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Abstract
Extreme stratospheric wave activity has been linked to surface cold extremes over North America,
but little is known whether the Quasi-biennial Oscillation (QBO) plays a role in this linkage. Here,
by comparing strong stratospheric wave events during the westerly phase (wQBO) with those
during the easterly phase (eQBO), we show that the cooling signature following strong wave events
depends on the QBO phase in observations. During wQBO, strong wave events are followed by an
increased risk of North American cold extremes and a vertical structure shift from a westward
phase tilt to an eastward tilt. However, strong wave events under eQBO do not change the cold risk
nor alter the vertical tilt. We further examine this dependence on QBO in QBO-resolving climate
models, finding that the cooling signature of strong wave events in models is largely insensitive to
QBO phases. This insensitivity is suggested to be linked to model biases in the stratospheric wave
representation.

1. Introduction

Anthropogenic global warming is anticipated to reduce wintertime cold extremes (Lorenz et al 2019,
Oldenborgh et al 2019), yet recent years have witnessed extreme cold events driven by atmospheric dynamics
(Johnson et al 2018, Ma and Zhu 2019, Cohen et al 2021, 2023). These observations have heated the ongoing
debate on the drivers of cold spells (Hartmann 2015, Harnik et al 2016, Zhang et al 2018, 2022, Blackport
et al 2019, Albers et al 2022). Of particular interest is the role of the stratosphere (Kolstad et al 2010, Yu et al
2015, Cohen et al 2021, Huang et al 2021, Davis et al 2022). There is increasing evidence that extreme
stratospheric wave variability contributes to surface cold waves through planetary wave reflection (Shaw and
Perlwitz 2013, Kretschmer et al 2018, Cohen et al 2021, Liang et al 2022, Messori et al 2022, Millin et al 2022,
Reichler and Jucker 2022, Shen et al 2022, Zou et al 2023, Zou and Zhang 2024). Using observations and
climate models, Ding et al (2023b) demonstrate that strong stratospheric wave activity is followed by changes
in the vertical coupling of planetary waves, with an increased risk of cold extremes over North America.

Considering the dominant role of the Quasi-biennial Oscillation (QBO) in the tropical stratosphere, it
becomes pertinent to investigate whether the QBO modulates the coupling of stratospheric wave variability
with the surface. The QBO has been extensively studied for its influence on the stratospheric polar vortex
and associated teleconnections (Baldwin et al 2001, Labe et al 2019, Rao et al 2020, Anstey et al 2022a). With
roughly 28 month periodic variations in equatorial stratospheric zonal wind, the QBO’s high predictability
holds great implications for surface predictions (Thompson et al 2002, Pohlmann et al 2013, Scaife et al
2014, Stockdale et al 2022, Anstey et al 2022a). As first hypothesized by Holton and Tan (1980), the QBO can
affect the strength of the stratospheric polar vortex by altering planetary wave propagation. In general, the
polar vortex weakens when the QBO is in its easterly phase (e.g. Andrews et al 2019, Zhang et al 2019,
Elsbury et al 2021b). A weakened polar vortex often leads to the downward propagation of the negative
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Northern Annular Mode (NAM) and persistent mid-latitude cold anomalies at the surface (Baldwin and
Dunkerton 2001, Sigmond et al 2013, Domeisen et al 2020, Baldwin et al 2021).

However, to our knowledge, the role of the QBO phase in the surface signature of strong stratospheric
wave activity or wave reflection events remains unexplored. Ding et al (2023a) emphasize the crucial role of
the planetary wave pattern in the stratosphere-troposphere coupling during strong wave events, suggesting
that altering the planetary wave propagating environment could affect these events and their surface linkages.
Messori et al (2022) notice that wave reflection events preferentially occur during the westerly phase of the
QBO in observations. Sensitivity experiments with CESM1 indicate that the surface signal of downward wave
reflection is stronger in the absence of the QBO (Lubis et al 2016).

