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Abstract Airborne mineral dust is sensitive to climatic changes, but its response to orbital forcing is still not
fully understood. Here, we present a reconstruction of dust input to the Subarctic Pacific Ocean covering the past
190 kyr. The dust composition record is indicative of source moisture conditions, which were dominated by
precessional variations. In contrast, the dust flux record is dominated by obliquity variations and displays an out-
of-phase relationship with a dust record from the mid-latitude North Pacific Ocean. Climate model simulations
suggest precession likely drove changes in the aridity and extent of dust source regions. Additionally, the
obliquity variations in dust flux can be explained by meridional shifts in the North Pacific westerly jet, driven by
changes in the meridional atmospheric temperature gradient. Overall, our findings suggest that North Pacific
dust input was primarily modulated by orbital-controlled source aridity and the strength and position of the
westerly winds.

Plain Language Summary Glacial-interglacial climate variations can affect dust transport to the
ocean, but the controls on past dust fluxes to the North Pacific Ocean remain poorly constrained. This region is
important because fertilization of phytoplankton growth by dust-borne iron may have contributed to lower
glacial atmospheric CO,, and dust records could also constrain the past dynamics of the North Pacific westerly
winds. Here, we highlight the dominance of obliquity cycles in modulating latitudinal shifts of the westerly
winds and, in turn, dust inputs. In contrast, precession regulates the aridity of the dust source regions, which
determines both dust emission rates and composition. Such orbital-scale fluctuations in the dust flux could
influence ocean-atmosphere interactions in the middle and high northern latitudes, with implications for global
atmospheric circulation and ocean carbon storage.

1. Introduction

Eolian dust is an important component of the Earth's climatic system that affects the radiative balance, precip-
itation processes, and the functioning of terrestrial and marine ecosystems (Jickells et al., 2005; Shao et al., 2011;
Tagliabue et al., 2017). In the Northern Hemisphere, dust is primarily sourced from North Africa, the Middle East,
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as well as Central and East Asia. Dust from these source regions is transported primarily by the prevailing trade
and westerly wind systems (Uno et al., 2009; Figure 1). Dust deposited at the ocean surface can also affect climate
via ocean fertilization because the iron released from partial mineral dissolution can increase primary productivity
and thus carbon uptake, thereby affecting atmospheric CO, concentrations (Martin, 1990; Moore et al., 2013).
Moreover, cloud-aerosol interactions in the atmosphere remain a major uncertainty in climate model simulations
and predictions (Szopa et al., 2021). Thus, improving our understanding of the mechanisms that control dust
mobilization, atmospheric transport, and deposition in response to climate forcing may enhance our ability to
project future changes in these systems (Kok et al., 2023).

Variability in eolian dust deposition in the North Pacific Ocean can be attributed to multiple factors, including
dust emissions associated with the availability and supply of fine sediments (from fluvial or glacial sources), dust
emission and transport efficiency (related to wind velocity), and the mode of deposition (dry vs. wet deposition)
(Mabher et al., 2010; Mayaud et al., 2016). For example, both high and low temperatures, as well as dry and wet
climatic conditions, have been related to the formation of sandstorms and sand transport (Mao et al., 2011; Yang
et al., 2019). Moreover, the Northern Hemisphere westerly winds play an important role in mid-to high-latitude
atmosphere-ocean coupling (Zhang et al., 2006; Figure 1), exerting considerable influence on weather patterns
and precipitation variability (Shaw et al., 2016; Uno et al., 2009). The temporal evolution of the position and
intensity of the westerlies also affects the migration of the summer rainfall belt over East Asia (Chiang
etal., 2015, 2017) (Figure S1 in Supporting Information S1), as well as the precipitation regime over the arid lands
of Central Asia (Zhao et al., 2014). The westerlies dominate the transport of Central Asian dust from land to sea in
this region, such that changes in dust provenance or fluxes may reflect changes in the westerly wind system.

