employed to reconstruct changes in the mixing between deep water
endmembers across the MPT, as well as the endmembers themselves. Recent studies demonstrated a shift
toward more radiogenic values of eyq in the deep South Atlantic during both glacial and interglacial periods
across the MPT (Farmer et al., 2019; Pena & Goldstein, 2014). The shift in glacial exq has been interpreted to
reflect a reduction in the ratio of northern to southern-sourced deep water endmembers as glacials became
more severe (modern northern-sourced deep waters are less radiogenic than their southern counterparts).
On the other hand, the shift toward more radiogenic values of NADW during interglacials across the MPT
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could be explained by an increase in the relative proportion of deep waters formed in the Nordic Seas versus
the Labrador Sea (i.e., a shift in the composition of NADW). This was demonstrated in a recent modeling
study (Gu et al., 2019) in which freshwater hosing across the North Atlantic produced a shift in the eyq com-
position of NADW of ~3¢ units toward less radiogenic values as the proportion of deep waters in the Nordic
Seas reduced relative to those formed in the Labrador Sea (in part this reflects the much more unradiogenic
ena composition of surface waters in the Labrador Sea relative to the Nordic Seas [Lambelet et al., 2016]).
Recent reconstructions of the northern endmember (NADW) composition do suggest a modest shift to
more radiogenic values across the MPT (—14.3-—13.8) (Kim et al., 2018). Therefore, we suggest that the
evidence from Nd isotopes is at least compatible with an increase in the interglacial formation rate of deep
water production in the Nordic Seas across the MPT (and by extension an increase in Atlantic Inflow and
return deep water overflows).

It should be pointed out that while we are arguing for an increase in the interglacial strength of Atlantic
Inflow across the MPT (and concomitant increase in the formation and export of deep waters derived from
the Nordic Seas), we cannot comment on the total rate of NADW formation, which includes a significant
component derived from the Labrador Sea (Dickson & Brown, 1994). Indeed, reconstructions that point to
a net decrease in the relative contributions of deep waters derived from northern versus southern sources
across the MPT (e.g., Farmer et al., 2019) could be compatible with an increase in deep waters formed in
the Nordic Seas if a concomitant (and potentially greater) decrease occurred in the Labrador Sea. Alter-
natively, an increase in southern-sourced deep water production would also appear as a decrease in the
relative contribution from northern sources. A change in the relative dominance of Atlantic deep waters
originating from northern versus southern sources has additional implications for climate evolution across
the MPT. As mentioned, several studies suggest an intensification of southern-sourced and poorly venti-
lated (nutrient rich) deep waters within the glacial Atlantic basin since ~900 ka (Farmer et al., 2019; Pena
& Goldstein, 2014), which may have contributed to the lowering of CO, during post-MPT glacials (Chalk
et al., 2017; Lear et al., 2016). Therefore, although this change may have occurred too late to act as a trigger
for the MPT, variations in deep water circulation could represent an important feedback for the intensifica-
tion of glacial conditions across the MPT

3.4. Strengthening Nordic Heat Pump Promoted Larger Ice Sheets Across the MPT

Several previous studies have discussed the importance of warm surface conditions in the North Atlantic for
the growth of northern ice sheets during glacial cycles of the Late Pleistocene (Alonso-Garcia et al., 2011,
McManus et al., 2002; Ruddiman & Mclntyre, 1979; Wright & Flower, 2002). The term “lagging warmth,”
introduced by Wright and Flower (2002), refers to the tendency for locations such as ODP Site 980/981
to remain relatively warm well beyond the initial growth of northern ice sheets during the first part of a
glacial cycle, as first illustrated by Ruddiman and McIntyre (1979). Alonso-Garcia et al. (2011) later used a
compilation of sites to argue that northern locations experience a shorter lag than those further south and
postulated a gradual south-eastward migration of the Arctic Front during glacial development, reflecting
the growing influence of northern ice sheets. This time transgressive behavior of the transition to colder
conditions within a glacial cycle is clearly observed in our compilation (curved dashed arrow in Figure 4),
implying that warm surface water transport northwards via the NAC continues until glacial maximum
conditions are attained. Our observation of a diachronous shift in the development of ~100 kyr periodicity
during the MPT provides a longer timescale analogy to this model of glacial development. Furthermore,
similar behavior is also observed on a millennial timescale during the transition from interstadial to stadial
conditions across the North Atlantic (although in this case the gradual cooling is probably not due to grow-
ing ice sheets) (Barker et al., 2015).

