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Abstract Improvement of subseasonal to seasonal North Atlantic winter forecasting requires better
prediction of the North Atlantic Oscillation (NAO), the dominant mode of variability in the Northern
Hemisphere. Despite recent research demonstrating the importance of stratosphere‐troposphere coupling for
NAO predictability, the driving mechanisms and implications are not fully understood. This study reveals that
the October upper stratosphere is highly relevant to polar vortex development and predictability of winter NAO.
We derive a simple index based on the strength of meridional wind in the upper stratospheric surf zone and find
that anomalously poleward motion is associated with a significantly stronger polar vortex, which predicts the
subsequent winter surface NAO with a correlation coefficient of r = 0.40.

Plain Language Summary The North Atlantic Oscillation (NAO) is a large‐scale atmospheric
system that significantly affects the weather and climate in the North Atlantic basin, especially in winter.
Accurately forecasting the NAO 1–3 months ahead is challenging. However, on these timescales, more
predictable factors like the stratosphere play a crucial role in modulating the NAO. The upper stratosphere plays
a significant role in stratospheric dynamics, however it remains poorly understood and its potential to improve
winter NAO predictions is largely untapped. Here, we create a simple index to measure the north‐south winds in
the upper stratosphere during October and find that a positive index predicts a stronger winter polar vortex,
leading to a more positive NAO. This results in warmer, wetter, and stormier conditions in northern Europe and
the eastern US, and colder, drier conditions in southern Europe and Canada. Conversely, a negative index
indicates a weaker winter polar vortex and an increased likelihood of sudden stratospheric warming events,
which can often lead to extreme and prolonged cold conditions at the surface. Our findings highlight the
importance of monitoring the upper stratosphere in October to improve winter NAO predictions and better
understand stratosphere‐troposphere coupling.

1. Introduction
Variability of North Atlantic winter climate is dominated by the North Atlantic Oscillation (NAO; e.g., Hurrell
et al., 2001). The NAO is a large‐scale atmospheric pressure dipole situated over the North Atlantic with centers
located in the subtropics (the Azores high) and the Arctic (the Iceland low). While this pattern is present
throughout the year, the NAO is most prominent in winter and explains over one‐third of sea level pressure
variance in the North Atlantic (Hurrell & Deser, 2010). Its phases are associated with the strength and location of
the jet‐stream (Woollings et al., 2010), which affect changes in surface temperature, precipitation, and storm track
behavior in the North Atlantic basin (e.g., Degenhardt et al., 2024; Hurrell et al., 2003; Rogers, 1997; Scaife
et al., 2008; Vallis & Gerber, 2008), emphasizing the importance of skilful subseasonal to seasonal (S2S) NAO
forecasts. While accurate S2S forecasting of the surface NAO presents challenges, previous studies have
demonstrated significant predictability on seasonal timescales and indicate that further untapped predictability
still exists (Athanasiadis et al., 2017; Baker et al., 2018; Riddle et al., 2013; Scaife et al., 2014).

The mechanisms that generate and maintain the NAO are not fully understood. While it is considered to be
primarily maintained by internal eddy‐mean flow interactions (e.g., Barnes & Hartmann, 2010; Benedict
et al., 2004; Feldstein, 2003; Franzke et al., 2004; Lorenz & Hartmann, 2003), it is clear that external sources of
S2S predictability exist (Deser et al., 2007; Smith et al., 2020). The NAO has known links to tropical rainfall
(Fereday et al., 2020; Molteni et al., 2015), which is notably influenced by the El Niño‐Southern Oscillation (Bell
et al., 2009), North Atlantic sea surface temperature anomalies (Czaja & Frankignoul, 2002; Deser et al., 2007;
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Rodwell et al., 1999), Arctic sea ice cover (Strong & Magnusdottir, 2011), Eurasian snow cover (Cohen
et al., 2014), solar variability (Ineson et al., 2011; Lu et al., 2017), and stratospheric forcing (O’Reilly et al., 2019;
Scaife et al., 2016).