In this paper, we subsample strong stratospheric wave events according to QBO phases and show that
strong wave events during the westerly QBO (wQBO) increase the risk of North American (NA) cold
extremes while those during the easterly QBO (eQBO) do not. This suggests that the QBO may provide
predictability for cold air outbreaks on sub-seasonal timescales by modulating the coupling of strong wave
events. However, we find that climate models struggle to replicate this dependence on QBO phases. We
further attribute the discrepancy between models and reanalysis to the different evolutions of stratospheric
circulation following strong stratospheric wave events.

2. Data andmethods

2.1. Reanalysis and climate models
We analyze the daily data from the fifth generation of atmospheric reanalysis from the European Center for
Medium-Range Weather Forecasts (ERA5; Hersbach et al 2020). The data we examined have a horizontal
resolution of 1.5◦ × 1.5◦ and cover the period of 1950–2021. We focus on the boreal winter from December
to February. After detrending, the anomalies are obtained by removing the seasonal cycle, which is defined as
the time mean and first two harmonics of the full-year climatology.

We also examine climate models from the Coupled Model Intercomparison Project Phase 6 (CMIP6). We
select 16 models that are shown to realistically simulate the QBO (Richter et al 2020, Zuo et al 2022, Rao et al
2023). The historical simulations we examined cover the period of 1950–2014. All model data are bilinearly
interpolated to a 1.5◦ × 1.5◦ common grid. Only one member from each model is used. The list of CMIP6
models and the ensemble members used are shown in table S1.

Since the QBO in climate models has a weak amplitude at 50 hPa compared to reanalysis, here the QBO
is indexed using the standardized seasonal 10 hPa zonal wind that is averaged between 5◦ S and 5◦ N
(Elsbury et al 2021a). This works because of the anticorrelation between 10 hPa and 50 hPa QBO winds
(Richter et al 2020, Anstey et al 2022b). We define a wQBO year when the QBO index is smaller than−0.5
and an eQBO year when the index is larger than 0.5. According to this definition, there are 28 eQBO and 31
wQBO years in ERA5. The numbers of QBO years in each model are listed in table S1. The main conclusions
are not sensitive to the chosen QBO indexing scheme.

2.2. Definition of strong stratospheric wave events
We identify strong stratospheric wave events based on the empirical orthogonal function (EOF) analysis of
the 10 hPa geopotential height, for ERA5 and each model individually (Ding et al 2023a, 2023b). While the
lower stratosphere is more strongly related to tropospheric variability, using the 10 hPa field makes it more
straightforward to identify the contribution of stratospheric variability to tropospheric weather. EOF analysis
is applied to the zonally asymmetric geopotential height (removing the zonal mean) north of 20◦ N,
weighted by the square root of the cosine of latitude. We note that the leading EOF pattern encompasses the
variability from all zonal wave numbers. The standardized principal component of the leading EOF mode is
taken as the stratospheric planetary wave index, largely describing the strength of the planetary wave-1 in the
stratosphere. While wave-2 patterns from other EOFs may also have important implications (e.g. Charlton
and Polvani 2007), we focus on the wave-1 pattern from the leading EOF due to its predominant explained
variance (Ding et al 2023a). A strong stratospheric wave event is identified as the consecutive days when the
planetary wave index is above its 95th percentile. No minimum duration is required. Day 0 refers to the first
day meeting the threshold.

The strong stratospheric wave events are subsampled based on the QBO phase of the winter in which the
event occurs. In ERA5, this results in a frequency of 1.23 strong wave events per year during wQBO years (38
events in total) and 0.75 events per year during eQBO years (21 events in total). The CMIP6 ensemble
produces, on average, 1.07 strong wave events per wQBO year (451 events in total) and 0.98 events per eQBO
year (414 events in total). The numbers of strong wave events in each model are listed in table S1.
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2.3. Plumb wave activity flux
We calculate the Plumb wave activity flux to describe the 3D propagation of planetary waves (Plumb 1985)
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where λ is longitude, ϕ is latitude, z is height, and p is pressure. T is temperature, Φ is geopotential height, u
is the zonal wind, and v is the meridional wind. f is the Coriolis parameter and a is Earth’s radius. κ is the
specific gas constant of dry air divided by the specific heat of dry air. T̃ is the domain-averaged temperature.
H is the log-pressure scale height. Primes denote the deviations from zonal means.

