
Article https://doi.org/10.1038/s41467-024-55327-2

Northern Hemisphere sea ice variability in a
transientCGCMsimulationof thepast 2.6Ma
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The recent sea ice changes in the Northern Hemisphere (NH), necessitate
elucidating the sea ice variability over the past 2.6million years (Ma), when the
Earth’s glacial cycles transitioned from ∼41 to ∼100 kyr periodicity, following
the Mid-Pleistocene Transition (MPT) period (0.7–1.2Ma). Here, we analyze a
coupled general circulation model (CGCM) simulation to understand how the
NH sea ice responds to changes in the transient orbital, greenhouse gas (GHG),
and ice-sheet forcings. We find that the Earth’s axial tilt (obliquity) and axial
wobble (precession) strongly influence the variability in high-latitude (>70° N)
perennial sea ice andmid-latitude (35° N–70° N) seasonal sea ice, respectively,
bymodifying the net surface shortwave radiation.Meanwhile, the GHG forcing
affects the glacial–interglacial sea ice predominantly in the Labrador Sea,
Irminger–Iceland basin sector, and Central North Pacific regions during the
MPT and post-MPT (0.0–0.7Ma) periods by modulating the downwelling
longwave radiation. Additionally, we confirm that variability with longer per-
iodicity (∼100 kyr) fromGHG and ice-sheet forcings ismost pronounced inNH
sea ice during the MPT and post-MPT periods.

Sea ice is sensitive to climate variations and is critical for under-
standing past and future climate changes. Sea ice amplifies climate
change in high–latitude regions through its high albedo and mini-
mal thermal conductivity, together with other processes (e.g.,
temperature feedbacks, changes in water vapor, cloud cover, and
atmospheric and ocean heat transport)1,2 that alter the radiative
budget in the Arctic. Additionally, sea ice dynamics influence the
mid-latitude jet stream3, oceanic salt and freshwater fluxes4, global
intermediate/deep water circulation5, and North Atlantic Deep
Water formation6. Over the past several decades, the Northern
Hemisphere (NH) sea ice has been significantly reduced, in
response to the increasing greenhouse gas (GHG) concentrations
and global warming7. However, the responses of the NH sea ice to
internal processes and external climate forcings in the past remain
largely unknown. To comprehend historical and recent changes in
NH sea ice8–11, understanding the responses of sea ice to external

climate forcings and their feedbacks during the Quaternary (past
2.6 million years (Ma)) is crucial.

The Quaternary period is characterized by glacial–interglacial
cycles. The Earth’s orbital parameters, namely (1) orbital eccentricity
(∼100 thousand years (kyr)), (2) axial tilt (obliquity; ∼41 kyr), and (3)
axial wobble or longitude of perihelion (precession; ∼23/19 kyr), sig-
nificantly vary the latitudinal and seasonal distribution of incoming
solar radiation12, which is the primary external forcing of the
glacial–interglacial cycles13–15. Additionally, GHG concentration chan-
ges and variations of the extent and topography of the NH ice-sheets,
together with their associated climate feedback mechanisms, amplify
changes initiatedbyorbital variations16 especially by altering the global
mean surface temperature (GMST)17 and influencing the NH mid-
latitude westerlies18. The NH ice-sheets experienced cyclic waxing and
waning, indicating glacial–interglacial cycles in response to GHG
concentration changes19. These glacial–interglacial cycles transitioned
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from a relatively low amplitude and shorter periodicity (�41 kyr cycle)
during the Early Quaternary (1.2–2.6Ma; pre-Mid-Pleistocene Transi-
tion (MPT)) to a high amplitude and longer periodicity (∼100 kyr cycle)
in the Late Quaternary (0.0–0.7Ma; post-MPT)19–22, following the MPT
(0.7–1.2Ma)23–27. Therefore, in this study, we divided the Quaternary
into three distinct periods—post-MPT, MPT, and pre-MPT—to com-
prehend the evolution of the NH sea ice.

Paleoclimate modeling has shown that incoming solar radiation
has driven the NH sea ice variations during interglacials over the past
0.8 Ma17. Additionally, various proxy records and modeling studies
that are primarily confined to the post-MPT period identified ∼23/19
kyr (precession) and ∼41 kyr (obliquity) signals in the NH sea ice
variability, with some emphasizing the role of precession28–30, and
others highlighting the role of obliquity17,31–33. Recently, a transient
paleoclimate simulation covering the past 3Ma presented a general
overview of the Northern and Southern Hemisphere sea ice variability,
revealing precession, obliquity, and CO2/ice-sheet (∼60–100 kyr) sig-
nals and suggesting the combined effect of the GHG and ice-sheet
forcings on sea ice variability34. Despite these findings, uncertainties
remain regarding the spatiotemporal variability and mechanisms
underlying the response of the NH sea ice to the orbital, GHG, and ice-
sheet forcings. Furthermore, whether precession or obliquity strongly
influences the sea ice remains unclear.

Here, we analyze the 3Ma experiment and explain the spatio-
temporal variability and mechanisms of NH sea ice change during the
Quaternary. The 3Ma experiment is a coupled atmosphere–ocean–sea
ice simulation performed by Yun, et al.34 employing the Community
Earth System Model version 1.2 (CESM1.2), forced by transient pre-
scribed orbital35, GHG19 (including CO2, CH4, and N2O concentrations),
and NH ice-sheet forcings19. Although the GHG concentrations and ice-
sheets are not external forcings in the natural system, they are treated
as such in the 3Ma experiment. Therefore, in this study, we describe
them from an external forcing perspective. The 3Ma experiment
provides an unprecedented view of the global Quaternary climate
variability, as it is able to reproduce consistent glacial–interglacial
variability36 and key paleo–proxy–based estimates34,36. Nevertheless,
the 3Ma experiment design has a few caveats, such as the absence of
prescribed ice–sheetmelted freshwater forcing, a constant Last Glacial
Maximum (∼21 ka) bathymetry, and an acceleration technique with a
factor of five applied to the external (orbital, GHG, and ice-sheet)
forcings.

