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Under sustained global warming, Arctic climate is projected to become more
responsive to changes in North Pacific meridional heat transport as a result of
teleconnections between low and high latitudes, but the underlying mechan-
isms remain poorly understood. Here, we reconstruct subarctic humidity
changes over the past 400 kyr to investigate the role of low-to-high latitude
interactions in regulating Arctic hydroclimate. Our reconstruction is based on
precipitation-driven sediment input variations in the Subarctic North Pacific
(SANP), which reveal a strong precessional cycle in subarctic humidity under
the relatively low eccentricity variations that dominated the past four glacial-
interglacial cycles. Combined with climate model simulations, we highlight
that precession drives meridional shifts in the northern rim of the North Pacific
Subtropical Gyre (NPSG) and modulates the efficiency of heat and water vapor
transfer to the SANP and Arctic regions. Our findings suggest that projections
of a northward shift of the NPSG in response to future global warming will lead
to wetter conditions in the Arctic Ocean and enhanced sea-ice loss.

Traditionally, the ongoing Arctic warming has been thought to be
accelerated by decreases in surface albedo associated with melting ice
and snow'* caused by radiative forcing from high CO, emission®*.
However, a recent high-resolution model study highlights that the
impact of ocean heat and moisture transport through the Bering Strait
likely on Arctic warming is bigger than that of CO, emission’. Thus,
poleward heat and moisture transport from the low-latitude North
Pacific regions is potentially a critical factor in regulating climate and
sea-ice extent in the Arctic®’. Poleward heat and moisture transport by
the ocean and atmosphere operates across the mid-latitudes of the
Pacific, with the ocean transferring ~70% of the heat to the atmosphere
between 25°N and 45°N®°. Mid-to-high latitude ocean gyres of the
North Pacific Ocean', then redistribute the heat and moisture to the
Arctic Ocean®. While a potential link exists between the modern

transport of heat/moisture from the North Pacific Subtropical Gyre
(NPSG) and the climate in the Arctic, mechanisms driving this pole-
ward transport of heat and moisture in the North Pacific during glacial-
interglacial cycles, the processes driving its variability, and their
impact on Arctic sea-ice extent, remain poorly understood’. This lack
of understanding is partly a result of the absence of long-term and
high-resolution humidity records from the Bering Sea, which is critical
to heat and moisture transport to the Arctic Ocean.

The Bering Sea, located in the Subarctic North Pacific (SANP), is
connected with the Arctic Ocean through the Bering Strait (sill depth
~50 m). The Alaska Coastal Current transports heat to the Arctic Ocean
via the Bering Sea". We analysed clay and magnetic minerals of marine
sediment cores obtained at Integrated Ocean Drilling Program (IODP)
Site U1342 (54.83°N, 176.92°E, 818-m water depth) drilled on Bowers

A full list of affiliations appears at the end of the paper.

