
1.  Introduction
Among the most extreme dynamical phenomena in Earth's atmosphere are sudden stratospheric warming (SSW) 
events, with stratospheric polar temperatures increasing by several tens of degrees over the course of a few days. 
Associated with these warmings is a break-down or even reversal of the westerly zonal mean flow of the strat-
ospheric polar vortex (see review by Baldwin et al. (2021)). Strong disruptions to the stratospheric flow (e.g., 
around SSWs) tend to last for several weeks and have long been known to affect surface weather (Baldwin & 
Dunkerton, 2001), with implications for subseasonal-to-seasonal (S2S) forecasts in the troposphere (Baldwin 
et al., 2003; Kidston et al., 2015; Spaeth & Birner, 2022).

SSW events are predominantly driven by planetary wave activity of tropospheric origin and subsequent wave-
mean flow interactions with the polar vortex before and during the event (Matsuno, 1971). The negative wind 
anomalies formed throughout the SSW, however, tend to suppress subsequent vertical planetary wave propa-
gation (consistent with Charney & Drazin,  1961) and various authors have found a corresponding reduction 
of upward wave fluxes following the event (Hitchcock et  al.,  2013; Limpasuvan et  al.,  2004). Past research 
has concentrated on the predictability of the tropospheric circulation following SSWs (e.g., Butler et al., 2019a; 
Domeisen et al., 2020b; Thompson et al., 2002), predicting the SSWs themselves (Chwat et al., 2022; Domeisen 
et al., 2020a; Stan & Straus, 2009) or predicting the polar vortex strength on seasonal time scales (Maycock 
et al., 2011; Portal et al., 2022), but the subseasonal predictability of the stratospheric flow following SSWs has 
not been studied in detail. In the present study we quantify how this reduction in polar stratospheric wave activity 
after SSWs leads to a significant increase in predictability of the polar vortex strength over the course of several 
weeks and that SSW events therefore form a window of opportunity for stratospheric forecasts.

Another type of polar vortex breakdowns are so-called final warming (FW) events. They are often conceptually 
distinguished from mid-winter SSWs, for which the polar vortex needs to recover within the same winter, while 
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for FWs it does not recover until the following winter (e.g., Charlton & Polvani,  2007). FWs systematically 
occur in spring time due to the ozone-induced radiative heating over the polar cap, but typically also involve 
a dynamical component in terms of anomalous upward planetary wave fluxes preceding the event (Black & 
McDaniel, 2007; Butler et al., 2019b). Given the reduction in upward wave fluxes following SSWs, the question 
arises whether this impacts the FW date.

The structure of this paper is as follows: Section 2 outlines the data sources used for our analysis and our defi-
nition of SSW and FW events. Section 3 presents the obtained results in detail, Section 4 discusses some of the 
conclusions and Section 5 summarizes our main findings.

2.  Data Sources and Event Definition
2.1.  Reanalysis

The ERA5 reanalysis data set (Hersbach et al., 2020) of the European Centre for Medium range Weather Fore-
casts (ECMWF) is used as the representation of atmospheric state and behavior during the winters 1950/51 
to 2021/22 and in a climatological sense. It has been shown that incorporating data from the pre-satellite era 
(before 1979) can enhance studies investigating stratosphere-troposphere coupling, thanks to improved sampling 
(Hitchcock, 2019). The output is used on a 1° × 1° regular grid following four pressure surfaces (200, 100, 50, and 
10 hPa) at a temporal resolution of 6 hr, from which daily averages are computed. The climatological mean has 
been calculated as inter-annual average of daily values and was smoothed using a centered 30 days running mean 
to reduce high frequency variability. Throughout the manuscript we interpret diagnostics based on reanalysis data 
as observations and thus the true state of the atmosphere.

