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Abstract By exchanging huge amounts of heat between the tropics and high latitudes, subtropical gyres
significantly impact Earth's energy balance. Yet, their dynamical changes during the last deglaciation remain
poorly understood. Here, nine records of the planktonic foraminiferal species Globorotalia truncatulinoides,
that inhabits the permanent deep thermocline of subtropical gyres, are used to explore the meridional migration
of both the North and South Atlantic subtropical gyres (NASG and SASG, respectively) in the past 22,000 years.
We find that both gyres migrated poleward, with the SASG migration 1,500 years earlier than the NASG.
Records from the North Atlantic Ocean indicate that the NASG's northern boundary has shifted over 6°. Climate
model simulations suggest that these migrations are coupled with shifts in meridional temperature gradients.
The poleward migration of the Atlantic subtropical gyres was crucial for sustaining a milder modern high-
latitude climate in comparison with that of the last ice age.

Plain Language Summary Subtropical gyres are vast ocean circulation systems that transport upper
ocean water between the tropics and high latitudes, that are vital for regulating Earth's climate. We studied how
these gyres in the Atlantic Ocean changed during the last 22,000 years. By compiling microfossil records of a
specific planktonic foraminifera species found in marine sediment cores near the boundary of subtropical gyres,
we found that the Atlantic subtropical gyres migrated poleward since the last ice age. This poleward migration
was gradual and lasted for a very long period from the last deglaciation throughout the Holocene. Some of the
regional migrations reached an amplitude of more than 6°. Our study emphasizes the importance of gyre
position in shaping the heat transport in the Atlantic Ocean. These results point to a natural long-distance
migration in the gyres on glacial-interglacial timescale, implying a potentially dramatic migration influenced by
anthropogenic activities.

1. Introduction

Subtropical gyres are large-scale anticyclonic ocean circulation induced by wind stress curl (Munk, 1950). They
play a crucial role in transferring energy between tropical and midlatitude regions, thereby influencing the global
climate system (Garzoli et al., 2013; Garzoli & Matano, 2011; Schmitz & McCartney, 1993; Schmitz &
McCartney, 1993, 1993; Talley, 2003).

Understanding subtropical gyre changes is essential for fully assessing their impacts on human society and marine
ecosystems. Satellite observations reveal that the Earth's major ocean gyres are drifting poleward at a rate of
approximately 0.1° per decade, potentially reaching 1° in response to a doubling CO, (Yang, Lohmann, Krebs-
Kanzow, et al., 2020). The drifted ocean gyres drive enhanced warming over the subtropical branches of the
gyres, that is, western boundary currents (Wu et al., 2012; Yang et al., 2016), reshaping the distribution of marine
ecosystem (Auad & Martos, 2012; Gianelli et al., 2019; Pershing et al., 2015; Steinacher et al., 2010; Stramma
et al., 2008). Migrations in subtropical gyres and subtropical fronts are closely coupled to the poleward movement
of large-scale atmospheric circulation (Shaw, 2019), which in turn shifts dry climate zones poleward, affecting
weather patterns in subtropical regions (Primeau & Cessi, 2001). Furthermore, changes in the subtropical gyres
contribute to additional sea level rises relative to the global mean in subtropical regions (Yin & Goddard, 2013).
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Interestingly, the meridional migration of oceanic features is recorded not only by satellites but also by marine
sediment cores (Bard & Rickaby, 2009; Gray et al., 2020; Yang, Lohmann, Krebs-Kanzow, et al., 2020).
Palaeoceanographic reconstructions show meridional fluctuations in the subtropical fronts (Bard & Rick-
aby, 2009; Barker & Diz, 2014; Barker et al., 2009; Dyez et al., 2014; Peeters et al., 2004), which define the
midlatitude boundaries of subtropical gyres. Contemporary observations show only minor poleward migrations,
but marine sediment cores, such as those from the Pacific and Indian Oceans, suggest drastic shifts of 3—7° during
glacial-interglacial transitions (Ai et al., 2024; Bard & Rickaby, 2009; Gray et al., 2020). These findings highlight
the sensitivity of subtropical fronts to natural climate variability in the past. Nonetheless, substantial gaps persist
in understanding long-term changes in the geometry and dynamics of the entire subtropical gyres across different
climatic conditions (e.g., Pinho et al., 2021). For instance, evidences suggest a meridional contraction of the
SASG under full glacial boundary conditions rather than a mere northward shift, when only the subtropical front
is examined (Pinho et al., 2021).

