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Abstract The Quasi‐Biennial Oscillation (QBO) is the dominant mode of interannual variability in the
tropical stratosphere, with easterly and westerly zonal wind regimes alternating over a period of about
28 months. It appears to influence the Northern Hemisphere winter stratospheric polar vortex and
atmospheric circulation near the Earth's surface. However, the short observational record makes
unequivocal identification of these surface connections challenging. To overcome this, we use a
multicentury control simulation of a climate model with a realistic, spontaneously generated QBO to
examine teleconnections with extratropical winter surface pressure patterns. Using a 30‐hPa index of the
QBO, we demonstrate that the observed teleconnection with the Arctic Oscillation (AO) is likely to be real,
and a teleconnection with the North Atlantic Oscillation (NAO) is probable, but not certain. Simulated
QBO‐AO teleconnections are robust, but appear weaker than in observations. Despite this, inconsistency
with the observational record cannot be formally demonstrated. To assess the robustness of our results, we
use an alternative measure of the QBO, which selects QBO phases with westerly or easterly winds
extending over a wider range of altitudes than phases selected by the single‐level index. We find increased
strength and significance for both the AO and NAO responses, and better reproduction of the observed
surface teleconnection patterns. Further, this QBO metric reveals that the simulated AO response is
indeed likely to be weaker than observed. We conclude that the QBO can potentially provide another
source of skill for Northern Hemisphere winter prediction, if its surface teleconnections can be
accurately simulated.

1. Introduction

Since the discovery of the stratospheric equatorial zonal wind QBO (Reed et al., 1961; Veryard & Ebdon,
1961), there have been ongoing efforts to understand the phenomenon and its influence on the Northern
Hemisphere (NH) winter surface climate (see Baldwin et al., 2001 for a review). The QBO is equatorially
confined to a latitude band of approximately 15°N to 15°S and exhibits alternating easterly and westerly
zonal wind phases that descend from the equatorial upper stratosphere to the tropopause with a mean
period of approximately 28 months (Baldwin et al., 2001), and periods ranging from 20 to 36 months. The
downward progression of alternating QBO phases has occurred with almost unbroken regularity over the
observational period. The only recorded exception occurred in the winter of 2015–2016, when the downward
propagating westerly phase was interrupted by an easterly incursion (Newman et al., 2016; Osprey
et al., 2016).

The influence of the QBO on the extratropical tropospheric winter circulation in observations was first
assessed by Ebdon (1975) and confirmed by Holton and Tan (1980, 1982), who also provided evidence that
the NH stratospheric polar vortex variability is dynamically linked to the QBO. A theory for the possible
influence of the QBO on the extratropical atmosphere is based on the varying confinement of upward
propagating tropospheric planetary waves and their interaction with the stratospheric zonal mean zonal
wind. The zero wind line at 50 hPa varies from about 6°N to 20°N between the westerly (QBO‐W) and
easterly (QBO‐E) phases, respectively. The location of the wind transition indicates a critical surface for
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the absorption or reflection of equatorward propagating extratropical stationary (zero zonal phase speed)
planetary waves. For QBO‐E, therefore, more of the upward flux of planetary wave energy is confined to
the Northern Hemisphere extratropics, favoring the disruption and weakening of the stratospheric polar
vortex. Conversely, for QBO‐W, these waves can achieve greater penetration into the equatorial regions,
favoring a less perturbed and hence strengthened polar vortex (see Baldwin et al., 2001; Anstey &
Shepherd, 2014 for reviews).

The strength of the NH winter stratospheric polar vortex is connected to changes in the principal pattern of
atmospheric circulation variability in the troposphere, specifically in the Arctic Oscillation (AO; Thompson
& Wallace, 1998). AO fluctuations have a marked effect on the surface weather across many parts of the
Northern Hemisphere (Thompson & Wallace, 1998) including Europe (Thompson & Wallace, 2001). The
AO also has a strong connection with the East Asian winter monsoon via the impact on the Siberian High
(Gong et al., 2001). The East Asian winter monsoon is associated with temperature variations over eastern
China. The North Atlantic Oscillation (NAO; Hurrell et al., 2003) is a regional equivalent of the AO and
similarly has broad effects on European surface weather. Connections between the AO/NAO and the strato-
sphere in wintertime are a two‐way interaction. The stratospheric polar vortex responds to tropospheric
weather patterns via rapid upward planetary wave propagation (on a timescale of a day or two; e.g.,
Kodera et al., 2016). Changes in the stratospheric vortex, meanwhile, produce a slower downward influence
(days to weeks; Baldwin & Dunkerton, 2001) that affects surface weather patterns, influencing the AO and
NAO (Kidston et al., 2015). The most marked upheavals in the stratosphere, major sudden stratospheric
warmings (Scherhag, 1952) involve the temporary collapse of the winter polar vortex and show a subsequent
lagged effect on the troposphere (Kolstad et al., 2010). The typical surface response to such events is a nega-
tive phase of the AO and NAO, which can result in easterly winds bringing cold air outbreaks in Western
Europe and the Eastern United States. While the teleconnection between the QBO and surface conditions
in the wintertime extratropical Northern Hemisphere is most often considered as being mediated via the
polar stratospheric vortex (Holton & Tan, 1980), alternative routes are an ongoing topic of interest (see,
e.g., Figure 1 of Gray et al., 2018, and references therein). These include a proposed impact of the QBO‐
induced meridional circulation on the subtropical jet (Garfinkel & Hartmann, 2011; Ruti et al., 2006;
Simpson et al., 2009) and the direct impact of the QBO on the underlying deep convection at tropical lati-
tudes, which then influences the generation of large‐scale planetary waves that propagate into the midlati-
tudes (Liess & Geller, 2012; Gray et al., 2018).

