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Sea surface height variability shapes
Siberian Arctic Ocean circulation and

Pacific Water inflow
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The Siberian Arctic Ocean links river runoff, sea ice, and Pacific-Atlantic exchanges, yet the drivers of
its circulation variability remain poorly constrained. Using multi-decadal satellite altimetry, ocean
reanalysis products, and in situ observations with cyclostationary empirical orthogonal function
analysis, we show that shelf and slope currents are governed by distinct mechanisms across
timescales. Seasonally, the Eastern Siberian Shelf Current is primarily regulated by salinity-driven sea-
surface-height (SSH) gradients, with winds secondary, whereas the narrow Siberian Coastal Current is
buoyancy-driven and strongly enhanced by summer winds. Interannually, the Siberian Slope Current
captures a recent atmospheric transition from the Arctic Oscillation to the Arctic Dipole. We further
identify a Siberia—Alaska sea-level-pressure dipole that modulates SSH gradients and regulates
Pacific Water inflow through the Bering Strait, providing a physically based inflow index. Overall, SSH
integrates buoyancy forcing, wind-driven circulation, and basin-scale atmospheric variability,
identifying the Siberian Arctic Ocean as a key region for Arctic Ocean circulation and climate variability.

Arctic warming is occurring at nearly four times the rate of the global
average', causing profound changes in its sea ice, ocean circulation, and
Arctic ecosystems” . The extent and thickness of Arctic sea ice have declined
substantially®’, and projections suggest that the region may lose all summer
sea ice cover within decades, even under reduced emissions scenarios’. The
Arctic Ocean plays a central role in climate variability, with circulation
features such as the Beaufort Gyre, the transpolar drift, and Siberian coastal
currents actively redistributing heat and freshwater’"”. The East Siberian
continental shelf plays a particularly important role in this variability
because of the convergence between river discharge, sea-ice processes, and
Pacific Water inflow, thereby shaping stratification, vertical mixing, and
biogeochemical cycling'*"*. Additionally, ocean circulation variations in this
region have been linked to anomalous biogeochemical events and enhanced
shelf-basin interactions under rapid warming'®", underscoring the need to
understand the dynamics of the Eastern Siberian Shelf Current (ESSC) and
its associated climatic impacts. Atlantic inflows are increasingly recognized
as key drivers of sea-ice decline and circulation shifts in the Eurasian
Basin'®", reinforcing the need to investigate shelf-basin linkages in the
Arctic Ocean under rapid climate change.

Gateway exchange further modulates the variability of these processes.
The Bering Strait provides the sole Pacific inflow to the Arctic Ocean, with
seasonal and interannual transport variations arising in response to atmo-
spheric forcing, such as local winds and basin-scale atmospheric

conditions™ . Bering Strait transport influences stratification and bio-
geochemical responses in the Arctic Ocean, and recent studies have further
resolved Pacific inflow pathways across the Chukchi Shelf**. Given the
critical role of Bering Strait transport in shaping future changes in Arctic
Ocean circulation, identifying robust modes that capture its variability is
essential for advancing understanding and improving prediction of Pacific
Water inflow.

Sea surface height (SSH) offers an integrated perspective on Arctic
Ocean circulation by capturing both basin- and shelf-scale processes under
ice cover”. Satellite altimetry and reanalysis data have revealed features such
as the freshwater dome in the Beaufort Gyre’** and have highlighted key
circulation drivers, including sea-ice melt, river runoff***’, Pacific Water
inflow”, and wind-driven Ekman convergence'. Salinity-driven density
gradients further shape cross-shelf SSH slopes, strongly influencing
buoyancy-driven currents'**>”, suggesting that the variability in Arctic
Ocean circulation arises from the interplay between multiple forcing factors.

Large-scale atmospheric modes also play a critical role in governing
Arctic Ocean circulation. The Arctic Oscillation (AO), which dominates
winter sea-level pressure variability’, and the Arctic Dipole (AD), which is
characterised by a meridional pressure gradient between the Atlantic and
Pacific sectors™*, both strongly influence this circulation. The AO and AD
wind anomalies drive distinct cyclonic and anticyclonic SSH responses™ .
However, the AO-SSH relationship weakened after the mid-1990s***’,and a
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recent study has suggested an increasing AD influence"". This shift under-
scores the need to clarify how atmospheric regime changes are expressed in
SSH variability across spatial and temporal scales.