It is noteworthy that the upward propagation of planetary waves can also be inferred from the westward
tilt of geopotential height anomalies with increasing altitude. While the direction of the wave tilt for the
composite of height anomalies implies the sign of transient eddy fluxes, Plumb fluxes include both transient
eddy fluxes and the interference between transient and climatological planetary waves.

3. Results

3.1. QBOmodulates the surface signal of strong stratospheric wave events in reanalysis
We first compare the evolution of circulation patterns during strong stratospheric wave events for the two
QBO phases in ERA5 (figure 1). The 10 hPa geopotential height anomalies linked to strong stratospheric
wave events during wQBO and eQBO years share similar patterns, featuring an NA ridge and a Eurasian
trough (figures 1(a) and (b)). This wave-1 pattern is largely in phase with the wave-1 climatology and
reinforces the climatological wave-1 via constructive wave interference (Smith and Kushner 2012, Ding et al
2022). We note that on day 10, the ridge anomaly under eQBO is slightly stronger compared to that under
wQBO, implying a more persistent NA ridge associated with eQBO strong wave events. The zonal mean
component of their differences corresponds to a positive NAM (figure 1(c)), which is attributable to the
QBO effect on the seasonal mean polar vortex and diminishes after removing winter means (figure S1).
However, removing this QBO modulation on winter means does not affect the tropospheric signals to be
described below (figures S1 and S2), suggesting that the impact of QBO on strong wave events acts on a
shorter timescale than its influence on the polar vortex. For 500 hPa composites, strong stratospheric wave
events under different QBO phases are similar before and around the event onset (days−5–0), showing a
strong Alaskan trough and two ridges over eastern North America and Europe (figures 1(a) and (b)). These
observed precursor patterns match the ones associated with strong wave events during all the winters
regardless of QBO phases and also resemble the pattern during negative eddy heat flux events (Shaw and
Perlwitz 2013, Ding et al 2023a). However, on day 10, wQBO strong wave events show a northern North
Pacific ridge and an NA trough while eQBO events display a northern North Pacific trough. This is more
clearly shown in the differences between wQBO and eQBO (figure 1(c)). The opposite signs of the northern
North Pacific anomalies may explain the negligible tropospheric signal over the North Pacific when
considering all the winters (see figure 2 in Ding et al 2023a). In other words, the tropospheric precursor
transitions into an opposite pattern during wQBO strong wave events while the precursor is maintained
through the lifecycle of eQBO events.

The related surface signals during wQBO and eQBO are consistent with the mid-tropospheric circulation
anomalies. The composite of wQBO strong wave events features a transition from warm anomalies over
North America before the event onset to cold anomalies on day 10 (figure 2(a)). This temperature swing
coincides with a shift from a cyclonic anomaly in sea level pressure (SLP) over Alaska to an anticyclonic
anomaly 5–10 d later. These surface signatures during wQBO are largely in line with those during all the
winters, except for the Alaskan anticyclonic anomaly (Ding et al 2023b). On the other hand, the surface
composite of eQBO strong wave events is characterized by a persistent cyclonic anomaly over Alaska
(figure 2(b)). This induces warm anomalies over North America and mitigates the temperature drop. We
note that the warm signal on day 10 is insignificant, accompanied by some cooling around Davis Strait and
the west coast of the United States. Interestingly, the SLP anomalies over the Atlantic project onto the positive
North Atlantic Oscillation (NAO) regardless of the QBO phase, consistent with the results during all the
winters. It is worth noting that these surface signals following strong wave events are distinct from those
related to anomalous polar vortex events (Ding et al 2022, 2023a, Messori et al 2022). This result also aligns
with the finding that the weather regime most sensitive to the polar vortex strength is not the most important
for NA cold extremes (Lee et al 2019). While the temperature drop over North America has been connected
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Figure 1. Composites of geopotential height anomalies at 10 hPa (Z10, shading) and 500 hPa (Z500, contours, 25 m interval) on
day−5, 0, 5, and 10 for strong stratospheric wave events in ERA5 under wQBO (a) and eQBO (b). (c) Differences between (a)
and (b). Stippling in (a), (b) denotes the regions where the shaded anomalies are significant at the 95% confidence level based on
the two-sided Student’s t-test. Stippling and green contours in (c) denote 95% significant Z10 and Z500 differences based on the
two-sided Welch’s unequal variances t-test. The time evolution is smoothed by a 5-day running average. Day−5 represents the
average between day−7 and day−3. The green box in (a) (50◦–90◦ N, 80◦ W–180◦) indicates the region where stratospheric
ridge anomalies are calculated, and the magenta box (50◦–70◦ N, 150◦ E–130◦ W) indicates the region of tropospheric northern
North Pacific anomalies. See figure S1 for the results after removing seasonal means.