In this study, we examine the meridional migration of the Atlantic subtropical gyres since the last 22,000 years by
integrating paleo-proxy information from marine sediment cores and climate model simulations. We analyze
cores from both the northern and southern boundaries of the Atlantic subtropical gyres to provide a compre-
hensive interpretation of the Atlantic gyre system (Figure 1). This method accounts for both meridional shifts and
potential contractions and expansions of the gyre.

2. Data and Methods

2.1. Globorotalia truncatulinoides as Proxy for the Meridional Displacement of the Atlantic Subtropical
Gyres

Planktonic foraminifera Globorotalia truncatulinoides reproduces in shallow waters, but grows and calcifies
while sinking down to a few hundred meters water depth in a one-year cycle (Lohmann & Schweitzer, 1990;
Mulitza et al., 1997). Therefore, G. truncatulinoides is remarkably dependent on deep-reaching ventilated warm
waters (Lohmann & Schweitzer, 1990; Mulitza et al., 1997), which can only be found in subtropical gyres due to
the dominant convergence and downwelling (Figure 1b). G. truncatulinoides increases in abundance at the center
of subtropical gyres, where warm water reaches the deepest depths (Lohmann & Schweitzer, 1990; Mulitza
et al., 1997) (Figures la and 1c). In contrast, G. truncatulinoides decreases in abundance at the boundary of
subtropical gyres where warm water reaches the shallowest depths (Lohmann & Schweitzer, 1990; Mulitza
et al., 1997) (Figure 1a). This is related to changes in the upper water column stratification. We are using both
dextral and sinistral morphotypes as the most accurate representation of physical oceanographic conditions for the
subtropical gyre circulation is achieved when they are considered together (Figures la and 1b) (also Pinho
et al., 2021).

We compiled records of G. truncatulinoides from nine marine sediment cores distributed across the North and
South Atlantic (Figure la and Table S1 in Supporting Information S1). In the North Atlantic, six cores were
selected, spanning a latitudinal range from 12.09°N to 44.36°N, while in the South Atlantic, three cores were
chosen, ranging from 10.94°S to 44.15°S (Figure 1a and Table S1 in Supporting Information S1). These records
were strategically located at the northern and southern boundaries of the North Atlantic subtropical gyre (NASG)
and South Atlantic subtropical gyre (SASG).

Globorotalia truncatulinoides comprise a complex of four to five species, as revealed by genetic and morpho-
metric analyses (de Vargas et al., 2001; Quillévéré et al., 2013; Ujiié et al., 2010). Importantly, no significant
differences in the abundance of sinistral and dextral morphotypes were observed over the past 22 ka in the records
analyzed herein. Regardless of the genotypes of G. truncatulinoides (De Vargas et al., 2001) present in our re-
cords, upper water column stratification likely remains the key factor for controlling their proliferation at the
NASG and SASG meridional boundaries (Figures 1a—1c, see also Figure 1 of Pinho et al., 2021). Further in-depth
details on the morphotypes and genotypes are presented in Supporting Information S1.