In this study, we analysed multi-decadal SSH variability from satellite
altimetry and ocean reanalysis data using a cyclostationary empirical
orthogonal function (CSEOF), allowing for seasonal cycles to be incorpo-
rated into the EOF framework***’, This approach enabled us to resolve the
dynamics of the Siberian shelf-slope currents and to investigate Arctic
gateway connectivity, with a particular focus on the Bering Strait. These
results provide an integrated framework for understanding the circulation
system of the Siberian Arctic Ocean.

Results and discussion

Seasonal dynamics of the Eastern Siberian Shelf Current

We investigated SSH variability by applying the CSEOF technique to
satellite altimetry-derived dynamic ocean topography (DOT) for
2003-2020 and to ORAS5 reanalysis data for 1979-2018 (Methods).
The leading CSEOF mode highlights a pronounced seasonal cycle over
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the East Siberian Shelf region (Fig. la, c). Sea surface height peaks
during September-November and reached a minimum during
March-May, with satellite DOT and ORAS5 showing strong agreement
between their respective principal components (r = 0.92; Fig. le). The
multi-year monthly SSH anomalies and the seasonal climatology (Figs.
S1 and 2e-h) confirm that coastal SSH is elevated relative to offshore
areas during summer and autumn, thereby steepening the cross-shelf
slope and sustaining an eastward ESSC. In situ observations from the
MB9 mooring station'” further support this seasonal variability (Fig.
S2). Currents flow eastward in summer, consistent with a strong salinity
gradient, and flow westward in winter, when the gradient weakens and
reverses. ORAS5 reproduces this seasonal reversal in both timing and
direction, albeit with reduced magnitudes owing to temporal averaging,
confirming that this reanalysis dataset captures the essential dynamics
of the shelf current. Cross-shelf transects averaged over 73°-75°N
provide a clear spatial representation of this process. As the halocline
strengthens in summer, coastal SSH rises relative to offshore waters,
thereby reinforcing the geostrophic current. During winter, the
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Fig. 1 | Dominant seasonal SSH mode (Mode 1). a, b Spatial patterns of SSH
anomalies (shading; m) and the associated geostrophic currents (vectors) for the
leading cyclostationary EOF (CSEOF) mode derived from ORAS5 reanalysis, shown
for boreal winter (DJF), spring (MAM), summer (JJA), and autumn (SON).

¢, d Corresponding SSH anomaly and geostrophic current patterns obtained from
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satellite-derived dynamic ocean topography (DOT). The blue outline in (a, c)
indicates the region displayed in the enlarged maps with overlaid current vectors in
(b, d). e Principal component (PC) time series of the dominant seasonal mode
derived from ORASS5 (solid line) and satellite DOT (dashed line), demonstrating
strong agreement between the model output and observations (r=0.92, p <0.01).
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Fig. 2 | Seasonal atmospheric forcing and corresponding oceanic responses.
a-d Seasonal mean sea-level pressure (SLP; colours, hPa) and 10-m wind vectors
(arrows; m/s) from ERA5. e-h Sea surface height (SSH; colours, m) and surface
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current vectors (arrows; m/s) from ORASS. (i-1) Sea surface salinity (SSS; colours;
psu) and surface current vectors (arrows; m/s) from ORAS5. Transect A-A’ denotes

the cross-shelf section analysed in Fig. 3.

gradient weakens and reverses, producing a westward current. These
results confirm that the seasonal variability of the ESSC is fundamen-
tally shaped by halosteric forcing, consistent with previous studies on
the major contribution of freshwater input to SSH variability in the
Siberian Shelf Seas™.

