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ABSTRACT

The atmospheric jet stream governs the distribution and intensity of midlatitude weather systems and cli-
mate variability. In the Northern Hemisphere, meridional migrations of the jet stream are directly linked to
the frequency and magnitude of extreme weather events. While previous studies have established that jet
stream fluctuations are modulated by spatio-temporal variations in diabatic heating, the relationship between
low-frequency modes of atmospheric and oceanic variability remains unclear. Here we propose a hypothesis
that the Northern Annular Mode (NAM) and the Pacific Decadal Variability (PDV), the most dominant modes
of climate variability in the Northern Hemisphere, constitute an annular-shaped air-sea coupled mode. The
singular value decomposition analysis of sea surface temperatures and lower tropospheric zonal winds shows
that the most dominant covariability over the Northern Hemisphere closely corresponds to both the conven-
tional PDV and NAM patterns. The extracted PDV-like and NAM-like modes explain 46% of each other’s
variance, suggesting substantial coupling, and we refer to this hypothesized air-sea coupled phenomenon as
the interactive Annular Mode (iAM). We detect a positive feedback mechanism that amplifies iAM to be a
dominant mode by conducting a heat budget analysis and performing a pacemaker experiment with a high-
resolution global climate model. The record-breaking heat waves observed across the Northern Hemisphere
in 2024 are attributed to recent prolonged positive phase of iAM.

1. Introduction

The jet stream, a band of strong westerly winds in the at-
mosphere, plays a crucial role in determining weather and
climate in the midlatitudes (e.g., Shapiro and Keyser 1990;
Holton and Hakim 2013; Hartmann 2015). In particular,
in the Northern Hemisphere, the meridional position of the
jet stream has a profound impact on extreme weather (e.g.,
Barnes 2013; Screen and Simmonds 2014; Cohen et al.
2021). As the most recent example, Fig. 1a shows that
the jet stream experienced an unusually northward dis-
placement during boreal summer in 2024 relative to its
typical position. Concurrently, many densely-populated
cities across the Northern Hemisphere experienced severe
heat waves (see also Fig. 5c), contributing to the un-
precedented global-mean temperature observed in 2024
(Lenssen et al. 2024; GISTEMP Team 2025; Vlock and
Jacobs 2025). The combination of anthropogenic green-
house gas-forced temperature rise and poleward fluctua-
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tions of the jet stream poses severe risks to human society
(e.g., Masson-Delmotte et al. 2021). These risks include
increased heat-related mortality (Honda et al. 2014; Gas-
parrini et al. 2015), agricultural disruption (Lobell et al.
2011; Ray et al. 2019), and strain on critical infrastructure
(Chester et al. 2019).

The most dominant mode of atmospheric variability re-
garding the meridional fluctuations of the jet stream is re-
ferred to as the Northern Annular Mode (NAM) or the
Arctic Oscillation (AO) (Thompson and Wallace 1998,
2001). During the positive phase of NAM, the strength-
ened jet stream shifts northward and forms a circular pat-
tern around the North Pole, which confines cold air within
the polar regions. By contrast, during the negative NAM,
the weakened jet stream shifts southward and becomes
distorted, which allows cold Arctic air to move southward
more frequently, enhancing the storm track activity in the
midlatitudes. The fundamental importance of NAM in
Northern Hemispheric atmospheric variability has led to
extensive research on its amplitude, phase, and response
to climate change (e.g., Limpasuvan and Hartmann 2000;
Wallace 2000; Kimoto et al. 2001; Watanabe and Jin 2004;
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b) The Boundary Current Synchronization (BCS) (Kohyama et al. 2021b)
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FIG. 1. Northward displacement of the jet stream and its association with the midlatitude ocean. (a): Observed sea surface temperature
(SST) (shaded areas) and zonal wind at 850 hPa (U850) (contours) averaged from June through October of 2024. Contour interval is 0.6 m/s,
and zero contours are omitted. (b): Summary of the Boundary Current Synchronization (BCS). Left, Schematic diagram of the idealized model
formulated by Gallego and Cessi (2001) (GC01). Top right, Stream function anomalies ψ1 (red) and ψ2 (blue) at 4,000 km north of the southern
boundary of the GC01 idealized model. Also shown in black is zonal-mean westerly wind stress (τ) anomalies at 5,200 km north of the equator.
Bottom right, Observed SST anomaly time series averaged over the Gulf Stream (35◦N-45◦N, 80◦W-50◦W) (blue) and the Kuroshio (35◦N-45◦N,
140◦E-170◦E) (red) regions. Also shown in black is observed zonal wind at 850 hPa averaged over the Northern Pacific and Atlantic (45◦N-60◦N,
140◦E-0◦). One-year running-mean filtering is applied, and normalized by its own standard deviation. Figures from the final published version are
reproduced from Kohyama et al. (2021b) with permissions by Science.

Ring and Plumb 2007; Gillett and Fyfe 2013; Omrani et al.
2019), and sparked a debate about its distinguishability
from the North Atlantic Oscillation (e.g., Ambaum et al.
2001; Deser 2000).