Demonstrating a QBO‐AO teleconnection in observations is complicated by the limited duration of the QBO
record, which restricts our ability to overcome confounding influences on the polar vortex and mean sea
level pressure (MSLP) patterns. These competing influences include solar variability (Andrews et al.,
2015; Gray et al., 2010, 2013, 2016; Ineson et al., 2011; Scaife et al., 2013), tropical volcanic eruptions which
inject radiatively active aerosols into the stratosphere (Driscoll et al., 2012; Stenchikov et al., 2004), El
Niño–Southern Oscillation (Bell et al., 2009), and chaotic internal variability. An alternative approach is
therefore to examine the QBO‐surface teleconnections in global climate model simulations with realistic
internally generated QBO variability. Simulations over much longer periods than is covered by the
observational record are available with such models, extending in many cases to hundreds of years. Of
course, the price of using models is that they may contain errors or omissions in the simulation of the
QBO or its teleconnections. Nevertheless, if the simulations reproduce aspects of the observed surface
teleconnections, they can provide supporting evidence that these connections are real and not an artifact
of sampling over the short observational record.

Numerous studies have examined the NH winter surface response to the phase of the QBO using climate
models. For example, Marshall and Scaife (2009) assessed the winter surface response to the QBO at
30 hPa using two versions of an atmosphere‐only global climate model differing in vertical resolution
and domain in seasonal hindcast experiments. They found a weaker stratospheric polar vortex for
QBO‐E than for QBO‐W, and a negative AO‐like response in the surface temperature field. The surface
temperature patterns they obtained are also indicative of an NAO‐like response to the QBO. Given that
the QBO itself is fairly predictable more than three years ahead (Scaife, Arribas, et al., 2014; Scaife,
Athanassiadou, et al., 2014), the inference is that there is some forecast skill to be gained providing that
(a) the QBO teleconnection with the NH winter surface is real and (b) models are able to reproduce
this teleconnection.
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In this study, we use a multicentury preindustrial control simulation produced with a coupled climate model
to explore the influence of the QBO on winter NH extratropical climate. The benefit of using a long control
simulation to examine the teleconnections is that the climate is stable (i.e., not drifting), and free from exter-
nal influences (such as solar variability and volcanic eruptions) that could confound an estimate of the mag-
nitude of the teleconnections between the QBO and the AO or NAO. In addition, the length of the
simulation allows the QBO influence to be more confidently isolated from the effects of El Niño–Southern
Oscillation and internal noise, as aliasing is minimized in a long simulation.

Previous studies have tended to analyze the QBO in terms of a single‐level QBO index. This may not reflect
the vertical structure of the QBO, however, which could be important for the extratropical surface response.
Pascoe et al. (2006) examined the impact of the vertical structure of the QBO in atmosphere‐only experi-
ments where the equatorial stratosphere was relaxed to idealized shallow or deep QBO winds, both includ-
ing the semiannual oscillation (see Pascoe et al., 2006, Figure 1). They demonstrated that the simulated
response to a deep QBO is to bring forward the onset of midwinter sudden stratospheric warmings, similar
to the signal in observations (Dunkerton et al., 1988; Gray et al., 2018). This result suggests the possibility
that the height structure of the QBO could be an important factor both in influencing sudden stratospheric
warmings and the surface AO/NAO indices. This was indeed found to be the case in the recent study of
Schenzinger (2017) who employed an empirical orthogonal function (EOF) approach to characterize the
height structure (see also Gray et al., 2018). To address this possibility we will use two types of QBO index.
The first is a single‐level QBO index derived as the zonal mean zonal equatorial wind at 30 hPa, as adopted in
numerous previous studies. The second is a phase‐angle calculated in the space of equivalent indices from
two levels to explore the impact of the vertical structure of the QBO.