Seasonal timeseries averaged along 73°N to 75°N (Fig. 4a) further
clarify the role of salinity in modulating SSH variability in the East Siberian
Sea. River discharge peaks in June, with approximately 83% of the annual
runoff occurring between May and October. Coastal shelf salinity subse-
quently reaches a minimum in August, about two months after the peak
runoff, and then increases during autumn and winter. The coastal shelf SSH
follows this cycle, remaining highest in late summer and autumn when
waters are freshest, and decreasing as salinity recovers. These timeseries
suggest that freshwater input, combined with its delayed impact on salinity,
contributes substantially to seasonal changes in SSH and the shelf current.
Consistent with this interpretation, steric height decomposition showed that
SSH variability in the ESSC region was dominated by the halosteric com-
ponent, whereas the thermosteric contribution was negligible (Supple-
mentary Fig. $3). To further evaluate the relative importance of different
forcing mechanisms, we compared the geostrophic and wind-driven
components of the shelf current (Fig. 4b). This analysis shows that the
geostrophic component derived from SSH gradients dominates the seasonal
cycle and closely matches the modelled total current, whereas the wind-
driven Ekman component remains comparatively weak. These timeseries
provide new evidence that the ESSC is primarily salinity-driven, with winds
exerting only a secondary influence.

To assess whether large-scale winds modulate cross-shelf SSH
gradients and the associated geostrophic flow, we examined the along-
shore wind component and compared it with the cross-shelf SSH gra-
dient (Fig. 4c, e). During April-May, predominantly easterly winds
likely enhance freshwater release from the shelf, thereby weakening the
cross-shelf SSH gradient and eastward geostrophic flow and permitting
weak westward transport. Outside the spring transition, alongshore
winds weaken substantially; however, the meridional SSH gradient
continues to strengthen in step with the halosteric component. This
result indicates that halosteric effects dominate the seasonal SSH evo-
lution, with Ekman transport driven by zonal winds providing sec-
ondary but potentially important modulation, particularly during
spring. Previous studies have shown that the shelf can adjust to wind-
driven SSH states within a few days“, and that winds can dominate sea
level and current variability at synoptic timescales (~1.5-11 days)*. This
implies that short-term wind events may trigger setup and release pro-
cesses, and temporarily enhance cross-shelf exchange, thereby mod-
ulating shelf currents. Future high-resolution ocean model experiments
spanning sub-daily to seasonal timescales will help in quantifying this
wind-driven modulation relative to long-term salinity-driven responses.

Beyond the broad shelf current, this study identifies the Siberian
Coastal Current along 71.5°-72°N as a key feature of the East Siberian
Sea (Fig. 3). This narrow, buoyancy-driven jet, with a width of
~50-60 km adjacent to the coast, has been described as part of the pan-
Arctic Riverine Coastal Domain'®, and observational studies have
characterised the Siberian Coastal Current as a wind- and buoyancy-
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Fig. 3 | Seasonal evolution of ocean properties along the cross-shelf section A-A’. (Upper panels) SSH (black; ORAS5) and the cross-shore SSH gradient (red). (Lower
panels) Salinity (contours) and along-shore velocity (colours; cm/s; eastward positive) from ORAS5.

forced coastal current along the East Siberian and Chukchi shelves™***’;

however, its seasonal dynamics in the East Siberian Sea have not been
clearly resolved. Here we show that early in summer (June and July),
despite strong coastal freshening, persistent northeasterly winds main-
tain weakly positive SSH gradients (Fig. 2), thereby producing a tem-
porary westward flow that opposes the prevailing current. However, by
September, the winds subside, the salinity gradient steepens, and the
flow returns eastward and persists throughout winter. This seasonal
transition is illustrated in Fig. 4d, f. From September to April, the
nearshore current follows a geostrophic balance associated with a
negative offshore SSH gradient, whereas in summer, the SSH gradient
weakens or reverses and winds become the dominant driver. These
results demonstrate that, while winds can reverse the shelf current in
summer, buoyancy forces promote an eastward, density-driven flow that
is sustained throughout most of the year.