2.2. Model Simulations

To investigate the physical processes responsible for dynamical changes of the NASG and SASG, we compared
the proxy results with climate model simulations performed with the state-of-the-art Alfred Wegener Institute
Earth System Model (AWI-ESM, Sidorenko et al., 2019). First, two time-slice simulations covering the LGM
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Figure 1. Location of the investigated marine sediment cores (yellow stars) in relation to the North and South Atlantic subtropical gyres (NASG and SASG, respectively)
and their relative abundances of Globorotalia truncatulinoides covering the last 22,000 years. (a) Modern distribution of planktonic foraminifera Globorotalia
truncatulinoides in the Atlantic Ocean (ForCenS) (Siccha & Kucera, 2017a, 2017b), black dots depict the sites of the surface sediment samples (see more details in
Supporting Information S1). (b) Annual mean subsurface (i.e., 300 m water depth) temperature (Locarnini et al., 2019). Black arrows represent the main surface ocean
currents (Lherminier et al., 2010; Schott et al., 2004; Stramma & England, 1999). Antarctic Circumpolar Current (ACC), Azores Current (AC), Brazil Current (BC),
Guinea Current (GC), Florida Current (FC), Malvinas Current (MC), North Atlantic Current (NAC), North Brazil Current (NBC), North Equatorial Current (NEC),
South Atlantic Current (SAC), and Southern South Equatorial Current (SSEC). (c) Atlantic zonal mean annual subsurface temperature (i.e., 300 m water depth)
(Locarnini et al., 2019; orange line represents a polynomial fit) and modern distribution of G. truncatulinoides (black line represents a polynomial fit). (d) Relative
abundance of G. truncatulinoides from cores; GIK1562-2 (Kiefer, 1998), and SU92-03 (Salgueiro et al., 2010), (¢) GEOFAR KF16, MD08-3180 (Repschldger

et al., 2015, 2023), and MD95-2041 (Voelker, 2010), (f) M35003-4 (Hiils & Zahn, 2000), (g) M125-95-3 (Pinho et al., 2021), (h) TNO57-21 (Barker et al., 2009), and
(i) MD07-3076Q (Gottschalk et al., 2015). Marine Isotope Stages (MIS), are shown below the upper horizontal axis. Heinrich Stadial 1 (HS1) and Younger Dryas (YD)
are represented by light blue vertical bars. We smoothed curves using five point running average in panels (f)—(i) and three point running average in panel (i). Vertical
dashed lines indicate the point from which G. truncatulinoides continually increases in subtropical boundaries and decreases in tropical boundaries of NASG and SASG
on a long-term timescale basis (see more details in Supporting Information S1, Table S2 and Figure S3 in Supporting Information S1). Numbers 1, 2, and 3 in all panels
represent the chronological order of poleward shifts for each boundary of NASG and SASG. Shading colors indicate 1 and 2-c confidence envelopes in panels (f)—().
Note that y-axes of panels (c), (e), and (f) are inverted in order to give a more intuitive information regarding the meridional displacements.
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(~21 kyr Before Present, hereafter, ka) and the pre-industrial periods were conducted. These two experiments
were designed according to the protocol of Paleoclimate Modelling Intercomparison Project-Phase 4 (PMIP4,
Kageyama et al., 2017). They are used to examine the long-term changes of the NASG and SASG during the
LGM and Pre-industrial to present. Detailed information of the model resolution and setup can also be found in
Shi et al. (2020, 2023).

Additionally, a freshwater perturbation experiment is performed to examine the NASG and SASG evolution
associated with millennial-scale variability of the Atlantic Meridional Overturning Circulation (AMOC) during
the deglaciation. The freshwater perturbation experiment is performed by applying an 0.1 Sverdrup (Sv) fresh-
water input over the North Atlantic subpolar ocean (50-60°N) under the LGM background climate. In our
simulation, the AMOC weakens significantly from a value of ~18 Sv to ~8 Sv after 200 years freshwater
perturbation, causing widespread cooling over the Northern Hemisphere (Figures S1 and S2 in Supporting In-
formation S1). The freshwater perturbation simulates past freshwater discharge events that weakened ocean heat
transport broader cooling over the Northern Hemisphere, and warming over the Southern Hemisphere (Hein-
rich, 1988; Rainsley et al., 2018).