Results
Evolution of Northern Hemisphere sea ice during the
Quaternary
The prescribed orbital forcing35 (Fig. 1a–c) influences the intensity of
summer (June–July–August; JJA) incoming solar radiation at 65° N37,
which is the latitude at which the NH ice-sheets most sensitive to
orbital forcing15,38. The incoming solar radiation at 65° N consistently
varies throughout the Quaternary period (Fig. 1d) with predominant
∼23/19 kyr (precession) and∼41 kyr (obliquity) signals (Supplementary
Fig. 1). The Quaternary climate shows gradual cooling towards the
post-MPT; however the trend of JJA incoming solar radiation at 65° N
does not change considerably during the past 2.6Ma (0.0001
Wm�2/kyr) (Fig. 1d). Meanwhile, the prescribed CO2 concentration19

(GHG forcing) (Fig. 1e) (Supplementary Fig. 2a–c) and prescribed glo-
bal ice volume in sea level equivalent19 (ice-sheet forcing) (Fig. 1f)
(Supplementary Fig. 2j–l) show a dominant ∼41 kyr periodicity during
the pre-MPT period, ∼60–100 kyr (CO2/ice-sheet signal) periodicity
during the MPT period, and a longer ∼100 kyr periodicity during the
post-MPT period, consistent with the deep sea proxy record
estimates21 (Supplementary Fig. 3).

We investigated the NH (35° N–90° N) sea ice extent (ocean sur-
face covered with more than 15% sea ice concentration) during the
post-MPT (0.0–0.7Ma), MPT (0.7–1.2Ma), and pre-MPT (1.2–2.6Ma)

periods. Evidently, the simulated sea ice extent increases throughout
the MPT and post-MPT periods (Fig. 1g) and expands equatorward,
particularly in the West Pacific and Atlantic Ocean sectors (Fig. 2a, b).
Here, wedefine > 70°N as high-latitude region and 35°N–70°N asmid-
latitude region. Furthermore, perennial sea ice, i.e., sea ice that sur-
vives during summer and persists for over a year, is defined by the
region north of the 90% contour during theMPT andpost-MPT (purple
line in Fig. 2a, b) and also corresponds to the region north of the 80%
contour (purple line in Fig. 2c) during pre-MPT (cf. Supplementary
Fig. 4). Evidently, the high-latitude region is primarily covered with
perennial sea ice (north of the purple line in Fig. 2) throughout the
Quaternary, whereas, the mid-latitude region is covered with seasonal
sea ice (south of the purple line in Fig. 2), i.e., sea ice that forms in
winter and melts in summer.

Evidently, thedominant periodicity of sea ice extent changes from
∼41 kyr during the pre-MPT period to a longer ∼100 kyr during the
post–MPT period (Fig. 3a–c), which is aligned with climate shifts
observed across the MPT21,39 (Supplementary Fig. 3). Spectral analysis
of the sea ice extent indicates a latitudinal dependency of sea ice
variability throughout the Quaternary (Fig. 3a–c). Meanwhile, the
simulated perennial (Fig. 1i) and seasonal sea ice exhibit a strong sig-
nificant correlation during the Quaternary ðr =0:86Þ; however, varia-
tions are evident in their periodicity modes. To understand the sea ice
variability, remembering that the ∼41 kyr (obliquity) and ∼23/19 kyr
(precession) signals do not necessarily represent direct responses to
orbital forcing is essential. This is because the prescribed CO2 (GHG)
(Supplementary Fig. 2a–c) and ice-sheet (Supplementary Fig. 2j–l)
forcings also have a major ∼41 kyr signal during the pre-MPT period
and a minor ∼23/19 kyr signal throughout the Quaternary. However,
longer periodicity of ∼100 kyr and ∼60–100 kyr (CO2/ice-sheet signal)
would indicate a response to the GHG/ice-sheet forcings, as obliquity
and precession have distinct ∼41 kyr and ∼23/19 kyr signals,
respectively.

Our analysis shows that the pre-MPT high-latitude region covered
with perennial sea ice (north of purple lines in Figs. 2c and 3c) has a
dominant∼41 kyr (obliquity) signal (Fig. 3c, f).Meanwhile, the pre-MPT
mid-latitude regioncoveredwith seasonal sea ice (southof purple lines
in Figs. 2c and 3c) has a dominant ∼23 kyr (precession) signal (Fig. 3c).
These pre-MPT sea ice signals indicate strong influences of the orbital
and GHG forcings, as ice-sheet forcing during the pre-MPT period is
weaker than that during the post-MPT period. During the MPT period,
perennial sea ice has a dominant ∼41 kyr (obliquity) signal, indicating
the influence of the orbital forcing, and a major ∼63 kyr (CO2/
ice–sheet) signal (Fig. 3b, e), indicating the influences of the GHG and
ice–sheet forcings.TheMPT seasonal sea ice shows varying∼63–56kyr
(CO2/ice–sheet), ∼41 kyr (obliquity), and ∼23/19 kyr (precession) sig-
nals (Fig. 3b), indicating the influences of the orbital, GHG, and ice-
sheet forcings. Further, the post-MPT period has a primary ∼100 kyr
(eccentricity) signal throughout the NH latitudes (Fig. 3a), suggesting
strong influences of the GHG and ice-sheet forcings. Meanwhile, the
post-MPT perennial sea ice (Fig. 3a, d) also shows a secondary ∼41 kyr
(obliquity) signal and seasonal sea ice shows a secondary ∼23 kyr
(precession) signal, indicating the influence of the orbital forcing.
Thus, our results indicate that NH sea ice variability with longer peri-
odicity (∼100 kyr) during theMPT and post-MPT comes from the GHG
and ice-sheet forcings which amplified the eccentricity forcing. Addi-
tionally, obliquity plays a stronger role in high-latitude perennial sea
ice variability, and precession plays a stronger role in mid-latitude
seasonal sea ice regions throughout the Quaternary.

Furthermore, the sea ice extent variability over the Atlantic and
Pacific Ocean sectors is similar to the NH sea ice signals, particularly
that of perennial sea ice (Fig. 4). However, significant differences are
evident in the Atlantic sea ice extent. For example, the Atlantic sea ice
extent has a dominant ∼23/19 kyr (precession) signal during the pre-
MPT and MPT periods (Fig. 4b, c) and a ∼23/19 kyr (precession) signal
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(∼40% variance) during the post-MPT period (Fig. 4a) with respect to
the NH sea ice variability. Consequently, compared to that of the
Pacific Ocean sector, the Atlantic Ocean sector shows a stronger
influence of the precession forcing.

One indicator of the spatiotemporal variability of sea ice is the first
Empirical Orthogonal Function (EOF) of sea ice concentration during
the post-MPT,MPT, and pre-MPT periods. The first EOF of sea ice shows
themajor glacial–interglacial sea ice changes (Fig. 5a–c). During the pre-
MPT period, the major leading pattern shows sea ice variability in the
Labrador Sea, especially along the coast of Newfoundland (Fig. 5c).
During theMPT period, an additional major leading pattern is evident in
the Irminger–Iceland basin sector, especially along the coast of Norway
(Fig. 5b). These two regions have open-ocean deep convection sites that
are also evident in thismodel simulation. Following theMPT (post-MPT)
period, three major leading patterns are identified, with an additional
sea ice variability emerging over the Central North Pacific (CNP)
(Fig. 5a). Such a sequential increase in the number of major leading
patterns of sea ice variability is related to the southward expansion of
sea ice extent (black solid line in Figs. 2 and 5a–c) associated with a
gradual decrease in CO2 concentration (GHG forcing) (Fig. 1e).

