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Abstract

Boreal winter (December–February) 2020/2021 in the North Atlantic/European

region was characterised by a negative North Atlantic Oscillation (NAO) index.

Although this was captured within the ensemble spread of predictions from the

Met Office Global Seasonal forecast system (GloSea5), with 17% of ensemble

members predicting an NAO less than zero, the forecast ensemble mean was

shifted towards a positive NAO phase. The observed monthly NAO anomalies

were particularly negative in January and February, following an early January

sudden stratospheric warming (SSW), and a prolonged period of Phase 6 or 7 of

the Madden Julian Oscillation (MJO) in late January/early February. In contrast,

predictions showed the expected teleconnection from the observed La Niña, with

a positive NAO signal resulting from a weakening of the Aleutian Low leading to

a reduction in tropospheric wave activity, an increase in polar vortex strength and

a reduced chance of an SSW. Forecasts initialised later in the winter season suc-

cessfully predicted the negative NAO in January and February once the SSW and

MJO were within the medium range timescale. GloSea5 likely over-predicted the

strength of the La Niña which we estimate caused a small negative bias in the

SSW probability. However, this error is smaller than the uncertainty in SSW prob-

ability from the finite forecast ensemble size, emphasising the need for large fore-

cast ensembles. This case study also demonstrates the advantage of continuously

updated lagged ensemble forecasts over a ‘burst’ ensemble started on a fixed date,

since a change in forecast signal due to events within the season can be detected

early and promptly communicated to users.
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1 | INTRODUCTION

The North Atlantic Oscillation (NAO) is the dominant
pattern of atmospheric circulation variability in the
North Atlantic (Wallace & Gutzler, 1981), with positive
phases associated with stormy, mild and wet conditions
over north-west Europe and eastern United States, and
negative phases associated with dry, cold conditions (and
vice versa for southwest Europe and eastern Canada).
Recently, the surface winter mean (December–February
[DJF]) NAO has been demonstrated to be predictable
1 month ahead (Athanasiadis et al., 2017; Scaife
et al., 2014), and this has been followed by real time oper-
ational predictions from the Met Office's seasonal predic-
tion system, GloSea5, where the model ensemble mean
has consistently predicted the correct sign of the anomaly
(Dunstone et al., 2018; Hardiman et al., 2020; Knight
et al., 2021; Scaife et al., 2017), aiding decision makers in
sectors such as transport (Palin et al., 2016), energy
(Clark et al., 2017; Thornton et al., 2019) and water man-
agement (Stringer et al., 2020; Svensson et al., 2015).

Winter 2020/2021 saw a moderate amplitude La Niña,
that is, a cool phase of the El Niño Southern Oscillation
(ENSO), which was over-predicted by GloSea5. The
ensemble mean of GloSea5, along with all other seasonal
forecast systems on the C3S Climate Datastore (https://
climate.copernicus.eu/charts/c3s_seasonal/), showed a
clear signal for a strong polar vortex, positive phase NAO
and higher than average temperatures in northern Europe.
This is consistent with current understanding of the ENSO-
NAO teleconnection via the stratospheric pathway
(Hardiman et al., 2019; Ineson & Scaife, 2009; Moron &
Gouirand, 2003). Tropospheric teleconnection pathways
between ENSO and the North Atlantic have also been docu-
mented, for example, via the propagation from the Pacific to
Atlantic of quasi-stationary Rossby wave trains and/or tran-
sient eddies (e.g., Jiménez-Esteve & Domeisen, 2018), as well
as excitation of Rossby waves in the North Atlantic itself
(e.g., Ayarzagüena et al., 2018). Here, however, we focus on
the stratospheric pathway because strong anomalies in the
forecast polar vortex imply that it was the dominant mecha-
nism operating in the model.

For the stratospheric pathway, tropical rainfall anom-
alies associated with La Niña excite a Rossby wave ema-
nating from the tropical Pacific which weakens the
Aleutian Low, reducing the amplitude of climatological
Wavenumber 1, thus reducing vertical wave activity
propagating into the stratosphere (Iza et al., 2016). This
allows the polar vortex to remain strong with a reduced
chance of a sudden stratospheric warming (SSW), as was
indeed indicated by GloSea5 in advance of the winter sea-
son. The resulting positive stratospheric westerly wind
anomalies subsequently propagate towards the surface

and increase the chance of a positive NAO (Baldwin &
Dunkerton, 2001; Kidston et al., 2015).