e-mail: zhongy@sustech.edu.cn; zhengyao.lu@nateko.lu.se; gsliu@sustech.edu.cn

Nature Communications | (2025)16:1143


http://orcid.org/0000-0002-4298-8737
http://orcid.org/0000-0002-4298-8737
http://orcid.org/0000-0002-4298-8737
http://orcid.org/0000-0002-4298-8737
http://orcid.org/0000-0002-4298-8737
http://orcid.org/0000-0002-5911-7110
http://orcid.org/0000-0002-5911-7110
http://orcid.org/0000-0002-5911-7110
http://orcid.org/0000-0002-5911-7110
http://orcid.org/0000-0002-5911-7110
http://orcid.org/0000-0003-0337-0413
http://orcid.org/0000-0003-0337-0413
http://orcid.org/0000-0003-0337-0413
http://orcid.org/0000-0003-0337-0413
http://orcid.org/0000-0003-0337-0413
http://orcid.org/0000-0002-4156-3841
http://orcid.org/0000-0002-4156-3841
http://orcid.org/0000-0002-4156-3841
http://orcid.org/0000-0002-4156-3841
http://orcid.org/0000-0002-4156-3841
http://orcid.org/0000-0003-4568-631X
http://orcid.org/0000-0003-4568-631X
http://orcid.org/0000-0003-4568-631X
http://orcid.org/0000-0003-4568-631X
http://orcid.org/0000-0003-4568-631X
http://orcid.org/0000-0003-2175-8980
http://orcid.org/0000-0003-2175-8980
http://orcid.org/0000-0003-2175-8980
http://orcid.org/0000-0003-2175-8980
http://orcid.org/0000-0003-2175-8980
http://orcid.org/0000-0003-0276-1973
http://orcid.org/0000-0003-0276-1973
http://orcid.org/0000-0003-0276-1973
http://orcid.org/0000-0003-0276-1973
http://orcid.org/0000-0003-0276-1973
http://orcid.org/0000-0003-4216-3214
http://orcid.org/0000-0003-4216-3214
http://orcid.org/0000-0003-4216-3214
http://orcid.org/0000-0003-4216-3214
http://orcid.org/0000-0003-4216-3214
http://orcid.org/0000-0002-3668-346X
http://orcid.org/0000-0002-3668-346X
http://orcid.org/0000-0002-3668-346X
http://orcid.org/0000-0002-3668-346X
http://orcid.org/0000-0002-3668-346X
http://orcid.org/0000-0003-2054-2256
http://orcid.org/0000-0003-2054-2256
http://orcid.org/0000-0003-2054-2256
http://orcid.org/0000-0003-2054-2256
http://orcid.org/0000-0003-2054-2256
http://orcid.org/0000-0002-8614-5627
http://orcid.org/0000-0002-8614-5627
http://orcid.org/0000-0002-8614-5627
http://orcid.org/0000-0002-8614-5627
http://orcid.org/0000-0002-8614-5627
http://orcid.org/0000-0002-5249-1812
http://orcid.org/0000-0002-5249-1812
http://orcid.org/0000-0002-5249-1812
http://orcid.org/0000-0002-5249-1812
http://orcid.org/0000-0002-5249-1812
http://orcid.org/0000-0002-4524-2930
http://orcid.org/0000-0002-4524-2930
http://orcid.org/0000-0002-4524-2930
http://orcid.org/0000-0002-4524-2930
http://orcid.org/0000-0002-4524-2930
http://orcid.org/0000-0002-0855-1283
http://orcid.org/0000-0002-0855-1283
http://orcid.org/0000-0002-0855-1283
http://orcid.org/0000-0002-0855-1283
http://orcid.org/0000-0002-0855-1283
http://orcid.org/0000-0002-8314-7416
http://orcid.org/0000-0002-8314-7416
http://orcid.org/0000-0002-8314-7416
http://orcid.org/0000-0002-8314-7416
http://orcid.org/0000-0002-8314-7416
http://orcid.org/0000-0002-9507-3223
http://orcid.org/0000-0002-9507-3223
http://orcid.org/0000-0002-9507-3223
http://orcid.org/0000-0002-9507-3223
http://orcid.org/0000-0002-9507-3223
http://orcid.org/0000-0002-4406-8985
http://orcid.org/0000-0002-4406-8985
http://orcid.org/0000-0002-4406-8985
http://orcid.org/0000-0002-4406-8985
http://orcid.org/0000-0002-4406-8985
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56542-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56542-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56542-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56542-1&domain=pdf
mailto:zhongy@sustech.edu.cn
mailto:zhengyao.lu@nateko.lu.se
mailto:qsliu@sustech.edu.cn
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-56542-1

Ridge in the Bering Sea during Expedition 323 (Fig. 1), and recon-
structed continental humidity records for the past 400 kyr (Supple-
mentary Figs. 1, and 2). Analysis of reconstructed poleward heat and
moisture transport from the NPSG to the Arctic Ocean (Fig. 1), along
with model simulations, offers insights into mechanisms controlling
Arctic sea-ice extent and high-latitude ocean-atmosphere dynamics,
with important implications for future Arctic responses to ongoing
global warming.