2. Methods

We employ a model simulation with a duration of 313 years using the atmosphere–ocean‐land‐sea ice
coupled climate model HadGEM3‐GC2 (Williams et al., 2015). The model atmospheric resolution is approxi-
mately 60 km in midlatitudes with 85 quasi‐horizontal levels from the surface up to 85 km. The Nucleus for
European Modeling of the Ocean version 3.4 ocean model (Madec, 2008) is used with a nominal horizontal
resolution of 0.25° and 75 levels. Coupling is achieved using Ocean Atmosphere Sea Ice Soil model version 3
(Valcke, 2010) and is performed every 3 hr. The model has a realistic internally generated QBO (Figure 1a),
which is partly driven by waves resolved by the model, and partly by parameterized non‐orographic gravity
waves (Scaife et al., 2002). The preindustrial control simulation is initialized from the end of a 133‐year‐long
spin‐up integration and has a stable long‐term climate (the global annual mean surface temperature drift is
+0.05 K/century). It uses Coupled Model Intercomparison Project phase 5 forcings (Jones et al., 2011)

Figure 1. Hovmöller diagram showing (a) a sample of the spontaneously generated equatorial zonal mean zonal wind evolution over a 63‐year period of the
simulation (approximately one fifth of the total simulation length) and (b) the zonal wind evolution of the FUB observational data set 1953–2016. The 10‐hPa data
from the FUB data set are not plotted as they do not cover the entire period, but are available from 1956 onward. The 15‐ and 70‐hPa levels are marked with
horizontal dashed lines to aid comparison.
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appropriate to circa 1850. Total Solar Irradiance is specified as the average over the period of two solar cycles
from 1850 to 1882 and stratospheric volcanic aerosols are set to background levels (Sato et al., 1993).

We compare the analysis of the simulation with observations (over the period from 1953 to 2016) using the
MSLP data set from the National Centers for Environmental Prediction/National Center for Atmospheric
Research Reanalysis‐1 (Kalnay et al., 1996) and the equatorial stratospheric wind radiosonde observational
data set (Figure 1b) available from the Freie Universität Berlin (FUB; Kunze, 2017). The observation‐based
QBO indices are generated using the FUB data set.

The simulated QBO at 30 hPa has a mean period of 30.4 months and a range of 23–35months. This compares
reasonably well with the observed QBO, which has a mean period of 27.8 months, and a range of
20–36 months. The mean maximum wind speed and standard deviation of peak winds in the simulation
for QBO‐W are 20.4 and 1.9 ms−1, respectively, and for QBO‐E, −28.3 and 2.3 ms−1. The equivalent FUB
values are, for QBO‐W, 16 and 2.7 ms−1, and for QBO‐E, −31.3 and 3.0 ms−1. The simulated and observed
QBO are similar in magnitude and standard deviation.

For this study, we use two different winter (December‐January‐February) QBO indices. The initial analysis
employs a single‐level QBO index defined as the near‐equatorial zonal mean zonal wind at 30 hPa, which is a
common definition used by previous studies (e.g., Marshall & Scaife, 2009; Scaife, Arribas, et al., 2014; Scaife,
Athanassiadou, et al., 2014) and is the closest available model diagnostic to lower indices, typically ~40 hPa
used in other observational and modeling studies to optimize extratropical correlations (e.g., Dunkerton &
Baldwin, 1991; Hamilton, 1998). We considered using a QBO index at 50 hPa, but found that the AO and
NAO responses are very weak. For observations the QBO index is taken as the 30‐hPa zonal wind from
the FUB data set, and for the model simulation is calculated as the area‐averaged zonal winds between
5°N and 5°S at 30 hPa. A threshold of ±5 ms−1 is applied to the QBO index when making composites of
MSLP for QBO‐W minus QBO‐E conditions to remove neutral cases.

Further analysis to explore the impact of the vertical structure of the QBO requires an alternative method of
sampling the QBO to be defined. Other studies have attempted this, typically relying on the calculation of the
first and second EOFs (Dunkerton, 2017; Fraedrich et al., 1993; Gray et al., 2018; Wallace et al., 1993). The
principal components of these EOFs define a space in which a QBO amplitude and phase can be obtained
(Schenzinger, 2017).

The peaks of the first two EOFs of the QBO vertical wind profiles, identified by Wallace et al. (1993),
Fraedrich et al. (1993), Dunkerton (2017), and Gray et al. (2018), occur at approximately 15 and 30 hPa.
These levels span the range over which the QBO tends to propagate steadily downward, and are above the
level where the QBO‐E phase can “stall.” The vertical separation is large enough to discriminate between
deeper and shallower QBO vertical structure. For example, when both levels are westerly (easterly), the
equatorial middle stratosphere is entirely westerly (easterly). If the vertical separation is increased by chan-
ging the lower index from 30 to 50 hPa, the slower descent of the easterly shear zone compared to the wes-
terly shear zone results in no deep easterlies, making analysis impractical. We choose QBO indices at 15 and
30 hPa, from the available levels in the observational and simulation data sets, to represent the vertical struc-
ture of the QBO in the middle stratosphere.

The December‐January‐February MSLP data sets from the reanalysis and the simulation are detrended to
remove any residual long‐term trends, as are the QBO indices. The AO is calculated simply as the difference
in surface pressure of the area‐weighted zonal means for the bands 30°N–60°N, and 60°N–90°N. The NAO is
calculated as the difference in surface pressure between the Azores and Iceland.