Previous studies have investigated mid-latitude atmospheric circulation and dust-climate interactions from
various perspectives. Modern observations reveal that the Northern Hemisphere westerlies have experienced a
poleward shift in response to global warming, which is attributable to the expansion of the tropics associated with
changes in meridional temperature gradients (Chen et al., 2020; Yang, Lohmann, Krebs-Kanzow, et al., 2020).
Beyond the relatively limited era of instrumental records, reconstructions of westerly winds in the Northern
Hemisphere based on proxy records have primarily focused on the last glacial-interglacial transition (Gray
et al., 2020; Herzschuh et al., 2019; Nagashima et al., 2007, 2011). During the late Quaternary, reconstructions
from dust proxies in the North Pacific Ocean indicate higher fluxes during glacial periods than during interglacial
periods. This pattern has been linked in part to the enhancement of Asian aridification during glacial stages
(Hovan et al., 1989; Jacobel et al., 2017). Over longer geological timescales, latitudinal migrations of the
westerlies have predominantly been attributed to variations in Plio-Pleistocene meridional temperature gradients
and ice volume (Abell et al., 2021; Zhong et al., 2022). However, our understanding of the overall dynamics of the
westerlies with regard to dust emission and transport in this region remains incomplete, especially on orbital
timescales, because of a lack of high-resolution dust records from the North Pacific Ocean that extend beyond the
Last Glacial Maximum (Nagashima et al., 2007). In addition, the majority of previous studies focused on the
southern margin and the meteorological core of the westerly wind belt (Abell et al., 2023), while the northern
margin of the westerlies has remained sparsely studied (Serno et al., 2017), limiting a comprehensive under-
standing of the westerly wind dynamics and dust transport on orbital timescales.

In this study, we present a new high-resolution eolian dust record spanning the past 190 kyr based on sediments
from gravity Core LV63-4-2 that was recovered from the slopes of Detroit Seamount in the Subarctic Pacific
Ocean (Zhong et al., 2020, 2021; Figure 1). Both precession- and obliquity-paced dust fluctuations are identified
in this record. By synthesizing multiple proxies and combining them with climate simulations conducted under
different orbital configurations, we propose that the precession- and obliquity-paced dust fluctuations can be
attributed to changes in aridity in the dust source regions and the migration/intensity of the westerly winds,
respectively.

2. Materials and Methods

This study is based on gravity Core LV63-4-2 (51.63°N, 167.81°E; 2,946 m water depth), which was collected
from the northern Emperor Seamounts in the western subarctic Pacific Ocean during a Russian-Chinese joint
expedition on R/V Akademik M.A. Lavrentyev in 2013 (Figure 1). The 6.88 m long sediment sequence is
dominated by fine-grained silt and clay, with occasional volcanic ash layers. The age model for Core LV63-4-2 is
based on six AMS '“C dates (for the upper part) in combination with planktonic foraminiferal oxygen isotope
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Figure 1. Regional map showing annual mean precipitation (color shading; see scale bar) and 850 hPa winds (arrows), based on the NCEP-DOE reanalysis (1979-2020)
(Kanamitsu et al., 2002). Marine records include core LV63-4-2 (this study), core LV76-18 (Cheng et al., 2022), ODP Site 882 (Serno et al., 2017), ODP Site 1208
(Abell et al., 2023), ODP Site 885 (Zhang, Liu, et al., 2020), core V21-146 (Hovan et al., 1989), and core H3571 (Kawahata et al., 2000) in the North Pacific, core
MDO06-3047 in the western Philippine Basin (Xu et al., 2015), core MD03-2705 in the east Atlantic (Skonieczny et al., 2019), and core RC09-166 in the Gulf of Aden
(Tierney et al., 2017). Terrestrial records include the loess sequences from Jingyuan (Sun et al., 2019), Xijin (Guo et al., 2022), Xifeng (Guo et al., 2009), Luochuan
(Han et al., 2020), Tacheng, and Yumin (Li et al., 2019b), and speleothem records from Sanbao (Cheng et al., 2016). The light blue arrow depicts the general direction of
the westerly winds. Red and dark blue dashed arrows qualitatively indicate the dominant position of the westerly winds during interglacial and glacial periods of the
Quaternary, respectively (Abell et al., 2021; Kapp et al., 2011). Red and dark blue solid arrows indicate the Asian summer monsoon and Asian winter monsoon,
respectively. Major Asian dust sources are also indicated: Gobi Desert (Gobi), Taklimakan Desert (TK), and Qaidam Basin (Q).