Results and discussion

Orbital changes in North Pacific precipitation

A ternary diagram of clay mineral composition (smectite, illite, chlorite
+ kaolinite wt%) of sediments from Site U1342 shows that most glacial
and interglacial sediments resemble those from the Eastern Aleutian
Basin (Supplementary Fig. 3). The clay minerals deposited at Site U1342
were likely sourced from the Aleutian Arc region, adjacent to the
Eastern Aleutian Basin? (Supplementary Fig. 1b). We focus on goethite,
a magnetic mineral which currently forms in soils under relatively
humid conditions (i.e., precipitation exceeding evaporation) and cool,
less seasonal conditions™". The dominant magnetic mineral in Bering
Sea deep-sea sediments recovered from Site U1342 is detrital magne-
tite, and the overall rock magnetic variability is known to be essentially
minimally altered by early diagenesis in Bering Sea deep-sea
sediments™. As a result, we consider variations in goethite con-
centration in sediments from Site U1342 a reliable proxy for past
moisture changes in the Aleutian Arc region.

This high-resolution goethite content record spanning the past 400
kyr (Fig. 2e) shows significant 67-kyr and 23 kyr periodicities (Fig. 3a, b).
The former is suggested to reflect a nonlinear variability in the Bering
Sea climate system during the late Quaternary”, influenced by the
interactions between the high-latitude 100-kyr cycle and the 41-kyr
obliquity cycle. We note that the same cyclicity has also been reported in
the planktonic foraminiferal 80 record from Site U1312 in the mid-
latitude North Atlantic'®. The cyclicity found at IODP Site U1312 may have
been influenced by both low-latitude North Atlantic (sub) surface water
changes" and the expansion of Northern Hemisphere ice sheets. Simi-
larly, the ~67-kyr periodicity found in the goethite record of Site U1342
might be the result of the interactions between high-latitude ice-sheet
dynamics and low-latitude heat-moisture forcing in the North Pacific.

The clear 23 kyr precession signal in Site U1342 is also mirrored by
a composite Arctic Palaeoclimate Index (API) stack from benthic for-
aminiferal and ostracod density from central Arctic Ocean sediment
cores (Fig. 2f)°. High spectral density is associated with high pro-
ductivity and low sea-ice extent (Fig. 2f)*° during warm periods with
dominant responses on the eccentricity and precession band
(Fig. 3¢)”. If we ignore longer cycles in the Arctic Ocean records, the
density variations suggest that poleward transport of heat and
moisture over the western SANP and central Arctic was driven by
precession-forced low-latitude climate change. This aligns with recent
model simulations, which show that precession plays a dominant role
in Arctic sea-ice formation, linked to the response of local summer
insolation and northward oceanic heat transport®>*.
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Fig. 1| Regional map showing annual mean precipitation (color shading; see
scale bar) and 850 hPa winds (arrows), based on the NCEP-DOE reanalysis
(1979-2017)*. Marine records include IODP Site U1342 (this study), ARC5-
MAOI°, P1-92-AR%, U1419%, RC14-99%°, MD01-2421°°, MD01-2404°, U1429% in
the North Pacific, ODP Site 1146°2, ODP Site 1143 in the South China Sea and
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MDO05-2920 in the central Pacific Ocean’*. Terrestrial records include the loess
sequences from Jingyuan®, Xijin?®, and speleothem records from Sanbao® and
Buckeye Creek Cave. Information on the locations of these sites is summarized
in Supplementary Table 1.
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Fig. 2 | Rainfall records from the high and low latitude Pacific Ocean since
400 ka. a Precession and eccentricity®’; b Chinese cave stalagmite 80 record from
Sanbao” and Northern Hemisphere summer insolation (65°N, July-September)*’;
¢ North China rainfall changes based on K/Al at IODP Site 1429 (green) and simu-
lations (purple)*; d Buckeye Creek Cave 60 record® and July insolation at 65°N*’;
e Goethite contents in IODP Site U1342 (this study) and 23 kyr (thick gray line)

