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Abstract

A multi-model study is carried out to investigate the ability of models to predict the evolution
of the quasi-biennial oscillation (QBO) up to 12 months in advance. All models are initialised
from common reanalysis data, and forecasts run for a common set of 30 start dates over 15
years. All models have high skill in predicting the phase evolution of the QBO at 20-30 hPa,
with slightly more variable results at higher and lower levels. Other aspects of the predicted
QBO are of variable quality, and in some cases are consistently poor. QBO easterlies are too
weak in all models at 20-50hPa, while westerlies can be either too strong or too weak. This
results in both a reduced amplitude of the QBO and a westerly bias in zonal-mean winds,
notably at 30 hPa. At 70 hPa models tend to have reduced QBO amplitude and an easterly
bias. Despite these failings, a multi-model ensemble of bias- and variance-corrected forecasts
can be used to give accurate and reliable QBO forecasts up to at least a year ahead. Analysis
of the zonal momentum budget during the first month of the forecast shows that large scale
forcing from Eliassen-Palm flux divergence and vertical advection are handled fairly well by
the models, although vertical advection terms tend to be weaker than re-analysis estimates.
Total tendencies show common errors, suggesting common failings in gravity wave drag
treatments. Teleconnections from the QBO to Northern Hemisphere winter circulation are
also examined, and do not appear to be realistic beyond the first month. Analysis of
initialised forecasts is a powerful tool for diagnosing the accuracy of model processes driving
the QBO.
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1. Introduction

The stratospheric quasi-biennial oscillation (QBO) is the dominant mode of interannual
variability in the stratosphere. Questions about the mechanisms that drive it and what is
needed to successfully reproduce it have traditionally been studied using idealised and free-
running general circulation models, and have given us a good understanding of the essential
dynamics of the QBO and how to reproduce it in models — the basic requirements being an
adequate representation of the wave forcing, and an adequate vertical resolution (Takahashi,
1996; Scaife et al., 2000; Hamilton et al., 2001; Giorgetta et al., 2002, 2006; Kawatani et al.,
2010).

However, there are further questions about the QBO which need more detailed
understanding. Observations suggest that the QBO has significant influences on other aspects
of stratospheric and tropospheric circulation, notably the stratospheric winter polar vortex
(Holton and Tan, 1980; Anstey and Shepherd, 2014). The mechanisms of these influences are
not fully understood (Garfinkel et al., 2012; Watson and Gray, 2014), nor are the modelling
requirements to reproduce them. This is important because the QBO has predictability out to
lead times of several years (Pohlmann et al., 2013, Scaife et al., 2014), making it a potential
contributor to seasonal forecast skill, and the QBO phase has also been shown to be important
for sub-seasonal prediction (Garfinkel et al., 2018). The QBO has the potential to influence
the troposphere directly via interactions with tropical deep convection and the MJO as well as
via the stratospheric polar vortex (Butler et al., 2019). Variability in the vortex leads to
surface climate effects, particularly in winter, due to interactions with the tropospheric storm
tracks. The strongest effects are seen over the North Atlantic and project strongly onto the
North Atlantic Oscillation and Arctic Oscillation (Kidston et al., 2015). These effects span a
broad range of timescales from monthly (Baldwin and Dunkerton 1999, 2001; Kolstad et al.,
2010) to multidecadal periods (Scaife et al., 2005, Omrani et al., 2016). Predicting and
accurately representing the QBO and its teleconnections is thus expected to be important for
forecasting on a range of timescales. In this study we report for the first time on how well
models are able to predict not just the phase and amplitude but also the structure of the QBO,
which is likely to be important for the accurate representation of teleconnection mechanisms
(Gray et al., 2018).

An additional area of concern is how the QBO might change in the future. Changes in

atmospheric composition are leading to significant changes in the stratospheric climate,
3
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which might plausibly lead to changes in the behaviour of the QBO and its teleconnections. A
companion paper (Richter et al., 2020) looks at what existing QBO models tell us about
possible future changes. However, confidence in projection of future changes is limited by
uncertainty about how accurately existing models represent the detailed balance of processes

in the present day QBO and its influences on the rest of the climate system.

One method to assess the accuracy of QBO representation in models is to use them to make
initialised predictions of the QBO over relatively short periods (e.g. up to a year). Initialised
forecasts allow us to make a detailed comparison between models and reality, in a context
where we expect to be able to find very close agreement. It is also possible to undertake
detailed studies of the momentum budget to try to understand the sources of any
discrepancies between modelled and observed behaviour. This is the concept behind the fifth
experiment in the Stratosphere-troposphere Processes And their Role in Climate (SPARC)
Quasi-Biennial Oscillation initiative (QBOI) protocol (Butchart et al., 2018), the initial results

of which are reported in this paper.

This study builds on the few existing studies of actual predictability of the QBO and its
extratropical climate impacts (Pohlmann et al., 2013; Scaife et al., 2014; Butler et al., 2016).
It uses coordinated experiments with initialised ensemble predictions from eight different
general circulation models that simulate the QBO spontaneously; Section 2 briefly
summarises the experiments. In Section 3 we analyse forecasts as a function of lead time and
show detailed analysis of mean square errors, biases, amplitude and phase errors and the
vertical structure of the QBO. Section 4 considers forecast performance in terms of phase
space trajectories, and Section 5 considers the achieved skill in terms of estimated

predictability limits, looking also at the potential for multi-model forecasts of the QBO.

In Section 6 we present a diagnostic analysis, considering the zonal momentum budget during
the first month of initialised QBO forecasts, and what can be learned about inaccuracies in
model representation of the processes driving the QBO. In Section 7 we assess
teleconnections from the QBO to the northern hemisphere, focussing on the stratosphere, and
looking both at the seasonal mean strength of the winter vortex and the statistics of Sudden
Stratospheric Warmings. We then finish with a summary of our findings and a consideration

of the conclusions which can be drawn.
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2. Experiment summary
The initial phase of the SPARC QBOi project proposed five coordinated numerical

experiments designed to better understand and improve the representation of the QBO in
global models (Butchart et al., 2018). The first four experiments are multi-year un-initialised
simulations and results from these are reported elsewhere in this special issue (Bushell et al.,
2020; Richter et al., 2020; Holt et al., 2020; Anstey et al., 2020). In contrast, this paper
focuses on Experiment 5/5a of the QBOi protocol which requires an ensemble of initialised

hindcasts.

QBOi Experiment 5 uses initialised hindcasts of 9-12 months length using observed sea
surface temperatures (SSTs) and sea ice conditions. External forcing is specified to
correspond to observations (see Butchart et al. 2018 for full details). Thirty start dates from 1
November and 1 May for the years 1993 to 2007 cover fairly well the full range of QBO
phases as well as two different points in the stratospheric seasonal cycle. For each hindcast
start date, an ensemble of at least three members is specified. As an alternative to Experiment
5, Experiment 5a allows for an appropriately initialised coupled ocean model to be included
instead of prescribing observed SSTs. We analyse six models that performed Experiment 5
and two models that performed Experiment 5a. Four of the six models that performed
Experiment 5 also performed the un-initialised QBOIi experiments (see Butchart et al., 2018
for details) that are analysed elsewhere in this special issue, using the exact same model

versions as used here.