3. Analysis
3.1. QBO Teleconnections in Observations and Model Simulation

First, we assess the winter (December‐January‐February) MSLP response to the QBO in observations, by
examining the difference between the means of MSLP composites of winters with QBO‐W and QBO‐E.

The observed MSLP response in the winter hemisphere (Figure 2a) exhibits a clear pattern of negative pres-
sure anomalies in the polar region and positive anomalies in midlatitudes. This annular pattern projects
positively onto the AO, with an AO anomaly of +1.3 hPa (~0.4 σ). The main regions of significance lie
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over the North Atlantic and Scandinavia with the positive and negative nodes shifted westward and
eastward, respectively, in relation to the climatological NAO pattern. Nevertheless, the pattern projects
positively onto the station‐based NAO index, producing an NAO anomaly of +3.1 hPa (~0.3 σ). There is
also a significant positive MSLP anomaly over China.

To analyze whether the MSLP response is significant, a Monte Carlo approach is adopted. We randomly
sample winters from the observational data set, compositing numbers of winters that correspond in size to
the number of QBO‐W and QBO‐E samples (23 for QBO‐W and 25 for QBO‐E). The expectation of the dif-
ference between the means of this pair of MSLP composites is clearly zero by construction. Repeating this
1,000 times, therefore, gives the distribution of differences expected by chance when selecting winters in
the way we have done for the QBO composite. We assess the magnitude of the QBO composite difference
to be significant where it exceeds that of 90 and 95% of the randomly generated distribution (see stippling in
Figure 2a), using a one‐sided test criteria, which correspond to 80 and 90% significance levels of a two‐sided
test. This shows that significance is found for the main centers of action of the difference pattern, but not
more generally across the middle and high latitudes.

The MSLP response to the QBO simulated by the HadGEM3 model is shown in Figure 2b. The simulated
winter AO and NAO standard deviations, 2.9 and 8 hPa, respectively, are similar to those observed.
Compared with observations, the simulated MSLP winter response to QBO‐W minus QBO‐E exhibits a
broadly similar positive‐AO pattern, but is of weaker amplitude. Despite this, the large number of winters
making up the composites (144 for QBO‐W and 131 for QBO‐E) ensures grid‐point level significance over
most of the pattern, since chance differences are averaged out. Unlike the QBO effect estimated from obser-
vations, however, the pattern has little focus on the North Atlantic sector and the response over China is of
opposite sign.

The Monte Carlo approach is also applied to the AO and NAO large‐scale circulation indices (Figure 3). For
the QBO‐AO teleconnection in observations (Figure 3a), the distribution of mean AO differences is com-
puted for 1,000 randomly resampled pairs of composites of the same size as the numbers of QBO‐W and
QBO‐E winters (23 and 25, respectively). As stated above, the expectation value of the difference is zero
by construction, and this is confirmed by the computed distribution, which is symmetric about zero. The
range of differences possible from random sampling of the AO has a ±2 standard deviation width of about
±1.5 hPa. The difference between the means of the QBO‐W and QBO‐E AO composites derived from

Figure 2. Winter (DJF‐mean) MSLP composite response to QBO‐Wminus QBO‐E for (a) NCEP‐NCAR MSLP reanalysis
using the FUB QBO data set at 30 hPa (23 winters for QBO‐W, and 25 for QBO‐E) and (b) the control simulation
(144 winters for QBO‐W, and 131 for QBO‐E). Regions significant at the 90 and 95% one‐sided confidence level are marked
with gray and black stippling, respectively.
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observations is +1.3 hPa (black vertical line on diagram). Thus, the observed AO response to the QBO is
significant at the 90% level, but not at the 95% level.

The resampled range of AO differences from the HadGEM3 simulation is shown in Figure 3b. Here the num-
ber of winters in each pair of resampled composites (144 and 131) is much larger than is available for the
reanalysis. This reduces the residual variability in the difference of the means of the random samples, giving
a width of just under ±0.6 hPa for the distribution. The mean AO index for the QBO‐W minus the QBO‐E
composite is just over +0.6 hPa (red vertical line on diagram). Although this is smaller than the value derived
from observations, it is statistically significant at the 95% level due to the greater ability of the long simula-
tion to discriminate a signal from the effects of random noise. The combination of results from the model
with those from observations gives more confidence that the QBO has an impact on the AO.

The variability of the NAO is greater than that of the AO in both the observations and the model simulation,
and as a result, the residual variability in the resampled differences is also larger (±4.2 hPa in observations
and ± 1.5 hPa in the model; see Figures 3c and 3d). The QBO composite shows a mean value of +3.1 hPa for
the station‐based NAO (Figure 3c). This is close to the 90% significance level. The weaker significance for the
NAO appears to relate to the shifts in the nodes of the QBO‐related pattern from the conventional nodes of
the NAO. For the simulation, the inferred NAO response to the QBO is only +0.8 hPa and is not statistically
significant. As this small value could very plausibly be an artifact of sampling simulated NAO variability, this
analysis does not detect a robust influence of the QBO on the NAO in the model.