The EOF result reveals three major regions with strong variability
in sea ice throughout the Quaternary. The Labrador Sea,
Irminger–Iceland basin, and Central North Pacific regions, which are
covered with seasonal sea ice, show a dominant ∼23/19 kyr (preces-
sion) sea ice signal during the pre-MPT andMPT periods (Fig. 5e, f, h, i,
respectively), whereas the Labrador Sea and Irminger–Iceland basin
show a ∼23 kyr (precession) signal (∼40% variance) during the post-
MPT period (Fig. 5d), which closely resembles the post-MPT Atlantic
sea ice variability (Fig. 4a). Our results show that perennial sea ice is
sensitive to obliquity (Fig. 3).Meanwhile, as sea ice expands southward
(Figs. 2 and 5a–c), the mid-latitude seasonal sea ice shows greater
sensitivity to precession. Proxy studies based onmarine sediment core
MD01–2414, from the mid-latitude region in the central Okhotsk Sea
(53° N, 149° E; Fig. 5a), reveal a dominant precession sea ice variability
during the last 130 ka30. Meanwhile, sediment core HLY–6, from the
high-latitude region in the western Arctic Ocean (78° 18´ N, 177° W;
Fig. 5a), shows a significant obliquity sea ice variability and episodes of
perennial sea ice coverage28. Additionally, the presence of detrital iron
oxidemineral grains in the Arctic Coring Expedition (ACEX) composite
core from the Lomonosov Ridge (87.5° N and 138.3° W) indicates that

)
)

)

Time (Ma)

re

Fig. 1 | 3Maexperiment forcings and simulated climateusing theCESM1.2model.
Time series show the prescribed orbital forcing: a eccentricity index35,b precession
index35 (esinω, where e is the eccentricity, andω is the longitude of the perihelion),
c obliquity index35 (degrees), d summer (JJA) incoming solar radiation at 65° N
(watts per square meter), e prescribed CO2 concentration

19 (ppmv), f prescribed
global ice volume in sea level equivalent19 (meters), g simulated NH (35° N–90° N)

sea ice extent (million km2),h simulated globalmean surface temperature (degrees
Celsius), i simulated NH perennial sea ice (million km2), and j simulated surface air
temperature (degreesCelsius). Perennial sea ice refers to theoceansurfacecovered
with more than 80–90% of sea ice concentration. X-axis denotes time before pre-
sent in Ma. Yellow-shaded region indicates the MPT (0.7–1.2Ma).
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the Arctic has been covered with perennial sea ice over the past
14 Ma40. Therefore, the proxy records agree with our findings that the
high-latitude Arctic is covered with perennial sea ice and is strongly
influenced by obliquity. However, a secondary effect of precession is
also evident in the model results during the MPT and post-MPT peri-
ods. In contrast, the mid-latitude region is covered with seasonal sea
ice and is more sensitive to precession.

Atmospheric and oceanic temperature variability during the
Quaternary
Present-day observations, reanalysis data, and the global climate
model have shown a tight coupling (negative correlation) between
annual mean surface air and ocean temperatures and sea ice41. The
simulated surface air temperature and sea ice extent are significantly
(negatively) correlated during all three timeperiods and the surface air
temperature leads sea iceby 1 kyr during thepre-MPTandMPTperiods
and shows no lag during the post-MPT period (Fig. 6d–f). Notably, the
simulated pre-MPT zonal mean surface air temperature shows a
dominant ∼41 kyr (obliquity) signal in the high-latitude region, while
the mid- and low-latitude regions (0° N–30° N) show both ∼41 kyr
(obliquity) and ∼23/19 kyr (precession) signals (Fig. 6c). Also, the
cospectrum between surface air temperature and sea ice during the
pre-MPT period shows strong ∼41 kyr and ∼23 kyr signals (Fig. 6i),
indicating strong influences of the orbital andGHG forcings, as thepre-
MPT ice-sheet forcing is weaker than the post-MPT ice-sheet forcing.

The MPT surface air temperature shows a major ∼41 kyr (obli-
quity) signal in the high- and low-latitude regions and a dominant

∼100–56 kyr (CO2/ice-sheet) signal in the mid- and high-latitude
regions (Fig. 6b). Meanwhile, the cospectrum shows a strong CO2/ice-
sheet (∼100–56 kyr) signal alongside ∼41 kyr and ∼23/19 kyr signals
(Fig. 6h). The presence of a dominant CO2/ice-sheet signal during the
MPT period suggests a more robust response of the surface air tem-
perature to the GHG and ice-sheet forcings than that of sea ice.
Moreover, similar to the case of sea ice variability, the post-MPTperiod
has a dominant ∼100 kyr (eccentricity) signal throughout the NH
latitudes, a ∼41 kyr signal in the high-latitude region, and a ∼23 kyr
signal in the mid- and low-latitude regions (Fig. 6a), indicating the
influences of the orbital, GHG and ice-sheet forcings.

Furthermore, the simulated surface air and ocean temperatures
have similar latitudinal periodicity variations (Supplementary
Fig. 5a–c) and are significantly (positively) correlatedwith no phase lag
(Supplementary Fig. 5d–f) throughout the Quaternary. Our results
suggest that the surface air and ocean surface temperatures are tightly
coupled at orbital and millennial timescales. Consequently, oceanic
heat released to the atmosphere sustains a strong link between sea ice
and surface air temperature variability.

Response to the orbital forcing during the Quaternary
The net surface shortwave radiation over the ocean (positive down-
ward) in the mid-latitude region shows a predominant precession
(∼23/19 kyr) signal (Fig. 7a–c), whereas the high-latitude region shows
a distinct obliquity (∼41 kyr) signal throughout the Quaternary
(Fig. 7a–c). Consequently, these changes in the net surface shortwave
radiation signals influence the surface air temperature and sea ice

Fig. 2 | Climatologyof anomalous sea ice during thepost-MPT (0.0–0.7Ma) and
MPT (0.7–1.2Ma), and climatological mean during the pre-MPT period
(1.2–2.6Ma). Shaded color contours show sea ice anomaly from pre-MPT during
(a) post-MPT and (b) MPT. c Shaded color contours show sea ice distribution
during pre-MPT. Units are in percentage of sea ice concentration. The maps are

drawn over present-day land–sea boundaries. Since the 3Ma experiment uses a
constant Last Glacial Maximum (∼21 ka) bathymetry, grey dots show subaerial land
regions (particularly subaerial Barents Shelf and closed Bering Strait) compared to
the present day. Black and purple lines demarcate the boundaries of sea ice extent
and perennial sea ice, respectively.