The accumulated wisdom of climate dynamics has es-
tablished that the jet stream position has a strong associ-
ation with diabatic heating, which originates from atmo-
spheric radiation and phase transitions of water. Horel
and Wallace (1981) and Rasmusson and Wallace (1983)
demonstrated that moist convective heating associated
with sea surface temperature (SST) variability in the trop-
ical Pacific influences the midlatitude jet stream position
through a stationary Rossby wave response. This atmo-
spheric process is now known as the Pacific-North Amer-
ican (PNA) teleconnection. Hoskins and Valdes (1990)
suggested that the uneven distribution of diabatic heating
in the midlatitudes, particularly due to the non-uniformity
of SST created by western boundary currents (strong
warm ocean currents along the western boundaries of the
world’s major ocean basins), determines the favorable lo-
cations of storm tracks and jet stream positions.

Research on western boundary currents has further re-
vealed their crucial role in modulating atmospheric con-
ditions. SST variations associated with western bound-
ary current dynamics influence local weather through heat
transport from the tropics to the midlatitudes (e.g., Sanders
1986; Young and Sikora 2003). High-resolution satellite
observations have revealed that heat release from west-
ern boundary currents affects the entire tropospheric layer
(Minobe et al. 2008; Nakamura et al. 2015; Masunaga
et al. 2018). These findings provide context for under-
standing the most recent event: the abnormally high SSTs
observed in the midlatitude ocean during boreal summer
2024 (Fig. 1a), and their associated anomalous oceanic
heat release, may have contributed to the observed north-
ward shift of the jet stream.

In fact, recent research has unveiled their planetary-
scale cooperative behavior of western boundary currents,
and their association with the atmospheric jet stream.
Based on observational analyses and high-resolution cli-
mate model simulations, Kohyama et al. (2021b) discov-
ered that SSTs of the Gulf Stream and the Kuroshio Ex-
tension, the two major western boundary current regions
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in the Northern Hemisphere, are synchronized at interan-
nual to decadal time scales. This phenomenon, termed
the Boundary Current Synchronization (BCS), is associ-
ated with meridional migrations of the jet stream. Fur-
thermore, building upon a toy model by Gallego and Cessi
(2001), Kohyama et al. (2021b) constructed a conceptual
model and explained BCS as an air-sea coupled oscillatory
system, in which two western boundary currents are con-
nected by zonally-symmetric atmosphere (Fig. 1b). By
applying recent advances in information thermodynamics,
Yasuda and Kohyama (2025) demonstrated that informa-
tion transfer via the jet stream plays a key role in BCS
dynamics. Additionally, climate modeling work by Ya-
magami et al. (2025) revealed a physical mechanism for
information flow from the Gulf Stream to the Kuroshio
Extension through NAM-like atmospheric variability and
its excitation of oceanic Rossby waves. Dong et al. (2025)
also discussed that the Pacific Decadal Variability (PDV)
(Minobe 1997; Mantua et al. 1997) emerges as the large-
scale modulator of co-occurring summertime marine heat-
waves in the extratropical North Pacific and Atlantic.

The zonally-symmetric nature of jet stream variabil-
ity associated with BCS implies that low-frequency NAM
variance could be understood as an air-sea coupled mode
amplified by interactions with interannual to decadal
scale SST variability in western boundary current regions.
While midlatitude SST variations are often interpreted as
signatures of dominant natural modes of variability―such
as PDV and the Atlantic Meridional Overturning Circu-
lation (Zhang 2008)―examining them through the lens
of ocean-atmosphere interactions provides new insights.
Reconstructing our understanding of atmospheric annular
modes and oceanic decadal variability holds the key to ad-
vancing fundamental climate dynamics and inform pale-
oclimatology (Yamamoto et al. 2004), climate modeling
(Paul and Schäfer-Neth 2003), and future climate change
projections (Wills et al. 2018).

Hence, in this study, we hypothesize that the low-
frequency component of conventional NAM and PDV
constitutes an air-sea coupled system, and present results
that coherently substantiate it. Section 2 presents our data
and methods. In Section 3, we demonstrate that the sin-
gular value decomposition (SVD) analysis reveals a dom-
inant low-frequency covariability between conventional
NAM and PDV. Section 4 shows that this covariability can
be interpreted as an air-sea coupled annular mode and dis-
cusses its implications for the record-breaking heat waves
observed in 2024. We present our conclusions in Section
5.

2. Data and Methods

a. Observational and reanalysis products

Observed SST data are obtained from the National
Oceanic and Atmospheric Administration (NOAA)

Optimum Interpolation SST (OISST) version 2
High Resolution Dataset (Huang et al. 2021) avail-
able at https://www.esrl.noaa.gov/psd/data/

gridded/data.noaa.oisst.v2.highres.html.
Observed zonal wind field at 850 hPa are de-
rived from the European Center for Medium range
Weather Forecasting (ECMWF) reanalysis version
5 (ERA-5) data (Hersbach et al. 2020) available at
https://cds.climate.copernicus.eu/datasets/

reanalysis-era5-pressure-levels-monthly-means?

tab=download. For computational efficiency, these ob-
servational data are regridded to 1◦ resolution in both
longitude and latitude.