2.2.  Model Forecasts

The S2S prediction project (Vitart et  al.,  2017) provides a collection of extended-range ensemble forecasts 
from different weather services. For the purpose of this study we use the S2S ensemble forecasts generated 
by ECMWF, which cover leadtimes up to 46 days. Post-processed output analyzed in this study is given in the 
form of 24-hourly instantaneous fields at 2.5° × 2.5° horizontal resolution and on four pressure levels (200, 
100, 50, and 10 hPa). These forecasts are initialized twice a week and we analyze real-time winter forecasts (16 
November to 22 February) initialized between late 2017 and early 2021, for which the model versions only vary 
marginally. Besides the 51-member real-time forecasts, each initialization includes a set of 11-member hindcasts, 
initialized with initial and boundary conditions covering the same date for the 20 years prior to the respective 
real-time simulation. These hindcasts are used to construct a climatology and calculate corresponding anomalies. 
The climatological mean for a given forecast-day is calculated leadtime dependent as average over all hindcast 
members of ensembles initialized within a ±15  days window around the initialization date of the respective 
forecast. It is further smoothed with a 7-day running mean. Overall, our analyses include 114 real-time forecast 
ensembles and 2,280 hindcasts resulting in a total of 30,894 individual model runs. More details on the S2S data 
set used here can be found in Spaeth and Birner (2022).

2.3.  Specification of Sudden Stratospheric Warming and Final Warming Events

We identify SSW events that occurred in the real atmosphere using the criterion from Charlton and Polvani (2007), 
who specify the SSW onset day via the reversal of the zonal mean zonal wind at 60°N and 10 hPa (𝐴𝐴 U

10

60
 , a measure 

for the polar vortex strength). This way we identify 48 SSW events within the period of available ERA5 data 
(1950–2022). The retrieved SSW dates are almost identical to the ones identified by Butler et al. (2017) within 
the overlapping time period; minor differences could arise from the use of a different data set. Note that we find 
39 winter periods with an SSW, of which nine winters experience two SSWs. This gives an average frequency 
of about 0.67 SSWs/winter, although only about 54% of the winters experience an SSW. Within the period of 
available S2S forecasts (1997–2021) we identify 15 observed SSWs.

We then select a total of 100 ensemble forecasts that were initialized within ±3 days of these 15 observed SSWs 
(hereafter referred to as “SSW initializations”). These consist of 94 hindcasts of 11 members and 6 real-time 
forecasts of 51 members (1,340 individual runs). We furthermore classify the observed SSWs in terms of their 
strength, where strong, moderate and weak SSWs are defined as lower, middle and upper third of 𝐴𝐴 U

10

60
 averaged 
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over lags +7 to +13 relative to the onset date. This leads to 68 strong/medium 
SSW forecasts and 32 weak SSW forecasts. A group of “climatological 
initializations” is given by all 2,394 available forecast ensembles. Lists of 
identified events and utilized S2S forecasts within the SSW initialization 
group are provided in Supporting Information S1 as Tables S1 and S2.

Figure 1 compares the composite mean evolution of the standardised strato-
spheric zonal mean zonal winds at 60°N (U60) in S2S forecasts and reanalysis 
data following observed SSWs. Both data sets show a pronounced negative 
wind anomaly reaching two standard deviations and persisting for about 
6 weeks in the lower/middle stratosphere. The good agreement between the 
two data sources in terms of composite mean evolution gives confidence in 
an adequate representation of SSWs within the model forecasts. Note that 
the larger ensemble size of the S2S composite compared to ERA5 leads to a 
generally smoother evolution of the composite mean.

We further identify FW events as the first day of negative 𝐴𝐴 U
10

60
 within a calen-

dar year that is preceded by positive winds and is not followed by more than 
10 days of positive wind before the end of May (consistent with Butler & 
Domeisen, 2021; Charlton & Polvani, 2007). This criterion defines precisely 
one FW event per winter season.