to the stratosphere through wave coupling (Guan et al 2020, Messori et al 2022, Shen et al 2022, Ding et al
2023b), figure 2 suggests a more nuanced picture of this connection that depends on the QBO phase.

Vertical wave structures associated with strong stratospheric wave events under different QBO phases are
compared by using zonally asymmetric geopotential height anomalies and Plumb flux anomalies averaged
over 50◦–70◦ N (figure 3). Before and around the onset, strong wave events under wQBO and eQBO both
show upward and eastward Plumb flux anomalies over Siberia, reinforcing the stratospheric ridge over North
America (figures 3(a) and (b)). Accordingly, the geopotential height anomalies and their wave-1 components
(black lines in figure 3) are characterized by a westward phase tilt with altitude. Around day 5 to day 10,
wQBO strong wave events feature a shift to an eastward tilt, coinciding with the downward Plumb flux
anomalies over North America (figure 3(a)). This wave phase alteration is consistent with the results using all
the winters, which may be thought of as an indication of local wave reflection (Holton and Mass 1976,
Perlwitz and Harnik 2003, Ding et al 2023a). However, a westward tilt of geopotential height anomalies
persists throughout strong wave events during eQBO (figure 3(b)). In addition, we confirm that the wave
structures remain consistent after removing seasonal means, regardless of whether the winter mean effect of
the QBO is included (cf figure 3 vs. figure S3).

From a perspective of weather systems, wQBO strong wave events are followed by a weakening of the
stratospheric NA ridge, which descends and forms an anomalous ridge over the northern North Pacific in the
troposphere (figure 3(a)), reminiscent of the evolution during planetary wave reflection (Kodera et al 2013).
This also leads to the development of an NA trough downstream that favors cold air advection (figure 1). In
contrast, the NA ridge is largely confined in the stratosphere following eQBO strong wave events while the
northern North Pacific is occupied by a tropospheric trough (figure 3(b)).
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Figure 2. Composites of surface air temperature (SAT, shading) and SLP (contours, 2.5 hPa interval) on day−5, 0, 5, and 10 for
strong stratospheric wave events in ERA5 under wQBO (a) and eQBO (b). (c) Differences between (a) and (b). Stippling in (a),
(b) denotes the regions where the shaded anomalies are significant at the 95% confidence level based on the two-sided Student’s
t-test. Stippling in (c) denotes 95% significant differences based on the two-sided Welch’s unequal variances t-test. The time
evolution is smoothed by a 5-day running average. Day−5 represents the average between day−7 and day−3. The green box in
(a) (40◦–70◦ N, 70◦ W–130◦ W) indicates the region of NA SAT anomalies. See figure S2 for the results after removing seasonal
means.