Gaussian bandpass filtered output; f Arctic Paleoclimate Index* and Mn/Ti from
ARC5-MAO1%*; g Simulated annual mean North Pacific westerlies (35°N-55°N, 120°E-
240°E), normalized at 500 hPa*’; h LRO4 benthic §'®0 stack’* and global sea-level”’.
The gray and yellow vertical bars mark glacial terminations and orbital periodi-
cities, respectively.
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Fig. 3| Orbital-scale climate variability during the last 400 kyr. Evolutive spectra
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analyses of b Goethite contents in IODP Site U1342 (this study), d Arctic
Palaeoclimate Index®, f K/Al in IODP Site U1429*, and h Chinese stalagmite §'*0
record”. Orange dashed lines indicate significant peaks at the period of 23 kyr.

Interestingly, the precession signal in the SANP is evident at
~0-200 ka and ~320-400 ka, as revealed by the evolutive spectra, but
appears weaker between 200 and 320 ka (Fig. 3a). Precipitation
records from the low- to mid-latitudes across the North Pacific region
consistently exhibit a precession signal throughout the last 400 kyr, as
documented in the East China Sea*2° (Fig. 2c), central and eastern
China” (Fig. 2b) and North America®®*’ (Fig. 2d), with higher pre-
cipitation correspond to lower precession. In general, wetter condi-
tions coincide with higher boreal summer insolation® (Fig. 2a).
Compared to wavelet changes from low- and mid-latitude records
(Fig. 3e-h), the co-occurrence of strong ~67-kyr and -23-kyr cycles in
our goethite content record (Fig. 3a) implies that moisture changes in
the high-latitude Pacific are influenced by both precession and glacial
boundary conditions®"*,

Coupling mechanism between high and low latitude moisture
transport

The goethite record from Site U1342 suggests that the precessional
signal within subarctic humidity is only expressed at eccentricity
minima during the past 400 kyr (Fig. 2a, e). Despite its small net effect
on the annual mean insolation, eccentricity exerts a strong modulation

on insolation amplitude changes by affecting precession®. For exam-
ple, eccentricity forcing was observed in African moisture patterns,
indicating that low-latitude insolation processes governed Eastern
African regional precipitation®*>, Some model simulations also pre-
dicted that Northern Hemisphere ice sheets increased in size, with
their southern extent reaching lower latitudes during periods of lower
eccentricity®. Thus, these precession-driven precipitation changes,
modulated by eccentricity, may have influenced high-latitude ice-sheet
build-up during MIS 2-4 and MIS 12 which featured the most intense
glaciations over the past 400 kyr (Fig. 2h)*".

Based on this evidence, we interpret that the SANP area became
more sensitive to low-latitude precession-driven summer insolation
changes during eccentricity minima. For example, under precession
maxima and eccentricity minima, the expansion of the North Pacific
gyre strengthens the poleward heat and moisture transport to high
latitudes. Overall, strong precession signals® (Fig. 2a) are consistent
with high Arctic palaeoclimate proxy records, including Mn/Ti ratios
(Fig. 26)*°, color reflectance, bulk density, rock magnetic properties,
and microfossil abundance over this time period***°*2, This implies
that even though precessional forcing is commonly associated with
low-latitude processes”, specifically in driving the Asian monsoon®*?,
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(a) High-low insolation composite SAR and low-lev wind
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minus Pp,,). The precession minima (maxima) are defined as the mean of six 1-kyr
intervals at 60°N when summer insolation reached a maximum (minimum) since
300 ka (Supplementary Fig. 9). a annual mean Surface Air Temperature (SAT) and

(b) High-low insolation composite P-E and low-lev wind
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Temperature (SST) and oceanic surface currents, and d annual mean Arctic sea-ice
concentrations.