3.  Results
Figure 2a shows the composite evolution of polar vortex variability in terms of the square root of the averaged 
ensemble variance (from now on referred to as ensemble spread) in S2S forecasts of the zonal mean zonal wind 
at 60°N and 10 hPa (𝐴𝐴 U

10

60
 ) for ensembles either initialized around onset dates of observed SSWs or for all avail-

able initializations (climatology). The initial evolution of ensemble spread is dominated by exponential growth 
irrespective of whether an SSW happened around the initialization or not. However, from about day 14 onwards 
the spread evolutions of climatological and SSW initializations start to diverge. While the climatological spread 
reaches values of roughly 14 m/s toward the end of the simulation (about 40 days), the spread of SSW initializa-

tions already converges after about 3 weeks near 8 m/s (roughly half of the 
climatological spread).

We further find that the final ensemble spread at several weeks leadtime is 
still substantially reduced if the forecast is initialized several days before an 
SSW (but still within the predictability window of the event). Only if initial-
ized at least about 3 weeks prior to the event (when essentially all predicta-
bility of the SSW itself is lost) does the spread evolution reach climatological 
values at the end of the simulation. In general the post-SSW evolution is very 
robust in terms of ensemble spread and mean (not shown) for strong and 
medium SSWs (see Section 2.3) even when initialized with a lag of about 
±2 weeks around the event onset date, while weak SSWs show very limited 
systematic behavior.

Figure 2b shows that the standardized negative ensemble spread anomalies 
of 𝐴𝐴 U

10

60
 in SSW initializations are persistently around one standard deviation 

at 10 hPa from about week 4 onwards and span the entire middle and lower 
stratosphere after about 5  weeks. A reduction in ensemble spread can be 
interpreted as an increase in confidence of the numerical model regarding its 
prediction. In order to analyze if this increase in confidence also corresponds 
to an actual improvement of the model forecasts (i.e., an increase in predict-
ability) we analyze the model skill in terms of absolute forecast errors of the 
U60 index. Figure 3a shows a gradual increase in error throughout the simu-
lation for climatological initializations. However, the mean error is substan-
tially reduced (up to about 60%) for forecasts initialized around an SSW 

Figure 1.  (a) Composite mean evolution of standardized zonal mean zonal 
wind at 60°N (U60) on different pressure levels averaged over 100 sudden 
stratospheric warming (SSW) forecasts (i.e., ensembles initialized within 
±3 days relative to one of 15 observed SSWs) as a function of leadtime 
relative to the initialization date. (b) composite mean evolution in reanalysis 
data as a function of lag relative to the 48 SSWs observed in the period of 
available re-analysis data.

Figure 2.  (a) Evolution of 𝐴𝐴 U
10

60
 ensemble spread in terms of square root of 

the average ensemble variance over all forecast initializations (climatology) 
and over sudden stratospheric warming (SSW) initializations. Dotted lines 
show the spread evolution of forecasts initialized 10 or 20 days ahead of an 
SSW. Numbers in square brackets indicate the number of ensemble forecasts 
within the respective group. (b) Standardized (w.r.t. the leadtime, season and 
model-version dependent, climatological distribution of ensemble spread) 
anomaly of the U60 ensemble spread within SSW forecast initializations 
compared to climatological initializations. All shown anomalies are significant 
(p < 0.05).
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event (Figure 3b). This increase in predictability is particularly pronounced 
at 10 hPa after about week 5 and for forecasts initialized around strong and 
medium SSWs (events sufficiently negative mean 𝐴𝐴 U

10

60
 during second week 

after the event). SSW events associated with weak or non-persistent strato-
spheric zonal mean wind anomalies do only have a minor effect on the fore-
cast errors (Figure 3c). Note that using different metrics to assess the model 
skill (e.g., root mean squared error - RMSE) gives qualitatively very similar 
results (not shown).