On this occasion, however, an SSW occurred on
5 January 2021 (Lee, 2021), with the strength of the
stratospheric polar vortex remaining below its climato-
logical strength until mid-February (Rao et al., 2021). The
NAO was on average negative for the season (�7.8 hPa; see
Section 3.1), with associated cooler-than-average near sur-
face air temperatures over Northern Europe (�0.4 K with
respect to the average over the model hindcast period, aver-
aged over 10� W–50� E; 50� N–65� N). The NAO monthly
anomalies were particularly low in January (�13.4 hPa)
and February (�9.3 hPa). A prolonged period of the Mad-
den Julian Oscillation (MJO) in Phases 6 and 7 (defined by
the multivariate MJO index; Wheeler & Hendon, 2004)
from mid-January to mid-February 2021, may have also
played a role in amplifying and extending the negative
NAO (Cassou, 2008).

In this paper we examine the predictability and
impact of the SSW and MJO on the NAO, and by analys-
ing the La Niña-Aleutian Low-SSW teleconnection in
GloSea5 we assess whether the observed outcome was
indeed a low probability event (within the ensemble
spread but towards the tail of the distribution), or
whether there is any evidence for forecast error.

The paper is structured as follows. Section 2 describes
the GloSea5 forecast system and the observational data-
sets used. In the Results (Section 3) we compare the fore-
cast to observations (Section 3.1) and examine the
predictability and impact of the SSW and Phase 6 or
7 MJO (Section 3.2). The relationship between La Niña,
the Aleutian Low and SSWs in GloSea5 and observations
is explored in Section 3.3 to examine whether the telecon-
nection in model and observations are consistent, and to
estimate the impact of the over-forecast La Niña on SSW
probability. The discussion and conclusions are given in
Section 4.

2 | SEASONAL FORECAST SYSTEM
AND OBSERVATIONAL DATASETS

We use the real-time seasonal forecasts produced by the Met
Office GloSea5 seasonal prediction system (MacLachlan
et al., 2015), which initialises two forecast members each
day using current daily atmospheric and oceanic analysis
data. The forecasts for DJF were initialised on 2–22
November 2020, giving a lagged forecast ensemble of
42 members. To investigate the predictability of the SSW
and Phase 6 or 7 MJO (Section 3.2) we use forecasts initia-
lised later in the season (up to 1 February 2021).

For calculating the GloSea5 climatology we use the
‘operational’ hindcasts, which are produced concurrently
with the forecasts (MacLachlan et al., 2015). These cover
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the period 1993/1994 to 2016/2017, with seven members
initialised on each of the 1, 9 and 17 November each
hindcast year, giving 21 hindcast ensemble members. For
estimating the hindcast polar vortex and SSW climatology
(Figures 2 and 6), we double the hindcast ensemble size to
42 members by including the operational hindcasts pro-
duced in 2019. For both the hindcasts and forecasts, ensem-
ble members initialised on the same day differ only via
stochastic perturbations (Bowler et al., 2009).

Sea surface temperature (SST) observations are from
the HadSST4 dataset (Kennedy et al., 2019). The ENSO
index is defined using SST anomalies in the Niño 3.4
region, with errors estimated using the uncertainty infor-
mation provided with HadSST4 as described in Kennedy
et al. (2022). Mean sea level pressure (MSLP) verification
data are from the near real time update of the HadSLP2r
dataset (Allan & Ansell, 2006). The observed MJO indices
are defined using the Wheeler and Hendon (2004)
index and were taken from the Bureau of Meteorology
(www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.
txt). All other verification data (referred to as ‘observations’)
are from the ERA5 re-analysis (Hersbach et al., 2020).

The NAO index is defined as the anomaly in the differ-
ence between MSLP averaged over a region centred on the
Azores (20� W–28� W, 36� N–40� N) and one centred on
Iceland (16� W–25� W, 63� N–70� N; Dunstone et al.,
2016). Throughout the paper, anomalies are given with
respect to the hindcast period (1993/1994 to 2016/2017) for
both model and observations.