The conventional monthly-mean NAM index (also
known as the AO index) and PNA index are downloaded
from the Climate Prediction Center (https://www.
cpc.ncep.noaa.gov/products/precip/CWlink/

daily_ao_index/teleconnections.shtml). The
conventional PDV index (also known as the Pacific
Decadal Oscillation index) is from the NOAA Na-
tional Centers for Environmental Information (https:
//www.ncei.noaa.gov/access/monitoring/pdo/).
Essentially, the conventional NAM and PDV index is cal-
culated as the leading principal component (PC) of 1,000
hPa geopotential height over the Northern Hemisphere
and the Pacific SST, respectively, poleward of 20◦N. The
PNA index is obtained as one of the ten dominant rotated
PC modes of 500 hPa geopotential height anomalies
poleward of 20◦N. For further details, readers are referred
to the websites listed above. In addition, following
Kohyama et al. (2021b), the BCS index is defined as
the average of regional-mean SST anomalies over the
Gulf Stream (35◦N-45◦N, 80◦W-50◦W) and the Kuroshio
Extension (35◦N-45◦N, 140◦E-170◦E) regions.

Sea-level elevation and surface heat flux is based
on the Japan Coastal Ocean Predictability Experiments-
Forecasting Global Ocean (JCOPE-FGO), an eddy-
resolving quasi-global ocean reanalysis product (Kido
et al. 2022), whose horizontal resolution is 0.1◦.
Geostrophic ocean current is calculated from sea-level
elevation, and geostrophic thermal advection at the sur-
face is estimated as dynamical temperature advection
by geostrophic currents: −ug(∂T ′/∂x)− u′g(∂T/∂x)−
vg(∂T ′/∂y) − v′g(∂T/∂y) − u′g(∂T ′/∂x) − v′g(∂T ′/∂y).
Here, ug and vg are geostrophic currents in the x (zonal)
and y (meridional) directions, respectively, and T repre-
sents SST; overlines denote climatology (means of each
calendar month), and primes indicate deviations from cli-
matology.

The analysis period spans from 1982 through 2024 for
most observational products, except for the JCOPE-FGO
data, which are available from 1993 through 2023 at the
time of analysis (used to make Figs. 4d and 4e).
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b. Pacemaker model experiment

The global climate model employed in this study is an
eddy-permitting configuration of the Model for Interdisci-
plinary Research on Climate version 6 (MIROC6subhires)
(Tatebe et al. 2019). The atmospheric and land surface
components of MIROC6subhires utilize a horizontal res-
olution of the T85 spectral truncation. The model com-
prises 81 vertical levels with the top of the atmosphere at
0.004 hPa. The ocean and sea ice components employ a
tripolar horizontal coordinate system with a nominal reso-
lution of 0.25◦ and 62 vertical levels. Following the proto-
col of the Coupled Model Intercomparison Project Phase 6
(CMIP6) (Eyring et al. 2016), MIROC6subhires was spun
up for 700 years using preindustrial external forcing. Af-
ter reaching a quasi-equilibrium state, the model was in-
tegrated for an additional 200 years. The final 100 years
of this integration serve as the preindustrial control run,
which is utilized as described in the following paragraph.

In Section 4, we analyze output from a high-resolution
pacemaker experiment, wherein SSTs in the two boundary
current regions were constrained by SST output from the
preindustrial control run. Outside these boundary current
regions, the fully-coupled atmosphere and ocean evolved
freely. These experimental configurations are essentially
identical to the eddy-permitting western boundary current
pacemaker experiments with MIROC6subhires conducted
by Yamagami et al. (2025), except that the SST restor-
ing area encompassed both the Gulf Stream and Kuroshio
Extension regions rather than a single region. The ex-
periment generated 100-year pacemaker simulations with
eddy-permitting resolution for five ensemble members ini-
tialized with different conditions. To ensure independent
decadal variability among simulations, we selected these
initial conditions from the preindustrial control run with
time separations exceeding 10 years. The ensemble mean
of these five members minimizes natural variability not
originating from the western boundary current regions.
For detailed experimental configurations, readers are re-
ferred to Yamagami et al. (2025).

For the atmospheric analysis, we utilize zonal wind out-
put at 300 hPa instead of 850 hPa, as the latter is undefined
over mountainous regions in the model, unlike in reanal-
ysis products. The qualitative features revealed by the re-
gression analyses are not sensitive to this choice of pres-
sure level, owing to the equivalent barotropic nature of the
investigated phenomenon.

c. Analysis Methods

We analyze detrended monthly anomalies obtained by
removing monthly climatology and linear trends, except
for Fig. 5a, where the linear trend is retained. The sta-
tistical significance of correlations is assessed using the
two-tailed Student’s t-test. To account for autocorrelation
in the time series when estimating statistical degrees of

freedom, we employ the formula proposed by Bretherton
et al. (1999). For one-year low-pass filtering in Figs. 3,
4d, and 4e, the first-order Butterworth filter is applied.