stratigraphy, paleomagnetic events, tephrochronology, and the correlation of sediment lightness proxy data to
carbonate content data from Ocean Drilling Program (ODP) Site 882 (Jaccard et al., 2010; Liu et al., 2022; Zhong
et al., 2020, 2021) (Figure S2 in Supporting Information S1).

In this study, we used the upper 6.2 m of core LV63-4-2 to generate a continuous record of hematite (Hm) and
goethite (Gt) content for the last ~190 kyr, when there was an average sedimentation rate of ~3.3 cm/kyr.
Sampling resolution was 0.6 kyr. We used diffuse reflectance spectroscopy (DRS) measurements to obtain a
record of the combined relative concentration of Hm and Gt (Rely,, . ) (Zhang et al., 2018), which is presented
per unit mass of dry sediment (details of the experimental procedures are given in Text S1 in Supporting In-
formation S1). To determine the input history of a given sedimentary component, we define the Rely,, , g, flux to
reflect Hm and Gt inputs: Flux of Rely,,, g = Relgm 4 ¢ X DBD X LSR X (100-CaCO;%-Opal%-TOC%) X dust
fraction (DBD, dry bulk density; LSR, linear sedimentation rate) (Koffman et al., 2021; Liu et al., 2022; Yao
et al., 2022).

Relative proportions of sedimentary hematite and goethite (Hm/(Hm + Gt)) provide a proxy for source aridifi-
cation, with higher Hm/(Hm + Gt) ratios corresponding to more arid conditions, or at least greater seasonality
(Clift et al., 2014; Lepre & Olsen, 2021; Limmer et al., 2012).

We also conducted spectral analyses to examine the periodicities in the Hm/(Hm + Gt), Rely,, , . and
Relyy, 4+ i flux records. All data were linearly interpolated at 1 kyr spacing and detrended before analysis. The
analysis was performed using the REDFIT spectral analysis program in the Past 3.0 software package. We also
applied Gaussian band-pass filters to the eolian dust records with the Acycle software (Li et al., 2019a) in order to
extract oscillations associated with the precession and obliquity periods, using filters centered at 0.0476 ky ™' (21-
kyr cycle) and 0.02439 kyr™" (41-kyr cycle), respectively.

Using the Alfred Wegener Institute Earth System Model (AWI-ESM; Sidorenko et al., 2019), we conducted two
sets of simulations to examine the physical mechanisms potentially controlling the dust fluctuations in our record.
The AWI-ESM has been validated and widely used in climate change studies over different timescales (Lohmann
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et al., 2020; Shi et al., 2020; Yang, Lohmann, Krebs-Kanzow, et al., 2020). The details of the climate model
simulations are provided in Text S2 in Supporting Information S1.

3. Results

We determined the hematite and goethite contents in Core LV63-4-2 to assess variations in the Rely,, , g,
(Figure 2e), the Rely,, , g, flux (Figure 2f), and the Hm/(Hm + Gt) ratio (Figure 2d) over the past 190 kyr. In
general, the flux of Rely,, , g (Figure 2f) is in-phase with the variations in Rely,, , g, (Figure 2e), which suggests
that any changes in accumulation rate related to inputs of other sediment components did not bias the signal in the
Relyy, 4+ g record.