Article https://doi.org/10.1038/s41467-024-55327-2

Nature Communications |           (2025) 16:39 4

www.nature.com/naturecommunications


variability. Additionally, the response to the obliquity forcing in the
high-latitude region is further amplified by the ice–albedo feedback17.

Next, we applied obliquity and precession bandpassfilters (30–70
and 5–30 kyr, respectively) on the simulated summer incoming solar
radiation, surface air temperature, and sea ice extent to investigate the

responses of sea ice and surface air temperature variability to the
orbital forcing (obliquity and precession). The bandpass-filtered
summer incoming solar radiation at 65°N is significantly correlated
with the obliquity (positively) and precession (negatively) indices.
Furthermore, summer incoming solar radiation at 65° N does not lag

Fig. 4 | Periodicity–variance spectrum of sea ice in the Atlantic and Pacific
Ocean sectors. The periodicity–variance spectrum of sea ice extent in the (a–c)
Atlantic (35° N–90° N, 85° W–5° E) and (d–f) Pacific Ocean (35° N–90° N, 130°
E–130°W) sectors are shown in black lines during the post-MPT,MPT, and pre-MPT

periods. The periodicity–variance spectrumofAtlantic perennial sea ice is shown in
blue lines, and the Pacific perennial sea ice is shown in green lines. Red and orange
lines indicate red noise with a 95% confidence interval for the sea ice extent and
perennial sea ice, respectively.

(a) post-MPT (b) MPT (c) pre-MPT
Pe

rio
di

ci
ty

 (k
yr

)

Fig. 3 | Periodicity–variance spectrum of NH sea ice and perennial sea ice. The
periodicity–variance spectrum of sea ice is shown in colors (units show standar-
dized variance) during the (a) post-MPT, (b) MPT, and (c) pre-MPT periods. Dots
indicate significance at red noise with a 95% confidence interval. Purple lines at

70° N indicate the mean lowest latitudinal position of perennial sea ice. d–f Green
lines show the periodicity–variance spectrum of perennial sea ice. Red line indi-
cates red noise with a 95% confidence interval.
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the obliquity index (purple line in Fig. 7d) during the Quaternary;
however, it lags the precession index by 4 kyr (purple line in Fig. 7e).
Therefore, an increase in the obliquity index or a decrease in the
precession index increases the NH incoming summer solar radiation
at 65° N.

Further, the bandpass-filtered high- and mid-latitude surface air
temperature are significantly correlated with the obliquity (positively)
and precession (negatively) indices, respectively. High-latitude surface
air temperature lags the obliquity index by ∼6 kyr (red line in Fig. 7d)
during the Quaternary, whereas mid-latitude surface air temperature
lags the precession index by∼8 kyr (red line in Fig. 7e). Meanwhile, the
bandpass-filtered sea ice extent is significantly correlated with the
obliquity (negatively) and precession (positively) indices and the sea
ice extent lags both the obliquity and precession indices by ∼9 kyr
(blue line in Fig. 7d, e) during the Quaternary. Therefore, our results
show a tight coupling between the simulated summer incoming solar
radiation, surface air temperature, and sea ice extent with the orbital
forcing throughout theQuaternary. Additionally, highobliquity and/or

low precession forcing increases the NH summer incoming solar
radiation at 65° N, which increases the surface air/ocean temperature.
Consequently, sea ice formation decreases, causing a reduction in sea
ice extent and vice versa, consistent with previous studies17,29,30,42.

Specifically, perennial and seasonal sea ice are significantly cor-
related with the obliquity (negatively) and precession (positively)
indices, respectively. Perennial sea ice lags the obliquity index by ∼5
kyr (green line in Fig. 7d), and seasonal sea ice lags the precession
index by ∼10 kyr (green line in Fig. 7e). Hence, the NH mid-latitude
region covered with seasonal sea ice is strongly influenced by the
precession forcing, whereas the high-latitude region covered with
perennial sea ice is more strongly influenced by the obliquity forcing
throughout the Quaternary.

Furthermore, the Earth’s orbital forcing has a ∼100 kyr (eccen-
tricity) signal which modulates the strength of the precessional cycle.
Naturally or in a more realistic model setup with dynamical carbon
cycle and ice-sheets, the ∼100 kyr signal in post-MPT sea ice and sur-
face air temperature would have been explained by eccentricity,

HLY-6

MD01-2414

CNP

Ir-Ic

Lb

Fig. 5 | Glacial–interglacial sea ice variability and periodicity–variance spec-
trum of sea ice extent in the Labrador Sea (Lr), Irminger–Iceland basin (Ir–Ic),
and Central North Pacific (CNP) sectors. The first EOF of sea ice explains 59.7%,
62.9%, and 55.6% of total varianceduring the post-MPT,MPT, and pre-MPT periods,
respectively. The (a) post-MPT, (b) MPT, and (c) pre-MPT periods show detrended
sea ice concentration regressed onto the normalized first Principal Component
(PC1) (units are in percentage of sea ice concentration). aDashed boxes demarcate
the Lr, Ir–Ic, and CNP regions. Green and blue dots indicate the locations of sea ice
records, i.e., coreHLY0503-06JPC (HLY-6) (78° 17.6290´N, 176° 59.1690´W; 800m

water depth) and MD01-2414 (53° 11.77´ N, 149° 34.80´ E; 1123m water depth),
respectively.a–cSolidblack lines represent the sea ice extent boundary, andpurple
lines represent the perennial sea ice boundary. d–f The periodicity–variance
spectrum of sea ice extent in the Lr (40° N–70° N, 80° W–40° W) and Ir–Ic (55°
N–70° N, 40° W–25° E) regions are shown in black and blue lines, respectively.
g–i The periodicity–variance spectrum of sea ice extent in the CNP (40° N–60° N,
145° E–160° W) region is shown in green lines. Orange (red) lines indicate the red
noisewith a 95% confidence interval for the sea ice extent in the Ir–Ic region (Lr and
CNP regions).
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amplified by feedbacks involving GHG and ice-sheets. However, with-
out the amplification of these physical quantities through feedbacks
within the Earth’s climate system, the variability of sea ice due to the
orbital forcing alone is likely to be relatively weaker. Meanwhile, this
experiment treats GHG and ice-sheet as external forcing. Therefore, a
more reasonable interpretation of the model results is that the signal
of the orbital forcing was amplified through feedbacks within the cli-
mate system, and these consequent GHG and ice-sheet changes more
effectively influenced sea ice variability.