3 | RESULTS

3.1 | Winter 2020/2021

The forecast predicted a strong La Niña for winter
2020/2021, with an ensemble mean Niño3.4 value of
�1.7 K (spread �2.3 to �1.1 K). The observed value was
on the upper limit of the forecast ensemble (�1.0
± 0.4 K). The over-forecasting of ENSO is a known issue
with GloSea5 (Scaife et al., 2019), and is a particular issue
for La Niña (Hermanson et al., 2018).

Figure 1 shows the observed and forecast ensemble
mean MSLP anomalies for DJF and each month separately,
with the NAO anomalies given above each panel. The fore-
cast intra-seasonal evolution of MSLP follows that expected
for the La Niña teleconnection (Ayarzagüena et al., 2018),
with positive anomalies in the North Pacific (weakening
the Aleutian Low) and the presence of a North Atlantic
ridge in December (Figure 1b), and a positive NAO pattern
developing in late winter (Figure 1h,k). The observations
show the December North Atlantic ridge in agreement with

the forecast. However, in contrast to the forecast, the
observed Aleutian Low is deepened in December and
January (Figure 1d,g), and a negative NAO developed in
January and February, although the southern node of the
pattern is shifted northwards in both months compared to
the canonical pattern (e.g., Hurrell et al., 2003). Winter
2010/2011 is another recent example of a negative NAO in
a La Niña winter, when the negative NAO was likely forced
by Atlantic SST re-emergence (Grist et al., 2019; Maidens
et al., 2013; Taws et al., 2011). However, examination of the
heat content anomalies (not shown) shows this is unlikely
to be the case in 2020/2021. Although the outcome was dif-
ferent to the forecast ensemble mean, 17% of ensemble
members did predict a negative NAO for DJF. Individual
forecast ensemble members were able to capture MSLP pat-
terns similar to those observed, as can be seen by the ‘best’
example ensemble members shown in Figure 1 (all of
which predicted SSWs, where an SSW is defined by the
reversal of zonal mean zonal winds at 10 hPa and 60� N).
In this sense we cannot reject the null hypothesis that the
difference between observed winter 2020/2021 and the typi-
cal evolution during La Niña (and the forecast ensemble
mean) was simply a product of unpredictable internal atmo-
spheric variability.

Figure 2a shows the evolution of the stratospheric polar
vortex in the forecast and observations, and the correspond-
ing fraction of forecast members that have had an SSW by
each date is shown in Figure 2b. In Figure 2b, the shading
shows the 95% Bayesian credible intervals, [c1,c2], defined
such that there is a 95% chance that the true SSW probabil-
ity lies between c1 and c2 (Wilks, 2019; more detail is given
in Appendix S1). As expected during La Niña (Scaife
et al., 2016), the polar vortex was forecast to be stronger
than average in the ensemble mean, and the forecast
SSW probability remained below climatology through-
out the season. The westerly quasi-biennial oscillation
and quiescent MJO throughout December (see below)
also favoured a low SSW probability (Rao et al., 2021).
The forecast probability of an SSW during DJF was
0.33, much lower than the climatological value of 0.55,
with only 1 year in the hindcast having a lower proba-
bility (the strong positive NAO winter of 2013/2014). It
is clear from the credible intervals shown in Figure 2b,
however, that the forecast probability calculated from
only 42 members is highly uncertain, with a 95% range
in SSW probability of nearly 0.3.

In the observations, the strength of the polar vortex
was well above the observed climatological values in
early December, in agreement with the forecast, but it
rapidly decelerated in early January leading to an SSW
on 5 January 2021. The disruption of the polar vortex was
particularly prolonged (Lu et al., 2021; Rao et al., 2021),
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with its strength remaining below the observed climato-
logical average until 17 February 2021.