Details of the forecast systems that have so far taken part are summarised in Table 1. A brief
recap of the resolution of the underpinning models is provided in column 1. It is worth
emphasising that all these models are stratosphere resolving. Length of hindcast simulations,
number of ensemble members and ensemble generation method are also given, as are details
of initialisation method, and whether the hindcasts are atmosphere only (with prescribed SST;

Experiment 5) or from fully coupled ocean-atmosphere systems (Experiment 5a).

All models were initialised using ERA-Interim reanalyses (hereafter ERAI), but the exact
method by which this was done varied between models. Although this might account for
some slight differences in results, we note that those models using relaxation generally used a
fast timescale (6 hours or less) for winds, so differences in the initial state are expected to be

small. MRI-ESM2 used a lagged method extending 5 days either side of the nominal start

5
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date, so differences in initial conditions are bigger in this case. Overall, though, differences in

behaviour are expected to be dominated by differences in the models themselves.

3 Forecast skill of the QBO in initialised models

The realism of the QBO in model forecasts can be measured and described in a variety of
ways. We start by looking at the behaviour of zonal-mean zonal winds as a function of height
and forecast lead time, providing a local view of the extent to which a realistic QBO is
maintained and progressed as model integrations run forward. The simplest measure of the
QBO is its phase at a given height. Previous studies of the QBO have generally picked a
particular pressure level, and then measured the skill of forecasts in predicting the phase of
the QBO at that height, typically using a metric of anomaly correlation of the zonal-mean
zonal winds. Although this tells us something about the model’s prediction of QBO phase, it
does not tell us about other elements affecting the accuracy of the predicted winds, such as
bias or the amplitude of the model QBO signal. We thus look first at a measure of the
absolute accuracy of the forecasts, the Mean Square Skill Score against climatology (MSSS),
and then obtain some physical insight by examining the factors that contribute to forecast

accuracy.

3.1 Mean Square Skill Score of zonal-mean zonal wind forecasts

We work with monthly mean data at a set of standard pressure levels (10, 20, 30, 50 and 70
hPa), and calculate zonal-mean zonal winds averaged from 5N-5S. We use ERAI winds for
verification, although any modern reanalysis would give very similar results for the pressure
levels considered due to the observational constraint provided by assimilation of tropical
radiosonde wind data, which extends up to ~10 hPa. For each of the thirty forecast dates, we
calculate the difference of the ensemble mean forecast from ERAI (i.e. the error) as a
function of lead time. We then calculate the mean square of this set of thirty forecast errors to
give a mean square error (MSE) as a function of lead time. We also calculate the
corresponding mean square error of a climatological forecast (which is equal to the mean
square of the anomalies, in other words the interannual variance of ERAI). Finally, we obtain

the Mean Square Skill Score against climatology: MSSS =1-MSE__ .,/ MSE_, . MSSS is a

model clim *

normalised function of the root mean square error (RMSE) that represents the fraction of the

observed variance correctly predicted by the model forecast. If the amplitude of the
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anomalies is correct, MSSS is equal to the square of the anomaly correlation. The MSSS of

the individual models for different pressure levels is shown in Figure 1.

In the core regions of the QBO, 20-50 hPa, model forecasts have consistently good skill
during the first months of the forecast, with most models having a MSSS above 0.7 after 5
months. At higher and lower levels (10hPa and 70 hPa) there is substantial variation in model
skill: the best performing models retain a good level of skill, but some models become
mediocre (around 0.5) or in some cases poor (near 0) after just a few months. It is also
notable that no single model has the best performance at all levels. For example, the EC-
EARTH3.1 model (light blue) is one of the better performers over the first 6 months at 10
hPa but is the worst performer at 30 hPa and 50 hPa; the MIROC-ESM model (red) is the
best at 30 hPa, but poor at 70 hPa; the IFS43r1 model (blue) is best at 50 and 70 hPa but has
average performance at 20 hPa. Not all models were integrated for 12 months, but those that
were suggest that a substantial level of skill (MSSS>0.6) is achievable up to 12 months, not

just in the core QBO region but over the full 10-70 hPa range.

3.2 Decomposition of performance — bias, anomaly correlation, amplitude

Although MSSS tells us about the overall accuracy of the forecasts, it does not give much
insight into which aspects of the forecast are doing well, and which are sources of error. We
therefore continue our analysis by decomposing QBO zonal wind forecasts into bias, and then

amplitude and phase of the QBO signal.

Figure 2 shows the ensemble-mean zonal-mean zonal winds at two levels where bias is a
significant feature of the model error. Models tend to have a positive bias at 30 hPa,
especially in the second half of the year. This is a large error and implies a substantial error in
the momentum budget in all models. At 70 hPa, the zonal winds tend to be too strong (i.e. too
easterly) at all times of year for most but not all models. If the aim of a forecasting system is
simply to predict the QBO then bias is not a first-order problem, since the forecasts can be
bias-corrected. However, bias is unwelcome in a general seasonal forecasting system since
the dynamics of wave propagation often depend on absolute wind velocity. Moreover, if we
are using initialised forecasts to diagnose errors in our models, then the existence of a well-

defined bias is important information.

If we remove the mean bias from the forecasts, we can look at the behaviour of the forecasts

in terms of the amplitude of the anomalies and the agreement of the temporal variation or
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phase, as measured by the anomaly correlation. Figure 3 shows the amplitude of the QBO,
calculated after the removal of bias as the standard deviation of the anomalies of the

individual ensemble members, relative to the standard deviation of the ERAI anomalies.

Most of the models are underactive — the amplitude of the QBO is too small. At 20 hPa only
UMGC?2 and MPI-ESM-MR have a realistic level of variability, the others being damped by
between 10 and 40%. The two most active models happen to be those with coupling to the
ocean, but experience with other models such as IFS43r1 suggest that coupling per se has
only a very small impact on the QBO, so this may be coincidental. At 50 hPa the models have
split into two groups: three models with about the right amplitude, and all the others damped
by 40% over the first 3-4 months. At 10hPa (not shown), some models have slightly more
variance than observed, but at this height the winds start to have an appreciable amount of
non-QBO related variance, so a simple variance ratio cannot be interpreted purely in terms of
the QBO. It is possible that the increase in grid spacing with height is causing spurious
breaking of waves, leading to excessive momentum deposition and larger amplitude
variability. The higher variance at 10 hPa is consistent with the QBO behaviour in the free
running models (Bushell et al, 2020), where the amplitude tends to peak at around 10 hPa,
higher than the observed peak at 15 hPa.

Finally, we can measure the forecast skill in terms of anomaly correlation. Figure 4 shows the
anomaly correlation skill of the bias-corrected forecasts at different levels.