the high-latitude Arctic may also amplify precession-related climate
changes through changes in sea-ice and snow albedo, as well as the
poleward transport of heat and moisture***¢,

Furthermore, we propose a teleconnection of orbital-scale cli-
mate variations between low and high latitudes in the North Pacific
caused by a reorganization of atmospheric circulation associated with
variations of the westerly jet’. This idea is based on recent observations
showing that the large-scale ocean gyres are shifting poleward during
the past few decades*’. Their meridional displacement is influenced by
a poleward shift of the strong mid-latitude westerlies in both
hemispheres*®. Transient model simulations for the SANP area show
that minima in precession (or high boreal summer insolation) are the
main driver of the enhancement and poleward displacement of the
westerlies*’ (Fig. 2g). Moreover, expansion of the NPSG, indicated by
increased oceanic heat transport between the equator and 30°N in the
Pacific basin (Supplementary Figs. 4-6), is an additional factor con-
tributing to exceptionally enhanced warmth in high-latitude
regions® %, With Pacific Ocean storm tracks positioned farther
northward, moisture transport is enhanced in regions of higher ele-
vation and latitude in western North America®-*,

To test our hypothesis and to characterize the dynamics of how
tropical and extratropical ocean-atmosphere systems have responded
to changes in orbital parameters, we conducted a transient climate
model simulation covering the last 300 kyr (see Methods for detailed
information) (Fig. 4). Climate model composites during precession
maxima and minima show distinct changes in temperature and pre-
cipitation, associated with changes in the general atmospheric and
oceanic circulation (Fig. 4 and Supplementary Figs. 4-6). The hydro-
climate response to precession at high latitudes in the Northern

Hemisphere is linked to an decreased meridional temperature gradient,
such as surface air temperature (SAT) and sea surface temperature
(SST) (Fig. 4a). As a result, the Hadley Circulation intensifies and extends
poleward (Supplementary Fig. 5), accompanied by increased pre-
cipitation, particularly in the warm pool region and in a region
extending from the Asian monsoon margin to the Arctic Ocean (Fig. 4b).
North Pacific Ocean gyres, primarily the North Equatorial Current, are
stronger and extend northward, along with atmospheric circulation
changes that favor poleward ocean heat transport, particularly in the
NPSG region (Fig. 4c; Supplementary Fig. 6)*°. Moreover, the poleward
atmospheric heat transport intensified, supplied by both the upper
Hadley circulation with an anomaly center around 30°N at 200 hPa, and
the associated lower Ferrel circulation that is most visible around 50°N
and below 850 hPa (Supplementary Fig. 5). This leads to accumulated
moist static energy (MSE) in the SANP (Supplementary Fig. 7). Enhanced
NPSG circulation would influence the western North American Ice sheet
through the Alaska Current, which is the key conduit for northward heat
transport from the NPSG to the Gulf of Alaska®*’. Furthermore, Arctic
sea-ice volume is influenced dynamically and thermodynamically by
several processes such as basal growth, frazil growth, snow-ice con-
version, and basal, top, and lateral melt™®*. In turn, these processes
influence sea-ice formation in the Pacific sector of the Arctic Ocean and
Bering Sea (Fig. 4d). Note that on a global scale, in the subarctic the
northward heat transport contributed by increased atmospheric heat
transport although weakened by decreased ocean heat transport
(Supplementary Fig. 6) can still drive increased MSE due to Bjerkness
compensation®, and provides favorable conditions for enhanced Arctic
sea-ice melting. These findings reinforce our data-driven interpretation
that heat and moisture transported from lower latitudes in the North
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Pacific Ocean affected Arctic sea-ice melt and river discharge, as
recorded in the Bering Sea sediments™.