Figure 3 shows the timeline of the winter observations
in more detail. In late December, just before the SSW onset,
the zonal mean zonal winds at 60� N (Figure 3a) show east-
erly anomalies at the surface and throughout the tropo-
sphere and stratosphere, with corresponding negative daily
NAO values (Figure 3c) and lower than average tempera-
tures over the United Kingdom and Ireland (Figure 3d).
From early January the SSW easterly anomalies appear to
propagate downwards, prolonging the negative NAO/cold
period at the surface. The MJO (Figure 3b) is relatively inac-
tive until 21st January 2021, when it enters an extended
period of Phase 6 or 7. Similar to El Niño, the MJO in these

phases can weaken the polar vortex through tropospheric
wave forcing (e.g., Jiang et al., 2017), and it has been consid-
ered an important influence on SSWs in previous winters
(e.g., February 2018; Knight et al., 2021). For winter
2020/2021, although the MJO was not the SSW trigger, it
may have been a factor in the prolonging the polar vortex
disruption in early 2021.

3.2 | Investigating the predictability and
impact of the SSW and MJO

The predictability of the SSW and MJO event are shown
in Figure 4. The GloSea5 system produces two new

FIGURE 1 Mean sea level pressure anomalies for winter 2020/2021. Observations (a, d, g, j), forecast mean (b, e, h, k) and ‘best’
individual ensemble members (c, f, i, l). The top row shows the anomalies in DJF, and the remaining rows show the individual months.

‘Best’ ensemble members in the right hand column are identified by having the highest pattern correlation with observations over the

northern hemisphere (selected separately for the DJF average and each individual month; initialisation dates given in each panel). Note the

smaller scale used for the forecast mean anomalies in the middle panel.

4 of 12 LOCKWOOD ET AL.
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forecast members every day, so we split the forecasts into
running sub-ensembles of seven consecutive start dates
(giving 14 members in each sub-ensemble), and calculate
the fraction of members in each sub-ensemble that pre-
dicted the 5 January SSW (tolerance ±2 days) and the
prolonged mid-to-late winter Phase 6 or 7 MJO (defined
by having at least 15 days with Phase 6 or 7 MJO between
15 January and 28 February 2021, with an amplitude
greater than 1). Note that in this section we use forecasts
initialised throughout the winter, as opposed to the
November start dates in Figure 1.

Figure 4 shows that by 25 December 2020, the SSW is
predicted by the majority of ensemble members, giving a
predictability lead time of approximately 11 days. This is
in line with typical SSW predictability (Domeisen
et al., 2020; Taguchi, 2016), and a similar result for this
winter holds for other models in the subseasonal-to-
seasonal prediction project (Rao et al., 2021). The long
MJO event is predicted by the majority of ensemble
members from just 2 days before the onset. This is
because of the strict duration criteria used which requires
the forecasts to correctly predict the MJO for 15 days,
which is approximately the typical predictability lead
time of daily MJO (12–36 days; e.g., Lim et al., 2018).

The impact of the SSW in the forecasts is shown in
Figure 5, which shows the difference in MSLP composites
between ensemble members that predicted an early
January SSW and those that did not. The impact of the
SSW is largest in January, when the difference in NAO
between the ensemble members with and without the
SSW is �9.5 hPa (p ≤ 0.05). The difference reduces to

�3.8 hPa in February, and even the composite for mem-
bers with the SSW reverts to a neutral NAO (+1.61 hPa),
indicating a waning influence of the SSW in the model in
February.

The impact of the MJO in February is estimated in a
similar way (Figure 5e, where MJO members are those
which satisfy the same criteria as in Figure 4). Both the
MJO and non-MJO composites predict negative NAO
values for February, as all members are now initialised
with a weak stratospheric polar vortex, but members
which predicted the long MJO event have an NAO on
average 4.6 hPa more negative than those which did not.
We conclude that the SSW is likely to have driven a
period of negative NAO in January and that the effects of
the SSW were enhanced by the MJO, prolonging the neg-
ative NAO into February. Neither the SSW nor MJO were
predicted in the forecasts initialised in November.