Anomaly correlation is high in all models in the core QBO region, being above 0.9 out to
seven months at 30 hPa. Anomaly correlation drops off faster during the first 3 months at 10
hPa and 70 hPa, perhaps associated with a higher level of noise at these levels, but in the
better models then stabilises and can remain above 0.8 for the full 12 months. However, at
these levels there is again a range of performance between models, although the spread in
performance is less dramatic than was seen in MSSS. In almost all cases the correlation skill
remains statistically significant: the 5% level according to a 1-tailed test based on a Fisher z-
transform for 30 cases is 0.307. The plot axis starts at 0.4, so all plotted values are significant.
The ability to maintain good phase skill at 10 hPa over a period of 12 months implies that
those models are able to predict the onset of phase reversals at higher levels and are not
simply propagating downwards existing wind structures. Indeed, models with good skill at 10
hPa out to 12 months predict well the QBO evolution at 5 hPa, and in some cases (IFS43r1,

AGCM3-CMAM) capture the QBO signal at 2 hPa (not shown). Although most models
8

This article is protected by copyright. All rights reserved.



Accepted Article

maintain a good QBO phase prediction in the core region throughout the 9-12 month length
of the forecast, two models (MIROC-AGCM-LL and EC-EARTH3.1) suffer substantial
drops in performance at 20-30 hPa. Curiously these models (and all models) maintain good
phase performance at 50 hPa, despite the phase problems higher up, and despite the
substantial loss of amplitude at 50 hPa. It may be that these models have the right
fundamental periodicity but are not reproducing the correct timing of events at intermediate

levels at longer lead times.

3.3 A composite view of QBO forecast performance

The above analysis looked at the zonal-mean winds in terms of bias and errors in amplitude.
Inspection of the full time-series (not shown) makes it clear that there is an inherent
ambiguity between mean bias and amplitude error, and a QBO-state dependent bias. Thus we
also examine model performance as a function of the QBO state.

We form composites of strong QBO easterly and westerly phases and compare forecast
values with corresponding analyses. The composites are based not on the QBO phase at the
start of the forecast, but on the observed phase at the target verification time. For each target
lead time and level, we choose the 10 most extreme easterly and westerly reanalysis winds
from our sample of 30 cases. We then take the forecasts that verify on the selected dates, and
form composites of both datasets. The choice of dates is different at different levels: we are
looking at the amplitude of the extreme phases per level, not at wind profiles for a given
QBO state.

Figure 5 shows the forecast and reanalysis composites for different lead times. The observed
composite is identical for lead times separated by 6 months (e.g. T+1 and T+7 months, or
T+3 and T+9 months) because (almost) the same set of dates are considered. For the first
month, the winds are well-predicted by all models over the full 10 to 70 hPa range. As lead
time increases, the models increasingly fail to capture the strength of the easterlies in the 20
to 50 hPa range, while westerlies can be either under- or over-estimated depending on the
model. It is the weakness of model easterlies which results in both the generally reduced
amplitude of the QBO and a pronounced mid-level westerly bias in all models that was seen
in the previous section. The models which appear to have the correct amplitude at 50hPa
(UMGC2, IFS43r1, MPI-ESM-MR) still have easterlies which are too weak but have
westerlies which are too strong. The biases that develop over the first five months are

This article is protected by copyright. All rights reserved.
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remarkably similar to the biases seen in free-running simulations of the QBO, shown in Fig.
5a of Bushell et al., 2020 (this volume).

At 70 hPa, model easterly phases have varying rather than consistent biases, while the
amplitude of the westerly phase is underestimated by most models and overestimated by
none. Inspection of individual forecast trajectories shows that the substantial model
underestimation of the observed westerly extremes at leads of 2-5 months is not because the
models are incapable of generating sufficiently strong westerlies; rather it is because the
models tend not to sustain strong westerlies for long enough on average. The transition to
easterlies occurs either at the right time or too soon, but never too late, thus causing the
composite to be biased toward too weak westerlies.

4. A comparison of QBO phase space trajectories

We can also examine the QBO evolution as a function of the initial wind profiles, and we
choose to do this in a phase space of zonal winds at two complementary levels. We present
the trajectory of pairs of 20- and 50-hPa monthly zonal winds for selected cases, chosen to
best characterize the model biases at different stages of the QBO cycle. Figure 6 shows the
trajectories of monthly-mean zonal wind starting from the first to the ninth months of
forecasts in each model (except MPI-ESM-MR, which is to the seventh month). The
trajectory of the ERAI analysis is also presented for nine months (black) and then, to indicate
the evolution of the remaining QBO cycle in the phase space, extended further to 24 months
(grey). The zonal wind pair on the initial date is indicated by the open circle using ERAI, and
that for the third forecast month is indicated by the filled circle on each trajectory. The
trajectory of pairs of the 30- and 70-hPa wind is also presented in the same way. The

trajectory rotates clockwise with time, following the QBO phase.

Figure 6a shows the evolution of zonal wind for the case initialised on 1 Nov 2001. The
initial QBO state for this case is westerly (easterly) at 20 hPa (50 hPa). During the first 5-6
forecast months, the easterly-to-westerly phase transition occurs at 50 hPa in all models,
although somewhat too quickly, while the evolution of the 20-hPa westerly shows a spread
between models. The 20-hPa westerly in MPI-ESM-MR and UMGC2 is intensified by about
5 m/s following ERAI, while that in AGCM3-CMAM and the MIROC-ESM models is
weakened as the forecast time increases. The magnitude of 50-hPa westerly after the phase

transition also shows spread among models. In general, the 50-hPa westerly tends to have

10
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large magnitudes in the models in which the 20-hPa westerly magnitude has been large.
There are seven other cases with a similar phase evolution of the QBO (i.e., easterly-to-
westerly transition at 50 hPa), and the features in the evolution of the case shown in Fig. 6a
are also found in these other cases, with similar inter-model differences (not shown).
Differences between ensemble members from the same model are generally smaller than the
differences between the ensemble means of different models: plotting the full set of
individual ensemble members leads to the same conclusions. The spread in strength of the
westerly phase at both 20 and 50 hPa seen in the phase trajectory plots corresponds to the

spread in strength of the westerlies seen in Figure 5.

Figure 6b presents a case with initial westerly at both 20 and 50 hPa on 1 May 2002. In this
case, the westerly-to-easterly phase transition occurs at 20 hPa at about the right speed, while
the westerly persists at 50 hPa. However, similarly to the evolution in Figure 6a, the strength
of the 50-hPa westerly develops a spread among models over the first five forecast months or
so, after which the 50 hPa wind tends to maintain its magnitude in each model. At the same
time, the zonal wind at 70 hPa in most models tends to rapidly and incorrectly change
direction to easterly within the first five forecast months, except in IFS43r1 and UMGC2
(lower panel). This is consistent with the weak amplitude of the westerly at 70 hPa commonly
found in the models (Figure 5). Similar behaviour is also found in later parts of the QBO
cycle with 70 hPa westerlies, as illustrated in the lower panel of Figure 6c¢.