A better understanding of stratosphere‐troposphere coupling is increasingly being recognised as essential for
improvements in S2S winter NAO forecasting and the prediction of extreme meteorological events (e.g., Baldwin
& Dunkerton, 2001; Domeisen et al., 2020; Garfinkel et al., 2020; Scaife et al., 2022). In a forecasting context,
recent research is also beginning to appreciate the dynamical influence of the upper stratosphere (1‐5 hPa) on
downward coupling with the troposphere (e.g., Hitchcock & Haynes, 2016; Nie et al., 2019).

Extratropical stratospheric circulation is primarily driven by planetary‐scale Rossby waves (e.g., Charney &
Drazin, 1961), the breaking of which is largely confined to the winter stratosphere in the midlatitude “surf zone”
(McIntyre & Palmer, 1983). Disturbances in the early winter upper stratosphere can therefore strongly influence
stratospheric dynamics by manipulating the waveguide, which can affect subsequent wave breaking and ab-
sorption throughout the stratosphere and lead to disparate polar vortex regimes (Gray et al., 2003; Lu et al., 2021)
as well as changes to sudden stratospheric warming (SSW) occurrence (Gray et al., 2020, 2022; Greer et al., 2013;
O’Neill & Pope, 1988). In particular, Gray et al. (2022) demonstrate that polar vortex development and SSW
timing are sensitive to equinoctial upper stratospheric zonal winds, suggesting that anomalous dynamical
behavior as early as October may provide insight into seasonal stratospheric development. Despite the promising
recent improvements in our understanding of the upper stratosphere and their contributions to S2S winter
forecasting (Koushik et al., 2022; Lindgren & Sheshadri, 2020; Lu et al., 2021), it remains a region that is often
overlooked with its dynamics poorly understood.

An important feature of winter stratospheric circulation is the extratropical “downward control” effect (Haynes
et al., 1991). This global‐scale wave‐driven circulation is a quasi‐instantaneous response arising from the applied
forcing of eddy motions in the upper stratosphere. Under the steady‐state and quasi‐geostrophic assumptions, the
residual mean meridional wind, v̄∗, is related to the divergence of the Eliassen‐Palm (EP) flux, F, a measure of
overall wave forcing, by

v̄∗ ≡ −
1

ρ0 f0
∇ ⋅F, (1)

where f0 is the reference Coriolis parameter and ρ0 the basic density. Enhanced wave forcing in the upper
stratospheric surf zone therefore induces a meridional circulation at and beneath this region (Holton et al., 1995).
The Eulerian circulation, however, responds differently to wave forcing. Substituting the quasi‐geostrophic
definition of v̄∗ into Equation 1 yields the relationship

f0 v̄a ≡ − ρ
− 1
0 F(ϕ)ϕ , (2)

for which v̄a represents the ageostrophic component of the Eulerian mean meridional wind which is approxi-

mately equal to zonally averaged meridional wind v̄ over monthly averages and F(ϕ)ϕ = − (ρ0v′u′)y is the
divergence of the meridional component of EP flux. In essence, enhanced eddy momentum flux divergence in the
upper stratosphere induces more poleward flow. It is known that anomalous eddy momentum flux divergence in
the upper stratosphere generates a response in the ageostrophic winds (Greer et al., 2013; Thayer et al., 2010),
however the induced meridional circulation suggested by Equation 2 and the associated impacts on stratosphere‐
troposphere coupling and the winter surface are unknown.