3.3 | La Niña, the Aleutian Low
and SSWs

Figure 1 showed that the Aleutian Low deepened in
December 2020 and January 2021, opposite to the
expected effect of La Niña. This may have contributed to
the pulse of planetary Wavenumber 1 activity noted by
previous studies (Lu et al., 2021; Rao et al., 2021), making
an SSW more likely. However, previous studies have also
argued that the observational record shows an increased
frequency of SSWs during La Niña winters (e.g., Butler &
Polvani, 2011). Garfinkel et al. (2012) suggested this is

FIGURE 2 The stratospheric polar vortex and SSW probability. (a) Zonal mean zonal winds at 60� N, 10 hPa in observations (black),

forecast ensemble members (grey) and the forecast ensemble mean (red). The hindcast climatology (mean ± 1 SD) is shown by the blue

dashed and solid lines. (b) Fraction of ensemble members with an SSW by date in forecasts (fcs) (red) and hindcast (hcs) climatology (blue).

The shading shows the 95% credible intervals on the SSW fraction (probability) calculated as described in Appendix S1.
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caused by an asymmetry in the tropospheric geopotential
height response to ENSO in the north Pacific, where a La
Niña results in a negative geopotential height anomaly in
the far north Pacific, coinciding with the negative geopo-
tential height anomaly commonly found preceding SSWs.
Indeed, the observed MSLP anomalies in December 2020

and January 2021 (Figure 1) closely resemble the SSW
precursor shown in Figure 1 of their paper. The short
observational record, however, means that there is con-
siderable uncertainty in this relationship (Domeisen
et al., 2019), and it is also sensitive to the definition of La
Niña used (Iza et al., 2016; Song & Son, 2018).

FIGURE 3 Timeline of

observed events in winter

2020/2021. (a) Daily zonal mean

zonal wind anomalies at 60� N
throughout the atmosphere;

(b) daily MJO amplitude. The

thick red line marks when the

MJO enters Phase 6 or 7;

(c) daily (grey) and smoothed

(blue, using Gaussian smoothing

with 5 day SD) NAO anomalies;

(d) daily (grey) and smoothed

(blue) temperature anomalies

averaged over United Kingdom

and Ireland (defined by

the region 10� W–3� E,
50� N–60� N). In (a), (c) and

(d), the daily anomalies are

given with respect to the

smoothed daily climatology over

the hindcast period. The black

vertical line marks the date of

the SSW (5 January 2021).

FIGURE 4 Predictability of the SSW and Phase 6 or 7 MJO. Fraction of members with an SSW (orange) and mid-to-late winter Phase

6 or 7 MJO (blue) in running sub-ensembles comprising of seven consecutive start dates (14 members in each sub-ensemble). The x-axis

label gives the final initialisation date of each sub-ensemble. An ensemble member counts as predicting the SSW if it is forecast to occur on

the 5 January 2021 ± 2 days, and predicting a mid-to-late winter MJO if it has at least 15 days with Phase 6 or 7 MJO with an amplitude

greater than 1 between 15 January and 28 February 2021. The vertical lines mark the observed SSW (5 January 2021) and onset of the MJO

event (21 January 2021).
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In Figure 6 we examine the relationship between the
Niño3.4 index, the Aleutian Low and SSWs to investigate
whether there is any inconsistency in this relationship
between GloSea5 and observations, and whether the
over-forecast La Niña could have contributed to over-
confidence in the forecast low SSW probability. The
Niño3.4 index is chosen because it covers the central
Pacific region which has been shown to have a stronger
relationship with positive NAO than east Pacific regions
(e.g., Zhang et al., 2019). Over-forecasting in this region
in particular may therefore have been a reason for the
strong NAO signal.

Figure 6a shows a scatter plot of December 500 hPa
geopotential height anomalies in the Aleutian Low
(AL) region (shown in Figure 6d) against December

Niño3.4 anomalies in observations, the 2020/2021 Glo-
Sea5 forecasts, and GloSea5 hindcasts. The anomalies are
plotted for December only rather than DJF to reduce any
influence of SSWs on the AL, although similar conclu-
sions are reached when DJF anomalies are used.