3. Long-Term Poleward Migration of the Atlantic Subtropical Gyres Since the Last
Glacial Maximum

3.1. Migration of the North Atlantic Subtropical Gyre

The abundance of G. truncatulinoides displays an overall positive trend at the northern boundary of NASG
(nNASG) over the past 22 ka (Figures 1d and le), suggesting a poleward migration of nNASG. During the in-
terval of 22—18 ka, the absence of G. truncatulinoides in cores GIK15612-2 (Kiefer, 1998), SU92-03 (Salgueiro
et al., 2010), together with its presence in core MD95-2041 (Voelker, 2010) at ~1.5%, indicates that the nNASG
was situated between 37.83°N and 43.19°N (Figures 1d and le). During Heinrich Stadial 1 (HS1, ~18-15 ka),
nearly absence of the G. truncatulinoides in cores MD95-2041 and GEOFAR KF16 indicates that the nNASG
was around 38°N. This represents a southernmost position of the nNASG (Figures 1a, 1b, and 1d). The systematic
poleward shift of the nNASG started during the Bglling-Allergd (B/A) event at ~14.5 ka and continued
throughout the Holocene, as given by the overall increase in G. truncatulinoides in cores GEOFAR KF16, MD08-
3180, and MD95-2041 (Repschléger et al., 2015, 2023; Voelker, 2010) (Figure le), collected at ~38°N. This
poleward shift of the nNASG is briefly interrupted by a relatively stable dynamic during the Younger Dryas (YD).
A similar northward shift is observed at higher latitudes in the North Atlantic from 43.19°N to 44.36°N, but with a
delay of ~6.5 kyr (i.e., from 8.89 to 7.25 ka) (Figure 1e). This suggests that the nNASG shifted 5-6° to the north
within ~6.5 kyr. During the Holocene, G. truncatulinoides kept increasing in cores GIK15612-2 and SU92-03,
suggesting that the nNASG continued to move poleward.

In the tropical North Atlantic, the increases in G. truncatulinoides abundance observed in core M35003-4 (Hiils &
Zahn, 2000) within the southern boundary of the NASG (sNASG) briefly during HS1 and more sustained from
11.5 to 7.4 ka suggests southward displacements of the SNASG during the deglaciation and early Holocene.
Combining the increases in G. truncatulinoides in the nNASG, this suggests that the entire NASG may have
undergone a meridional expansion from 11.5 to 7.4 ka (Figure 1f). Subsequently, G. truncatulinoides in core
M35003-4 declines to the present days, indicating a poleward shift of the SNASG (Figure 1f).

Thus, considering both the nNASG and sNASG together, we found that the NASG completed its poleward
migration, involving a concurrent poleward shift of the nNASG and sNASG, only after the early Holocene
(Figures 1d—1f). We suggest that the poleward shift of the nNASG initially begins around 38°N. Subsequently,
the sSNASG initiates a poleward shift in the tropical North Atlantic within the early Holocene (Figures 1d-1f).

3.2. Migration of the South Atlantic Subtropical Gyre

During the LGM, full glacial conditions forced the southern boundary of the SASG (sSASG) to shift northward,
restricting its poleward shifts until the deglacial period (Pinho et al., 2021). Over the South Atlantic, a long-
standing 8% increase in G. truncatulinoides is observed in core TN057-21 (Barker et al., 2009) (Figure 1h),
located within the SSASG at ~41°S spanning from 16 ka (i.e., HS1) to the Holocene. This indicates a poleward
displacement of the sSASG. Interestingly, the timing parallels that documented in the subtropical boundary of the
North Pacific subpolar gyre (Gray et al., 2020). The G. truncatulinoides record from core MD07-3076Q
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(Gottschalk et al., 2015), located further south at about 44°S, also depicts increases, albeit ~3.6 kyr later. The
delayed responses exhibit similar patterns regarding the initial movement of the subtropical boundaries of both
the NASG and SASG (Figures 1d, le, 1h, and 1i). Longer delayed response observed at the nNASG compared to
the SSASG can be attributed to the greater distance between cores, which is twice as high in the nNASG (i.e., a
difference of 6° latitude). The rate of poleward shift of nNASG and sSASG is respectively 0.83°/kyr and 0.84°/
kyr (Supporting Information S1).

Considering the meridional baseline at 41°S (core TN057-21), we hypothesize a minimum 3° southward shift of
the sSASG within 4 kyr over the last deglacial period. However, it is plausible that during the LGM, the sSSASG
was displaced north of 41°S (e.g., Jonkers et al., 2024). In agreement, a 4.8° southward shift of the Southern
Hemisphere westerlies is documented over the last deglacial period (Gray et al., 2023). It is important to note that
while the boundaries of the NASG and SASG may have exhibited different meridional patterns along their
longitudinal extents, there is a lack of high-resolution G. truncatulinoides records available from different lon-
gitudes spanning a west-east transect for each gyre boundary since the LGM.