Response to the GHG forcing during the Quaternary
The Earth’s surface and lower atmosphere are warming in response to
increased GHG concentrations. As the temperatures increase, more
water vapor is released into the atmosphere, intensifying the green-
house effect by causing increased emissions of longwave radiation
from the atmosphere to the surface, resulting in additional warming43

(i.e., thewater vapor feedback44). Cloud cover also affects downwelling
longwave radiation43. Here, we show that the changes in prescribed
CO2 concentration can explain themajor regions of glacial–interglacial
sea ice variability (Fig. 8a–c), as shown in Fig. 5a–c. Furthermore,

changes in downwelling longwave radiation (clear-sky conditions)
caused by GHG and low-level water vapor changes explain the
glacial–interglacial major sea ice regional changes in the (a) Labrador
Sea, Irminger–Iceland basin and Central North Pacific during the post-
MPT period (Fig. 8d), (b) Labrador Sea and Irminger–Iceland basin
during theMPT period (Fig. 8e), and Labrador Sea during the pre-MPT
period (Fig. 8f) as shown in Fig. 5a–c. Additionally, changes in down-
welling longwave radiation explain the intensification of sea ice extent
during the MPT and post-MPT periods (Fig. 8d, e).

In contrast to the orbital forcing, the GHG forcing has a uniform
zonal distribution. The prescribed CO2 (GHG) concentration (Supple-
mentary Fig. 2a–c) and the simulated GMST (Supplementary Fig. 6)
have similar periodicity signals throughout the Quaternary. Mean-
while, the pre-MPT prescribed CO2 concentration (Fig. 1e) and the
simulated GMST (Fig. 1h) show gradual (significant) downward trends,
which intensify across the MPT by approximately two and three times,
respectively. In contrast, the simulated sea ice extent shows an upward
(significant) trend during the pre-MPT (1:5 thousand km2/kyr), which
also intensifies by a factor of approximately 2.2 (3:4 thousand km2/kyr)
during the MPT period (Fig. 1g), indicating the influence of the GHG

(b) MPT(a) post-MPT (c) pre-MPT
Pe

rio
di

ci
ty

 (k
yr

)

Fig. 6 | Periodicity–variance spectrum of NH surface air temperature and its
cross-correlation and cospectrum with sea ice extent. The periodicity–variance
spectrum of complete NH (here from 0° N–90° N) zonal mean surface air tem-
perature during the (a) post-MPT, (b) MPT, and (c) pre-MPT periods (units show
standardized variance). Purple lines at 70°N indicate the mean lowest latitudinal
position of perennial sea ice. Dots show significance at red noise with a 95% con-
fidence interval. d–f Cross-correlation of surface air temperature (solid black lines)

with sea ice extent during the post-MPT, MPT, and pre-MPT periods, respectively.
A positive lagmeans that changes in surface air temperature lead changes in sea ice
extent. A zero lag shows synchronous changes in surface air temperature and sea
ice extent. g–i Solid black lines show standardized cospectrum between surface air
temperature and sea ice extent during the post-MPT, MPT, and pre-MPT periods.
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forcingon sea ice. Proxy sea ice records fromsediment coreU1343 (57°
33.4′N, 176° 49.0′W; 1,950m) located in theBering Sea shelf region are
in agreement with our result, highlighting a significant increase in sea
ice extent throughout the MPT period27,45.

The prescribed CO2 concentration (Fig. 1e) and simulated GMST
(Fig. 1h) are significantly (positively) correlated with no lag during the
Quaternary (Fig. 8g). Consequently, this indicates that as GHGs and
GMST increase simultaneously, warmer summers and enhanced sea
ice melting occur. Furthermore, the NH sea ice extent with GMST and
high-latitude/perennial sea ice with high-latitude surface air tempera-
ture are significantly (negatively) correlated with no lag during the
Quaternary (Fig. 8g). Therefore, our results show that compared to
that during the post-MPT period, the higher (26%) prescribed GHG
forcing during the pre-MPT increased GMST by 2.2 °C (21%), causing
warmer seasons. Consequently, the pre-MPT period would have
enhanced summertime sea icemelting and reduced wintertime sea ice
formation, causing a comparably smaller extent of sea ice (Fig. 2c). In
contrast, during the post-MPTperiod, the relatively lower GHG forcing
and GMST facilitate a comparably greater extent of sea ice (Fig. 2a)
because of somewhat colder seasons.

Furthermore, our analysis shows that the GHG forcing can largely
explain the simulated NH sea ice variability, while a secondary influ-
ence of precession forcing is also evident during the Quaternary
(Table 1). Notably, the obliquity forcing strongly influences high-lati-
tude/perennial sea ice, and a secondary influence of the precession
forcing cannot be ignored. Additionally, the orbital indices lead to sea
ice change, while GHG changes lag behind sea ice change, suggesting

that changes in the orbital forcing initiate sea ice change, which is then
amplified by the GHG forcing.

Discussion
Previous proxy28,30,33,46–49 and modeling29–32,42,50 studies mostly recor-
ded or simulated sea ice concentrations limited to the post-MPT per-
iod. A recent study (i.e., the 3Ma experiment) has presented a broad
outline of the Northern and Southern Hemisphere sea ice variability,
showing a ∼21 kyr (precession), ∼41 kyr (obliquity), and ∼60–120 kyr
(CO2/ice-sheet) periodicity, suggesting the combined effect of the
GHGand ice-sheet forcings34 on sea ice variability. Here, we analyze the
3Ma experiment to investigate the spatiotemporal and latitudinal sea
ice variability as well as the mechanism of NH sea ice variability during
the post-MPT, MPT, and pre-MPT periods. Net surface shortwave
radiation over the mid-latitude region has a prominent precession
signal in response to the precession forcing, as precession strongly
influences daily incoming solar radiation in the mid-latitudes and
tropics35,51–53. Meanwhile, net surface shortwave radiation over the
high-latitude region has a dominant obliquity signal in response to the
obliquity forcing, as obliquity strongly influences daily incoming solar
radiation in the high-latitude region17. In addition, the geographical
features of the NH high-latitude region, which is mostly limited to the
Arctic Ocean, influence the sea ice34. Therefore, our study highlights
the latitudinal distribution of net surface shortwave radiation (also
affected by the sea ice–albedo feedback), which is strongly influenced
by the orbital forcing and influences the tightly coupled surface air
temperature and sea ice variability (Fig. 9).