We also examine zonally averaged zonal winds during strong wave events under wQBO and eQBO
(figure S4). While they both show zonal wind deceleration in the extratropical region, only strong wave
events under wQBO are associated with a vertical dipole structure around day 0, marked by significant
negative anomalies in the upper stratosphere and positive anomalies below (figure S4(a)). This dipole
pattern implies a potential reflective surface of planetary waves (Perlwitz and Harnik 2003). Besides, despite
the increased upward wave propagation, wQBO strong wave events do not show negative zonal wind
anomalies in high latitudes like eQBO strong wave events (figure S4), suggesting that the waves are not
absorbed in the stratosphere. Figure S5 shows that the stratospheric zonal wind speed decreases with altitude
around the onset of strong wave events during wQBO (blue line), further indicating the formation of a
vertical reflective surface (Perlwitz and Harnik 2003). These results imply that wQBO induces a favorable
condition for vertical wave reflection, leading to the vertical structure shift and subsequent cold advection
over North America following strong wave events (figures 2 and 3).

In summary, reanalysis indicates that the QBO phase modulates the surface signal of strong stratospheric
wave events, with an increased risk of cold extremes over North America during wQBO but a muted risk
during eQBO.

3.2. CMIP6models lack the sensitivity of strong stratospheric wave events to the QBO
It is then interesting to ask whether climate models can capture the dependence of the vertical wave coupling
on the QBO phase. To this end, we compare the time series of stratospheric and tropospheric indices under
different QBO phases in ERA5 and CMIP6 (figure 4). The regionally averaged 10 hPa geopotential height
anomalies over northern North America (50◦–90◦ N, 80◦ W–180◦) are compared with 500 hPa anomalies
over the northern North Pacific (50◦–70◦ N, 150◦ E–130◦ W). We select these regions due to the contrast
between wQBO and eQBO events and linkages to NA cold anomalies (figures 1 and 2). Following strong
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Figure 3. Vertical wave coupling associated with strong stratospheric wave events during wQBO and eQBO in ERA5. (a)
Composites of the zonally asymmetric component of anomalous geopotential height (shading) and vertical and zonal
components of anomalous Plumb wave activity flux (vector) averaged over 50◦–70◦ N on day−5, 0, 5, and 10 for strong wave
events under wQBO. (b) As in (a), but for strong wave events under eQBO. (c) Differences between (a) and (b). Black lines are
zero contours of the wave-1 component of anomalous geopotential height, indicating the vertical phase tilt of wave-1. Stippling in
(a), (b) denotes the regions where the shaded anomalies are significant at the 95% confidence level based on the two-sided
Student’s t-test. Stippling in (c) denotes 95% significant differences based on the two-sided Welch’s unequal variances t-test. The
time evolution is smoothed by a 5-day running average. Day−5 represents the average between day−7 and day−3. To account
for the smaller air density with decreasing pressure, the magnitude of the Plumb flux is scaled by (1000/p)1/2, and geopotential
height is scaled by (p/1000)1/2, where p is pressure. The vertical component of the Plumb flux is also scaled by a factor of 200. See
figure S3 for the results after removing seasonal means. See figure S6 for the total (zonally asymmetric+ zonal mean) field of
anomalous geopotential height and absolute (anomalous+ climatological) Plumb flux.

wave events under wQBO, the CMIP6 multi-model ensemble (MME) mean (red lines in figure 4) shows a
slightly more persistent stratospheric NA ridge compared to ERA5 (figure 4(a)). As for the troposphere, the
CMIP6 MME presents virtually no anomalies over the northern North Pacific in contrast to an attenuated
Aleutian Low in ERA5 during days 5–20 noted by the weakly positive anomalies (figure 4(c)). The difference
between CMIP6 and ERA5 under eQBO is generally the opposite but with larger amplitudes: the
stratospheric NA ridge weakens during days 5–20 in CMIP6 while it sustains in ERA5 (figure 4(b)). This is in
line with the results that remove the seasonal mean effect of the QBO (figure S8). In the troposphere, CMIP6
shows negligible anomalies though ERA5 exhibits a significantly strengthened Aleutian Low (figure 4(d)). A
similar comparison between CMIP6 and ERA5 can be drawn from circulation patterns (cf figure 1 vs. figure
S7). These results suggest that the evolution of the stratospheric northern NA ridge after the onset is
connected to strong wave events’ tropospheric signals over the northern North Pacific. Moreover, CMIP6
models seem to lack the sensitivity of this connection to QBO phases which is observed in ERA5.