3. The most dominant covariability between SST and
zonal wind

In this section, we examine the most dominant co-
variability between midlatitude ocean and atmosphere in
the Northern Hemisphere, focusing on the first mode of
SVD (SVD1) between SST and lower tropospheric zonal
wind. In particular, we demonstrate that this mode ex-
hibits essential characteristics of both conventional PDV
and NAM, which serves as one of the strong pieces of evi-
dence for the hypothetical coupling between these leading
modes of climate variability.

a. PDV-like and NAM-like modes extracted as SVD1

To extract the dominant ocean-atmosphere covariabil-
ity, we perform SVD analysis (also known as Maximum
Covariance Analysis) on SST and zonal wind anoma-
lies over the North Pacific-Atlantic region (35◦N-55◦N,
120◦E-0◦). The analysis domain is chosen to focus on
midlatitude dynamics where ocean-atmosphere coupling
is expected to be strongest. The spatial pattern of SVD1
(Fig. 2a) exhibits a PDV-like SST variability and a NAM-
like zonal wind variability. Although the tropics is not
drawn in Fig. 2a, the SVD signals are largely confined to
midlatitudes. The two SVD1 time series, obtained by pro-
jecting the original anomalies onto these spatial patterns
(Fig. 2d, red and blue solid curves), share 48% of their
variance (reflecting a correlation of r = 0.69), indicating a
robust covariability rather than random coincidence.

SVD1 represents a shared mode of variability between
PDV and NAM. The SVD1 SST time series shows a sig-
nificant correlation of 0.71 with the conventional PDV in-
dex (sign reversed) (Fig. 2d, red), while the zonal wind
time series shows a significant correlation of 0.72 with
the NAM index (Fig. 2d, blue). Spatially, SVD1 (Fig.
2a) exhibits enhanced zonal wind signals over the Atlantic
compared to the conventional PDV pattern (Fig. 2b), and
stronger SST signatures in the North Pacific than typically
associated with NAM (Fig. 2c).

While SVD1 captures essential aspects of both PDV
and NAM, we acknowledge that it may not encompass
all components of these modes. For instance, previous
studies have demonstrated that PDV comprises both in-
ternal variability and tropically-forced components (e.g.,
Newman et al. 2016; Zhang et al. 2018). Our analysis
focuses specifically on the internal component driven by
midlatitude dynamics. Similarly, for NAM, we primarily
address its low-frequency component, as high-frequency
NAM variations are well-reproduced even with prescribed
climatological SST (Limpasuvan and Hartmann 2000).
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a) SST and U850 homogeneously regressed on SVD1

b) SST and U850 regressed on the conventional PDV

c) SST and U850 regressed on the conventional NAM
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FIG. 2. The most dominant covariability between SST and zonal
wind. (a): Homogeneous regression maps of SST (shaded areas) and
U850 (contours) onto the first mode of the singular value decomposi-
tion (SVD1) time series between SST and U850 performed over over
the north Pacific-Atlantic region (35◦N-55◦N, 120◦E-0◦). Contour in-
terval is 0.6 m/s, and zero contours are omitted. (b): As in (a), but
for the conventional Pacific Decadal Variability (PDV) index (sign re-
versed). Contour interval is 0.1 m/s. (c): As in (a), but for the con-
ventional Northern Annular Mode (NAM) index. (d) Solid, SVD1 time
series obtained by projecting SST (red) and U850 (blue) onto their cor-
responding SVD1 singular vector. One-year running-mean filtering is
applied, and normalized by its own standard deviation. Dashed, As in
the solid curves, but for the conventional PDV (sign reversed) (red) and
NAM (blue) indices.

b. The relationship between SVD1 and known modes of
climate variability

PDV and NAM have traditionally been defined through
statistical methods as the leading principal components
(PCs) of SST and geopotential height fields, respectively.
While these statistical definitions have proven useful, they
may not fully correspond to physically meaningful modes
of variability. Indeed, when extracting physical modes
solely through statistical analyses, inherent arbitrariness

remains in several aspects, including but not limited to the
choice of physical variables to analyze, the definition of
spatial domains, and the selection of statistical methods.

To address this limitation and better understand the
physical significance of SVD1, we examine its relation-
ship with these conventional modes by mapping them in
the phase space defined by the leading PCs (Fig. 3a).
These PCs are computed separately for Northern Hemi-
spheric SST and zonal wind (north of 20°N), with both
datasets subjected to one-year low-pass filtering. It is im-
portant to clarify that the PC1 of SST, PC2 of SST, PC1
of zonal wind, and PC2 of zonal wind represent different
statistical modes of variability. This approach allows us to
evaluate how SVD1 relates to established climate patterns
within a unified statistical framework.