Similar to the SNASG, tracking meridional changes in the northern boundary of the SASG (nSASG) has been
limited to one location, hindering our ability to determine the magnitude of meridional changes and timing in the
tropical South Atlantic. In the nSASG, G. truncatulinoides shows a long-term increase in core M125-95-3 (Pinho
etal., 2021) spanning from 16 to 10.6 ka (Figure 1g). This may suggest a meridional expansion of the SASG, akin
to observations in the NASG, albeit occurring over a different interval (i.e., 16 to 10.6 ka) (Figure 1f). Finally, a
long-term decrease in G. truncatulinoides in core M125-95-3 (Pinho et al., 2021) begins at ~10.6 ka and pro-
gresses throughout the Holocene. This decreasing pattern indicates a poleward shift of the nSASG (Figure 1g),
marking the complete poleward migration of the SASG due to the concurrent poleward shift of both the nSASG
and sSASG.

In both NASG and SASG, the poleward shift of gyres is first detected in lower latitudinal bands of the subtropical
boundaries as suggested by our change-point analysis (see Supporting Information S1) (Figures 1d-1i, Figure S3
and Table S2 in Supporting Information S1). We found that the Atlantic gyres respond first in the Southern
Hemisphere, as the systematic poleward shift of SASG begins ~1.5 kyr earlier than that seen in the NASG
(Figures le and 1h).

4. Migration of the Subtropical Gyres Simulated in Climate Model

In order to evaluate our proxy interpretation, we performed climate model simulations to reconstruct the climate
states during the LGM, Pre-Industrial and millennial-scale weak AMOC, such as HS1. As illustrated in Figure 1b,
the subtropical gyres are related to relatively warm subsurface water due to dominant downwelling. However,
temperature change is not a reliable metric to infer gyre shifts because of the overall ocean warming from LGM to
the present. Here, we use temperature gradients as an indirect metric to examine the gyre shifts, because the
subtropical gyre boundaries are visible from relatively strong horizontal temperature gradients (Figure 2, dense
contours).

As shown in Figure 2a, dipole modes of positive (negative) temperature gradient anomalies are found at the polar
(equatorial) flanks of both the nNASG and sNASG. This suggests that the NASG is displaced more poleward
during the Pre-industrial era compared with that of the LGM, consistent with the proxy data (Figures 1d-1f).
Similar to the NASG, the poleward shift of the sSSASG is observed in the model simulation (Figure 2a), mani-
festing positive (negative) temperature gradients at polar (equatorial) flanks of the sSSASG. However, the shift in
the nSASG is not evident.

In contrast to the poleward migration, the NASG and SASG show a southward migration in the freshwater
perturbation experiment. This is evident by the negative/positive temperature gradient anomalies at the north/
south flanks of the subtropical extension of the Gulf Stream and Brazil Current. The southward migration of the
NASG is consistent with the reduction in G. truncatulinoides found in core MD95-2041 during HS1 (Figure le).
Moreover, it also explains the early poleward/southward migration of the SASG, as revealed by the increase in G.
truncatulinoides detected in core TNO57-21 around 16 ka (Figure 1h).

Interestingly, the meridional migration of the subtropical gyres is not limited to the Atlantic Ocean, but also
occurs in the North Pacific and Indian Oceans. For example, positive/negative temperature gradient anomalies are
also found near the mid-latitude boundaries of North Pacific subtropical gyre (~40°N) and Indian Ocean (~40°S).
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Figure 2. Simulated migration of subtropical gyres due to (a) deglacial warming and (b) AMOC weakening. The contour lines illustrate the annual mean subsurface

temperature (i.e., 300 m water depth, cf.