Precession-paced, enhanced poleward transport of heat and
moisture from the low latitudes has also been observed in the Holo-
cene records from the North Atlantic®®®". Thus, increased insolation
occurred between 9000 and 5000 years ago driven by Earth’s axial tilt,
which was closer to the maximum obliquity. The precession cycle
positioning the Northern Hemisphere perihelion during its summer
months had a profound impact on the climate in the North Atlantic
Ocean. The North Atlantic Current extended further north than today,
the Atlantic Meridional Overturning Circulation (AMOC) was
stronger®®®' and sea ice sourced from the Arctic Ocean was less
abundant south of Greenland®. Around 5000 years ago, the preces-
sion cycle led to decreased summer insolation in the Northern Hemi-
sphere, inducing increased sea ice formation in the Arctic Ocean and
export along the East Greenland coast®*®*. At the same time, the
Greenland Ice sheet began to expand®. These observations support
the scenario put forward by our model and proxy records. Given that
the transport of heat and moisture from the NPSG to the Arctic is
influenced by precession-driven meridional temperature gradients,
projections for future Arctic climate are highly sensitive to subpolar
and extratropical SST changes (Fig. 3).

Implications for Arctic sea-ice evolution

Sea ice is a key component of Earth’s climate system, with its waxing
and waning are influenced by poleward moisture and heat transport®.
Spectral analysis of our model simulation reveals that the hydrocli-
matic evolution of the North Pacific Ocean, as represented by seasonal
precipitation, is forced by precession (Supplementary Fig. 8). This high
insolation signal extends from the major monsoon regions in North
Africa and Eurasia, particularly along the monsoon’s northern margins,
all the way to the North Pacific (Supplementary Fig. 8). Using both
proxy (Fig. 2) and model data (Fig. 4) we have showed that under
precession forcing, the Arctic climate is influenced by the magnitude
of water vapor and latent heat transport from the mid-latitude oceans.
Increased inflow of low-salinity Pacific water through the Bering Strait,
combined with elevated heat discharge of pan-Arctic rivers, could also
contribute to a reduction in sea-ice cover and alter the surface circu-
lation patterns in the Arctic Ocean®’. As a result, this anomalous, pre-
cession-paced, warm moisture is believed to play a dominant role in
Arctic sea-ice formation.

Moisture delivery is also thought to be critical for ice sheet
growth, even during periods such as the Last Glacial Maximum®,
Indeed our study supports the hypothesis that low latitude processes
were instrumental in shaping high-latitude glaciation and influencing
global ice volume during the Pleistocene. The atmospheric and ocea-
nic circulations with their associated heat transported the required
moisture poleward. With ongoing global warming, the air above the
Arctic Ocean will become warmer due to reduced Arctic sea ice cover,
increasing the moisture content of the atmosphere and, thus, the
atmospheric transport of sensible and latent heat to continental
interiors®. Poleward transport of heat in the North Pacific is projected
to further enhance Arctic Sea ice loss and accelerate global warming
through the Arctic amplification’®”* with potentially wide-ranging
impacts on altered weather patterns and disrupted ecosystems.

Methods

Age model

Sediment cores from IODP Site U1342 (54.83°N, 176.92°E, 818 m) were
sampled at - 3 cm intervals, yielding an average sampling frequency of
one per/kyr. The age model for Site U1342 was created by visually
tuning (13 tie points) the benthic foraminiferal 60 record from this
site” (Supplementary Fig. 2c) to the global benthic LRO4 50 stack’
(Supplementary Fig. 2a), and therefore, these records can be com-
pared with each other”. Based on this age model, the depth interval

between 0.045 meters below seafloor common depth (mcd) and
14.795 mcd at Site U1342 spans from O to 400 ka. Sedimentation rates
for the selected time interval average 3.62 cm/kyr, varying between
~2.05 and ~-6.32 cm/kyr (Supplementary Fig. 2c).