For SST, PC1 primarily reflects tropical influences,
while PC2 highlights SST front variability mainly in the
North Pacific (Fig. 3a, top). Following Quadrelli and Wal-
lace (2004), we project various climate indices (one-year
low-pass filtered) onto this PC1-PC2 phase space (Fig. 3b,
top). On this diagram, if a point representing a mode is
close to the unit circle, it means that the variance of this
particular mode can mostly be explained by a linear com-
bination of PC1 and PC2. The SVD1 SST pattern appears
as approximately a 45◦ rotation of the conventional PDV
toward PC2, with its proximity to the unit circle confirm-
ing its status as a dominant mode in the Northern Hemi-
sphere. At the same time, SVD1 explains the qualitative
feature of PDV, as shown in Fig. 2, because SVD1 is
located close enough to PDV in the phase space. In ad-
dition, the BCS index (Kohyama et al. 2021b), which is
defined as SST anomalies averaged over the Gulf Stream
and Kuroshio Extension regions, turns out to be one of the
nearest neighbors of SVD1, suggesting that BCS is a fun-
damental feature of this SVD mode.

In the zonal wind field, PC1 resembles an annular mode
structure, while PC2 reflects tropical teleconnection pat-
terns (Fig. 3a, bottom). The phase space analysis (Fig.
3b, bottom) reveals that the SVD1 zonal wind pattern rep-
resents approximately a 40◦ rotation of NAM toward the
PNA pattern. Its position near the unit circle again con-
firms its significance as a dominant mode of Northern
Hemisphere variability. Interestingly, the difference be-
tween NAM and PNA indices closely corresponds to the
SVD1 position.

While SVD1 differs somewhat from conventional defi-
nitions of dominant climate modes, our analysis demon-
strates that it can be expressed as a linear combination
of the two leading PCs, confirming its fundamental dom-
inance in nature. At the same time, when focusing on
the covariance between SST and zonal wind, SVD1 is the
most important mode by definition. In the following sec-
tion, we will further elucidate the characteristics and phys-
ical processes of this dominant covariability extracted as
SVD1.
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FIG. 3. The relationship between SVD1 and known modes of climate variability. (a): Regression maps of SST (top) and U850 (bottom)
onto the first and second modes of the principal component (PC) time series (one-year low-pass filtered) performed for the Northern Hemisphere
(north of 20◦N indicated as solid dashed line). Contour interval is 0.2 m/s, and zero contours are omitted. (b): Projections of various indices on the
phase space defined by the two leading PCs of SST (top) and U850 (bottom). Temporal correlations between one-year low-pass filtered indices and
the PC time series are plotted. Positive values of the PCs denote polarities indicated in (a), and the negative sign indicate that the sign is reversed
from the conventional index. See Quadrelli and Wallace (2004) for more details of the methodology.

4. The interactive Annular Mode (iAM)

The results presented in the previous section reveal a
fundamental connection between PDV and NAM that is
more direct than previously recognized. This finding mo-
tivates an investigation into an internal air-sea coupled
mode that accounts for substantial low-frequency variabil-
ity in both phenomena. The prevalence of such coupled
modes in midlatitudes can be supported by the relatively
slow oceanic baroclinic Rossby wave propagation in the
midlatitudes (Chelton and Schlax 1996), which implies

longer characteristic timescales than those of tropical phe-
nomena such as the El Niño Southern Oscillation (ENSO).

Based on this motivation, we propose the existence of
a natural mode of variability―termed the interactive An-
nular Mode (iAM)―that is maintained through ocean-
atmosphere interactions. This section establishes optimal
indices to characterize iAM and examines the physical
mechanisms underlying its dominance in midlatitude cli-
mate variability through heat budget analysis and a global
climate model experiment. Finally, we further explore
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FIG. 4. The interactive Annular Mode (iAM) and its coupling mechanism. (a): Top, The standardized iAM-Ocean index (black) defined
using regional-mean SST anomalies in the manner of the southern belt (35◦N-45◦N, 120◦E-0◦W) minus the northern belt (45◦N-55◦N, 120◦E-
0◦W). Also shown is the SVD1 time series obtained from SST (red) as shown in Fig. 2d. Five-month running-mean filtering is applied. Bottom,
As in top, but for the iAM-Atmos index defined using U850 in the manner of the northern belt minus the southern belt, and the SVD1 time series
from U850 (blue). (b) Regression map of SST (shaded areas) and U850 (contours) onto the iAM-Ocean index. Contour interval is 0.2 m/s, and
zero contours are omitted. (c) As in (b), but for the iAM-Atmos index. Contour interval is 0.4 m/s. (d, e): Regression map of (d) geostrophic
thermal advection and (e) net downward heat flux on the one-year low-pass filtered iAM-Atmos index. (f): SST restoring areas for the pacemaker
experiment. The factor shown in color is applied to the nudging heat flux at each grid point. (g): As in (b), but for the ensemble-mean SST
and U300 from the pacemaker run. Contour interval is 0.1 m/s. (h): Ensemble-mean, annual-mean, standardized iAM-Ocean and iAM-Atmos
indices from the pacemaker run. (i): Lag correlations between ensemble-mean monthly iAM-indices. Positive lag indicates that iAM-Atmos leads
iAM-Ocean, and vice versa.

how these findings inform our understanding of midlati-
tude extreme weather in a warming world.

a. The iAM indices

The leading SVD mode of zonal wind described in the
previous section represents the meridional migrations of

the atmospheric jet stream. To characterize this variabil-
ity, we define an index as the difference between regional-
mean zonal wind anomalies in the manner of the north-
ern belt (45◦N-55◦N, 120◦E-0◦W) minus the southern belt
(35◦N-45◦N, 120◦E-0◦W). This index exhibits a correla-
tion of 0.87 (significant at 95 %) with the SVD1 time se-
ries of zonal wind (Fig 4a, bottom). We designate this
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index as the atmospheric component of iAM (the iAM-
Atmos index), analogous to using the Southern Oscilla-
tion index as the atmospheric component of ENSO. The
sign convention of the iAM-Atmos index is aligned with
the conventional NAM index.