Despite some similarities during glacial times associated with Marine Isotope Stages (MIS) 2, 4, 5b, 5d, and 6
(Figure 2), the Hm/(Hm + Gt), Rely,, , g and flux of Rely,, , g records show different spectral patterns
(Figure 3). Variations of Hm/(Hm + Gt) in Core LV63-4-2 have prominent power in the precession band (~19-23
kyr cycles) (Figures 3a and 3b). In contrast to the Hm/(Hm + Gt) record, the orbital-scale variability in the
Rely, 4+ g in Core LV63-4-2 does not show a clear precession signal, and instead is dominated by a 41-kyr
obliquity cycle (Figures 3c and 3d). It is also noteworthy that a 41-kyr obliquity cycle is evident, but less
strongly expressed, in variations of Hm/(Hm + Gt) in Core LV63-4-2 (Figures 3a and 3b). Spectral and wavelet
analysis of the Rely,, ; g flux record reveals a combination of both precession and obliquity components
(Figures 3e and 3f).

4. Discussion
4.1. Hematite and Goethite as Proxies for Eolian Input in North Pacific Marine Sediments

Eolian dust in marine sediments contains abundant Hm and Gt that are derived from weathering and erosion
processes in the neighboring subtropical drylands where most atmospheric dust is produced (Larrasoaia
et al., 2015; Liu et al., 2012; Oldfield et al., 2014). Hematite and Gt are more stable than other ferromagnetic
minerals in a variety of sedimentary environments, implying that they can provide valuable records of eolian input
to the marine environment (Lepre & Olsen, 2021; Liu et al., 2012). Hematite is preferentially associated with
drier, hotter, or more seasonal conditions, whereas Gt is formed in cooler, wetter climates (Clift et al., 2014; Lepre
& Olsen, 2021; Limmer et al., 2012). The Hm and Gt abundances and their relative ratios have previously been
used as proxies to document the supply of eolian dust to North Pacific pelagic sediments (Zhang et al., 2018).
Specifically, North Pacific Ocean sediments have been shown to contain eolian Hm and Gt particles
(Mabher, 2011; Yamazaki, 2009; Zhang et al., 2018, 2020) that were transported by the westerlies from the
drylands of Central Asia to distal locations in the North Pacific Ocean at latitudes of up to 50°N (Maher, 2011;
Serno et al., 2014).

Other than eolian dust, our studied pelagic sediments are also influenced by the supply of biogenic, terrigenous,
and volcanogenic particles. Given the location of Core LV63-4-2, on a topographic high of the northern Emperor
Seamount chain and in a distal position from the Asian continent, the influence of riverine and submarine mass
flows on Hm and Gt abundances is expected to be negligible. Furthermore, most magnetic particles derived from
continental sources other than dust appear to be dominated by ferromagnetic particles rather than by antiferro-
magnetic Hm and Gt (Lund et al., 2021).

However, Hm and Gt have been reported in volcanogenic glacial sediments and ash samples from Alaska, albeit
in much lower concentrations than seen in Asian dust (Koffman et al., 2021; Nwaodua et al., 2014; Ortiz
et al., 2009). Such glacial sediments and ash can also be transported over long distances by ice rafting and ocean
currents (Caissie et al., 2016; Lund et al., 2021; Nwaodua et al., 2014). Our geochemical data show that the
detrital component in Core LV63-4-2 sediments derives from binary mixing between Asian dust and circum-
Pacific volcanogenic material (Text S3 and Figure S3 in Supporting Information S1) (Weber et al., 1996;
Zhang et al., 2016). We followed the thorium-based mass balance approach of Serno et al. (2014) to calculate the
relative proportions of Asian dust and volcanogenic material in Core LV63-4-2 (Text S4 and Figure S4 in
Supporting Information S1). The Hm and Gt content is about one order of magnitude higher in Asian dust than in
volcanogenic material (Koffman et al., 2021) (Figure S4b and S4c in Supporting Information S1), so the eolian
input from East/Central Asian dust sources appears to dominate the Hm and Gt signals in Core LV63-4-2. This
conclusion is further supported by the similarity of the Rely,, , g, record to nearby records of “He-based
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Figure 3. Wavelet power spectra of (a) Hm/(Hm + Gt) ratio, (¢) Rely,, , g, content, and (e) Rely;,., , , flux in core LV63-4-2. Solid black contour lines identify regions
where spectral power meets the 5% significance level against red noise. The thick line identifies the cone of influence where edge effects could impact the signal. Red
dashed lines represent the major periods of precession (19-23 kyr) and obliquity (41 kyr). Power spectrum analysis of (b) Hm/(Hm + Gt) ratio, (d) Rely,, . ¢, content,
and (f) Rely,, , g, flux in core LV63-4-2. Red, green, blue, and orange lines represent theoretical red noise, 80%, 90%, and 95% false-alarm levels, respectively. Red
dashed lines indicate significant peaks at periods of 21 kyr, ~20-25 kyr, and 41 kyr.