In summary, previous studies on the ESSC mainly described large-scale
SSH and freshwater patterns, but did not resolve the detailed seasonal
dynamics of the current. Seasonality has been attributed to wind and
halocline forcing; however, the relative importance of these forcing
mechanisms remains unclear. We addressed this issue by applying CSEOF
to satellite and reanalysis SSH data, showing that the ESSC is primarily
governed by a seasonal salinity cycle, while winds play only a secondary role.
We also identified a narrow, buoyancy-driven Siberian Coastal Current
(~50-60 km wide) that is observed, but not explicitly represented in the
reanalysis products. By clarifying the mechanisms driving this variability, we
provide new insights into a key but previously underrepresented feature of
the Siberian shelf-current system.

Siberian Slope Current and SSH links to Arctic gateway
transports

The second SSH mode (Mode 2) captures the boundary current along the
Siberian slope at interannual timescales and is expressed as a basin-shelf
dipole, with depressed SSH in the central Arctic Ocean and elevated SSH
along the margins (Fig. 5a, b). The associated PC2 timeseries exhibited
fluctuations with a period of approximately 2-3 year (Fig. 5c).

The atmospheric linkage of Mode 2 was broadly consistent with
that reported in previous studies'’. Using the AO index™ and the AD
index derived from sea-level pressure (SLP) patterns (Fig. S4), we found
that the correlations between Mode 2 and atmospheric modes have
shifted significantly over the past few decades (Fig. S5). During
1980-1994, PC2 was strongly correlated with the AO (r=0.6-0.8),
indicating AO-related forcing of this ocean mode. After 2000, this cor-
relation weakened, and PC2 became more strongly aligned with the AD
index, suggesting an increased influence of dipole-like pressure
anomalies. The regression maps of SLP and winds (Fig. S6) confirmed
this transition, with AO-related anomalies dominating from 1980 to
1994 and AD anomalies emerging from 2003 to 2017. These results are
consistent with the “switchgear mechanism” proposed to modulate
Atlantic inflow pathways*'. Our analysis further shows that changes in
the correlations between Mode 2 and atmospheric modes are embedded
within a distinct SSH EOF mode that isolates the Siberian Slope Current,
thereby reinforcing previous evidence for the role of the atmospheric
transitions in Arctic Ocean circulation.

Moreover, we assessed how SSH modes relate to volume transports
across major Arctic gateways. Positive SSH PC1 phases, characterised by

npj Climate and Atmospheric Science | (2026)9:96


www.nature.com/npjclimatsci

https://doi.org/10.1038/s41612-026-01393-w

Article

(a)lg e 02 - 4 (b) I B PR )
o o
20 4 73-75°N L 0.3 R 5. 73-75°N i
F 2 < o=
£ o
D 24 Loy =lagg = N\_\ /
24 05+ F 0 = =
7 v é 5 E 0 V
26 --0.6 5 E-1- .
L2 © O = Uotal
28 - - -0.7 = 2 4 —Ugeo |
| == YEkman
O+t -0. L -4 -
JFMA.MJJASOND08 3JFMAMJJASOND
Time (Months) Time (Months)
(c) 73-75°N (d) 71-72°N
—2ms™ (Wind) —2ms" (Wind)
™ "‘"2.’> J / /K// F—>3cms! (Current) %/4/7‘7'7 MSNNYY—30ms! (Current)
( ) JFMAMI JASOND (f) JFMAMJIJASOND
e
-5.0 -10 -~ 3 -5.0 s —3
73-75°N 5 71-72°N - 4 5
& -2.5 1 L0568 . &~-25- & .
3 Sri% s e PG
> 0.0 49~ 00>} 0= 2 0.0 4 Oz 0 =
T ) - 27 \_J = o
T S £ I g £
7 8r-13 7 L 23 1 =
£ 25 L 055 > T 254 S B
[k <D . =
5.0 1.0 L-3 5.0 -3

JFMAMJJASOND
Time (Months)

Fig. 4 | Seasonal cycles of the Eastern Siberian Shelf Current. a Seasonal variations
of sea surface salinity (SSS; blue; axis inverted), sea surface height (SSH; black), and
along-shore surface current velocity (red) from ORASS5, averaged along 73-75°N
across section A-A’ (Fig. 3). Grey bars indicate Lena River discharge (0-0.1 Sv).