The case initialised on 1 November 1999 (Figure 6¢) involves a later stage of the 20-hPa
westerly-to-easterly phase transition. All models end the transition at smaller magnitudes of
the easterly compared to ERALI. This is related to the common bias in easterlies in the models
shown in Figure 5. The bias in easterlies at lower levels can be seen in the case initialised on
1 May 1994 (Figure 6d). In this case, the initial wind is easterly at 20 and 30 hPa and
westerly at 70 hPa. In the first 2-3 forecast months, the 50-hPa wind reaches its maximum
easterly strength in the models but with smaller magnitudes than ERAI by 5-15 m/s. In the
fifth forecast month, the simulated wind at 70 hPa, which has become easterly, stops the
transition, whereas ERAI continues to be intensified. Consequently, most models exhibit
weaker easterly magnitudes at 70 hPa as well (except MPI-ESM-MR and UMGC?2). In
addition, large spread of the easterly at 30 hPa among models is also seen in the early period
of the forecast, while the 30-hPa easterly becomes weaker in all models during the 70-hPa
transition, compared to ERAL.

11
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5. Forecast skill and predictability

For a fuller picture, we examine the forecast skill in the context of model estimates of QBO
predictability. In an ideal ensemble forecast system, ensemble members are equally likely and
are statistically indistinguishable from reality. The ensemble standard deviation is then equal
to the expected distance between the ensemble mean and the observations, i.e. the RMSE of
the ensemble mean. The ensemble spread is thus an estimate of the predictability limit for the
RMSE, and in a nearly optimal forecast system the two would be close. Most of the forecast
uncertainty in the stratosphere is linked to forcing from the troposphere. Errors in the
troposphere will grow rapidly regardless of how they are initiated and so we might expect (or
at least hope for) a realistic amount of forecast uncertainty regardless of the exact

initialisation method used.

Figure 7 shows the forecast skill of individual models in terms of RMSE compared to the
unbiased estimator of ensemble spread, at various levels. At 70 hPa (lower right), the
ensemble spread grows quickly for the first two months in all models, but then generally
stabilises within a range of 1-1.5 m/s, growing only slowly. At this level the QBO amplitude
is weak (both in reanalysis and even more so in most of the models), and it seems that
unpredictable noise originating in the troposphere and unrelated to the QBO injects
uncertainty into the lower stratospheric winds quite quickly. However, uncertainty in the
QBO phase, which develops slowly over time, adds only a limited amount of additional
uncertainty over a 12-month period, even in those models which have a realistic QBO
amplitude at this level. In terms of RMSE, the models exhibit a very large range, consistent
with what has been seen in other scores. The best performing model at this level (IFS43r1)
has errors which, while substantially worse than the predictability limit estimated from its

corresponding ensemble spread, are not dramatically so.

At 20 hPa and 30 hPa, the gap between the predictability limit and the actual model
performance is clearer, with errors very much larger than the spread. At these levels there is
less diversity in model RMSE scores, certainly over the first 6 or 7 months, and compared to
the estimated predictability limit we can say that all models are poor. These are levels where
anomaly correlation is high, so it might seem strange to characterise the forecast performance
as poor. However, the amplitude of the QBO is very large, and small timing errors in a phase
transition will produce large wind errors. The very small spread in all models indicates that

the timing of the QBO evolution at these core levels during the first six months of a forecast
12
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should be extremely predictable, with little influence from sources of noise such as
tropospheric weather. It is possible that the models underrepresent sources of noise such as
variations in tropical wave forcing or (as in the disruption event of 2016) occasional mid-
latitude influences. As also noted by Scaife et al. (2014), we thus cannot be certain that the
implied exceptionally high predictability is correct. Nonetheless, this is the estimate given by

all the models in this study.

At 10 hPa RMSE varies substantially between models — from 7.5 to 25 m/s at 7 months —
and the gap between the RMSE of the best performing models and the spread is less, in
relative terms, than the gap seen at 20 and 30 hPa. The better agreement between spread and
error at 10 hPa is more due to an increase in spread than a reduction in error. Why the model

winds show increased ensemble spread at this higher level is unclear.

We note that at all levels, the MRI-ESM2 model has larger spread in the first month than
other models. This is due to the lagged average method used to construct the MRI-ESM2
ensemble, which introduces a large spread in the initial conditions. At 10 hPa the extra spread
persists into the second month, but otherwise it is rapidly lost as the forecasts progress. This
is consistent with our assumption that forecast spread is driven more by noise in the

tropospheric forcing than by growth of initial uncertainties in the stratospheric state itself.

For a final reflection on forecast skill versus predictability, we look at what can be achieved
from a multi-model approach. Multi-model forecasts, where forecasts from different models
are averaged together to reduce the impact of model-specific errors, have been shown to
increase reliability and skill of seasonal forecasts (Palmer et al., 2004, Weisheimer et al.,
2009). A multi-model QBO forecast has been constructed from the four models with the
longest lead-times (AGCM3-CMAM, IFS43rl, EC-EARTH3.1 and UMGC?2). Each model is
bias-corrected and then variance-corrected (i.e. the forecast anomalies are scaled such that
their variance matches that observed), using cross-validation so that the correction for each
year uses data only from other years. Variance correction has been shown to be very helpful
in ENSO forecasting (Stockdale, 2013), and given the amplitude problems that many models
have with the QBO is also appropriate here. The corrected forecasts from the models are then
averaged with an equal weighting to form the multi-model ensemble mean forecast. We do
not formally estimate the forecast uncertainty, but we take the multi-model ensemble spread

(calculated from the corrected individual forecasts, with the ensemble size of UMGC2
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limited to 11 to weight it comparably to other models) as indicative of the forecast

uncertainty.

Figure 8 compares the multi-model skill (in red) with that of the best performing single
model (in blue) in terms of RMSE and anomaly correlation. We have chosen two levels that
are representative of the range of behaviour seen. At 30 hPa (left), the best single model is
AGCM3-CMAM, and we see as before that despite a fairly high level of correlation skill (at
or above 0.8 for 12 months), the RMSEs for a single model are much larger than the
ensemble spread. However, the multi-model forecast gives a large reduction in RMSE and
improves the anomaly correlation, particularly in the 6-8 months range. This demonstrates
that the large errors seen in Figure 7 at 20 and 30 hPa are in large part due to model error and
can be reduced by a multi-model approach. The relationship between the multi-model error
and the predictability limit estimated from single model spread is now roughly comparable to
that seen at 10 hPa and 70 hPa, for the first seven months. This supports the idea that the
QBO is highly predictable in its core region. The drop in skill after 7 months seen in both
RMSE and anomaly correlation may be due to an insufficient number and quality of models
(noting especially the performance of EC-EARTH3.1 anomaly correlation at these lead

times) rather than indicating a fundamental predictability problem.