terrigenous fluxes recorded at ODP Site 882 (Serno et al., 2017) (Figure S5e in Supporting Information S1) and
black soot content in Core LV76-18 (Cheng et al., 2022) (Figure S5e in Supporting Information S1). As such, we
consider Hm and Gt abundances reliable proxies for Asian dust supply to the North Pacific (Maher, 2011), even in
depositional environments that are dominated by volcanogenic detritus.

Figure 2. Eolian dust and rainfall records from the Asian continental interior and Pacific Ocean since 190 kyr. (a) Chinese cave stalagmite 8'%0 from Sanbao (Cheng
etal.,2016) and Northern Hemisphere summer insolation (65°N, July-September) (Laskar et al., 2004); (b) Precession index (Laskar et al., 2004); (c) Reconstructed East
Asian monsoon precipitation in its northern region based on records of 19Be in loess (Beck et al., 2018) and 8'3C of loess carbonate (Sun et al., 2019); (d) Hm/(Hm + Gt)
ratio (original data and three-point filter) in core LV63-4-2, and 21 kyr Gaussian bandpass filtered output (thick red line); (e) Rely,, , g, content (original data and three-
point filter) in core LV63-4-2, and 41 kyr Gaussian bandpass filtered output (thick purple line); (f) Rely,, , g, flux (mg/cm?/kyr, gray line) in core LV63-4-2, 41 kyr
(thick gray line) and 21 kyr (thick pink line) Gaussian bandpass filtered output; (g) Dust flux record from core V21-146 on Shatsky Rise (Hovan et al., 1989) (line with
symbols), and obliquity index (Laskar et al., 2004) (inverse scale); (h) Modeled sea surface temperature (SST) gradient (Central (160°E—180°E, 20°N—30°N)-North
(160°E—180°E, 45°N—55°N)) in the North Pacific Ocean during the last 190 kyr for ORB + GHG + ICE and ORB experiments (see Text S2 in Supporting
Information S1); (i) LRO4 benthic 8'%0 stack (Lisiecki & Raymo, 2005) and atmospheric CO, concentrations from EPICA Dome C ice core (Liithi et al., 2008). Gray
bars indicate glacial periods, and all periods are labeled with marine isotope stage (MIS) numbers.
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4.2. Precession Control on the Moisture Conditions in Dust Source Regions

Precession forcing is recognized as a pacemaker of low-latitude climate change and in particular, as a driver
of variability in the hydrological cycle (Huang et al., 2020; Wang, 2021) (Figures 2a and 2b). Such a control
is also recorded here in the changes in the Hm/(Hm + Gt) ratio and dust flux records (Figures 2d-2f).
Previous studies suggest that precessional changes influence the near-surface wind intensity (Evan
et al., 2016; Kang et al., 2022; Wu et al., 2022) and/or source moisture content (Maher et al., 2010; Mayaud
et al., 2016; Ujvéri et al.,, 2017), thereby controlling dust emissions in the source areas and thus the dust
fluxes to Core LV63-4-2.