In this study we propose a simple index that uses the anomalous monthly mean zonally averaged meridional wind
in the upper stratospheric surf zone in October, as a proxy for this Eulerian‐mean meridional circulation. This
index is significantly correlated with the subsequent winter NAO and determines two distinct regimes in which
the frequency of SSWs is significantly altered. This study reveals the relevance of not just the upper stratospheric
surf zone, but also the often overlooked meridional wind field, to S2S winter prediction and our understanding of
stratosphere‐troposphere dynamical coupling in the Northern Hemisphere. Details of the data and methods used
can be found in Section 2, the results of the analysis in Section 3, and in Section 4 we summarize and briefly
discuss potential mechanisms involved.
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2. Methodology
2.1. Data

This analysis uses the European Center of Medium‐Range Weather Forecasts (ECMWF) ERA5 reanalysis sea
level pressure, temperature, and zonal mean wind data sets for the period 1979–2024 (inclusive), providing data
for 45 complete winters. ERA5 has a horizontal resolution of 0.25° latitude by 0.25° longitude and 137 atmo-
spheric levels from the surface to 80 km above sea level including 60 levels between 0.01 and 100 hPa (Hersbach
et al., 2023). 6‐hourly grid‐based data was used throughout this study. The pressure level data (temperature and
zonal and meridional wind) used in the analysis is of a coarser resolution (0.5° latitude by 0.5° longitude), due to
storage limitations. The index, however, was calculated using the full resolution data for accuracy.

This analysis was repeated using the Modern‐Era Retrospective Analysis for Research and Application Version 2
(MERRA‐2) reanalysis data set from NASA's Global Monitoring and Assimilation Office (GMAO) (Gelaro
et al., 2017). MERRA‐2 confirms the significance of all key results presented in this paper.

2.2. Index Calculation

Winters are separated into two groups determined by the sign of an index in October. The index is the standardised
zonally averaged meridional wind speed over the upper stratospheric surf zone (40°N–60°N and 1–3 hPa; mass‐
weighted). This region is sufficiently far poleward to evade the influence of the Quasi‐Biennial Oscillation
(QBO)‐induced mean meridional circulation, which extends to approximately 40°N in the upper stratosphere.

The ability of this October index to predict the December‐January‐February (DJF) surface NAO is examined. We
take the NAO as being the reanalysis mean sea level pressure (MSLP) difference between the Azores (38°N,
27°W) and Iceland (65°N, 23°W) as in (Dunstone et al., 2016). The specific definition of the NAO index is not
critical to the results of this study, as the results remain significant for the NAO index described above and the
station‐ and principal component‐based NAO indices (NCAR, 2003).

3. Results
3.1. Polar Vortex Evolution

To understand how the index affects the seasonal development of zonal winds in the stratosphere, Figure 1a
illustrates the composite (positive index winters minus negative index winters) of zonal wind ū at 60°N, taken to
be the latitude of the strongest polar vortex winds. The plot demonstrates an initial negative anomaly in the mid to
upper stratosphere followed by the downward propagation of a positive anomaly appearing in the December
upper stratosphere, which subsequently descends over the following 1–2 months. This feature strongly resembles
that of zonal wind composites in other contexts such as SSWs (e.g., Baldwin & Dunkerton, 2001; Karpechko
et al., 2017; Kuroda, 2008), strong and weak vortex events (Baldwin & Dunkerton, 2005; Limpasuvan
et al., 2005), upper stratospheric anomalies (Baldwin & Dunkerton, 1999; Kodera et al., 1990; Nie et al., 2019),
and the QBO (Ebdon & Veryard, 1961; Taguchi, 2018).

Figure 1b shows the 1–3 hPa poleward propagation of the positive anomaly beginning in the October subtropics.
This anomaly strengthens as it migrates poleward, reaching values of over 16 ms− 1 in the midlatitudes, before
finally terminating in the polar region in late January. This is indicative of an initially wide upper stratospheric
vortex that strengthens and narrows around the pole over the following 2 months. Following the positive anomaly,
a negative anomaly originating in the late November subtropics propagates poleward and leads to a weakening of
the upper stratospheric vortex in February.