At 50 hPa (right) the situation is different. The best single model at this level (IFS43r1)
already has a very high level of skill and RMSEs that are only moderately worse than the
estimated predictability limit. Here, the multi-model forecast matches the best-performing
model but does not exceed it in terms of skill of the ensemble mean. Nonetheless, the multi-
model approach does allow a much better estimate of forecast uncertainty than a single
model, which is important for forecast reliability. Adjusting RMSE scores to compensate for
the different ensemble sizes (not shown) confirms for both levels that the benefit of the MM

comes from the diversity of models, not the increased ensemble size.

If we wanted to produce operational forecasts of the QBO, these results suggest that a multi-
model system, using appropriate calibrations, would be able to produce highly accurate and
reliable QBO forecasts out to at least 12 months.

6. Momentum budget

The large-scale atmospheric state in all models is close to that of ERAI during the first month

of each forecast. We can therefore meaningfully compare the momentum budget between
14
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models during the first month, and also compare models against reanalysis for those terms
which can be derived from the reanalysis. The zonal-wind tendency in the transformed

Eulerian mean (TEM) equation is expressed as

gu .. _.0u V-F
- 5 ) +

dz  poacoso

+Xow + R

following the notation by Andrews et al. (1987), where ¥"- %" and F are residual-mean
meridional and vertical velocities, and Eliassen—Palm (EP) flux, respectively, defined in the
TEM equation (see Andrews et al., 1987, Egs. 3.5.1 and 3.5.3, for their definitions), and

f= [~ (acosd) 'd(iicos ) /0o The second to fifth terms in the righthand side are vertical
advection, EP flux divergence, parameterized gravity wave drag (GWD), and the residual of
the equation, respectively. Figure 9 presents these terms, along with the zonal-wind tendency,
averaged over 5N-5S in each model for a number of cases (the first term in the righthand
side, the sum of Coriolis force and meridional advection, is negligibly small and thus not
shown). The corresponding terms from ERAI are also presented, except for the GWD which
is not available. The residual in ERAI therefore includes the effect of unresolved waves
(GWD), and might be expected to be dominated by them most of the time. Although one of
our cases is an exception, as discussed below, we thus choose to plot the ERAI residual in the
same panel as the GWD from the models. Note that estimates of the residual vertical velocity
differ between different re-analyses (e.g. Abalos et al., 2015), so the ERAI estimate of the
vertical advection term has some uncertainty, which in turn may affect the estimate of the
residual. Note also that MIROC-AGCM-LL does not include a GWD parametrization.

The first case, initialised on 1 November 1999 (the same case as in Figure 6c¢), involves
upper-level easterlies and an easterly shear layer at 10-40 hPa (Figure 9, upper, wind profile
shown with a dashed line in all panels). The models all capture the total tendency of
increasing easterlies in the 10-30 hPa layer but are all missing the slight westerly tendencies
between 30 and 70 hPa (top left panel). We first consider the momentum budget in the region
of upper-level easterlies and will return to the low-level westerly jet later. The models
generally produce EP flux divergence forcing very similar to that in ERAI up to 20 hPa, but
then diverge, with a majority of models giving stronger easterly forcing than reanalysis. One
model is different to the others — MIROC-AGCM-LL, which has no GWD parametrization,

has a large easterly forcing from the EP forcing. This appears to largely compensate for the
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lack of GWD forcing, such that the total tendency is similar to other models. It is not
immediately obvious why the difference in terms is so well balanced. Forcing by vertical
advection, which is in the opposite direction to that by the EP flux divergence, is again rather
well produced by the models at lower levels, but with some spread in values at 20hPa and
above, with models tending to have weaker (less westerly) values than ERAI. The sum of
advective and EP flux forcing results in westerly forcing in ERAI and MRI-ESM2 and
easterly or near-zero forcing in the others at around 15 hPa. It is seen that the residual in
ERAI is comparable to the models” GWD up to 20 hPa (8-11 m/s/month). However, model
GWD is reduced above this level and becomes smaller than the residual in ERAI at 15 hPa by
4-9 m/s/month. This may well be responsible for the difference in the easterly tendency
below the easterly maximum (10-15 hPa) between the models and reanalysis. Indeed, the
vertical structures of GWD in the models and residual in ERAI in the easterly shear layer

resemble those of wind tendency in the models and ERALI, respectively (Figure 9).

A qualitatively similar result is found also in the case initialised on 1 May 1994 (Figure 9,
middle row, see also Figure 6d) when the easterly shear is shifted downward compared to the
first case. In this case, the differences in the wind tendency between ERAI and the models is
large at 50 hPa, as well as the difference between the residual in ERAI and models’ GWD.
The smaller easterly tendency in the models is associated with a lack of easterly forcing, and
this is presumably what leads to the weak easterly magnitudes during the phase progression
shown in Figures 6d. The magnitude of the residual obtained in the models is relatively small

in the easterly shear layer in these cases.

The third case, initialised on 1 November 1996, involves westerly and easterly jets above and
below 20 hPa, respectively (Figure 9, lower). The EP flux divergence produced in the models
shows a large spread above 30 hPa. The large spread of this forcing is also seen in other cases
of westerly shear phase (not shown), implying that the representation of Kelvin waves and
resolved-scale gravity waves differs significantly between models. The westerly GWD in the
westerly shear layer also shows a difference in its magnitude between the models, which may
come from the differences in the parametrization scheme used or in the simulated state of the
troposphere where the parameterised gravity waves are partly filtered out. The westerly shear
of the QBO is large in magnitude and, furthermore, in the deep tropics mean vertical motion
often changes to be downward in the westerly shear. Vertical advection in this shear layer is

sensitive to any errors in mean vertical motion, which might possibly explain the opposite
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sign of advection around 20 hPa shown by MRI-ESM2. The other models capture the vertical
structure of the advection term as represented by ERAI, although tending to underestimate
the magnitude. In contrast to our first two examples of easterly shear phases, the residual is
very large in the westerly shear layer in some models, a feature seen in other cases with
westerly shears (not shown). The residual tends to be positive just above the easterly jet core
and negative below the westerly core as seen in Figure 9, which resembles the vertical
structure that might be expected from vertical diffusion of momentum. The residual in ERAI
shows a similar vertical structure in the lower stratosphere, indicating that forcing with such a
structure has been required in ERAI during its assimilation in order to approach the observed
state. The model results suggest that this forcing was not from GWD but from other
processes. The reanalysis is consistent with the model results, but cannot separate out the

unresolved processes contributing to the momentum budget to confirm their sources.

Finally, we return to the low-level westerly jet in our first case, initialised on 1 November
1999 (Figure 9, upper). The low-level jet is located at 40-50 hPa, and as already seen, the EP
flux divergence and vertical advection at this level are in good agreement between ERAI and
the models. ERAI exhibits a residual of about 2.5 m/s/month, which is responsible for the
positive tendency in the westerly jet core. However, the models do not provide enough
westerly forcing to reproduce the acceleration of the low-level westerly. As a result, the zonal
wind in the lowermost stratosphere in the models evolves with smaller amplitudes as shown
in Figure 6¢. The lack of the low-level westerly forcing in the models might benefit from
further study, since many models currently have a bias in the low-level westerly jet of the
QBO, both in initialised forecasts (Figure 5) and in free-running simulations of the QBO
(Bushell et al., 2020, Fig. 5a).