b Along-shore surface current decomposed into geostrophic (Ug,; red) and wind-
driven Ekman (Ugjpan; blue) components, with the total current shown in black,
averaged along 73-75°N. ¢, d Monthly mean wind vectors (black arrows) and surface
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current vectors (red arrows) Eastern Siberian Shelf Current and the Siberian Coastal
Current, respectively. e Seasonal variations of the cross-shelf SSH gradient (dSSH/
dy; blue; axis inverted), the halosteric SSH gradient (dHalo/dy; black; axis inverted),
and the along-shore wind component (red), averaged along 73-75°N. f Seasonal
variability of the Siberian Coastal Current, illustrated by the cross-shore SSH gra-
dient (dSSH/dy; blue; axis inverted), along-shore surface current (black), and cross-
shore wind component (red), averaged along 71-72°N.

elevated coastal SSH along the East Siberian shelf, are associated with weaker
Pacific inflow through the Bering Strait (r = -0.39, p < 0.05) and stronger
Atlantic inflow through the Barents Sea Opening (r = 0.48, p < 0.05) (Fig. 6a,
d). Consistent with these relationships, regression maps indicate reduced
cross-strait pressure gradients during weak northward Bering inflow (Fig.
6b, ¢) and enhanced zonal SSH gradients along the Norwegian coast during
strong Barents inflow (Fig. 6e, f), supporting the interpretation that PC1 is
linked to gateway transports via SSH-gradient changes. In contrast, Fram
Strait transport is more closely tied to Mode 2. Positive PC2 phases, char-
acterised by lower basin SSH and higher shelf SSH, were associated with
intensified cyclonic circulation and enhanced Atlantic inflow via the eastern
Fram Strait (West Spitsbergen Current) (r = 0.62, p < 0.05; Fig. 6h, i). These
results indicate that PC1 and PC2 capture distinct SSH-gradient config-
urations closely linked to Pacific and Atlantic exchanges across Arctic
gateways.

In this study, volume transport through the straits was derived from
ORASS5 and therefore requires further validation using observational data.
This is especially critical for the Bering Strait, where even high-resolution
models struggle to reproduce observed fluxes™'. ORASS5 failed to reproduce
the observed long-term increase in transport (Fig. S7a). However, after
detrending, transport variability closely aligned with the observations (Fig.
S7b), which is likely due to the assimilation of transport data after the 2000s.
The regression patterns based on detrended ORAS5 transport agreed well
with in situ measurements (Fig. S7c, d), supporting the robustness of our
results when focusing on variability rather than long-term trends.

Wind mode driving Bering Strait transport variability

We investigated the wind mode driving Bering Strait transport variability
using observational and reanalysis data. Observed transport data from
mooring records™ revealed a pronounced seasonal cycle and strong inter-
annual variability (Fig. S8). Seasonal transport variability has been linked to
wind forcing through SSH variations in the East Siberian Sea and the
associated easterly winds in summer, whereas winter variability is influ-
enced more strongly by local winds in the strait*’. Wind stress has also been
shown to influence transport variability on short time scales (on the order of
one month)”". Building on this framework, we conducted regression ana-
lyses of SLP and SSH against Bering Strait transport (Fig. S9). The monthly
regression patterns of SLP (Fig. S9a) revealed alternating dipole-like
anomalies over the Bering Sea and East Siberia during most of the year,
indicating wind-driven modulation of the flow. The corresponding SSH
regressions (Fig. S9b) highlighted changes in cross-strait sea-level gradients,
thereby confirming the dynamic link between basin-scale forcing and
transport variability. This suggests that Arctic internal SLP variability is
more dominant during summer, whereas local winds dominate during the
rest of the year, consistent with previous findings™.