The oceanic component of iAM (the iAM-Ocean index)
is defined similarly using the meridional difference of SST
anomalies for the same regions. To ensure positive corre-
lation with the iAM-Atmos index, we compute the merid-
ional difference of the regional-mean SST anomalies in
the opposite manner to the zonal wind: the southern belt
(35◦N-45◦N, 120◦E-0◦W) minus the northern belt (45◦N-
55◦N, 120◦E-0◦W). The iAM-Ocean index exhibit a cor-
relation of 0.81 (significant at 95 %) with the SVD1 time
series of SST (Fig 4a, top), serving a role analogous to the
Niño 3.4 index for the oceanic component of ENSO. We
note that the sign convention of the iAM-Ocean index is
opposite to that of the conventional PDV index.

The meridional migrations of SST anomalies and the at-
mospheric jet stream demonstrate strong phase coherence.
The two iAM indices show significant correlation at the
95% confidence level, each explaining approximately 40%
of the other’s variance (Fig. 4a). Regression maps of SST
and zonal wind onto the iAM indices (Figs. 4b and 4c) re-
veal annular-shaped anomaly patterns that clearly capture
the coordinated meridional migrations of both the atmo-
spheric jet stream and SST. The high similarity between
these spatial patterns suggests that the two iAM indices
represent essentially the same physical mode of variabil-
ity manifested in both oceanic and atmospheric fields.

b. Bidirectional coupling mechanisms between atmo-
spheric and oceanic components of iAM

Based on multiple lines of evidence from previous stud-
ies, we could reasonably assume that the iAM-Atmos vari-
ability is capable of driving the iAM-Ocean variability.
Western boundary currents are fundamentally wind-driven
circulations (Stommel 1948), with their strength modu-
lated to maintain mass balance against the southward Sver-
drup transport mediated by wind. In the Pacific, studies of
PDV have demonstrated that the Aleutian Low shapes SST
patterns in the Kuroshio Extension region (e.g., Wallace
et al. 1992; Newman et al. 2016). Similarly, in the At-
lantic, atmospheric phenomena such as the North Atlantic
Oscillation influence SST structure in the North Atlantic
region (e.g., Visbeck et al. 1998, 2003).

Heat budget analysis near the ocean surface provides
robust evidence for this dynamical relationship. Figure
4d shows the regression map of thermal advection by
oceanic geostrophic currents onto the low-pass filtered
iAM-Atmos index. This regression pattern exhibits the
classical mechanism in which jet stream migrations asso-
ciated with iAM-Atmos modulate western boundary cur-
rent strength and subsequent heat transport from subtrop-

ical regions. While weaker in magnitude than the dy-
namic mechanism described above, thermodynamic pro-
cesses act to relax these dynamically-induced SST anoma-
lies. Figure 4e presents the regression map of net down-
ward heat flux, analogous to that shown in Fig. 4d. During
positive iAM-Atmos phases, the warm SST enhances sur-
face latent and sensible heat release in the southern belt re-
gion, with the opposite occurring during negative phases.

The reciprocal influence (i.e., whether iAM-Ocean vari-
ability can drive iAM-Atmos variability) requires more
careful investigation. To address this question, we have
conducted a high-resolution pacemaker experiment where
SSTs in the two boundary current regions are constrained
by SST output from the preindustrial control run (Fig.
4f). This experimental design effectively prescribes the
iAM-Ocean index variations, allowing us to interpret the
ensemble-mean field as the climate system’s response to
iAM-Ocean variability (see also Data and Methods).

Results from our pacemaker experiment demonstrate
that anomalously warm midlatitude oceans drive north-
ward jet stream displacement. The regression map of
ensemble-mean SST and zonal wind against the iAM-
Ocean index (Fig. 4g) shows that prescribed SST variabil-
ity in western boundary current regions generates an atmo-
spheric response characteristic of annular modes. This re-
sponse is consistent with Ogawa et al. (2012), who used an
idealized atmospheric general circulation model (AGCM)
to demonstrate that midlatitude SST fronts can anchor jet
stream latitude. Additional evidence comes from Omrani
et al. (2019), who revealed through more realistic AGCM
experiments that western boundary currents amplify NAM
variability. Both studies show that SST front-induced la-
tent and sensible heating enhances baroclinicity, which
modulates the jet stream position. This mechanism is con-
sistent with the thermodynamic evidence shown in Fig. 4e.