Figure 1b) in the Last Glacial Maximum (LGM) simulation. Due to dominant downwelling, the subsurface temperature is

relatively high in the subtropical gyres, the boundaries of subtropical gyres are marked by strong temperature gradients (dense contour lines). The pink arrows illustrate

the subtropical western boundary current:

s in the LGM experiment. The color shading represents subsurface (300 m water depth) horizontal temperature gradient

anomalies in the (a) Pre-Industrial experiment and (b) freshwater perturbation experiment with respect to the LGM experiment. Positive/negative anomalies pattern at
polar/equatorial flanks of subtropical gyre boundaries indicate a poleward migration of subtropical gyres. Stippling indicates regions where the anomalies are

statistically significant (Student's r-test).

These migrations causes anomalously strong warming/cooling over the subtropical extensions of the Gulf Stream,
Brazil Current, Kuroshio Current and Agulhas Current (Figures 3a and 3b) (Beech et al., 2022; Li et al., 2022; Wu
et al., 2012; Yang et al., 2016). In contrast, the migration in the Eastern Australian Current is likely not as
pronounced.

5. Mechanism

Modern observations and simulations indicate a poleward shift of oceanic and atmospheric circulation under a
warming climate (Shaw, 2019; Yang, Lohmann, Krebs-Kanzow, et al., 2020). Previous studies proposed that an
initial migration in the meridional temperature gradients thermodynamically drives a shift in atmospheric cir-
culation, whereas the shift in atmospheric circulation, specifically winds, dynamically forces the shift in oceanic
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Figure 3. Simulated ocean temperature anomalies and meridional shift of the meridional sea surface temperature gradients. (a) Sea surface temperature anomaly: Pre-
industrial minus Last Glacial Maximum (LGM). (b) Zonal mean SST anomaly. (c) Zonal mean meridional temperature gradient anomaly, indicating a poleward shift of
the temperature gradients. Stippling indicates regions where the anomalies are statistically significant (Student's ¢-test). (d—f) Contours show the barotropic stream
function of the subtropical gyres in the LGM. The pink arrows illustrate the subtropical western boundary currents. The blue and green lines illustrate the sea ice edge
(10% annual mean sea ice concentration) in LGM and Pre-industrial, respectively.

circulation (Yang, Lohmann, Lu, et al., 2020; Yang et al., 2022). To explore the potential mechanism of gyre
migration since the LGM, we examined the ocean warming pattern and related anomalies in meridional tem-
perature gradient in the Pre-industrial and freshwater perturbation experiments with regard to the LGM.

As shown in Figure 3a, the Pre-industrial climate is significantly warmer than the LGM, with a retreat of polar sea
ice and a spatially heterogeneous warming trend. According to the physical laws governing temperature changes,
such as the Clausius-Clapeyron relation and the Stefan-Boltzmann law, temperature bears a nonlinear relationship
with radiation and saturated vapor pressure. The same increases in sea surface temperature in tropical areas are
more difficult than those in mid-high latitudes as they cause more upward radiation and evaporation. As a result,
the temperature rises in the tropical area are minor, leading to a flatter meridional temperature gradient at low-
latitudes (Figures 3b and 3c, 0°—40°). In contrast, at higher latitudes, the presence of sea ice limits the rise in
water temperature close to the sea ice margin. Further away from the sea ice edge, the subpolar ocean experiences
strong warming, resulting in an increase in meridional temperature gradient at higher latitudes (Figures 3b and 3c,
45°-70°). Ultimately, the overall meridional temperature gradients shift to higher latitudes, driving a
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corresponding migration in the oceanic and atmospheric circulation. This long-term poleward shift is likely
primarily driven by rising CO, from LGM to present (Kohler et al., 2017), as Earth's orbit changes between the
LGM and present are relatively minor (Berger, 1978; Shi et al., 2023).