Both hindcasts and observations show the expected neg-
ative relationship between Niño3.4 and the AL (Garfinkel
et al., 2013; Zhang et al., 2019), with similar correlations of
�0.38 and �0.39 for hindcast ensemble members and
observations, respectively (both p ≤ 5%), and no evidence
for asymmetry in the response to Niño3.4 in the AL region
examined here. There is considerable scatter, however, and
the observed AL anomaly in winter 2020/2021 (�30 m) is
well within the range of the 2020/2021 forecasts. Consider-
able internal variability of the signature of ENSO in the

FIGURE 5 The impact of

the early January SSW and

February Phase 6 or 7 MJO. (a,

b) Observed MSLP anomalies in

January and February (as in

Figure 1c,d). (c and d) Difference

in MSLP between composites of

forecasts with the early January

SSW (17 members) and without

(17 members), in January

(c) and February (d), for

forecasts initialized between

28 November and 27 December

2020. (e) Difference in MSLP in

February between composites of

forecasts with the Phase 6 or

7 MJO (16 members) and

without (22) members, for

forecasts initialized between

11 and 29 January 2021. Note

the different scales used in

(a) and (b) compared to (c) to

(e). To isolate the effect of the

SSW and MJO as opposed to

initial conditions, members used

for the composites were selected

to ensure similar start dates.
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North Pacific in models and observations was also found by
Deser et al. (2017). It is therefore difficult to conclude that
there is model error here.

Figures 6b,c show the relationship between the
December AL/Niño3.4 in GloSea5 hindcasts and proba-
bility of an SSW in DJF. The SSW probabilities are esti-
mated by taking a moving window in AL/Niño3.4 and
calculating the fraction of hindcasts in the window with
an SSW. The 95% credible intervals are estimated as in
Figure 2. Figure 6b shows, consistent with the theory and
previous model studies (e.g., Ineson & Scaife, 2009;
Matsuno, 1971), there is a strong negative linear relation-
ship between AL anomaly and SSW probability in Glo-
Sea5. The observations show a consistent relationship
(Figure S2), although the sampling uncertainty is large
due to the limited number of observations.

From Figure 6a,b together, we see that even for strong
La Niña as in the 2020/2021 forecast ensemble, large vari-
ability in the AL can result in individual realisations
actually having a higher than average chance of an SSW.1

In other words, unpredictable variability in the AL can
potentially disrupt the stratospheric teleconnection path-
way between ENSO and the Euro-Atlantic region.

Figure 6c shows the expected increase in SSW proba-
bility with increasing Niño3.4 index. The apparent non-
linearity could be a result of the limited number of inde-
pendent hindcast years in each window used to measure
the SSW probability. In observations the relationship is
difficult to discern due to the huge sampling uncertainty
(Figure S3). The only potentially significant difference
between model and observation is for the three observed
very strong El Niños which did not result in SSWs in

FIGURE 6 The ENSO-Aleutian Low-SSW teleconnection. (a) Scatter plot of December Aleutian Low (AL) and December Niño3.4

anomaly in observations (black), and GloSea5 hindcast members (labelled ‘hcs’, pink), forecast members (‘fcs’ red) and forecast mean (red

star). Observed data includes all Decembers from 1979 to 2020 (December 2020 data marked by the black diamond, with 95% uncertainty

shown by the bars). The solid lines show the linear regression of AL onto Niño3.4 anomaly in observations (black) and in GloSea5 (red). (b)

Relationship between probability of an SSW in DJF and December AL anomaly measured in GloSea5 hindcasts, using an AL window of 40

m (red line). The shading shows the 95% credible intervals. The linear regression is shown with the blue line. The vertical dotted line marks

the GloSea5 climatological SSW probability of 0.55. (c) As in (b) but showing the relationship between probability of an SSW in DJF and

December Niño3.4 measured in GloSea hindcasts, using a Niño3.4 window of 1 K. The red star shows the SSW probability measured from

the 2020/2021 forecast ensemble members, with 95% credible intervals shown by the bars. (d) Correlation between 500 hPa geopotential

height (Z500) and Niño3.4 in observations. The box marks the region used to calculate the AL anomaly (170� E–230� E; 30� N–60� N).

8 of 12 LOCKWOOD ET AL.

 1530261x, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/asl.1126 by T
est, W

iley O
nline L

ibrary on [18/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



DJF, and were instead dominated by a wavelike response
at mid-latitudes (Hardiman et al., 2019; Toniazzo &
Scaife, 2006).