Diffuse reflectance spectroscopy analysis

Diffuse reflectance spectroscopy (DRS) was done with a Cary 5000
ultraviolet-visible-infrared spectrometer with BaSO, as the white
standard. The scan rate was 300 nm/min from 300 to 2600 nm in
0.5 nm steps. DRS data were first transformed into the K-M remission
function (F(R) = (1-R)2/2 R, with R indicating the reflectance), and the
second derivative curves of F(R) were calculated following Scheinost
et al. 7 and Torrent et al. ®. Characteristic bands in these curves
located at approximately 535 and 425 nm represent pure hematite and
goethite, respectively’’”®, The corresponding band intensities for
hematite and goethite are defined as Iy, and Ig,, which are propor-
tional to the concentration of hematite and goethite’,

Clay mineral analysis

A total of 123 samples from Site U1342 were analysed for their clay
mineralogy using X-ray diffraction (XRD). Clay minerals in the <2 pm
fraction were separated by settling according to Stokes law after the
removal of organic matter and carbonate by treatment with hydrogen
peroxide (15%) and acetic acid (10%). The clay minerals were analysed
by XRD using a Bruker D8 Advance diffractometer with CuKa radiation
(40 kV, 40 mA) at the Qingdao Sparta Analysis & Test Co., Ltd, China.
Identification of clay minerals was made according to the position of
the (001) series of basal reflections on the ethylene glycol XRD
diagram’. Clay mineral abundances were semi-quantitatively esti-
mated based on the peak areas of the basal reflection for the major clay
mineral groups (smectite: 17 A, illite: 10 A, and kaolinite/chlorite: 7 A).
We used the JADE 6.5 software with the empirical factors of Biscaye®.
The residual error of each sample’s fitting is less than 8%.

Time series analysis

Multi-taper analysis (MTM) and evolutionary Fast Fourier Transform
(eFFT)*" were applied to determine frequency changes and major
astronomical periods in the respective variables using the Acycle v2.6
open source software®”. Before spectral analysis, the raw data were
standardized. The 35% weighted average long-term trend was removed
by using a “LOWESS” preprocessing method®’. The multi-taper method
spectral estimator was employed to analyse the series data after linear
trend removal with 2m tapers®’. The average, 90%, 95%, and 99% con-
fidence levels of the resulting spectral peaks were calculated using
robust AR (1) noise models®. The 23-kyr precession cyclicity in the
goethite record was extracted by a bandpass filter, set at frequencies
from 0.040 to 0.046 (1/kyr). The target frequencies utilized in this
study were obtained from Laskar et al. 5.

Collection of existing palaeoclimatic records

Numerous palaeoclimatic records spanning orbital scales have been
documented at all latitudes in the North Pacific and monsoon regions.
In this study, we compiled 22 published records that were primarily
precession forced (Supplementary Table 1). These records represent
the overall spatial distribution pattern of precession forced conditions
during orbital timescales ranging from 2°S to 83°N in the North
Pacific Ocean.

Climate model and experiment design

The fully coupled NCAR-CCSM3 model with its active atmosphere,
land, ocean, and sea ice components was employed in this work. This
model has a spatial resolution of 3.75° for the atmosphere (26 vertical
layers) and land, a variable latitudinal resolution (~0.9° near the
equator, coarser poleward), and a longitudinal resolution of ~3.6° for
the ocean (25 vertical layers) and sea-ice. In addition, to investigate the
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East Asian monsoon rainfall response to transient orbital forcing with
complete precession (~20,000-year), obliquity (~40,000-year), and
eccentricity (-100,000-year) cycles®, we analysed a transient simu-
lation (comprising orbital (ORB)) driven by realistic orbital forcing
parameters since 300 ka. ORB was initialized from a pre-industrial
state. To focus on the orbital forcing alone, other boundary conditions,
such as greenhouse gas concentrations and ice-sheet volume, were
fixed at the pre-industrial level.

Data availability

All data needed to evaluate the conclusions in the paper are present in
the paper and/or Supplementary Material. The underlying measured
proxy data are available at https://doi.org/10.5281/zenodo.12792822.

Code availability
The code for Figs. 1 and 4 are available at https://doi.org/10.5281/
zen0do.12792822.
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