Additionally, we investigated Bering Strait transport variability by
identifying the underlying atmospheric drivers. We applied cyclostationary
EOF analysis to ERA5 SLP data, which captures basin-scale atmospheric
variability. The results reveal a dominant SLP mode that explains the
coherent seasonal evolution of anomalies (Fig. 7a) and is consistent with the
multi-year seasonal cycle of the ERA5 SLP climatology (Fig. S10), thereby
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Fig. 6 | Relationships between SSH modes and Arctic gateway transports. timeseries, are indicated. b, e, h Regression of SSH anomalies onto transport

a, d, g SSH principal components (PCs; black) derived from CSEOF compared with  anomalies (units: m Sv™'). ¢, f, i Regression of current anomalies (shading) and
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and the Fram Starit (g). Correlation coefficients (cc), calculated after detrending the  locations of transport sections.
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Fig. 7 | Dipole-like sea-level pressure mode reg- (a)
ulating Bering Strait transport. a Seasonal evolu-
tion of the first cyclostationary EOF (CSEOF) mode
of ERAS5 sea level pressure (SLP; shading, hPa) and
the associated geostrophic winds (vectors) over
50-90°N. b Regression of SLP and geostrophic
winds onto SLP PC1 after applying a 13-month
moving average to suppress the seasonal cycle.

¢ Timeseries of SLP PC1 (black) and detrended
observed Bering Strait volume transport derived
from mooring observations (red; Woodgate, 2018)
for the period 2001-2021.
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supporting its physical relevance. Regression of the corresponding PC1 (Fig.
7b) onto the SLP and geostrophic wind fields highlights a dipole pressure
pattern spanning Siberia and Alaska, placing the Bering Strait between
opposing pressure centers. This configuration enhances along-strait winds
through the resulting pressure gradient, thereby exerting basin-scale
atmospheric control on Bering Strait transport variability.

In Figs. 7c and S11a, the associated PCI timeseries (black) was strongly
correlated with the observed Bering Strait transport variability (red)
(r=0.70, p < 0.05), peaking when PC1 led by approximately 3 months (Fig.
S11b). This indicates that years with stronger SLP anomalies were associated
with enhanced transport, highlighting that the dominant SLP mode
explained nearly half of the observed transport variability. These results
underscore the key role of large-scale atmospheric forcing in modulating
Pacific Water inflow to the Arctic Ocean. Thus, the PCI timeseries provides
an index to anticipate changes in this inflow and the consequent impacts on
Arctic Ocean circulation. By analogy with the switchgear mechanisms
proposed for Arctic atlantification®, this atmospheric control may represent
a mechanism regulating Pacific Water inflow, commonly referred to as
“pacificization”.

Overall, our results demonstrate that SSH variability integrates buoy-
ancy forcing, wind-driven circulation, and basin-scale atmospheric pressure
patterns across both regional and gateway scales. This perspective estab-
lishes SSH as a physically grounded indicator of Arctic Ocean circulation
and identifies the Siberian Arctic Ocean as a key region for improving
understanding of future Arctic climate variability.

Methods
Reanalysis and satellite data
We used ocean reanalysis and satellite altimetry datasets to characterise
Arctic SSH variability. The primary reanalysis dataset was ECMWEF ORAS5
(Ocean ReAnalysis System 5)*, spanning 1979-2018. ORASS5 assimilates a
wide range of ocean observations and has been shown to perform well in
simulating Arctic freshwater content™. For observational sea-level data, we
used a merged dynamic ocean topography (DOT) record covering the
period 2003-2020. This record combines the CPOM DOT dataset
(2003-2014; derived from ICESat laser altimetry)*® with CryoSat-2 radar
altimetry data (2011-2020), following the approach described previously™.
Atmospheric reanalysis data were used to interpret ocean variability.
Sea level pressure (SLP) and surface wind fields were obtained from ERA5
data for the period 1979-2020"". The Arctic Oscillation (AO) index was
defined as the principal component (PC) of the leading EOF of winter (DJF)
SLP north of 20°N, following commonly used definition™. The Arctic

Dipole (AD) index was defined as the PC of the second EOF mode of
monthly SLP over the region 70-90°N (Fig. $4).