MIS 16 (typically acknowledged as a major glaciation; Figure 1) provides a good example of the juxtapo-
sition of (relatively) warm (to the southeast) and cold (to the northwest) surface waters across the North
Atlantic while ice sheets are large (Figures 5 and 6). The record of IRD accumulation at ODP Site 983 im-
plies a high rate of ice ablation via marine calving throughout the whole of MIS 16 (Figure 5). This presum-
ably suggests that the rate of ice accumulation was also high throughout much of MIS 16. And yet, while
conditions in the far NE Atlantic were understandably cold during that interval, we observe relatively low
%NPS at ODP Site 980/981 (significantly lower than MIS 22 and even lower than MIS 31; Figures 5 and 6;
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Table S2). We also note relatively warm conditions (compared to e.g., MIS 22) at more southerly sites during
MIS 16 (e.g., DSDP 607 and the Iberian Margin; Figures 5 and S4). Wright and Flower (2002) noted the low
concentration of N. pachyderma during MIS 16 at ODP Site 980. They also noted very high concentrations
of Turborotalita quinqueloba (>40%) during the same interval, suggesting that the Arctic Front was close,
but still to the northwest of the site (see their Figure 7). Accordingly, while conditions at ODP Site 980/981
could not be described as particularly warm during MIS 16 they nevertheless permit the possibility that the
NAC was actively transporting surface waters north-eastwards during much of that period.

Thus, compared with MIS 31 conditions at ODP Site 980/981 were warmer (lower %NPS) during MIS 16
while further to the north and west (Sites U1314 and 983) conditions were colder (higher %NPS; Figure 6).
This implies that the temperature gradient across the NAC was steeper, which we interpret to reflect the
influence of large northern ice sheets superimposed on a stronger Atlantic Inflow. Critically, we see the
same pattern for IG 28 and MIS 23 (lower %NPS at Site 980/981 and higher %NPS at Sites U1314 and 983
relative to MIS 31), the first and second missed interglacials according to Tzedakis et al. (2017) (Figure 6).
Our results therefore imply that the growth of larger and longer lasting ice sheets across the MPT went
hand in hand with strengthening of the Atlantic Inflow and support previous suggestions that the increased
northward transport of warm surface waters played a direct role in the growth of larger ice sheets (Berger
& Jansen, 1994; Baumann & Huber, 1999; Henrich et al., 2002; Hernandez Almeida et al., 2012; Poirier &
Billups, 2014).

However, other studies have concluded otherwise; that a stronger AMOC will suppress the growth of ice
sheets (Bell et al., 2015). To address this issue, we ran several Earth System Model simulations (see Meth-
ods) to explore the effects of strengthening Atlantic Inflow across a range of ice sheet configurations. In our
experiments, changes in Atlantic Inflow occur in response to wider AMOC perturbations that we stimulate
by applying freshwater forcing across the open North Atlantic. Our experiments were designed to investi-
gate how different boundary conditions could modulate the response of Northern Hemisphere Ice Sheet
(NHIS) surface mass balance to changes in the AMOC and specifically the NAC. The surface mass balance
of an ice sheet is controlled mainly by surface air temperature (SAT) and precipitation. We therefore use
SAT and precipitation from our climate model experiments to qualitatively assess the effects on ice sheet
mass balance. Given that the MPT spans a large range of climate sensitive parameters (including ice vol-
ume, greenhouse gases [GHG] and orbital configurations), we performed three sets of sensitivity experi-
ments focused on different aspects.