In summary, the statistical confidence levels revealed by resampling show that the existence of a QBO influ-
ence on the AO is likely, and for the NAO is probable but not certain. The relative shortness of the observa-
tional period is shown to be a challenge for the detection of QBO signals. The much longer model simulation
shows a statistically significant AO response but the NAO response suggested by observations is not
detected. Further, the amplitude of the simulated teleconnections appears to be considerably smaller than
observed—half the size or less in both cases. An obvious potential cause for this is a deficiency in the simu-
lated QBO teleconnection. As has been shown here, however, sampling of the AO and NAO over a relatively
short period can produce residuals unrelated to the QBO. An alternative explanation, therefore, is that sam-
pling coincidental variability artificially inflates the estimate of the QBO influence over the observational

Figure 3. Distribution of winter AO and NAO responses based on 1,000 sampling iterations, not conditioned on QBO phase. The observational distributions are
shown in (a) and (c) for the AO and NAO, respectively, and for the simulation distributions, in (b) and (d), respectively. The black vertical lines show the
observed winter response to QBO index at 30‐hPa westerly minus easterly phases, and the red vertical lines the equivalent model response. The vertical gray lines
identify one‐sided significance thresholds of 90% (solid), 95% (dashed), and 99% (dotted).

10.1029/2018JD029368Journal of Geophysical Research: Atmospheres

ANDREWS ET AL. 1224



period or decreases it in the model. The analysis in Figure 3 is not able to distinguish between these
alternatives, so in the next section we analyze the consistency of the simulation and the reanalysis by
creating subsamples from the simulation with the same number of winters as in the reanalysis.

3.2. Consistency of the Model With Observations

It has been shown above that the probability of the observed teleconnections being artifacts of sampling
variability unrelated to the QBO is sufficient to prevent us from entirely ruling this possibility out
(Figures 3a and 3c). Similarly, estimated magnitudes of QBO‐induced changes in the observations are also
subject to sampling uncertainty, hampering robust comparisons with the model. One way to estimate the
uncertainty in the observed teleconnections is to subsample the much longer model simulation, since it con-
tains many potential analogues of the observational QBO‐W and QBO‐E composites. This is justified as the
overall AO and NAO variability is very similar in the model and observations (Scaife, Arribas, et al., 2014;
Scaife, Athanassiadou, et al., 2014), so sampling the simulated variability is expected to give a similar spread
to resampling the observations.

To achieve this, we select sets of pairs of samples with and without conditioning the selection on the phase of
the QBO. The distributions derived for the AO are plotted in Figure 4a. As expected, this shows that the dis-
tribution of random (i.e., not conditioned on the phase of the QBO) composite differences is centered on zero
and has a very similar width to the distribution derived from observations (Figure 3a). This validates our
approach in sampling the model as an estimate of the uncertainty in the observed teleconnection. In addi-
tion, the distribution that is conditioned on the QBO shows a clear positive difference in the composite mean
of +0.6 hPa, consistent with themeanQBO‐Wminus QBO‐E value found over the wholemulticentury simu-
lation. The distribution conditioned on the QBO phase shows that, despite the small mean AO value, indi-
vidual samples with the same number of QBO‐Wand QBO‐Ewinters as the observations can produce an AO
response between approximately −0.3 and +1.6 hPa (10th to 90th percentile). Crucially, this range includes
the observed AO index of +1.3 hPa, meaning that pairs of QBO‐W and QBO‐E composites with a similar
mean MSLP difference can be found reasonably frequently in the simulation. The fact the amplitude of
the simulated QBO‐AO teleconnection is much smaller than observedmeans we cannot conclude it is unrea-
listic, since it is possible that the difference is due to sampling over the relatively short observational period.
Therefore, two possibilities remain: first that the model simulates the teleconnection correctly and the tele-
connection estimated from observations is inflated by sampling of independent variability or second that the
model genuinely produces an unrealistically weak teleconnection. The results here show that for the QBO
and AOmetrics we have used it is not possible to distinguish between these alternatives. Only a longer obser-
vational data set, allowing more confident estimation of the observed teleconnection, could remedy this.

Compared to the AO distributions, the NAO distributions (Figure 4b) show much less of a shift between the
unconditioned and conditioned distributions of composite differences, consistent with the very small signal
in the model (0.7 hPa). Again, the distribution of the unconditioned values matches the distribution from
resampling the observations (Figure 3c) very well. The 10th to 90th percentile range of NAO composite dif-
ferences in the conditional distribution is−1.8 to +3.5 hPa, which just encompasses the QBO teleconnection

Figure 4. Distributions of simulated winter (a) AO and (b) NAO generated using the sample sizes from observations (23 winters for QBO‐Wand 25 for QBO‐E). The
blue distributions are not conditioned on the QBO phase at 30 hPa, whereas the pink distributions are. Black vertical lines signify the QBO‐Wminus QBO‐E signal
in observations, and the red vertical lines signify the model medians for QBO‐W minus QBO‐E. The blue (pink) dashed lines signify the 10–90% distribution
thresholds for the blue (pink) model distributions.
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estimated from observations (+3.1 hPa). Despite the apparently very marked difference between the NAO
response to the QBO in observations and the model, therefore, proof of a discrepancy remains very
marginal. This shows that with the size of the signals found and the levels of variability inherent in
observations, the 63 years of observations available is too short to evaluate the faithfulness of the model's
teleconnections with the QBO.