A clear precession signal is recorded in the loess deposits of Central Asia (Cheng et al., 2020, 2021; Li
et al., 2019b) and on the Chinese Loess Plateau (Guo et al., 2022). In contrast, long-term aridity records from the
Taklimakan Desert/Tarim Basin display 100-kyr cycles in the late Quaternary and lack a strong precession signal
(Fang et al., 2020; Liu et al., 2020). Some climatic modeling simulations indicate that precession forcing is the
dominant factor controlling the differences in moisture patterns between Central and East Asia, with out-of-phase
relationships between these two regions (Li et al., 2020). This finding is attributed to different expressions of
orbital forcing on spatial variability and different sensitivities to high- and low-latitude forcing. Moreover, Cheng
et al. (2021) used numerical modeling experiments and optically stimulated luminescence ages from Central Asia
to argue that dust accumulation during the Last Glacial Maximum showed an anti-phase relationship with
Northern Hemisphere summer insolation at 65 °N, which is modulated by precession (Berger & Loutre, 1991).
This relationship could be explained by the increased extent of the Northern Hemisphere ice sheets, which would
have enhanced the intensity of the Siberian High (Xie et al., 2019). In such a scenario, more frequent, strong, near-
surface winds would be an important factor responsible for the Asian dust export.

In addition, environmental conditions in the source areas can also produce large variations in sediment supply. For
example, changes in vegetation cover and soil moisture influence the availability of fine material in the potential
dust source areas (de Menocal et al., 2000; Wu et al., 2022). This relationship is evidenced by the link between
low 8'3C values (reflecting C3 vs. C4 vegetation in the source region) in the absolute-dated Gulang Loess
sequence (Sun et al., 2019) and the high '°Be content in the Xifeng Loess over precessional timescales (Beck
et al., 2018; Figure 2c). Monsoon precipitation records from the Xijin drill cores on the western Chinese Loess
Plateau have also revealed dominant 23-kyr cycles through both interglacial and glacial periods, consistent with
local precessional insolation forcing (Guo et al., 2022; Figure 2a). Increased humidity during warm periods in the
dust source areas would have promoted vegetation growth, thereby reducing the production of dust and its
subsequent entrainment (Li et al., 2019c¢). As a corollary, increased dust inputs during cool periods (Figure 2f)
were closely related to decreased summer precipitation (Figure 2d). We further recognize that seasonal increases
in precipitation and fluvial activity could have enhanced sediment availability and promoted dust generation in
East/Central Asia (Li et al., 2019¢).

A precessional control over dust fluxes arising from precipitation in the source regions is further demonstrated
by climate model simulations exploring the regional sensitivity of summer precipitation in the Asian-African
region to precession (Text S5 in Supporting Information S1, Figure 4a). Those results are consistent with a
dominant control of precession forcing on summer precipitation in North China (Lyu & Yin, 2022; Lyu
et al., 2021) and North Africa (Larrasoafa et al., 2015; Skonieczny et al., 2019) (Figure S5d in Supporting
Information S1). Wetter conditions in dust source regions could reduce the production and supply of dust,
thereby contributing to decreased dust fluxes during intervals of strong precession-driven insolation (Figure 4a).
This precession signal was also previously found in the loess sequence in the Tacheng Basin of eastern Central
Asia (Li et al., 2019b; Figure 1). Conversely, weakening of the East Asian summer monsoon during precession-
driven insolation minima would be expected to channel less precipitation from the tropics towards Central Asia,
thereby facilitating aridification and promoting wild-fire activity, as recorded in the soot record in Core LV76-
18-1 from the North Pacific Ocean (Cheng et al., 2022; Figure S5e in Supporting Information S1). Similarly,
230Th-normalized dust fluxes at the West African margin (Skonieczny et al., 2019; Figure S5d in Supporting
Information S1) show a high correlation with summer insolation and only limited glacial-interglacial changes,
with coherent variability observed across the African monsoon belt (Tierney et al., 2017; Figure S5c in
Supporting Information S1).