3.4.1. Role of Pre-existing Northern Hemisphere Ice Sheets

We conducted three pairs of sensitivity experiments to investigate how pre-existing NHIS can modulate the
response of ice-sheet surface mass balance to a change in Atlantic Inflow, respectively under Preindustrial
(P1), 40% LGM NHIS (IntICE) (Zhang et al., 2014) and full LGM conditions (Table S3). In the 40% LGM
scenario NHIS are set to 40% of their LGM size while Antarctica is set to its LGM size (as described by
Zhang et al., 2014). Global ice volume is therefore equivalent to —62 m. These values are within the range
of previous estimates for pre-MPT ice volumes, which suggest that northern ice sheets may have grown
to >50% of their LGM size prior to 1 Ma (Bintanja & Van de Wal, 2008), while total ice volume reached
—50-80 m SLE with respect to modern (Bintanja & Van de Wal, 2008; Elderfield et al., 2012). To achieve
comparable changes in North Atlantic currents among different experiments, we conducted North Atlantic
freshwater hosing experiments on each of the basic states to stimulate changes (in this case a weakening)
in the AMOC and reduction in Atlantic Inflow. Note that in contrast to the PI and IntICE experiments,
which were hosed with 0.15 Sv, we applied a freshwater flux of 0.2 Sv to the LGM experiment to maintain
the AMOC in a weak state because a weak-to-strong AMOC transition can be triggered when atmospheric
CO, reaches ~220 ppm under LGM conditions even with a persistent North Atlantic hosing of 0.15 Sv
(Zhang et al., 2017). Note that this does not affect comparisons between the “strong AMOC” mode of the
various scenarios (e.g., Figures 7g and 7h). GHG in these experiments were uniformly set to an intermediate
level (atmospheric CO, = 220 ppmv) to account for slightly higher pre-MPT glacial values of CO, (Chalk
et al., 2017; Honisch et al., 2009). This setup ensures that the simulated response of ice sheet surface mass
balance is mainly a function of pre-existing NHIS configurations (as opposed to atmospheric CO,). Each
hosing run was integrated for 800 years to ensure that the perturbed climate was close to quasi-equilibrium
and the final 100 years was integrated to represent the corresponding climatology (Figure S6). Note that we
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do not have a quantitative estimate for how much the Atlantic Inflow might actually have varied over the
period of interest and as such our results should be interpreted qualitatively.

For all ice-sheet configurations we observe a shift to warmer temperatures and increased precipitation
across the North Atlantic region and beyond as the AMOC and Atlantic Inflow strengthen (Figure 7) but
critically the net effect on ice sheet growth will depend on their initial size. Starting with ice sheets similar
to their modern (pre-industrial) size, warming occurs over all regions of potential ice sheet formation as the
AMOC and Atlantic Inflow strengthen. This will potentially inhibit ice sheet growth except over Greenland,
where surface temperatures remain below zero (Figure 7a). However, when northern ice sheets are at an
intermediate size the growth rate of all northern hemisphere ice sheets will potentially increase as Atlantic
Inflow strengthens. This is because the 0° summer surface (2 m) temperature contour remains south of the
major ice sheets while precipitation increases over them (at least in the Eurasian sector; Figures 7c and 7d).
A similar effect is seen for large (LGM) ice sheets (Figures 7e and 7f) but in this case the NAC is more zonal
in nature (in agreement with reconstructions for the LGM and previous glacial maxima [Alonso-Garcia
etal., 2011; Barker et al., 2015; Margo_Project_Members, 2009; Wright & Flower, 2002]; Figure 6i), resulting
in less enhancement of warm water transport into the Nordic Seas (relative to intermediate ice sheets) and
a more accentuated increase in precipitation at lower latitudes with the AMOC in a strong mode. In fact,
relative to the scenario with medium-sized ice sheets, we observe less precipitation right across the north-
ern high-latitude land masses when ice sheets are at their maximum (LGM) size and the AMOC is strong
(Figure 7h). We return to this point in Section 4.

3.4.2. Role of Atmospheric CO,

It is likely that atmospheric CO, levels during post-MPT glacial maxima were lower than those prior to the
MPT (Chalk et al., 2017; Honisch et al., 2009). Accordingly, it has been proposed that lower atmospheric
CO; might have played a direct role in promoting the development of larger ice sheets across the MPT.
To evaluate whether additional lowering of atmospheric CO, by ~35 ppm (Chalk et al., 2017; Honisch
et al., 2009) could play a comparable role (as pre-existing NHIS sizes) in modulating NHIS surface mass bal-
ance, we utilized a published simulation (experiment NHIS_0.4s in Zhang et al., 2014) that was performed
under the same ice-sheet configuration as IntICE_220 (Table S3) but with an LGM value of CO, (185 ppmv).
We renamed this experiment “IntICE_185” in this study and ran it for another 800 years. Lowering CO, by
35 ppmv causes cooling (but without a significant change in the 0° summer surface temperature contour)
and a decrease in precipitation (Figures S7and S7b). Therefore, our experiment suggests that beginning
with intermediate sized ice sheets, a lowering of CO, may actually cause a slowdown in the growth rate of
northern ice sheets. In this respect, we agree with previous studies (Chalk et al., 2017; Honisch et al., 2009)
which highlight the potential role of declining CO, as a feedback on the increasing severity of glacial peri-
ods across the MPT, rather than the trigger.