Fig. 7 | Periodicity–variance spectrumof themid-latitude andhigh-latitude net
surface shortwave radiation and cross-correlation of summer incoming solar
radiation at 65° N, surface air temperature, and sea ice with obliquity and
precession indices from0.0–2.6Ma. a–c The periodicity–variance spectrum of net
surface shortwave radiation over the ocean (watts per square meter) in the mid-
latitude (35° N–70° N) and high-latitude (>70° N) regions are shown in black and
purple lines, respectively. Red (orange) lines show the red noise with a 95% con-
fidence interval over the mid-latitude (high-latitude). The y-axis shows variance

multiplied by 10.dCross-correlation between summer incoming solar radiation at 65°
N (purple line), high-latitude surface air temperature (SAT) (red line), sea ice extent
(blue line), high-latitude/perennial sea ice (green line), and obliquity index. e Cross-
correlation between summer incoming solar radiation at 65° N (purple line), mid-
latitude SAT (red line), sea ice extent (blue line), mid-latitude/seasonal sea ice extent
(green line), and precession index. A negative (positive) lagmeans that changes in the
summer incoming solar radiation, SAT, and sea ice lag (lead) the orbital forcing
(obliquity/precession index). A zero lag indicates synchronous changes.
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Furthermore, our study shows that the glacial–interglacial sea ice
varies predominantly in the mid-latitude region covered with seasonal
sea ice (Fig. 2) and is strongly influenced by the precession (Fig. 3a–c).
Meanwhile, the high-latitude region is covered with perennial sea ice
(Fig. 2), which is strongly influenced by the obliquity (Fig. 3d–f). Our
results agree with those of previous studies, that showed that sea ice
and surface air temperature are strongly correlated with
precession28–30 and obliquity17,28,31–33. Proxy studies indicate the pre-
sence of perennial sea ice in the Arctic over the past 14 Ma40, in the
high-latitude region after ∼0.4 Ma28, and in the central Arctic Ocean
during the Late Quaternary (penultimate glacial and Last Interglacial)
period46.Meanwhile, other records indicate seasonal sea ice during the
pre-MPTperiod49 andbefore�0.35Ma48. Our resultsmostly agreewith
available sediment proxy records, which generally suggest that per-
ennial sea ice covered the central Arctic basin (i.e., high-latitude region
in this study) during most—if not all—of the Quaternary54.

Yin andBerger17 identified a linear relationship between simulated
GMST and the GHG forcing over the past 0.8Ma. Here, we also show
that theGHG forcing andGMSThave been strongly correlated over the
past 2.6Ma. Consequently, an increase (decrease) in CO2 concentra-
tion increases (decreases) the GMST, which decreases (increases) the
NH sea ice extent (Fig. 8g). Moreover, northward oceanic heat trans-
port impacts theNH sea ice extent, albeit to a smaller extent compared
to the Southern Hemisphere34,55. Further, longer periodicity signal
(∼100 kyr and ∼60–100 kyr) from the GHG and ice-sheet forcings is
most noticeable in the NH sea ice during the MPT and post-MPT per-
iods (Fig. 3a–c). Evidently, the GHG forcing together with the water
vapor feedback44 influence the downwelling longwave radiation, which
explains themajority of the glacial–interglacial sea ice variability in the
LabradorSea, Irminger–Icelandbasin andCentralNorth Pacific regions
during the MPT and post-MPT periods (Fig. 8d–f). The Labrador Sea

and Irminger–Iceland basin are deep convection regions where deep
water is formed; hence, sea ice could influence the Atlantic Meridional
Overturning Circulation (AMOC) strength and variability through the
sea ice–ocean feedback56. Additionally, sea ice loss results in increased
evaporation from the ocean surface, resulting in increased atmo-
spheric water vapor levels57.

The strong association between sea ice andGHG forcing observed
in the 3Ma experiment could be because the GHG forcing anomalies
relative to preindustrial conditions are amplified by a factor of 1.5 to
compensate for the relatively weak climate sensitivity in the applied
CESM1.2model34 (seeMethods for details). Moreover, as mentioned in
the Introduction, because the GHGs and ice-sheets are treated as
external forcings, the model cannot simulate changes resulting from
interactions among the orbital, GHG, and ice-sheets. Therefore, amore
reasonable interpretation of the model findings is that the orbital
forcing signal was intensified through feedbacks within the climate
system, and these associated alterations in GHGs and ice-sheets more
effectively influenced sea ice variability.

Additionally, changes in the prescribed NH ice-sheet topography
and extent would influence surface albedo, alter the meridional tem-
perature gradient by influencing the zonal distribution of temperature
change58, and modulate the NH westerlies18 and Intertropical Con-
vergence Zone58. Previous studies have shown that the intensification
of NH glaciation (ice-sheet) occurred across the MPT (Fig. 1f) and
Pliocene-Pleistocene Transition (PPT; 2.5–3.2Ma)20,37,39. The Northern
Annular Mode, which characterizes the influence of ice-sheet on the
atmospheric circulation, and the simulated high-latitude/perennial sea
ice shows an intensification across the MPT and PPT (Supplementary
Fig. 7). Meanwhile, the glacial–interglacial variability of the simulated
NH net surface shortwave radiation indicates a strong ice–sheet
influence through the albedo feedback and shows an intensification in

Fig. 8 | Relationship between the CO2 (GHG) forcing and sea ice during the
quaternary. a–c Regressionmaps of detrended sea ice with prescribed CO2 (GHG)
concentration (sea ice percentage per ppmv) during the post-MPT, MPT, and pre-
MPT periods. d–f The first EOF pattern of downwelling longwave radiation (clear-
sky conditions) explains the 88.6%, 86.3%, and81.6%of the total varianceduring the
three periods, respectively, in response to GHG and low-level water vapor changes.
Regression maps of detrended sea ice with the normalized PC1 of downwelling

longwave radiation under clear-sky conditions (sea ice percentage per watts per
square meter) during the post-MPT, MPT, and pre-MPT periods. g Pink line shows
the cross-correlation of the CO2 forcing with the GMST. Blue line shows the cross-
correlation between the GMST and sea ice extent, and the green line shows the
cross-correlation between high-latitude surface air temperature and high-latitude/
perennial sea ice. The cross-correlation shows no lag, implying synchronous
changes.
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magnitude and coverage over northern North America during the
post-MPT and MPT periods (Supplementary Fig. 8a, b). Furthermore,
the prescribed sea level change, which is equivalent to ice-sheet
forcing19, influences sea ice variability across the Arctic continental
shelves, particularly the Labrador Sea region, during the pre-MPT
period (Supplementary Fig. 9c). This is because sea ice expanded less
during the pre-MPT period than during the MPT and post-MPT peri-
ods, causing it to vary strongly along the continental shelves. There-
fore, our study documents that the NH ice-sheet forcing together
with orbital and GHG forcings strongly influenced the NH sea ice
variability throughout the Quaternary (Fig. 9).