7. Teleconnections from the QBO to the northern hemisphere

7.1 Holton-Tan relationship

We look at the connection between the QBO and the Northern Hemisphere winter
stratospheric vortex, examining the relationship as a function of both QBO phase and
calendar month. Figure 10 shows the vortex response to the QBO for the ERAI reanalysis
(1979-2016) and the model hindcasts initialised in November (1993-2007). The full ERAI
period is used, rather than just the period corresponding to the QBOi hindcasts, to provide a
more robust estimate of the observed response. The top panel in each sub-figure indicates

with coloured boxes the vortex anomaly (defined by 10 hPa 60N deseasonalised monthly-
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mean zonal-mean zonal wind) as a function of QBO phase and time in the season. The QBO
phase is defined by a phase angle determined from the two leading empirical orthogonal
functions (EOFs) of 10-70 hPa equatorial wind (Wallace et al., 1993), with the range [0,1]
representing a full QBO cycle, and a single value of QBO phase is assigned to each
individual hindcast based on the value of its phase angle in November. Each column in the
figure thus represents the ensemble mean over a coherent group of winters, with the number
of winters shown in green text at the bottom of the column. The group of winters belonging
to each column are those with a QBO phase angle falling within a bin of width 0.25 centred
on the phase angle indicated on the x-axis. (Since 0.25 exceeds the 0.1 resolution of the x-
axis, there is some overlap in group membership between neighbouring columns.) Since the
QBO phase angle is a slightly abstract representation of QBO phase, the bottom two panels in
each sub-figure illustrate the vertical structure of QBO winds associated with each value of
the phase angle. The middle panel shows equatorial zonal-mean zonal wind profiles
composited (irrespective of lead time or calendar month) for times when the phase angle
takes the values on the x-axis, and provides both a reference for the QBO structure as a
function of phase and a (qualitative only) reminder that the model QBO structures diverge
from the observed structure during the forecasts. The bottom panel shows the wind profile in

November for each of the corresponding individual reanalysis or hindcast dates.

The ERAI response (Figure 10a) shows the expected strengthening of the vortex during 50
hPa QBO westerlies, and vice versa during 50 hPa QBO easterlies, well known from previous
studies (e.g. Holton and Tan 1980). High statistical significance is not apparent due to the
short record considered here, but the response is indicative of that which appears in a longer
record (Anstey et al., 2020), although the apparent late-winter response of opposite sign to
that of early-to-midwinter may not be robust. Although the strongest anomalies tend to
appear in midwinter (December and January), the early-winter response in November is
appreciable compared to the smaller climatological level of variability occurring at that time

in the seasonal cycle.

It is common for models to miss the November response (Anstey et al., 2020), and if the
early-winter response plays a role in conditioning the vortex for its midwinter response, this
error could plausibly affect the models' midwinter responses. The models shown in Figure
10b-i all show a November response due to the initialisation. In most models this response

extends into December, consistent with a typical vortex decorrelation timescale (Gerber et al.,
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2010). Beyond December there is no clear evidence in the models for a midwinter response
that strongly resembles the observed one, although many models show a midwinter response
of some sort. Both EC-EARTH3.1 and IFS43r1 show a fairly strong January-February
response, although it is shifted in QBO phase with respect to the observations. In other
models the midwinter response is weak or negligible (MIROC-AGCM-LL, MPI-ESM-MR)
while in yet others it is apparent only for a small range of QBO phases (AGCM3-CMAM,
UMGC2).

Note that the effective sample size differs between models, and in some cases is only 45
years, barely larger than the ERAI sample size. Given the large interannual variability of the
polar vortex, samples of this size may be inadequate to robustly characterise the response in a
given model. However other models approach or exceed 100 years of data, which is likely to
provide a good characterization of the response (Anstey et al., 2020). It should also be noted
that sampling of QBO phase by the November hindcast initialisation dates is not uniform,
which is apparent as a gap in the vertical profiles at a QBO phase of roughly 0.5 shown in the
bottom panel of each sub-figure. The location of the gap is unfortunate since it coincides with
a strong response diagnosed from the ERAI 1979-2016 period, and some model results are
also suggestive of a strong response to this QBO phase (e.g. UMGC2). The phase angle of
about 0.5 corresponds to a deep westerly layer of tropical winds, which has been proposed to

favour a quiescent vortex (e.g. Dunkerton et al., 1988; Gray 2003).

For the models analysed here, Figure 10 indicates that the QBO teleconnection to the polar
vortex is mostly weaker than observed, certainly beyond the first month of integration. Even
in the cases of the strongest response (IFS43r1, EC-EARTH3.1) it is not clear that the sign of
the response to a given QBO phase is consistent with that observed — rather, the plots suggest
that the model vortex response may correlate with winds at around the 20 hPa level, rather
than the 50 hPa level in the observed correlation. Results from the free-running QBOi models
also showed an apparent phase shift in the response of many models (Anstey et al., 2020),
although the phase error here is perhaps worse. It is a little disappointing that the initialised
models are not more successful in capturing the structure of the teleconnection, given that
they are starting from a realistic state. One might hypothesize that the phase error is related to
either the rapid development of incorrect structures in the QBO, to a lack of balance in the

initial state of the models, or to errors in the model affecting the teleconnection process. The
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present experiments are not sufficient to investigate this further in any detail. The large

sampling variability means that the observed response is also not known with great certainty.

7.2 Sudden Stratospheric Warmings

The Northern Hemisphere winter stratospheric vortex exhibits variability at multiple
timescales. The most impressive variations are Sudden Stratospheric Warmings (SSWs),
where the vortex either splits in two or is displaced from the pole, leading to a dramatic fall in
vortex strength and a corresponding dramatic rise in temperature. SSWs have been shown to
act as precursors to changes in tropospheric circulation (Baldwin and Dunkerton, 2001) and
long-lasting negative NAO regimes (Ayarzagiena et al., 2018). Although the onset of an
individual SSW is not predictable more than two weeks in advance (e.g. Tripathi et al., 2016),
the statistics of SSW occurrence and timing have been found to depend on the phase of the
QBO (e.g. Gray et al., 2004). To complement the above analysis of the monthly-mean polar
vortex strength, we consider the statistics of SSWs for the subset of models for which daily
data are available, and compare their relation to the QBO to that seen in reanalysis data. Can

the models reproduce the observed influence of the QBO on the statistics of SSWs?

Figure 11 shows the frequency of SSWs for easterly (QBOE) and westerly (QBOW) phases,
classified according to the phase at 50 hPa in November. SSWs are defined here as zonal-
mean zonal wind reversals at 10 hPa and at any latitude from 55 to 70°N from November to
March as in Palmeiro et al. (2015) — note that this definition gives a higher climatological
number of SSWs than some other definitions (e.g.Charlton and Polvani, 2007; see also Butler
et al., 2015). Those events in which the winter circulation does not recover for at least 10
days before the 10™ of April are classified as final warmings and discarded from the
counting. Contrary to previous findings (e.g., van Loon and Labitzke, 1987; Gray et al.,
2004), this analysis does not show a clear effect of the QBO phase on SSW frequency when
using reanalysis data from 1979-2016, with a weak but non-significant enhancement of
frequency in QBOE phases compared to QBOW. Most models agree that there is not much
difference between QBOE and QBOW phases, the exception being MIROC-AGCM-LL
which shows an apparent enhancement of SSWs during QBOE, although this is relative to a

very low frequency during QBOW for this model.