3.3. Surface Response to Deep QBO Phases

The difficulty in evaluating the model against a relatively short observational record highlighted in the pre-
vious section might indeed be an insurmountable issue (at least until a longer record is available). On the
other hand, it could be the case that other metrics of the QBO would allow greater discrimination between

Figure 5. Scatterplot of winter QBO indices at the 15‐ versus 30‐hPa levels for (a) observations and (b) the simulation. Lines radiating from the anomaly center
indicate the separation of phases P1 through P8. Symbols and colors provide visual identification of the points that fall into each of the phases.

Figure 6. MSLP composite response to P4 minus P8 winters for (a) observations (12 winters for deep‐QBO‐W, and 11 for
deep‐QBO‐E) and (b) the control simulation (59 winters for deep‐QBO‐W, and 35 for deep‐QBO‐E). Regions significant at
the 90 and 95% one‐sided confidence level are marked with gray and black stippling, respectively.
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observed and simulated teleconnections. Here we follow the recent study of Schenzinger (2017) and Gray
et al. (2018) by choosing to examine an alternative description of the QBO aimed at capturing the evolution
of the vertical structure of the zonal wind. We employ QBO indices at two levels, 15 and 30 hPa, to capture
the height profile of the equatorial winds in the middle stratosphere. The variation of the QBO in the space
spanned by these indices for the observations and the model simulation is shown in Figure 5. We segment
the phase space into eight phases (labeled in Figure 5a) to allow the QBO phases with deep westerly and east-
erly profiles to be distinguished from intermediate phases which contain a descending QBO shear zone at
intermediate levels. Each sector is 45° in width, and rotated with respect to the axes to maximize the number
of observed samples in the deep QBO phases (P4, P8). Both the observations (Figure 5a) and the model simu-
lation (Figure 5b) show similar distributions, in which the points trace the path of an counterclockwise orbi-
tal trajectory from phase P1 through to P8. This corresponds to the downward progression of QBO phases
(see, for example, a similar representation of phase descent in Figure 2 of Gray et al., 2018). As the westerly
phase first appears at 15 hPa (P2), the zonal wind at 30 hPa is easterly. Over time, the 30‐hPawind transitions
to westerly, such that the QBO is westerly over the whole of the range between the two levels (P4). The
15‐hPa zonal wind then declines at the onset of the subsequent easterly phase (P6) before this transition
propagates down to the 30‐hPa level (P8).

We now consider the difference of phases P4 and P8, that is, deep westerly
QBO minus deep easterly QBO winters, as it was noted by Gray et al.
(2018) that the maximum MSLP response is found when the QBO has
similarly signed anomalies over an extended depth (see their Figure 7).
Here the number of winters in each pair of resampled composites for deep
QBO‐W and deep QBO‐E is 12 and 11, respectively, for observations, and
59 and 35, respectively, for the simulation. The observed and simulated
winter MSLP responses (Figure 6) show notable similarities in the NH,
much more so than when using just the QBO index at 30 hPa (Figure 2).
Furthermore, both appear considerably stronger and more statistically
significant than their counterparts inferred using the single‐level index
at 30 hPa. Interestingly, the model again shows a weaker response.

Figure 7. Same as in Figure 3 but exploring the variability and significance of P4 minus P8 winters. The observational distributions are shown in (a) and (c) for the
AO and NAO, respectively, and for the simulation distributions, in (b) and (d), respectively.

Table 1
Number of Samples and Associated AO and NAO Indices for Each Phase‐
Pair Composite Difference From Observations

Phase Pair Difference
Number of

Samples (Px, Py) AO (hPa) NAO (hPa)

P4 − P8 12, 11 3.15 6.44
P5 − P1 6, 3 −1.92 −3.59
P6 − P2 8, 3 0.91 2.14
P7 − P3 9, 11 −0.05 1.20

Note. Numbers highlighted in bold are significant above the 99% thresh-
old, and in bold‐italic, above the 95% threshold.
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A particularly notable feature is the dipole over the North Atlantic in
the simulation that is missing from the results of the single‐level
analysis, and which projects positively onto the NAO.

The observed and simulated mean AO for QBO composites of phase P4
minus composites of phase P8 are +3.2 and +1.9 hPa, respectively. This
compares to +1.3 and +0.6 hPa for the single‐level analysis, that is, a fac-
tor of 2.5 to 3 increase. For the NAO, the two‐level analysis produces a
composite teleconnection of +6.4 hPa for the observations, a factor of 2
increase over the single‐level value (+3.1 hPa). In the model simulation,
however, the QBO effect obtained is +4.2 hPa, an increase of more than
a factor of 6.