Since our Hm/(Hm + Gt) record reveals relatively weak variations on obliquity timescales, we examined how
obliquity impacts precipitation. Model simulations with different obliquity configurations (Text S2 in Supporting
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Figure 4. (a) Annual precipitation anomaly in the AWI-ESM low-precession experiment compared to the high-precession experiment. (b) Annual precipitation anomaly
in the AWI-ESM low-obliquity experiment compared to the high-obliquity experiment. The arid climate zones, or dust source regions, are demarcated by the red
contour lines, which represent 40 cm/year precipitation in the high-obliquity and high-precession experiments, respectively. In all cases, the plotted results are based on
the last 100 years of the experiments, and stippling indicates regions where the anomalies are statistically significant (two-tailed Student's 7-test).

Information S1) suggest that low obliquity reduces precipitation in the monsoon domain of Africa and Asia
(Figure 4b), which would be expected to increase the aridity. Nonetheless, the contribution of obliquity changes to
aridity is relatively weak when compared to the effect of precession, in particular over the relevant dust source
regions.

4.3. Influence of Obliquity on Atmospheric Transport

Although precession influenced local conditions in dust source regions (e.g., North Africa, Middle East, and
Centra Asia), the dust fluxes to the North Pacific display a different depositional pattern. In particular, a strong
obliquity signal is seen in the dust input to Core LV63-4-2 (Text S5 in Supporting Information S1; Figures 2e, 2f,
3c and 3d). Within the obliquity band, the eolian input to the Pacific Ocean appears to be out-of-phase between
high- and mid-latitudes (Figures 2f and 2g; Hovan et al., 1989). We note that this offset may be partly related to
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differences in age models (Figure S2 in Supporting Information S1) or data resolution, with additional uncertainty
introduced by reconstructing lithogenic input to the ocean without normalization to a constant flux proxy (Abell
et al., 2021). Despite those caveats, the eolian input to Core LV63-4-2 is clearly in phase with obliquity and
appears to be out of phase with the low-resolution dust input signal in Core V21-146 (Hovan et al., 1989; Fig-
ures 2f and 2g). Such systematic behavior is unlikely to result from age model uncertainties or from fundamental
weaknesses of the dust input proxies used at the different locations (Serno et al., 2017). Instead, these results
suggest that eolian deposition responded to obliquity cycles in the North Pacific westerly jet, highlighting a strong
role for obliquity in modulating meridional temperature gradients and latitudinal shifts of the westerly winds, as
previously demonstrated for the Southern Hemisphere (Ai et al., 2020).

The reconstructed dust inputs in the high- and mid-latitudes (Figures 2f and 2g) appear to be consistent with a
more southward position of the westerly winds during intervals of low obliquity. We examine this hypothesis with
global climate model simulations (see Materials and Methods). Low obliquity results in less insolation at high
latitudes, and more insolation at low latitudes, which enhances the temperature gradient between the mid and high
latitudes (Figure 5a). It is noteworthy that the effect of obliquity on solar radiation differs between summer and
winter. However, in the case of low obliquity, reduced high-latitude summer insolation leads to less oceanic heat
absorption and expanded sea ice cover, which can result in year-round cooling anomalies in high latitudes. The
enhanced temperature gradient, in turn, forces an equatorward intensified westerly jet (Figure 5b), as also
revealed by previous studies (Lee & Poulsen, 2009; Lu et al., 2010; Timmermann et al., 2014). Such latitudinal
shifts of the westerly winds would leave distinct eolian depositional patterns as a function of latitude in the
Northern Hemisphere (Bosmans et al., 2018; Liu, Sun, et al., 2015) (Figure 2).