Of particular interest is the linkage between strong stratospheric wave events and cold extremes over
North America. Figures 4(e) and (f) present the Probability Density Function (PDF) of NA surface air
temperature (SAT) (40◦–70◦ N, 70◦ W–130◦ W) anomalies during days 5–20 after strong wave events under
wQBO and eQBO. In ERA5, wQBO strong wave events feature a general shift towards colder temperatures
that is 95% significant based on the two-tailed two-sample Kolmogorov–Smirnov (KS) test, whereas eQBO
events show little change (figure 4(e)). The extreme cold risk is further quantified by the risk ratio for the
exceedance frequency below a certain standard deviation (SD) of the PDF. Compared to all the winter days,
wQBO strong wave events increase the risk of exceeding−1,−1.5, and−2 SD below climatology by 50%,
80%, and 110%, which is higher than those of strong wave events during all the winters (Ding et al 2023b).
Strong wave events during eQBO, on the contrary, decrease the cold extreme risk of exceeding−1.5 and−2
SD by 10% and 60%. These divergent cold risks under wQBO and eQBO match the observed patterns
(figure 2). However, the CMIP6 PDFs during wQBO and eQBO both indicate a statistically significant shift
toward colder anomalies based on the KS test (figure 4(f)). Consistent results are found in the risk ratios for
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Figure 4. Evolution of circulation anomalies and risks of NA cold extremes linked to strong stratospheric wave events. (a)–(b)
Composites of 10 hPa geopotential height anomalies averaged over northern North America (50◦–90◦ N, 80◦ W–180◦) for
strong wave events under wQBO (a) and eQBO (b). See figure S8 for the results after removing seasonal means. (c)–(d) As in
(a)–(b), but for 500 hPa geopotential height anomalies averaged over the northern North Pacific (50◦–70◦ N, 150◦ E–130◦ W).
ERA5 is denoted by black lines, the CMIP6 multi-model ensemble (MME) is in red, and individual models are in gray. Solid parts
of the lines for ERA5 and CMIP6 MME indicate the anomalies significant at the 95% confidence level based on the two-sided
Student’s t-test. (e)–(f) Probability density function (PDF) of NA SAT (40◦–70◦ N, 70◦ W–130◦ W) anomalies during days 5–20
following strong wave events under wQBO (blue lines) and eQBO (red lines) in ERA5 (e) and CMIP6 (f). The vertical gray lines
denote−1,−1.5, and−2 SD of NA SAT anomalies in all the winter days, and the values in blue (red) depict the risk ratios of the
exceedance frequency following strong wave events under wQBO (eQBO).

exceedance frequency, showing virtually no differences between wQBO and eQBO (1.3, 1.3, 1.1 vs. 1.3, 1.2,
1.0). These results suggest that CMIP6 models simulate a biased surface signature following strong
stratospheric wave events under eQBO, with the NA cold signals being too strong compared to ERA5. These
findings are also confirmed by the temporal evolution of NA SAT (figure S9). In figure S9, we also note that
strong wave events under eQBO are followed by significant NA cold anomalies with a 20 day lag. However,
the associated SLP pattern is different from that on day 10 after wQBO strong wave events, which features
positive NAO over the Atlantic (figure S10). In addition, the anomalies on day 20 are isolated and confined to
the troposphere (figure S11(b)). These results suggest that the NA cold anomalies following eQBO strong
wave events with a 20 day lag are not directly related to the surface response to strong wave events analyzed in
this study.