While the resampling of the observed and simulated winters using the “deep” QBO phase definition
increases the size of the composite differences, it also decreases the number of sample winters in each com-
posite, which could present a challenge for obtaining significance for the signal. Using the sameMonte Carlo
approach as in previous sections, however, we find that the AO signal is significant at the 99% level for both
the observations and the simulation (Figures 7a and 7b). This is a much higher level of confidence than is
found in the single‐level analysis, in spite of the smaller composite sizes. Similarly, the NAO signal is signif-
icant at the 95% level for observations and 99% level for the simulation (Figures 7c and 7d). Composites of
each of the other opposite pairs of phases (e.g., P5 minus P1) do not produce significant AO and NAO
responses (see Tables 1 and 2).

We now repeat our tests of whether the model response is significantly different to that found in observa-
tions using the phase‐angle to produce QBO composites. As for the single‐level index (Figure 4), we sub-
sample the model simulation by choosing deep QBO‐W and QBO‐E composites equal in size to those in
observations (12 and 11 winters, respectively). The distribution of differences of the means of these com-
posites obtained with 1,000 resamples is shown in Figure 8. For the AO, the distribution of values from
trials conditioned on the deep QBO is better separated from the distribution that is not conditioned on the
QBO (Figure 8a) than in the single‐level case (Figure 4a). The observed AO response lies very close to the
90% limit of the conditional distribution. This means that the frequency with which the model simulates a
QBO‐AO teleconnection of the same size as in observations is less than in the single‐level analysis. It is
less likely, therefore, that the model is consistent with reanalysis, and we are close to being able to con-
fidently state (at the 90% level) that the model response (+1.9 hPa) is smaller than the observed response
(+3.2 hPa). For the NAO, the observed QBO teleconnection (+6.4 hPa) is less than the 90% limit of the
distribution of deep QBO differences in the simulation (Figure 8b), meaning that the model and observa-
tions are not statistically distinguishable. This likely arises because of the very large increase in the simu-
lated NAO teleconnection between the two‐level QBO (+4.2 hPa) and the single‐level QBO
(+0.6 hPa) definitions.

Table 2
Same as in Table 1 but for the Simulation

Phase Pair Difference
Number of

Samples (Px, Py) AO (hPa) NAO (hPa)

P4 − P8 59, 35 1.94 4.19
P5 − P1 25, 5 0.07 0.88
P6 − P2 50, 39 −0.08 −0.67
P7 − P3 75, 25 0.47 0.26

Note. Numbers highlighted in bold are significant above the 99%
threshold.

Figure 8. Same as in Figure 4 but using the observed sample sizes of P4 and P8 to calculate the distribution of simulated
winter (a) AO and (b) NAO responses.
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4. Discussion and Conclusions

We have tested the robustness of observed QBO influences on the Northern Hemisphere winter circulation
and assessed whether model simulations of these teleconnections are consistent with observations. It has
long been reported that these responses appear to project strongly onto the main modes of year‐to‐year
NH winter circulation variability, namely, the AO and the NAO, and various mechanistic explanations for
these links have been advanced. It is not clear, however, whether the QBO teleconnections seen over the
63‐year historical record, or indeed apparent differences with model simulations, are robust. To address
these questions, we have used observational data sets of QBOwinds and Northern Hemisphere MSLP along-
side a long control simulation of a climate model. The model provides a much larger number of winters than
the observed data sets (313 versus 63 winters) with which we can gauge the impact of QBO variability on the
AO and NAO.

In the first instance, we examined the teleconnections using an index of the QBO specified as the equatorial
zonal mean zonal wind at 30 hPa. The observed AO response to the QBO is marginally statistically signifi-
cant, that is to say, it is unlikely (at the 90% confidence level) that it arises from the chance sampling of unre-
lated variability. It is likely (but not certain), therefore, that AO variations are partly associated with the QBO
as measured by 30‐hPa winds. The NAO teleconnection is also on the margins of significance (falling just
below the 90% confidence limit), which supports this qualified view of the robustness of the QBO's
extratropical teleconnections.

In themuch longer model simulation, there is a highly significant (>95%) link between the QBO and the AO.
Despite this, the amplitude of the teleconnection is less than half that seen in observations. For the NAO, on
the other hand, there is no significant signal. The simulation of a robust connection with the AO, at least,
strengthens the case for the observed teleconnection being genuine. However, comparing the simulated
and observed amplitudes, we find that we cannot reliably conclude that there is a difference, since estimates
of the simulated teleconnection using the same number of winters as available in observations are too often
similar to that found in the observational record. In the case of the NAO, the response is not significant,
being just below the 90% confidence threshold. This is because the model response is so small it is essentially
absent. Nevertheless, we conclude that the 63‐year observational record is not long enough to discriminate
between the model and observed QBO teleconnections. This is perhaps not surprising given that the
observed teleconnections with the 30‐hPa QBO metric often used in such analyses are only just significant
over this period. Clearly, a longer observational record would reduce the level of contamination of the esti-
mates by variability in the AO and NAO indices, as shown by the greater resolution of signals in the
multicentury simulation.