Figure 12 shows the QBO impact on the timing of SSW onsets. Since the hypothesis is that
QBOE favours SSWs to occur sooner (Gray et al., 2004), only the first SSW is considered
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when more than one SSW occurs in the same winter. ERAI shows a significant advance of
the SSW mean date of occurrence by more than a month. Most models fail to capture this, the
exceptions being MIROC-AGCM-LL and EC-EARTH3.1. However, the effect disappears in
the latter for the May initialisation, i.e. at longer lead times. This might be due to
deterioration of the QBO structure or growth of errors in the model mean state, or it might be
that the November initialisations benefit from predictability effects. Interestingly, it is the
model with the lowest SSW frequency, MIROC-AGCM-LL, which shows the largest impact
of the QBO phase in relation to SSW occurrence in both timing and total frequency. Overall,
none of the models reproduce both accurate SSW statistics and the observed relationships to
the QBO.

8. Summary and conclusions

We have examined the capability of a number of QBOi participating models to predict the
evolution of the QBO and its teleconnections to the northern winter polar vortex. The models
represent the state-of-the-art of QBO and stratospheric modelling, yet produce a mixture of

successes and failures when assessed rigorously in this predictive challenge.

All models were successful in predicting the phase evolution of the QBO at 30 hPa over the
first 6 months of the forecasts, with correlations at or above 0.9 at this range. Most but not all
models managed a good level of skill (>0.8) out to 9-12 months for levels from 20 hPa to 50
hPa. At higher and lower levels (10 hPa and 70 hPa) there was more variety, with some

models performing poorly, although some models managed good skill at these levels too.

Models were generally less successful at maintaining an adequate amplitude of the QBO, and
all models proved incapable of developing sufficiently strong easterlies. This is a major
common failure, and results in a westerly bias in the climatological winds at 30 hPa for all
models. The amplitude of westerlies varied more between models, although at the lowest
level (70 hPa) all models had a tendency to be unable to retain westerlies sufficiently long.
These biases are very similar to the biases seen in free-running integrations of the QBO
(Bushell et al, 2020, this issue).

The use of ensembles enabled estimates of predictability, providing a benchmark against
which to assess forecast performance. Although models perform well at 30 hPa in terms of
correlation, all models have an RMSE which is much larger than the estimated predictability

limit. Multi-model averaging enables a large reduction in error at this height, bringing
21

This article is protected by copyright. All rights reserved.



Accepted Article

forecast errors closer to (although still noticeably above) the estimated limit. At higher and
lower levels, although model skill is typically less, individual ensembles are noisier,

indicating that the potential skill is also reduced

Although they seem reasonable and are supported in general terms by the actual level of skill
achieved by the best-performing model or multi-model combination, it is not certain how
reliable the model estimates of predictability are. We note that the 15-year period in our study
did not include 2016, when a rare disruption broke the quasi-regular cycling of the oscillation
(Osprey et al., 2016, Newman et al., 2016). This disruption appears to have been
unpredictable more than a few weeks ahead (Osprey et al., 2016; Watanabe et al., 2018),
perhaps because of its mechanism, which originated from outside the tropics. Predictability
is generally thought to be much lower in the extratropics, and the packets of equatorward
propagating Rosshy waves which fluxed easterly momentum close to the equator during the
2016 disruption (Osprey et al., 2016; Coy et al., 2017; Barton and McCormack 2017,
Watanabe et al., 2018) may therefore be unpredictable at longer ranges. Nevertheless, the
2016 disruption of the QBO is a rare event (unprecedented in the previous 50-year record)
and does not invalidate the high level of predictability usually seen for the QBO.

Momentum budgets show that although models correctly capture much of the large-scale
forcing and vertical advection, there are also systematic errors in the parametrised processes
when compared to residuals from the re-analysis. Some of the failings in the forecasts can be
related to apparent errors in the (largely parametrised) gravity wave drag forcing, although in
some situations vertical diffusion might also play a role in the momentum budget,
complicating the comparisons between model terms and re-analysis residuals. Not all models
provided the data needed for the momentum budget analysis, but the results here suggest that
careful examination of the momentum budget over the first month of a forecast, when the
model and observed wind profiles match well, will enable diagnosis of errors in the model

processes. Initialised forecasts are particularly well suited for such studies.

Relationships between the QBO and the Northern Hemisphere winter polar vortex are present
in the first month of the initialised forecasts of all models, but then rapidly diverge. Some
models produce moderately strong teleconnections but not matching the observed phase

relationships. Other models show disparate responses or else very little at all beyond the
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second month. There is also diversity in the model SSW statistics, with no model capturing

the reanalysis-estimated relationships of QBO to both number and timing of SSWs.

The lack of agreement concerning interactions with the polar vortex between observations
and the initialised models is disappointing. There is a range of possible mechanisms by which
the QBO can influence the high latitudes (e.g. Lu et al. 2014; Gray et al. 2018), and it may be
that even more accurate modelling of both the structure of the QBO and the rest of the
stratosphere is required. Alternatively or additionally, interactions with the troposphere or
other processes affecting the stratosphere may be inadequately represented. It will require
more work, including appropriately designed experimentation, to better understand the range

of behaviour seen in the models.
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Figure captions

Figure 1: MSSS relative to climatology of 5N-5S monthly mean zonal-mean zonal wind
forecasts for individual pressure levels from 10 to 70hPa. Coloured lines are the scores for
individual models, black dashed line is the score for an anomaly persistence forecast. Scores
are calculated from a set of 30 forecasts starting in May and November of the years 1993-

2007.

Figure 2: Mean zonal-mean zonal wind forecasts at 30hPa and 70 hPa, shown separately for
May and November starts. Individual models are plotted in colours, the observed mean
climatology is the black dashed line. All models have a substantial positive bias at 30 hPa in

June-December; most models also have a negative bias at 70 hPa.

Figure 3: Ratio of modelled to observed amplitude of zonal-mean zonal wind anomalies as a

function of lead time for individual models at 20hPa and 50 hPa.

Figure 4: Anomaly correlation of zonal-mean zonal wind forecasts for pressure levels from
10 to 70 hPa. Colours show individual models, black dashed line shows anomaly persistence
obtained by persisting the analysed monthly-mean anomaly from the month immediately

before the start of the forecast.