An outstanding question is whether the biased cooling signature of strong stratospheric wave events can
be linked to the stratospheric representation. Ding et al (2023a) demonstrated that models with a degraded
representation of stratospheric wave structure tend to exhibit biases in the surface signals of strong wave
events. Our analysis reveals that, following the onset of eQBO strong wave events, the CMIP6 MME
simulates a stratospheric wave pattern that diverges from the ERA5 results (figure 4(b)). This discrepancy
prompts us to consider if differences in the stratospheric ridge evolution are linked to the varied tropospheric
signals across models. To investigate this potential connection, figure 5 presents a scatterplot for the changes
in the stratospheric northern NA ridge (between days 5–20 and days−5–5) versus tropospheric anomalies
over the northern North Pacific during days 5–20 across CMIP6 models. There is a statistically significant
linear correlation for both strong wave events during wQBO (r =−0.51) and events during eQBO
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Figure 5. Intermodel scattering between stratospheric and tropospheric indices associated with strong stratospheric wave events.
(a) 500 hPa northern North Pacific anomalies during days 5–20 versus the change of 10 hPa northern NA geopotential height
anomalies between days 5–20 and days−5–5 under wQBO. (b) As in (a), but for eQBO. ERA5 is denoted as black squares, the
CMIP6 MME means in green, and individual models are noted in the legend. The colored lines show linear regressions for
CMIP6, with correlation coefficients (r) given in the legend. The error bars show the±2 SD of CMIP6. Asterisks denote
coefficients significant at the 95% confidence level based on the two-sided Student’s t-test.

(r =−0.54), consistent with the finding that a cyclonic anomaly over the northern North Pacific tends to
enhance upward wave propagation (e.g. Garfinkel et al 2010, Woollings et al 2010). We caution that the
correlations for the vertical wave coupling may involve interactions with changes in the stratospheric polar
vortex (Kolstad et al 2010, Domeisen et al 2020, Lawrence et al 2020, Huang et al 2021) or the Madden–Julian
oscillation (MJO; Johnson et al 2014) during different QBO phases, but isolating all the factors of climate
variability is beyond the scope of the present study.

This intermodel relation supports that a more pronounced weakening of the stratospheric ridge after
strong wave events correlates with tropospheric anticyclonic anomalies over the North Pacific, inducing NA
cold anomalies (figure 4). The CMIP6 MME (green squares in figure 5) shows negligible differences between
wQBO and eQBO. Interestingly, ERA5 strong wave events during eQBO approach the uncertainty limit (2
SD) of CMIP6, whereas ERA5 events during wQBO align closely with the CMIP6 MME. This suggests that
the discrepancy between CMIP6 and ERA5 cannot be fully explained by internal variability which is part of
model uncertainties. The stratospheric and tropospheric signals following strong wave events in climate
models are systematically biased for eQBO, leading to models’ insensitivity to QBO phases after strong
stratospheric wave events. We also note that the stratospheric zonal wind in ERA5 strongly decelerates after
eQBO strong wave events, while it remains relatively unchanged in the CMIP6 MME (figure S12). This is
consistent with models’ known tendency to underpredict the weakening of the polar vortex associated with
eQBO (e.g. Elsbury et al 2021a).

4. Conclusions

In this paper, we have investigated how the surface conditions following extreme stratospheric events may
depend on the QBO phase, by comparing strong stratospheric wave events during wQBO and eQBO years.
In contrast to most previous studies on the QBO that were focused on the role of SSWs in modulating the
risk of cold extremes at the surface (e.g. Rao et al 2020), this study sheds light on an alternative stratospheric
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pathway through vertical wave coupling. During wQBO, strong wave events are followed by a northern
North Pacific ridge in the troposphere, increasing cold risks over North America. Conversely, strong wave
events under eQBO show a persistent tropospheric trough throughout the lifecycle, resulting in muted NA
cold risks. Accordingly, the vertical structure shifts from a westward phase tilt to an eastward tilt during
wQBO events while remaining at a westward tilt during eQBO events. This dynamic insight may prove
beneficial for subseasonal predictions of cold extremes when integrated with other factors such as the El
Nino–Southern Oscillation (ENSO; Kenyon and Hegerl 2008, Xiang et al 2019, Albers et al 2022), the
stratospheric polar vortex (Kolstad et al 2010, Domeisen et al 2020, Lawrence et al 2020, Huang et al 2021,
Scaife et al 2022), and the MJO (Johnson et al 2014). We also note that this pathway differs from the
established connection between the QBO and the NA coldness through SSWs, as strong stratospheric wave
events are distinct from SSWs in terms of surface impacts and mechanisms (Ding et al 2022, 2023a, Messori
et al 2022). Therefore, a comprehensive comparison of different pathways of QBO’s influences on surface
weather warrants future research.