The 3Ma experiment has a few caveats, considering its unprece-
dented length. For instance, the experiment employs a relatively small
acceleration technique with a factor of five which is applied to the
external (i.e., prescribed orbital, GHG, and ice-sheet) forcings, com-
pared with the acceleration factor of 10 used in previous studies59,60.
Consequently, it reduces the 3Maorbital year forcing to 0.6Mamodel
years. Acceleration-induced biases affect the NH high-latitude ocean
surface temperature and sea ice59–61, with the biases depending on the

acceleration factors61. For instance, Lunt, et al.61 examined numerous
aspects of the ocean–atmosphere system over the past 30,000 years
with different acceleration factors (1, 2, 5, 10). They found that most of
the bias is in the Southern Ocean, whereas the NH is relatively unaf-
fected even with an acceleration factor of 10. Additionally, an accel-
eration factor of five, which is employed in the 3Ma experiment, is a
good way to minimize the resulting biases in ocean surface tempera-
ture and sea ice variability in the high-latitude regionwhere the surface
climate is closely associated with the deep ocean via deep convection.
Next, the AMOC evolution shows relatively small changes due to the
acceleration factors60,61. An acceleration factor of five would allow the
deep ocean to adjust on advective timescales. However, this would still
lead to biases in deep ocean variables for the precession timescale but
less bias for obliquity and eccentricity timescales34. Furthermore, Yun,
et al.34 compared several 3Ma simulated variables with a range of
proxies, showing that, at least for near-surface variables, the biases in
the 3Ma experiment are likely very small.

Another caveat is that the 3Ma experiment does not consider the
ice-sheetmeltwaterflux into the ocean. Also, the 3Ma experiment uses
a constant ocean bathymetry and land–sea boundary from the Last
Glacial Maximum (∼21 kyr), resulting in a sea level ∼135m lower than
the present sea level19. Yun, et al.34 note that ignoring the ice-sheet
meltwater flux likely causes an underestimation of the AMOC varia-
bility, which has a strong precession signal and would change the
contribution of the ocean heat transport to the meridional heat
transport. A constant Last Glacial Maximum sea level also causes some
unrealistic land–sea distributions in the high-latitude region during
interglacials, such as a closed Bering Strait and subaerial Barents Shelf
(Fig. 2c). A closed Bering Sea prevents ocean heat and water transport
between the Arctic and the Pacific via the Bering Strait, which could
lead to the emergence of stronger hysteresis behavior in the AMOC
during glacial periods62. Furthermore, a closed Bering Sea would hin-

Table 1 | Standardized regression coefficients from a lag
multiple linear regression of NH sea ice extent and high-lati-
tude/perennial sea ice with the GHG forcing, obliquity, and
precession indices during the Quaternary

Variables GHG forcing Obliquity index Precession index

NH sea ice extent �0:90 �0:06 0:20

High-latitude
sea ice

�0:83 �0:30 0:28

The obliquity and precession indices lead the NH sea ice extent by ∼9 kyr and high-latitude/
perennial sea ice by ∼5 kyr during the Quaternary. Meanwhile, there is no lag between the GHG
forcing and the NH sea ice extent, while the GHG forcing lags high-latitude/perennial sea ice by
∼3 kyr. The regression coefficients are significant at the 95% confidence interval.

Fig. 9 | Schematic showing how the orbital, GHG, and ice-sheet forcings influ-
ence the NH sea ice. The Earth’s obliquity (∼41 kyr) and precession (∼23/19) orbital
parameters influence the net surface shortwave radiation over the high- and mid-
latitude, respectively. The ice-sheet forcing constitutes changes in NH con-
tinental ice-sheet topography and extent, which influences the net surface short-
wave radiation over the ice-sheet region and the NH westerlies. The GHG forcing
has a uniform zonal distribution of changes in CO2, CH4, and N2O concentrations,

influencing the downwelling longwave radiation. The orbital, ice-sheet, and GHG
forcings together cause changes in surface air temperature and sea ice extent,
which are closely interconnected. Surface air temperature and downwelling long-
wave radiation are mutually associated via water vapor feedback. Furthermore,
changes in sea ice extent influence downwelling longwave radiation bywater vapor
feedback and net surface shortwave radiation by sea ice-albedo feedback. The
arrowhead shows the direction of influence.
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der ocean heat transport into the Pacific high-latitude region com-
pared with the Atlantic and influence regional sea ice variability.
Therefore, sea ice variability in theAtlantic Ocean sector has a stronger
AMOC-influenced precession signal than that in the Pacific Ocean
sector (Fig. 4). Additionally, the simulated sea ice extent in the Pacific
Ocean sector south of the Bering Strait (Supplementary Fig. 10) and
the entire Pacific Ocean (Fig. 4d–f) have similar seasonal sea ice
variability akin to that of the NH sea ice (Fig. 3), possibly because the
simulated NH meridional heat is transported equatorward, mainly
through the atmosphere, for high obliquity and high atmospheric CO2

levels34. Additionally, a subaerial Barents Shelf reduces sea ice forma-
tion during glacial–interglacial periods, influences surface albedo
changes58, and warms the high-latitude region58. Then again, using a
volume-conserving oceanmodelwith time-evolving ocean volume and
sea level would increase computational costs and likely result in uni-
dentified biases and ambiguities that have not been fully explored34.

The 3Ma experiment employed orbital forcing from Berger35,
which underestimated themagnitude of June incoming solar radiation
at 65° N but strongly (positively) correlated with later numerical esti-
mates by Laskar, et al.53 during the pre-MPT period (Supplementary
Fig. 11). Since this study focuses on sea ice variability over a longer
timescale, this discrepancy in the orbital estimates is unlikely to sig-
nificantly impact glacial–interglacial sea ice variability during the pre-
MPT period. Nonetheless, future studies should assess changes in the
climate system more comprehensively. Furthermore, the experiment
does not explicitly simulate aerosols, dust, and climate–carbon cycle
feedbacks, while it includes a prescribed vegetation component where
the vegetation changes only in the land ice-covered areas. Vegetation
cover affects albedo and evapotranspiration and may significantly
influence the Arctic surface energy budget63,64. Therefore, to attain a
more realistic response to longwave radiation and consider the
radiative impacts of CH4 and N2O concentrations (Supplementary
Fig. 2d–i), vegetation, and dust, the GHG forcing anomalies relative to
preindustrial conditions are amplified by a factor of 1.5 (see Methods
for details). Additionally, the lack of an interactive carbon cycle fails to
resolve the interaction between sea ice and the outgassing of CO2 from
the ocean to the atmosphere on a glacial–interglacial timescale65.