In addition, the location of the pronounced meridional sea-surface temperature gradient is linked to the mid-
latitude winds, such that the North Pacific subarctic front coincides with the westerly storm tracks (Gray
et al., 2020; Shaw et al., 2016). Transient simulations, particularly those driven by continuous insolation changes,
also reveal a robust relationship between obliquity (Figure 2g) and the meridional sea-surface temperature
gradient in the northwestern Pacific Ocean (Figure 2h). Specifically, intervals of low obliquity correspond to an
increase in the meridional surface air temperature gradients (Figure 5a) and an equatorward intensification of the
westerly wind field (Figure 5b). In addition to the strong obliquity signal seen in mid-to high-latitude paleoclimate
records, some (but not all) tropical Indo-Pacific hydroclimate records display a similar signal, suggesting that the
enhanced northerly winds associated with a strong pressure gradient between the Siberian High and the Australian
Low can reinforce a southward shift of the Intertropical Convergence Zone (Liu, Sun, et al., 2015; Zhang, Liu,
et al., 2020, 2022). Better constraints on the migration dynamics of the high-latitude North Pacific westerly wind
system during Quaternary glacial-interglacial cycles are therefore important for improving our understanding of
the interactions between high- and low-latitude processes (Liu, Sun, et al., 2015).

Obliquity changes modulate the amplitude of the seasonal cycle of insolation in both hemispheres synchro-
nously (Berger et al., 2010). As a result, obliquity forcing is also reflected in meridional shifts of the Southern
Hemisphere westerly winds (Yin, 2013), which modulate the Southern Ocean upwelling intensity and
contribute to regulating glacial-interglacial atmospheric CO, changes (Ai et al., 2020; Mantsis et al., 2014). Our
simulations support such obliquity forcing of the westerly jet in both hemispheres, with the Northern Hemi-
sphere changes related to the temperature gradient between the middle (20°N-30°N) and high latitudes (45°N-
55°N) (Figures 5a and 5b). Moreover, the presence of precessional cycles in the split jet dynamics of the South
Pacific westerlies (Lamy et al., 2019) indicates that orbital-scale changes of the westerly winds were not
zonally homogeneous across the Southern Hemisphere. Given the difference in land-sea distribution patterns
between the two hemispheres, the prevalence of both precession and obliquity signals in precipitation and dust
records from the North Pacific Ocean highlights that this orbital forcing plays an important role in global dust
cycles. Further studies into the orbital dynamics of the westerly winds in both hemispheres during the late
Quaternary glacial-interglacial cycles should focus on understanding the mechanisms responsible for generating
such heterogeneity.

5. Conclusions

We present a new high-resolution reconstruction of dust input to the Subarctic Pacific Ocean covering the last
190 kyr. The relative abundance of eolian Hm and Gt fluctuated mainly on precessional timescales, with elevated
values coincident with intervals of maximum precession. In contrast, the total dust input was dominated by
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Figure 5. (a) Surface air temperature anomaly in the low-obliquity experiment compared to the high-obliquity experiment. (b) 850 hPa zonal wind anomaly in the low-
obliquity experiment compared to the high-obliquity experiment. Solid lines represent westerly winds, and dashed lines represent easterly winds. An equatorward shift
of the westerly winds is found in the low-obliquity experiment. In all cases, the plotted results are based on the last 100 years of the experiments, and stippling indicates
regions where the anomalies are statistically significant (two-tailed Student's #-test). Red circle indicates the Core LV63-4-2 location.

obliquity variations that were out-of-phase with an existing dust record located further south. Climate model
simulations suggest that the precessional fluctuations in the Hm/Gt ratio likely reflect changes in aridity in the
dust source regions in response to variability in the precipitation in those regions. In addition, obliquity-driven
variations in dust input can be explained by meridional shifts in the North Pacific westerly jet, causing
changes in the meridional temperature gradient. These findings suggest that orbitally controlled source aridity and
westerly winds both contribute to the dust input to the North Pacific Ocean.

Data Availability Statement

All data generated in this study have been deposited in the Zenodo database under the access code: https://zenodo.
org/records/10252020. The AWI-ESM code is publicly available at https://fesom.de/models/awi-esm/.
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