Figure 5: Easterly and westerly wind composited respectively for the cases of ten strongest
analysed monthly-mean easterly and westerly winds at each level and forecast verification

time.
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Figure 6: Upper row: trajectory of pairs of the 20- and 50-hPa monthly zonal wind starting
from the first to the ninth simulated months in each model (except MPI-ESM-MR whose
trajectory is up to seventh month). The same trajectory but using ERAI is also presented
(black), continued in grey to the 24th month. The zonal wind pair on the initial date is
indicated by the open circle using ERAI, and that for the third simulated month is by the
filled circle on each trajectory. Lower row: the same as the upper row, except the trajectories

are of the 30- and 70-hPa wind, with filled circles representing the fifth simulated month.

Figure 7: Root mean square error (solid lines) and ensemble spread (dashed lines) for
monthly zonal-mean zonal wind forecasts from individual models for pressure levels from 10
to 70 hPa. Note the change of vertical scale with height. Black dashed line represents the

r.m.s. error of anomaly persistence.

Figure 8: Top row: Root mean square error (solid) and ensemble spread (dashed) for monthly
zonal-mean zonal wind forecasts comparing a multi-model forecast (red) with the best-
performing individual model at that level (blue). Left is at 30 hPa, where the comparison is
with AGCM3-CMAM, right is at 50 hPa, where the comparison is with IFS43r1. Bottom row
shows the corresponding anomaly correlation scores. Black dashed lines represent the scores

of anomaly persistence forecasts.

Figure 9: Monthly-mean zonal-wind tendency, vertical advection, Eliassen—Palm (EP) flux
divergence, parameterised gravity wave drag (GWD), and the residual of the zonal-wind
tendency equation averaged over 5N-5S in each model (from left to right) for the first month
of each of the hindcasts initialised on (upper) 1 Nov 1999, (middle) 1 May 1994, and (lower)
1 Nov 1996, along with those in ERAI except GWD. The monthly- and zonal-mean zonal
wind in ERAI is also presented in each panel (dash). The residual in ERAI is plotted in the
panel for GWD in models. Note that MIROC-AGCM-LL does not include GWD

parametrization.
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Figure 10: Stratospheric NH winter vortex response to QBO phase. (a) Top panel: Seasonal
variation of observed NH vortex response to QBO phase, using ERAI reanalysis, 1979-2016.
QBO phase defined by phase angle determined from the two leading EOFs of 10-70 hPa
equatorial wind, following Wallace et al. 1993. Range [0,1] represents a full QBO cycle.
Each year is assigned a QBO phase according to the monthly-mean Nov value of the phase
angle. Vortex is defined by deseasonalised monthly-mean 10 hPa 60N zonal-mean zonal
wind. Each box shows mean of the zonal wind values falling within a box of width 0.25 in
phase angle. Circles indicate where absolute value of the mean exceeds 1.50/Vn, where o is
the standard deviation of the zonal wind about its climatological mean for a given month and
n is the population of the box, indicated in green at the bottom of each column. Circle size is
scaled by o, and boxes for which the mean exceeds 26/vn have white circles. (For a normal
distribution, 87% and 95% of values lie within 1.5¢ and 2.0c of the mean, respectively.)
Middle panel: Equatorial zonal wind profiles composited for times when phase angle takes
the values on the x-axis. Bottom panel: Equatorial wind profiles in Nov of each year. The
value of phase angle corresponding to a given profile is indicated by the vertical line that has
the same colour as the wind profile. (b-i): As (a), but for the full set of QBOI hindcasts

initialised in November for each model.

Figure 11: Impact of QBO phases on frequency of Sudden Stratospheric Warmings (SSWs).
For each model and for ERALI, the frequency of SSWs per decade are plotted for QBOE
(blue) and QBOW years (red). Whiskers represent the +c interval. The overall decadal
frequency of SSWs is also given in brackets. Results are shown for November initialisations

(left) and additionally for May initialisations for two models (right).

Figure 12: Impact of QBO phases on the timing of Sudden Stratospheric Warmings (SSWs).
For each model and for ERAI, the mean and standard deviation of the SSW onset dates are
plotted for QBOE and QBOW years. Only the first SSW in considered for winters with
multiple SSWs (see text for details). Results are shown for November initialisations (upper)

and additionally for May initialisations for two models (lower).
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Model Forecast Ensemble Ocean Initialisation References
(resolution, length members & method
model top) (months) generation
AGCM3- 12 8, physics Prescribed Nudging to ERAI, vorticity, Scinocca et al. 2008,
CMAM parameter SST divergence,T, @=6hr Anstey et al. 2016
(T471L113, change during
0.0007hPa) spinup
EC-EARTH3.1 12 5, Singular Prescribed ERAIl interpolation Palmeiro et al. 2020
(T255L91, vector SST div,vort, t, INSP GG: g, cc,
0.01hPa) perturbations crwc, cswc, clwc, ciwc
MIROC- 9 5 Prescribed ERAl interpolation Kawatani et al. 2011
AGCM-LL SST u,v,T,q,ps
(T106L72,
1.2hPa)
MIROC-ESM 9 3, differing Prescribed Nudging troposphere and Watanabe et al. 2011
(T42L80, nudging SST strat. to ERAI (1=0.1, 0.11
0.004 hPa) strengths and 0.12 days)
MRI-ESM?2 9 3, lagged Prescribed ERAIl interpolation, Yukimoto et al, 2012
(T159L80, method with - SST u,v,T,q,Z,ps
0.01 hPa) 5,0, 5 days
MPI-ESM-MR 7 10, Coupled Nudging to ERAI, @=48h div,  Dobrynin et al. 2018
(Te3L95, 0.01 perturbations  Ocean- 6h vort, 24h T, 24h ps;
hPa) to diffusion Atmosphere  Ocean nudging to ORAS4: T

and ocean and S (10d), Sea-ice nudging

breeding to NSIDC (1d)
UMGC2 12 40, stochastic  Coupled ERAI, weakly coupled Dunstone et al. 2016
(N216L8S5, physics Ocean- nudging, t=6hr in the
~50km, 0.005 Atmosphere  atmosphere. Iterative global
hPa) covariances and EN3 in

ocean.

IFS43r1 12 5, stochastic Prescribed ERAl interpolated to L137 ECMWEF, 2016
(T255L137, physics SST
0.01 hPa)

Abbreviations: AGCM3-CMAM, Third generation Atmospheric General Circulation Model (Canadian Middle-
Atmosphere Model); EC-EARTH3.1, EC-Earth Consortium Earth system model, version 3.1; MIROC-AGCM-LL,
Model for Interdisciplinary Research on Climate, Atmospheric General Circulation Model (Low Lid); MIROC-
ESM, Model for Interdisciplinary Research on Climate, Earth System Model; MRI-ESM2, Meteorological
Research Institute Earth System Model, version 2; MPI-ESM-MR, Max Planck Institute for Meteorology Earth
System Model, Mixed Resolution; UMGC2, Met Office Unified Model, Global Coupled configuration, version 2;

IFS43r1, ECMWF Integrated Forecasting System, Cycle 43r1.

Table 1: Summary of QBOIi models used, and the initialisation method. More information on

the models is given in Butchart et al, 2018.
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