3.4.3. Role of Obliquity

As discussed, the development of longer glacial cycles across the MPT requires that the system be able to
skip peaks in boreal summer insolation and in particular a peak related to high obliquity associated with
IG 28. To test whether a pre-existing moderately sized NHIS bears the potential to survive this peak in
summer insolation we conducted a high-obliquity experiment IntICE_Hobl_220. Comparison of SAT and
Precip over NHIS regions between IntICE_Hobl_220 and IntICE_220 provides a qualitative estimation of
the difference in NHIS surface mass balance. Our results show that higher obliquity has little effect on the
0°C isoline over the NHIS regions (Figure S7c) and hence will exert limited influence on the surface melting

Figure 7. Intermediate ice sheets benefit from stronger Atlantic Inflow, Earth system model (ESM) results show the effect of strengthening Atlantic Meridional
Overturning Circulation (AMOC) (and Atlantic Inflow) under a range of ice sheet configurations (black contours represent topography in each case). In all
cases, left hand panel shows 2 m temperature anomaly and right panel precipitation anomaly. Bright green line is the 0° summer temperature contour in strong
AMOC mode (a, b) Strong minus weak AMOC for small (pre-industrial) ice sheets (c, d) same for intermediate (40% Last Glacial Maximum [LGM]) Northern
hemisphere ice sheets (e, f) and large (LGM) ice sheets (g, h) difference between LGM and intermediate ice sheet configurations in strong AMOC mode (bright
green line is 0° summer temperature contour for intermediate ice sheets, magenta line is zero-degree summer temperature contour for LGM ice sheets). Note
that results are not corrected for lapse rate (topography) because we are interested in changes that occur at the elevation of the ice sheet surface.
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rate of the NHIS. Additionally, precipitation decreases over the Laurentide ice sheet as obliquity increases
(Figure S7d). These results therefore suggest that an intermediate-size NHIS could potentially survive a
peak in summer insolation if the Nordic heat pump is strong, after which a decrease in obliquity would act
to accelerate ice growth.

3.5. Possible Controls on the Nordic Heat Pump

Why should the Atlantic Inflow and Nordic heat pump have strengthened during interglacials over the past
1.2 Myr? One set of possibilities would see such an increase as a response to the increasing severity of glacial
periods over this same period, that is, as a consequence of the MPT. Indeed, previous studies have noted a
relationship between severe glacials and pronounced interglacials, provoking the idea that the strength of
a glacial may influence the strength of the following interglacial (Lang & Wolff, 2011) and that intensifying
glacial conditions during the MPT led to progressively more pronounced interglacial periods (Poirier &
Billups, 2014). However, our results suggest that interglacial warming began prior to 1 Ma, well before the
development of much larger ice sheets ~900 ka. We therefore suggest that strengthening of the Atlantic
Inflow was the result of another factor, one more closely related to the actual cause of the MPT.

As illustrated by our climate model experiments, changes in the Atlantic Inflow could result from wider
changes in the AMOC. Perhaps then we should be asking if and how the AMOC might have strengthened
across the MPT? Raymo et al. (2006) hypothesized that the development of marine-based ice sheets around
East Antarctica ~1 Ma gave rise to the apparent transition from ~41 to ~100 kyr periodicity of glacial cycles
(the effect of precession having been canceled out by its out-of-phase effect in either hemisphere while
Antarctic ice sheets were largely land based). Model results suggest that enlargement of the Antarctic ice
sheet could lead directly to a strengthening of the AMOC (Shi et al., 2020). Moreover, recent evidence (Starr
et al., 2021) suggests that iceberg calving around Antarctica may have increased from ~1.2 Ma, lending
support to the idea that the Antarctic ice sheet increased its marine-based status at that time.

An alternative explanation for why the Atlantic Inflow may have strengthened over the past million years
or so implicates variations in the depth of the Greenland-Scotland Ridge (GSR) as a function of the Iceland
mantle plume. Building on earlier work (e.g., Vogt, 1972) Wright and Miller (1996) argued that chang-
es in the flux of buoyant material within the Icelandic plume during the Neogene were responsible for
altering the depth of the GSR and in turn the rate of deep water overflow across it. Since this overflow
is an essential part of the Nordic heat pump they argued that changes in the buoyancy of the Icelandic
Plume (which is related to its temperature) could have direct consequences for climate. Since then, several
studies have provided various lines of evidence to support this contention (Poore et al., 2006, 2011; Par-
nell-Turner et al., 2014, 2015). These suggest that the Icelandic plume experienced a thermal minimum
(meaning a deeper sill and increased exchange) between 5 and 3 Ma, which may explain why the high
northern latitudes experienced such warm temperatures during the early Pliocene (Ravelo et al., 2004).
Modeling studies provide physical support for such a scenario (Robinson et al., 2011; Stérz et al., 2017).
Subsequent warming of the plume occurred between 2.5 and 1.5 Ma and was paralleled by an inferred
(Poore et al., 2006) decrease in NADW export (which might explain at least part of the cooling over that
period). However, of direct relevance to this study is a subsequent switch from warming to a cooling of the
plume since ~1.25 Ma and its acceleration toward temperatures more like those of the early Pliocene since
~0.5 Ma (Parnell-Turner et al., 2015). This could perhaps explain the mounting evidence for an increase
in Atlantic Inflow since ~1.2 Ma (Baumann & Huber, 1999; Berger & Jansen, 1994; Henrich et al., 2002;
Hernandez Almeida et al., 2012; Poirier & Billups, 2014; M. E. Raymo et al., 2004) with implications for the
development of larger ice sheets across the MPT as we describe here.