Observational datasets

Observed volume transport through the Bering Strait was obtained from the
year-round mooring array maintained since the early 1990s***. For com-
parison with reanalysis products and CSEOF-based indices, we used
monthly mean values. To isolate interannual variability, we removed linear
trends and, where noted, applied a 13-month running mean. Positive
transport was defined as northward flow into the Arctic Ocean.

To corroborate the seasonal cycle of the Eastern Siberian Shelf Current,
we used in situ velocity measurements from the MB9 mooring on the
Eastern Siberian Shelf '°. The monthly-mean currents from MB9 were used
to evaluate the timing and direction of the Eastern Siberian Shelf Current
(Fig. S2), providing an independent observational constraint on the CSEOF-
derived Mode 1 dynamics.

Cyclostationary empirical orthogonal function analysis

Empirical Orthogonal Function (EOF) analysis is a standard statistical
technique used to identify dominant patterns of variability in geophysical
datasets. To explicitly account for the periodic nature of the Arctic system,
we applied the Cyclostationary EOF (CSEOF) method***”. Unlike standard
EOF analysis, CSEOF describes spatial patterns of monthly anomalies
across the annual cycle, with the associated principal component timeseries
representing year-to-year changes in the amplitude of the seasonal cycle.
This approach has proven effective in studies of Arctic Ocean circulation
and its climate linkages*’. We conducted the CSEOF analysis after removing
long-term trends and low-frequency variability longer than the interannual
timescale from the SSH data. To suppress this long-term component, we
detrended the records using a second-order polynomial fit. We applied the
CSEOF method to the SSH fields and extracted the two leading modes,
which were statistically well separated according to eigenvalue sampling
uncertainty estimates™ (Fig. S12). The principal component (PC) time series
was normalized to unit standard deviation.

Regression and correlation analysis

Regression and correlation analyses were performed to examine the rela-
tionships among SLP, SSH, and surface currents with respect to the AO and
AD indices. Regression analysis was used to identify how changes in ocean
variables related to unit changes in the AO and AD timeseries, whereas
correlation coefficients quantified the strength of the linear associations. All
monthly time series were smoothed using a 13-month running mean to
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suppress seasonality”. Linear trends were removed from all timeseries to
ensure stationarity.

To determine the correlation between SSH Mode 1 and Bering Strait
transport, we applied the Hodrick—Prescott (HP) filter to capture the non-
uniform long-term evolution of the transport record. The transport
exhibited a sharp decline during the 1980s and the 1990s followed by a more
gradual decrease. The HP filter separates nonlinear trend components from
higher-frequency variability, allowing us to focus on the interannual signal
of interest™.

Steric, thermosteric, and halosteric height anomalies
The steric, thermosteric, and halosteric height anomalies were computed

following established formulations™.

L 7.5, p)d
(== - : 1
1 po/iH(p( »S,p) — p(T, S, p))dz 1)
1 /° _ o
= T - d
nst po/—H(p( 757P) P(T7 Sap)) 74 (2)
1 [° _ _
o _ d
s P, / _H(p(T7 S,p) — p(T, S, p))dz (3)

where T (°C), S, and p (dbar) are potential temperature, salinity, and pres-
sure, respectively; T and S denote the climatological mean temperature and
salinity, respectively; p (kg m) is seawater density, p, is the reference density
(1025.0 kg m™), and H (m) is the local bottom depth.

Data availability

Altimetry-derived sea-surface-height products are available from the
CPOM Dynamic Ocean Topography portal (http://www.cpom.ucl.ac.uk/
dynamic_topography/) and PANGAEA  (https://doi.org/10.1594/
PANGAEA.931869). ORAS5 ocean reanalysis data are available from the
Copernicus Climate Data Store (https://doi.org/10.24381/cds.67e8eeb7),
and ERA5 atmospheric reanalysis data from the C3S Climate Data Store
(https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?
tab=overview). Mooring data are available via the Arctic Data Center
(https://arcticdata.io/catalog/view/doi:10.18739/A2Q23R23Z). Bering
Strait volume transport estimates are available from the University of
Washington APL archive (http://psc.apl.washington.edu/HLD/Bstrait/
Data/BeringStraitMooringDataArchive.html).
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