Besides the long-term poleward shift of the Atlantic subtropical gyres, we also identified millennial-scale mi-
grations. These shifts are likely attributed to the millennial-scale changes in the AMOC strength. As shown in
Figure 3d, during a weakened AMOC state, a shallow mixed layer (due to a fresher upper ocean) of the North
Atlantic subpolar ocean promotes more sea ice coverage. This results in the expansion of polar water and the
migration of the meridional temperature gradient toward lower latitudes (Figures 3e and 3f). Distinctly from the
North Atlantic, the South Atlantic exhibits an opposite thermal response (Crowley, 1992; Santos et al., 2022;
Stocker & Johnsen, 2003), which migrates the meridional temperature gradients toward high southern latitudes
(Figure 3f). This migration thermally drives shifts in winds, whereas changes in atmospheric winds dynamically
drive shifts in ocean gyres (Yang et al., 2022). In this context, the collapse of the AMOC during HS1 caused the
early poleward/southward migration of the SASG (Pinho et al., 2021). In contrast, the resumption of the AMOC
during the B/A drives North Atlantic warming and poleward/northward migration of the NASG a few thousand
years later (Crowley, 1992; Pedro et al., 2018; Stocker & Johnsen, 2003). The poleward shift of the SASG starts
midway through HS1 (~16 ka), while poleward shift of the NASG begins at the onset of the B/A (~14.5 ka). This
1.5 kyr lag suggests that AMOC-induced changes cause asynchronous poleward shift responses between the
NASG and the SASG. A pronounced initial equatorward position of the nNASG and the sSASG during the LGM
should set their meridional starting points, explaining why the subsequent poleward shifts start from lower lat-
itudinal bands of the subtropical boundaries.

6. Discussion and Conclusions

Subtropical gyres are a key component of the ocean circulation system, connecting the tropics to the mid-latitudes
regions. Modern observations reveal that subtropical gyres have moved toward higher latitudes over the past four
decades (Yang, Lohmann, Krebs-Kanzow, et al., 2020). However, tracking their long-term changes is chal-
lenging, particularly on orbital timescale. Here, we investigate a collection of the relative abundance of G.
truncatulinoides records from nine marine sediment cores located at the northern and southern boundaries of the
Atlantic subtropical gyres over the last 22 kyr. Accounting for these complex species, existing mainly in sub-
tropical gyres, may provide an ideal way to identify the meridional movement of subtropical gyres. Our results
suggest that both the NASG and SASG have experienced long periods of migration toward higher latitudes since
the LGM. Regional migration reached an amplitude of 6°, much larger than what has been indicated in modern
observations. Such large migrations were detected not only in the Atlantic Ocean, but also in the Pacific (Gray
et al., 2020) and Indian (Ai et al., 2024; Bard & Rickaby, 2009) Oceans in the past glacial-interglacial cycles.

We recognize that the long-term poleward migration is marked by several millennial-scale variations, especially
during the last deglaciation (Figures 1d—1i). These variations are likely linked to millennial-scale changes in
AMOC strength. Previous studies based on various (paleo) proxies have suggested a southward displacement of
the NASG (Calvo et al., 2001; Reif3ig et al., 2019; Repschlédger et al., 2015; Schiebel et al., 2002) during periods of
abrupt AMOC slowdown, such as the HS1 and the YD (Lippold et al., 2016; McManus et al., 2004). A southward
shift of the SASG has also been documented and is thought to have contributed to the rise in atmospheric CO,
during HS (Pinho et al., 2021). We found an earlier poleward shift response of the SASG compared to the NASG,
likely due to the AMOC-induced interhemispheric gradients.

An earlier study suggests that the migration in ocean circulation is closely coupled with atmosphere circulation
(Yang, Lohmann, Krebs-Kanzow, et al., 2020). The identified migration of the Atlantic gyres, therefore, can be
seen as a manifestation of a poleward shift in large-scale oceanic and atmospheric circulations, affecting most of
the global climate zones. Our micropaleontological records reveal a long-term poleward migration of the sub-
tropical Atlantic gyres, indicating a consistent signal of natural climate variability since the transient warming of
the last deglaciation, which is aligned with our model simulation.

As the subtropical gyres transport large amount of heat toward high latitudes, a poleward migration of these gyres
allows low-latitude warm waters to reach higher latitudes and help to maintain a relatively warm high-latitude
present climate in comparison with the LGM. Yet, further poleward migration contributes to an amplified
ocean warming in the Arctic (Shu et al., 2022; Wang et al., 2024).
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