4. Summary Discussion and Conclusions

We have shown that the transition from ~41 to ~100 kyr periodicity was diachronous across the NE Atlan-
tic, providing a longer timescale analogy to the time transgressive cooling observed both at orbital (Alon-
so-Garcia et al., 2011; Wright & Flower, 2002) and millennial-timescales (Barker et al., 2015) in this region.
In the case of the MPT, we suggest that such diachoronicity reflected the increasing influence of expanding
ice sheets (from the north) superimposed on the increasing transport of heat via the NAC (from the south).
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We have argued (in line with several previous studies [e.g., Baumann & Huber, 1999; Berger & Jansen, 1994;
Hernandez Almeida et al., 2012; Poirier & Billups, 2014]) that a strengthening of Atlantic Inflow across the
MPT played a role in the development of larger and longer lasting ice sheets since ~1 Ma. Our modeling
results imply that strengthening Atlantic Inflow (at least as part of the wider AMOC) can have a positive or
negative effect on ice sheet growth depending on the size of pre-existing ice sheets. Accordingly, we suggest
that the interplay between gradual global cooling since the Pliocene (giving rise to medium-sized ice sheets
of the 40 kyr world) and a strengthening Atlantic Inflow since ~1.2 Ma provided the impetus for the accel-
erated growth of ice sheets and their increasing ability to survive successive peaks in summer insolation
across the MPT.

Of course, the positive effects of increased Atlantic Inflow apply only while the Atlantic Inflow is active.
Our results therefore also suggest that the agent for producing larger ice sheets during the Late Pleistocene
(i.e., a strong Atlantic Inflow) could also turn out to be their Achilles' heel, if the large size of LGM ice sheets
actually limits their own high latitude moisture supply as the NAC becomes more zonal, then they could be-
come susceptible to other sources of instability such as a rather modest increase in northern summer inso-
lation. Perhaps this helps to explain why northern hemisphere ice sheets of the Late Pleistocene apparently
become more susceptible to insolation forcing once they pass a critical threshold in size (Raymo, 1997). This
paradox also highlights the peculiar nature of glacial terminations, when ice sheets continue to collapse
even as the AMOC transitions to a strong mode. For example, sea level is thought to have risen by up to
~20 m during meltwater pulse 1 A, which coincided with the Bolling/Allered interstadial during Termina-
tion 1 (Brendryen et al., 2020; Deschamps et al., 2012). At the same time, the AMOC and Atlantic Inflow
are thought to have been strong during the B/A (McManus et al., 2004; Muller et al., 2009), which could
explain the observed increase in snow accumulation over Greenland at that time (Alley et al., 1993). By defi-
nition, glacial terminations represent strongly nonlinear transitions (Barker & Knorr, 2021; Broecker & van
Donk, 1970), involving the catastrophic collapse of large ice sheets (e.g., MacAyeal, 1979; Weertman, 1964),
even if local accumulation rates are high. It seems that once the collapse of a large sheet has begun (after
having reached its maximal glacial size) very little can be done to save it.

Any explanation for the MPT must account for the increasing size and longevity of northern continental ice
sheets. If IG 28 (~995 ka) represents the first definitive time that northern ice sheets were able to survive a
peak in summer insolation (that previously would have caused them to melt back fully to their interglacial
extent), then the controlling mechanism must have been in play by that time. Changes occurring later must
be considered consequences of the MPT rather than causes. Therefore, while our results cannot be used
to rule out previous explanations for the increased duration and severity of glacial periods across the MPT
they at least provide a minimum age (i.e., ~995 ka) for the responsible mechanism. Finally, we note that evi-
dence from southwestern Norway and the northern North Sea region suggests that the first significant glaci-
ation of Fenno-scandinavia (within the late Cenozoic) occurred around 1.1 Ma (Sejrup et al., 2000). Perhaps
this was an earlier expression of a strengthening Atlantic Inflow that eventually gave rise to the MPT.
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