Methods
Model and simulation
The 3Ma experiment34 is a transient paleoclimate model simulation
covering the past three million years, employing the coupled CESM
version 1.2 (CESM1.2). The experiment comprises fully coupled atmo-
sphere (Community Atmosphere Model version 4; CAM4), ocean (Par-
allel Ocean Programversion 2; POP2), sea ice (Los Alamos Sea IceModel;
CICE4), and land (Community Land Model version 4; CLM4.0; pre-
scribed vegetation) components. The atmospheric model has
latitude–longitude horizontal resolution (T31) of approximately
3.75° × 3.75° with 26 vertical levels. The ocean and sea icemodels have a
100× 116 horizontal grid (gx3v5), with the ocean model comprising 25
vertical levels. The ocean and sea ice output data are regridded and
analyzed at a latitude–longitude horizontal resolution of 3.75° × 3.75°,
identical to that of the atmospheric outputs. NCARCommand Language
(NCL)66 version 6.6.2 was used to analyze data and generate all figures.

The 3Ma experiment is forced by transient prescribed orbital35

forcing,which changes the astronomical insolation, ice-sheet19 forcing,
which changes the NH ice-sheet extent and topography, while the
Southern Hemisphere ice-sheet is kept constant, and GHG (including
CO2, CH4, and N2O concentrations)19,21 forcing, which changes the
radiative forcing. The GHG forcing includes CO2 concentration esti-
mates from various datasets. From 0.8 to 3.0Ma, the estimated GHGs
consist of simulated CO2 concentration from a previous CLIMBER-2
transient simulation19 containing an interactive carbon cycle. Mean-
while, from 0.0 to 0.8Ma, the GHGs estimate includes CO2 con-
centration measurements from air bubbles from the European Project

for Ice Coring in Antarctica (EPICA) DomeC ice core67. The GHG forcing
also includes N2O and CH4 concentration estimates as a CESM forcing
obtained by regressing the EPICA Dome C ice core N2O and CH4 con-
centrations on the LR04 stack21 deep sea proxy record post 0.8Ma and
extending the linear statistical model to 3Ma using the LR04 stack
deep sea record. The LR04 stack21 deep sea proxy record is constructed
by the graphic correlation of an average of globally distributed 57
benthic foraminiferal calcite δO18 records for the past 5.3 million years
(unit is in per mil), and it measures the global ice volume and deep
ocean temperature. The ice-sheet topography changes are obtained
from the simulated CLIMBER-2 orography data from the previous
transient simulation19. The 3Ma experiment also uses constant ocean
bathymetry from the Last Glacial Maximum (∼21 ka) and a prescribed
vegetation component, where the plant functional types (i.e., vegeta-
tion) are changed only in the NH land ice-covered areas.

The 3Ma simulation uses an acceleration factor of five for the
external (orbital, ice-sheet, and GHG) forcings, which reduces the 3Ma
orbital year forcing to 0.6Ma model years. The orbital, ice-sheet, and
GHG forcings areupdated every 100orbital years, corresponding to 20
model years. The CESM1.2 model in the 3Ma experiment resolution
exhibits a comparatively low standard equilibrium climate sensitivity
of 2.4°C warming for a two-fold CO2 increase with respect to the pre-
industrial CO2 concentration. This is approximately 1.5 times smaller
than the likely range of estimates (3.7 ± 1.2 °C) obtainedwithin 37 other
climate model simulations conducted as part of the Coupled Model
Intercomparison Project Phase 6 (CMIP6)68. Therefore, to achieve a
more realistic response to past longwave radiative forcings and indir-
ectly account for the radiative impacts of other CO2-correlated for-
cings from vegetation, dust, N2O, or CH4, the CO2 forcing

19 anomalies
relative to preindustrial conditions are amplified by a factor of 1.5 in
the 3Ma experiment. The resulting effective equilibrium climate sen-
sitivity is ~3.8 °C, which is quite consistent with the CMIP6 estimate.
Additionally, it is in reasonable agreement with prior paleoclimate
estimates (i.e., 3.2 °C)69,70, which were derived from reconstructions of
GMST and radiative forcings during the past 0.784Ma. The re-scaling
of the CO2 forcing in CESM1.2 resulted in a more realistic representa-
tion of the magnitude of tropical, global mean, and Antarctic tem-
perature changes34,36.

Furthermore, the 3Ma experiment does not explicitly simulate
the climate–carbon cycle feedback. In reality, the GHG forcing is a
response and byproduct of the feedback from the carbon cycle.
Therefore, an interactive carbon cycle model would be more realistic.
However, under the current model’s capability, including a carbon
cycle model, may produce other model biases. Therefore, by pre-
scribing the GHG forcing, which involves CO2, CH4, and N2O con-
centrations, we can assess its impact on sea ice without invoking a
complex causality in the Earth’s carbon cycle system. Additionally,
because the GHG and ice-sheet forcings are treated as external climate
drivers, the interactive feedback processes between the GHGs and ice-
sheets were not incorporated. Incorporating these interactions would
provide a more physically realistic approach. However, achieving a
balanced representation of climate change associated with the natural
carbon cycle and the climate feedback resulting from ice-sheet
dynamics presents significant challenges at this stage. Therefore, the
initial approach was to consider these factors as climate forcings to
minimize potential biases in the 3Ma experiment.

The 3Ma simulation data were compared against large-scale cli-
mate reconstructions and various paleo–proxy datasets. The 3Ma
simulation has been shown to reproduce the magnitude and timing of
glacial–interglacial variability34,36 consistent with paleoclimate data
constraints and estimates from the intermediate complexity Earth
system model. The 3Ma simulation agrees well34,36 with key paleocli-
mate proxy records, such as the magnitude and timing of GMST var-
iations, annual mean ocean surface temperatures over the tropics and
elsewhere (western South and North Pacific, southern Indian, and
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North Atlantic), Greenland and Antarctic temperatures, the East Asian
summer monsoon, and the East African hydroclimate.

The 3Ma simulations are available in annual average millennial
meandata. Yun, et al.34 provide the complete details on the 3Mamodel
set-up and experimental design.

Data availability
The 3Ma experiment data are available on the OPeNDAP ICCP climate
data server https://climatedata.ibs.re.kr (3Ma transient simulation
with CESM1.2; dataset https://doi.org/10.22741/iccp.20230001).

Code availability
All codes used for the analysis in this study are available upon request
from G.M. (gagan_mandal@yonsei.ac.kr). NCAR Command Language
(NCL) version 6.6.2 was used to generate all figures.
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