The generation of the subtropical and midlatitude anomalies in early winter upper stratosphere is likely a result of
the anomalous meridional wind over the index region evoking an “Eliassen response” to maintain thermal‐wind
balance (Eliassen, 1951). The early winter anomalies appear to be qualitatively consistent with those depicting the
Eliassen response in Figure 3 of Plumb (2010).

Together Figures 1a and 1b suggest that positive index winters are associated with a stronger and more stable
polar vortex, until late winter when it is more rapidly destroyed by dynamical processes in the upper stratosphere
compared with negative index winters. Mean winter (DJF) polar vortex strength ( ū at 60°N, 10 hPa) shares a
correlation coefficient with the October index of r = 0.36, which is significant at a p‐value ≤0.016.
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3.2. Sudden Stratospheric Warming Occurrence

Due to the similarities of the downward propagating signal in Figure 1 and that of SSWs, we ask the question: how
does the occurrence of SSW events differ across the two winter groups? Figure 2 displays the distribution of
SSWs for positive and negative index winters over the months December‐March. The SSWs are identified ac-
cording to the wind reversal criteria posed by Charlton and Polvani (2007).

Figure 1. Winter evolution of anomalous zonal wind ū. (a) Moving daily average vertical profile of composite (positive
minus negative index) stratospheric zonal winds at 60°N over October‐March. (b) As in (a) but showing instead the
latitudinal profile of mass‐weighted composite zonal winds at 1–3 hPa in the Northern Hemisphere. Contours occur at
intervals of 4 ms− 1 and stippling indicates 5% significance using a Student's t‐test.

Figure 2. Distribution of SSWs according to the October meridional wind index.
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In total, 73% of all SSWs occur in negative index winters, in which they tend to occur earlier in winter (December‐
February) compared with positive index winters. 80% of negative index winters contain an SSW event compared
to only 35% of positive index winters, suggesting the two winter regimes precondition the stratosphere differently
such that negative index winters are more predisposed to SSW events compared with positive index winters,
which is a significant result at a p‐value ≤0.006 using both a Chi‐square test and a Fisher's exact test, which is
more appropriate for smaller sample sizes. This concurs with the stratospheric zonal wind evolution seen in
Figure 1 for which positive index winters see a considerably stronger and more stable vortex throughout the
subsequent winter period.

The SSW events can be split into two types; downward‐propagating, which exhibit significant and persistent
annular mode anomalies, and ‘non‐propagating’ that remain in the stratosphere (Karpechko et al., 2017). We find
that the proportions of both types of SSWs occurring in positive and negative index winters to be comparable,
suggesting that the October index is unable to predict when an SSW will be downward‐propagating.

3.3. Surface Impact

In this section, we identify the surface impact of the October index. Figure 3 illustrates the composite MSLP
difference between positive and negative index groups for the subsequent winter period (DJF). The spatial pattern
features a strong positive NAO signature with an amplitude of 6.52 hPa, which is comparable in magnitude to one
interannual standard deviation (8.40 hPa) and is significant at a p‐value ≤0.005. The October index correlates
with the DJF NAO with a coefficient of 0.40, suggesting that 15% of DJF NAO variability can be attributed to the
October v̄ index. There is a 71% hit rate of the DJF NAO being anomalously positive or negative given a positive
or negative October index respectively. It should be noted that this is comparable to, although less than, the skill of
current forecast systems and could therefore significantly contribute to forecast skill (Feng et al., 2021; Scaife
et al., 2014). A permutation test with 10,000 iterations confirms that the observed correlation is robust at a p‐
value ≤0.008.

The relationship between the October index and DJF NAO may be non‐stationary on an approximate decadal
timescale. Figure 4 illustrates the 10‐year running correlations between the October index and both the DJF NAO
and polar vortex strength indices. The plot shows that the October index‐DJF NAO teleconnection weakens and
actually reverses in the 1990s before then correlating strongly and positively in the years since. There appears to
be an association between periods of reduced SSW occurrence with periods with a weaker teleconnection. The 10‐
year running correlation between the October index and the DJF polar vortex strength appears to be relatively
consistent, albeit weaker. Due to the small size of the moving window, sampling variability cannot be ruled out as
an explanation for the non‐stationary behavior observed here.