As an alternative to a single‐level QBO index, we examined a definition based on the zonal mean zonal
winds at 15 and 30 hPa. In the space spanned by the variability at these two levels, we were able to identify
winters with the greatest midstratospheric vertical extent of QBO‐W and QBO‐E phases. Compositing the
AO and NAO based on this definition showed increased estimates of the magnitude of QBO influence in
both observations and the model simulation. In the observed case, the estimated AO and NAO amplitudes
are a large fraction of the standard deviations of year‐to‐year variability, suggesting a substantial impact of
the QBO on Northern Hemisphere winter circulation. In addition, both observed and simulated AO and
NAO signals are significant above the 95% level. Despite the qualified identification of a QBO influence
from the single‐level analysis, therefore, we conclude from this alternative analysis that robust associations
with the AO and NAO exist. For the model simulation, although AO signals were found using both metrics
of the QBO, the two‐level analysis reveals an NAO teleconnection that is absent from the single‐
level analysis.

The two‐level analysis of the AO link with the QBO is better at discriminating between the strength of the
observed and simulated effect, such that the difference is close to being significant at the 90% level. This sug-
gests (further to the analysis of the NAO with the single‐level index) that the model produces atmospheric
circulation signals associated with the QBO that are too weak. The simulated AO teleconnection strength
is nominally about half of that inferred from observations, but this estimate is clearly associated with sub-
stantial uncertainty given the natural variability of the AO, which is reflected in the width of the distribution
in Figure 8a. The difference between the NAO teleconnections obtained from the two‐level analysis is
not significant.
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In demonstrating robust links between the QBO and wintertime Northern Hemisphere atmospheric circula-
tion indices, we are not able to formally identify the causal relationships between different parts of the cli-
mate system. Given past work on the mechanisms of QBO influences on the extratropical atmosphere (for
example, Anstey & Shepherd, 2014; Dunkerton & Baldwin, 1991; Garfinkel & Hartmann, 2011; Hamilton,
1998; Holton & Tan, 1980, 1982), it is likely that the associations found here represent a physical response
of the AO and NAO to driving by the QBO. While this seems the most likely possibility, our results may also
be consistent with the QBO and Northern Hemisphere circulation being influenced by a third, unidentified,
factor. In this case, it would be possible to have stable long‐term statistical association without any direct
physical link.

The finding that QBO phases spanning the range of the equatorial midstratosphere produce stronger AO and
NAO signals (both using observations and in the model) is intriguing. The single‐level index represents only
part of the information comprising the two‐level metric, so it is not expected that the addition of the extra
level is simply acting to smooth out random noise. The stronger AO and NAO signals associated with vertical
coherence of the QBO phases identified by the two‐level metric are, however, consistent with the
Holton‐Tan hypothesis, which suggests that the QBO phase modulates the amounts of upward propagating
NH planetary wave flux penetrating the tropics and being steered toward the stratospheric polar vortex. If a
particular QBO phase has a deeper vertical extent, therefore, then themechanismwill operate over a broader
vertical range, and perhaps have a greater integrated effect on the polar vortex. This might be important for
the long‐wavelength planetary waves thought to be important for this mechanism, which also have large
vertical wavelengths. Examination of aspects of the mechanistic connections behind the statistical QBO
teleconnections could be a further use of the multicentury simulation in future work. This would also be
necessary to understand the causes of the weakness of the simulated QBO influence compared to that
inferred from observations.

In summary, we have shown that there is a robust QBO teleconnection to Northern Hemisphere winter
extratropical surface climate but simulated teleconnections are likely weaker than observed.
Categorization of QBO phases using equatorial winds over a range of stratospheric levels is required to max-
imize the inferred amplitude and the ability to detect QBO signals. This approach reveals a QBO effect that is
a larger fraction of the total winter circulation variability, and suggests that the QBOmay be one of the major
drivers of year‐to‐year variability in seasonal conditions for parts of the Northern Hemisphere. The smaller
signal in the model is reminiscent of weak winter circulation responses seen in other contexts, such as to the
solar cycle and volcanic eruptions (Driscoll et al., 2012; Misios et al., 2016), and the smaller‐than‐expected
amplitude of seasonal NAO predictions (Dunstone et al., 2016; Eade et al., 2014; Scaife, Arribas, et al.,
2014; Scaife, Athanassiadou, et al., 2014). This is consistent with a much broader “signal‐to‐noise” problem
(Eade et al., 2014) that may not be specific to the QBO teleconnection itself. Nevertheless, we conclude that
seasonal and decadal climate forecasts of Northern Hemisphere winter would be made more skillful by bet-
ter representation and predictability of the QBO and improvements in the realism of its teleconnections.
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