Although eQBO tends to induce a weak polar vortex, there are more strong stratospheric wave events
during wQBO (38 events) than during eQBO (21 events). This discrepancy may be reconciled by different
timescales of these events. The stratosphere-troposphere coupling of strong wave events acts on a shorter
timescale compared with an anomalous polar vortex (Ding et al 2022). In addition, strong wave events are
preceded by a stronger-than-normal polar vortex, which may be related to the stratospheric preconditioning
for upward wave activity (McIntyre 1982, Ding et al 2022). Thus, the seasonally stronger polar vortex during
wQBO may provide a favorable condition for strong wave events and vertical wave reflection. This wave
reflection involves both the seasonal mean effect of the QBO (a strong polar vortex) and subseasonal
variabilities (strong stratospheric wave activity). We have also examined the sea surface temperature (SST)
anomalies associated with strong wave events (figure S13), consistent with the SST patterns linked to the
QBO (Randall et al 2023). The implications of these SST anomalies on planetary waves require further
investigation.

The QBO impact on strong stratospheric wave events is further examined in QBO-resolving CMIP6
models. We found that models do not replicate the distinct surface signatures under different QBO phases
observed in reanalysis, suggesting a lack of sensitivity to QBO phases in climate models. Instead, the models
consistently show an increased risk in NA cold following strong wave events during both wQBO and eQBO
years. The lack of QBO dependence is linked to the absence of tropospheric anomalies over the northern
North Pacific. This may be attributed to biases in the evolution of the stratospheric ridge following eQBO
strong wave events. Similarly, the persistence of stratospheric anomalies following SSWs has been suggested
to strongly influence their tropospheric impact (Maycock and Hitchcock 2015). In addition, many models
exhibit an unrealistic reduction in upward wave fluxes in the lower stratosphere (Wu and Reichler 2020). Our
results imply that models have biases of excessive downward coupling under eQBO, which may contribute to
this issue. The root cause behind the model’s insensitivity of strong wave events to the QBO phase warrants
future investigation, potentially including considerations of the QBO structure (Kim et al 2020), model
climatology (Karpechko et al 2021), and lid height and vertical resolution (Shaw et al 2014, Wu and Reichler
2020).

Our results add to the growing body of research on the QBO’s global impacts. Previous literature has
documented that the stratosphere’s downward influence is sensitive to various factors modulating planetary
waves, such as ENSO (Butler and Polvani 2011, Domeisen et al 2019), topography (Gerber and Polvani 2009,
Garfinkel et al 2020, Wang et al 2023), and sea ice (Kim et al 2014, Sun et al 2015). Our analysis has
demonstrated that the surface signature of strong stratospheric wave events and the associated cold extreme
risk over North America depends on the phase of the QBO. In this regard, while a few studies have shown
that downward wave reflection is susceptible to SST, solar activity, and sea ice (Lubis et al 2016, Lu et al 2017,
Zou and Zhang 2024), much work is needed to understand the sensitivity of extreme stratospheric wave
activity to various factors of climate variability. Findings from our paper could potentially enhance
forecasting of severe winter cold in the U.S. and Canada, benefiting transportation, energy management, and
public health by enabling better preparedness and resource allocation (Vajda et al 2014, Charlton-Perez et al
2019, Perera et al 2020).

Data availability statement

The ERA5 reanalysis is available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
pressure-levels?tab=form. The CMIP6 outputs used in this study can be obtained from the CMIP archive at
https://esgf-node.llnl.gov/projects/esgf-llnl. A list of CMIP6 models used can be found in table S1.
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