4. Discussion
This study measures the relationship that meridional wind in the upper stratospheric surf zone has with the winter
polar vortex and surface on a S2S timescale. We construct an index based on the standardised October zonal mean
meridional wind speed over the region 40°N–60°N and 1–3 hPa. We find that.

1. The index is significantly positively correlated with subsequent DJF polar vortex strength (r = 0.36).
2. The index plays an important role in preconditioning the stratosphere to SSWs. In negative index winters,

SSWs are significantly more likely to occur compared with positive index winters.
3. The index is significantly correlated with subsequent DJF NAO (r = 0.40).

If the October meridional wind index is a proxy for the Eulerian‐mean meridional circulation, then this begs the
question; could a measure of the eddy momentum flux divergence, the driver of this effect (Equation 2), serve as a
better predictor of DJF NAO and SSW occurrence? Using the standardised divergence of eddy momentum flux
calculated over the same region (40°N–60°N, 1–3 hPa) in October as an alternative index, we find that it is
similarly skilful in DJF NAO prediction. The strength of its correlation to DJF NAO is significant and similar to
that of the meridional wind index (r = − 0.37), and the magnitude of the DJF NAO response to the alternative
October index is 7.57 hPa, which is highly significant ( p≤ 0.006). This alternative index, however, falls short on
SSW prediction. The changes to SSW frequency and occurrence resulting from the alternative index‐determined
regimes are not significant, suggesting that the divergence of eddy momentum flux may only account for the
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October meridional wind index‐DJF NAO teleconnection. The source and mechanism of SSW predictability
within the October index are unknown and warrant further investigation.

It is well known that SSW and weak vortex events tend to be followed by a negative NAO response in the
following 1–2 months (e.g., Baldwin et al., 2021; Butler et al., 2017; Domeisen, 2019; Domeisen & Butler, 2020),
while the North Pacific is less affected. In this study we have established a link between the October index and the
DJF polar vortex strength and stability. Figure 1 demonstrates the established downward propagation of the upper
stratospheric zonal wind anomaly and the resulting persistent changes to the vortex winds (e.g., Baldwin &
Dunkerton, 1999; Kodera et al., 1990). This is corroborated by Figure 2, which demonstrates that negative index
winters are significantly more likely to evoke SSWs that weaken and destabilize the vortex. The resulting MSLP
response shown in Figure 3 is qualitatively similar to the MSLP response following SSW occurrence (e.g., Figure
3 of Baldwin and Dunkerton (2001), Figure 2 of Kidston et al. (2015), Figure 4 of Butler et al. (2017), and Figure 3
of Bett et al. (2023)). A bootstrapping linear mediation analysis indicates that the DJF polar vortex significantly
mediates the teleconnection between the index and DJF NAO, suggesting that the changes to vortex strength and

Figure 3. DJF surface response to October stratospheric wind index. Composite difference (positive minus negative index) in
mean sea level pressure with contour intervals of 1 hPa. Stippling denotes 5% significance using a Student's t‐test.
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stability are at least partly responsible for the DJF NAO response to the October index. This is supported by
Figure 4, which suggests that SSW occurrence may be associated with a strengthened teleconnection.

The mechanisms by which the October index exerts downward influence on the surface can be divided into two
parts. The first, is the downward propagation of the upper stratospheric signal along the polar vortex axis we
observe in Figure 1a, the driving mechanisms of which involve wave‐mean flow interaction with planetary‐scale
waves, but are not fully understood. A key theory for this downward propagation involves induced changes to
planetary‐wave propagation, reflection, and breaking (Chen & Robinson, 1992; Hitchcock & Haynes, 2016;
Matsuno, 1971; Perlwitz & Harnik, 2003, 2004; Shaw et al., 2010; Shaw & Perlwitz, 2013). The resulting
subseasonal vacillation in the winter stratospheric zonal winds is a known feature and we find that the upper
stratospheric polar vortex (60°N, 1–3 hPa) correlates with the simple sinusoidal model proposed by Hardiman
et al. (2020) with r = 0.78.