The response of the iAM-Atmos index shows moder-
ate but statistically significant temporal correlation with
the prescribed iAM-Ocean index. Figure 4h illustrates the
forced iAM-Atmos response to iAM-Ocean variability in
the pacemaker experiment, revealing generally in-phase
behavior with a significant correlation of 0.39. Lag cor-
relation analysis between the time series indicates near-
simultaneous variation relative to the phenomenon’s inter-
annual to decadal timescale (Fig. 4i), consistent with rapid
atmospheric adjustment to SST front-induced heating.

c. Positive feedback loop and mathematical representa-
tion of iAM

The evidence presented in the previous subsection col-
lectively demonstrate that positive iAM-Atmos (iAM-
Ocean) anomalies actively generate positive iAM-Ocean
(iAM-Atmos) responses, establishing a positive feedback
loop. This coupled interaction produces air-sea coupled
instability, enabling iAM to emerge as a dominant mode of
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midlatitude climate system variance. The feedback mech-
anism parallels the Bjerknes feedback in the equatorial re-
gion that amplifies ENSO dominance in the tropical Pa-
cific variability.

The positive feedback mechanism between iAM-Atmos
and iAM-Ocean can be represented by a simplified cou-
pled system of ordinary differential equations:

dIA

dt
=−γAIA +αAIO +FA(t) (1)

dIO

dt
=−γOIO +αOIA +FO(t) (2)

where IA and IO represent the iAM-Atmos and iAM-
Ocean indices, respectively; γA and γO are the damping
coefficients characterizing the intrinsic decay timescales;
αA and αO are the coupling coefficients quantifying the
strength of ocean-to-atmosphere and atmosphere-to-ocean
feedbacks; and FA(t) and FO(t) denote external forcings.
When αAαO > γAγO, the system exhibits unstable growth
with an e-folding timescale of τ ∼ (γA + γO)/(αAαO −
γAγO) during the transient phase before nonlinearities be-
come significant1.

While the atmospheric response amplitude and corre-
lation in the pacemaker experiment are weaker than ob-
served in reanalysis (Fig. 4b), this difference reflects
the experiment’s prescribed, non-interactive iAM-Ocean
variability. In the real world, the nonlinearity of the
atmosphere-ocean system obscures the theoretically pre-
dicted unstable growth, so the proposed mathematical
framework warrants further investigation. Nevertheless,
multiple lines of evidence such as the idealized model (see
also Fig. 1b), SVD analysis of observations (Figs. 2 and
3), heat budget analysis and global climate model experi-
ments (Fig. 4) consistently provide a possible explanation
for why the iAM variability emerges as a dominant mode
as discussed in Section 3.

d. Implications for midlatitude extreme weather in a
changing climate

The iAM-Ocean index exhibits a pronounced upward
trend (Fig. 5a), consistent with enhanced warming sig-
nals observed in western boundary current regions rela-
tive to the global average (Wu et al. 2012). This posi-
tive trend underscores the immediate implications of iAM
for anticipating climate change impacts on human soci-
ety. The regression map of 2-meter air temperature onto

1The instability condition is derived from the eigenvalue equation
of the linearized system. Setting the forcing terms to zero, we ob-
tain the characteristic equation λ 2 + (γA + γO)λ + γAγO −αAαO = 0.

The eigenvalues are λ1,2 =
(
−(γA + γO)±

√
(γA − γO)2 +4αAαO

)
/2.

When αAαO > γAγO, one eigenvalue becomes positive, causing un-
stable growth. For a weakly coupled condition, i.e., 0 < αAαO −
γAγO ≪ (γA + γO)

2, the positive eigenvalue is approximated as λ+ ∼
(αAαO −γAγO)/(γA +γO), yielding the e-folding timescale τ = 1/λ+ ∼
(γA + γO)/(αAαO − γAγO)

the detrended iAM-Ocean index (Fig. 5b) reveals that
iAM-associated jet stream fluctuations drive air temper-
ature variations across densely populated regions of the
Northern Hemisphere. These surface temperature patterns
align with established NAM responses (Thompson and
Wallace 1998, 2001), but our focus on low-frequency vari-
ability driven by air-sea interactions suggests enhanced
predictability of iAM-Atmos compared to internal atmo-
spheric dynamics alone, which has limited predictable
timescale on o(10-100) days.

The sustained positive phase of iAM since 2020 exem-
plifies the significance of prolonged positive iAM events
on multiyear timescales. Analysis of the Northern Hemi-
sphere midlatitudes shows persistently high iAM values
during this period (Fig. 5a; see also Fig. 1a), likely con-
tributing to the warming trend observed across these re-
gions. The record-breaking heat wave of 2024 occurred
within this context of elevated iAM values. Compar-
ing the observed 2024 air temperature pattern (Fig. 5c)
with the positive iAM signature predicted by linear regres-
sion (Fig. 5b) reveals striking similarities, suggesting that
the prolonged positive iAM state may have set favorable
background conditions for this extreme event. Given the
positive trend and substantial low-frequency power in the
iAM-Ocean index, such background conditions conducive
to extreme heat events are likely to become more common
over the next decade.