Estimating the SSW probability from the hindcasts at
the forecast mean December Niño3.4 anomaly (�1.6 K)
gives a probability of 0.45 ± 0.08 (using the measured
value interpolated from the red curve in Figure 6c). This
is somewhat higher than the forecast value of 0.33
(shown by the red star in Figure 6c), and the large inter-
vals on the forecast probability indicate that this excep-
tionally low probability could well be due to sampling
error compounding the over-predicted La Niña.

Had the forecast correctly predicted the observed
December Niño3.4 value of �0.9 ± 0.2 K, we estimate the
SSW probability would have increased to between 0.47
and 0.63 (taking into account both the uncertainty in
observed Niño3.4 and sampling uncertainty in SSW prob-
ability). This indicates only a modest reduction in SSW
probability (~10%) due to the over-forecast La Niña,
which is consistent with it only resulting in a small
change in the predictable component of AL depth (see
the linear regressions in Figure 6a).

We conclude that the over-forecast La Niña may have
slightly contributed to the low forecast SSW probability,
but that sampling error in the SSW probability from a
42-member ensemble also played an important role,
emphasising the need for large forecast ensembles. This
analysis therefore does not reveal any obvious discrepan-
cies between model and observations in the ENSO-
Aleutian Low-SSW relationship, but further work is
needed to understand the observed La Niña teleconnec-
tion and more sensitive tests may yet reveal an error.
Unpredictable variability in the Aleutian Low region
(Cho et al., 2022), along with variability in other SSW
precursor regions such as northern Eurasia (Lu
et al., 2021; Rao et al., 2021), resulted in an increased
likelihood of an SSW through tropospheric wave forcing.
This appears to be unpredictable 1 month in advance
with the current seasonal forecast system.

4 | DISCUSSION AND
CONCLUSIONS

Boreal winter 2020/2021 in the North Atlantic/European
region was characterised by a negative NAO, but the sea-
sonal forecast from GloSea5, along with other leading
seasonal prediction systems, predicted a positive NAO
signal in the ensemble mean due to the La Niña telecon-
nection. The observed outcome was, however, captured
within the forecast ensemble spread. The observed nega-
tive NAO was likely a result of the early January SSW
and mid- to late-winter Phase 6 or 7 MJO event.

Atmospheric variability in the Aleutian Low region
increased the chances of an SSW, but neither the SSW
nor the late winter MJO event were predictable from
November in initialised forecasts.

The low forecast SSW probability may have been
exacerbated by the over-forecast La Niña, but this error is
smaller than the uncertainty in SSW probability due to
the relatively small forecast ensemble size, emphasising
the need for large forecast ensembles. Our analysis has
not found evidence for any systematic forecast error in
the La Niña-Aleutian Low-SSW teleconnection, although
more investigation is needed.

We note that previous studies have highlighted the
importance of the particular pattern of SSTs and convec-
tion anomalies in the Pacific on the resulting teleconnec-
tion to the extra-tropics (e.g., Grimm & Silva Dias, 1995),
and that La Niñas can be associated with a negative,
rather than positive, NAO when the peak SSTs lie in the
eastern rather than central Pacific (Ren et al., 2019;
Zhang et al., 2019). Figure S4 shows the observed and
forecast SST anomalies for winter 2020/2021 and does
reveal errors in the forecast SST anomaly patterns. The
forecast peak SSTs actually lie further east than the
observations, which should force the forecasts towards a
more negative NAO according to the aforementioned ref-
erences. However, it is difficult to assess any errors in
SST or convection that are common to all ensemble
members, and a more dedicated study is required to fully
understand the implications of these errors on the tele-
connection to the extra-tropics.

This case study shows that although SSWs have been
shown to add skill to seasonal forecasts (Sigmond
et al., 2013; Scaife et al., 2016; Scaife et al., 2022), if one
occurs mid-winter in a season with forecast low probabil-
ity conditions, it can have a large impact on the season
ahead, leading to observed conditions very different to
the original ensemble mean forecast signal. This demon-
strates the advantage of continuously updated lagged
ensembles, over a ‘burst’ ensemble with all members
initialised at the same time, since changes in the forecast
signal due to phenomena with sub-seasonal predictabil-
ity, such as SSWs and the MJO, can be promptly commu-
nicated to users.
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