Gray et al. (2022) highlighted the sensitivity of the initial shape and development of the vortex, and the subse-
quent changes to stratospheric wave propagation and wave‐mean flow interaction, to the Semi‐annual Oscillation
(SAO). The SAO lies in the equatorial upper stratosphere‐lower mesosphere, however despite the difference in
latitudinal location, there are important similarities between the influence of the SAO and of the October index on
the subsequent development of the polar vortex. The SAO westerlies play a crucial role in defining the conical
shape of the vortex in early winter. The October zonal wind anomalies in the Hovmöller composite plot, Figure 1b
indicates that the conical shape of the early winter upper stratospheric vortex also varies with the October index.
Gray et al. (2022) also found that the early winter equinoctial SAO phase transition had a significant bearing on
SSW timing. Similarly the October index is found to determine two winter regimes for which SSW likelihood and
timing significantly differ. Despite the apparent similarities, the strength of the SAO in October with 0, ±1, and
±2 month lags, and also the timing of the west‐to‐east phase transition at 0.3 hPa, do not significantly correlate
with the October meridional wind index. Despite this, it is possible that the mechanistic response of the polar
vortex to the October index is comparable with that of the SAO.

The second component of the mechanism by which the October index imposes downward influence on the
surface, involves the receipt of the stratospheric signal by the troposphere whereby a persistent amplification and
shift of the subtropical eddy‐driven jet is induced (Domeisen et al., 2013; Garfinkel et al., 2013; Hitchcock &
Simpson, 2016; Kidston et al., 2015; Limpasuvan et al., 2004; Song & Robinson, 2004). The strength and location
of this jet is intrinsically tied to the NAO (e.g., Bordi et al., 2007; Lorenz & Hartmann, 2003; Strommen, 2020;
Thompson et al., 2002; Vallis & Gerber, 2008; Woollings et al., 2010). Figure S1 in Supporting Information S1
confirms that the October index is associated with a strong and persistent latitudinal shift in the westerly winds at
200 hPa, indicating a poleward shifted subtropical jet. The 200 hPa westerlies exhibit significant midlatitude
anomalies from mid‐September, suggesting that the equinoctial troposphere may contribute to the pre‐
conditioning of the October upper stratosphere (Charney & Drazin, 1961).

Figure 4. 10‐year running correlations between the October meridional wind index, and the DJF NAO and stratospheric polar
vortex ( ū at 60°N, 10 hPa) indices. The gray bars signify years in which at least one SSW occurred. The data are centered on
the central date of the moving window. The years correspond to the year associated with the December of each winter.
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Finally, we address the potential influence of the QBO. A naïve explanation of the meridional wind index could be
the QBO‐induced mean meridional circulation in the subtropical stratosphere. However, we find the October
QBO taken at 50 hPa to be insignificantly correlated with the v̄ index (r = 0.16). Using partial regression to
control for the influence of the QBO, the correlation between the v̄ index and DJF NAO remains unchanged
(r = 0.40), suggesting that the QBO is not involved in the mechanism linking the October index to the
winter NAO.

Data Availability Statement
The ERA5 reanalysis hourly pressure level data (Hersbach et al., 2023) used in this study are freely available from
https://doi.org/10.24381/cds.bd0915c6. The MERRA‐2 reanalysis data (Global Modeling and Assimilation Of-
fice (GMAO), 2015) are freely available from https://doi.org/10.5067/IUUF4WB9FT4W. The analysis code is
proprietary to Elizabeth Collingwood and is available upon request to elcoll56@bas.ac.uk.
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