5. Conclusions

In this study, we have demonstrated that a significant
portion of low-frequency variance in the conventional
NAM and PDV are explained by a coupled air-sea sys-
tem, which we refer to as iAM. This mode is characterized
by synchronized meridional migrations of SST anomalies
and the atmospheric jet stream, manifesting as the lead-
ing SVD mode between SST and lower tropospheric zonal
wind. While the oceanic component resembles PDV, it is
rotated 45◦ toward the SST front variability mode in the
data space of two leading PCs. The atmospheric com-
ponent essentially represents an equal-weight combina-
tion of NAM and PNA. The system undergoes exponential
growth through a positive feedback loop driven by air-sea
coupled instability, establishing iAM as a dominant phys-
ical mode in the Northern Hemisphere (north of 20°N).

The physical mechanism underlying this instability,
summarized in Fig. 5d, proceeds as follows. During posi-
tive iAM events, the northward-shifted jet stream induces
dynamical ocean heating in the Gulf Stream and Kuroshio
Extension regions. This heating manifests as wind stress
variations over the ocean basin, enhancing warm advec-
tion through intensified western boundary currents. The
resulting warm SST anomalies amplify surface latent and
sensible heat releases, which enhance atmospheric baro-
clinicity and further displace the jet stream northward.
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FIG. 5. Implications of iAM for decadal Northern Hemispheric warmth. (a): As in the top black curve in Fig. 4a, but the linear trend is
retained. (b): As in Fig. 4b, but for 2-meter air temperature. (c): 2-meter air temperature anomalies averaged from June through October of 2024.
(d): Schematic showing the positive feedback mechanism that amplifies the positive (left) and negative (right) iAM events. Their SST signatures
are the same as in Fig. 4b, but the signs of the regression coefficients are reversed for the negative iAM.

During negative iAM events, the opposite processes lead
to southward jet stream displacement and cool midlatitude
SST anomalies.

The positive feedback mechanism underlying iAM
bears a resemblance to the Bjerknes feedback that re-
alizes ENSO variability in the tropics. While we have
proposed the basic coupled dynamics of iAM based on
observational evidence and a model experiment, the de-
velopment of a comprehensive theoretical framework―
analogous to the recharge oscillator (Jin 1997a,b) or de-

layed oscillator (Suarez and Schopf 1988; Battisti and
Hirst 1989) theories for ENSO―remains a frontier for fu-
ture research. Such theories would need to incorporate the
unique characteristics of midlatitude dynamics, including
the role of mesoscale eddies, the influence of basin ge-
ometry on western boundary current stability, and poten-
tial time-delayed negative feedbacks that could explain the
quasi-periodic nature of iAM. The mathematical frame-
work presented in Section 4 provides a starting point, but
additional mechanisms governing phase transitions will be
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crucial for developing a complete oscillator theory. Partic-
ularly important will be understanding how stratification
changes and baroclinic adjustment processes might intro-
duce time delays in the system, potentially supporting a
self-sustained oscillatory behavior rather than merely ex-
ponential growth followed by nonlinear saturation.

It is a natural idea to look for a similar iAM mode in
the Southern Hemisphere. Some previous studies inves-
tigated Southern Hemispheric intrinsic variability (Hogg
and Blundell 2006; Hogg et al. 2022), and in fact, ob-
servational evidence shows that the Brazil current and
the Agulhas return current are also synchronized (Ko-
hyama et al. 2021a). Therefore, one may wonder if we
could refer to it as the “Southern iAM”. However, the
SVD analysis reveals that, unlike its Northern Hemisphere
counterpart where signals are largely confined to midlati-
tudes, the Southern Hemispheric SVD1 is fundamentally
altered by tropical forcing. This tropical intrusion results
in the Southern Hemisphere’s western boundary current
variability exhibiting shorter timescales (3-8 years), which
is comparable to ENSO, distinguishing it from the longer
timescales of the “Northern iAM” realized by slower inter-
nal dynamics in the midlatitudes due to the smaller Rossby
deformation radius.

As a dominant mode of midlatitude low-frequency vari-
ability, iAM has significant implications for our changing
climate, including the long-term forecasting of extreme
heat events in densely populated regions. Furthermore,
iAM variability impacts marine ecosystems through mod-
ulation of western boundary currents. Building upon es-
tablished PDV-fisheries relationships (Mantua et al. 1997),
iAM is expected to influence diverse marine species: from
increased Atlantic cod mortality in warm Gulf Stream con-
ditions (Pershing et al. 2015) to the migration patterns of
Japanese sardine (Watanabe et al. 1996) and Pacific saury
(Saitoh et al. 1986; Tian et al. 2003) in the Kuroshio re-
gion, where these species rely on specific conditions for
spawning and nursery grounds (Kuroda et al. 2016). To
advance our understanding of iAM behavior under anthro-
pogenic forcing, we emphasize the critical need for en-
hanced midlatitude ocean observations and continued de-
velopment of high-resolution global climate models.
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