Figure  4 shows that persistently strong negative wind anomalies formed 
during the SSW subsequently suppress the vertical propagation of planetary 
waves into the stratosphere, which ultimately acts to increase stratospheric 
predictability following SSWs. Consequently, Figure 4a shows a significant 
positive correlation of stratospheric wind anomalies (polar vortex strength) 
and lower stratospheric heat flux anomalies, as shown by a pronounced sepa-
ration of SSW and climatological ensemble initializations. While the climato-
logical forecast distribution is necessarily distributed around zero anomalies, 
SSW initializations are clearly associated with negative heat flux anomalies 
and negative polar vortex strengths (the latter by construction). This effect is 
particularly pronounced for strong and medium SSWs, while for weak SSWs 
the values lie well within climatological variability. The reduction in strat-
ospheric wave activity due to the weakened heat flux after SSWs, in turn, 
substantially reduces the amount of dynamic variability of the polar vortex 
and hence reduces the growth of ensemble spread in polar vortex strength 
predictions (Figure 4b).

Figure 4c shows a direct correlation between the negative stratospheric zonal 
wind anomalies created during the SSW and the reduced spread at the end 
of ensemble simulations initialized around the SSW onset. When consider-
ing all SSWs (strong, medium, and weak events), we find a corresponding 

correlation within the individual cluster of SSW initializations itself (correlation coefficient r = 0.33, p < 0.001). 
However, this correlation mostly results from a few outliers associated with weak SSWs, which formally satisfy 
the definition of an SSW, but do not create sufficiently persistent and strong negative stratospheric wind anom-
alies to substantially reduce upward planetary wave propagation. These weak SSWs therefore have a limited 
dynamical effect on the subsequent polar vortex evolution and the corresponding ensembles behave more like 
ensembles not associated with an SSW (this is also consistent with Figure 3c). The correlation of polar vortex 

Figure 3.  (a) Absolute error of the ensemble mean of U60 anomalies w.r.t. 
reanalysis evolution averaged over all forecasts (climatology). (b, c) The 
average anomaly of the absolute error for Sudden stratospheric warming 
(SSW) initializations corresponding to strong/medium and weak SSWs (see 
Section 2.3), respectively. Contour lines show composite mean U60 anomalies 
(in m/s).

Figure 4.  Scatter plots of different metrics calculated from all forecast initializations (climatology) and sudden stratospheric 
warming (SSW) ensemble initializations. Metrics are polar vortex strength (𝐴𝐴 U

10

60
 anomaly averaged over days +7 to +13), heat 

flux anomaly (wave number 1 eddy heat flux at 100 hPa averaged over days +14 to +34) and final spread (square root of the 
mean ensemble variance of 𝐴𝐴 U

10

60
 averaged over days +35 to +41). SSW initializations are divided into strong/medium and 

weak cases (see Section 2.3). The shading denotes the bivariate distributions derived from all available forecasts. Histograms 
show univariate and normalized distributions for the climatological and strong/medium SSW initializations.
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strength and final spread vanished when considering strong/medium SSW 
initializations only (r  =  0.02). Note that we find a significant correlation 
within the climatological cluster with all initializations (r = 0.39, p  < 0.001), 
presumably due to the fact that the climatology contains a substantial number 
of ensembles which are initialized a certain time before or after the SSW 
(Figure 2 shows that the spread is reduced even if the ensemble is initialized 
10 days before the SSW and that the spread reduction lasts for several weeks 
afterward).

The results shown in Figure 4c suggest that SSWs may be thought of as trig-
gering a regime transition of the stratospheric circulation. The system either 
enters a state with persistently strong negative anomalies in stratospheric 
zonal winds and planetary wave activity (leading to increased predictabil-
ity) or more rapidly returns to a robust polar vortex that supports planetary 
wave propagation (leading to almost climatological behavior). Each of these 
two forecast clusters (SSWs and climatological states) show relatively small 
case-to-case variability and no substantial correlation between polar vortex 
strength and upward wave propagation. Common criteria to define SSWs 
based solely on the instantaneous reversals of the flow and not considering 

the formation of persistent wind anomalies or their effect on wave activity may struggle to distinguish between 
these cases. Further note that the predictability of SSWs themselves can depend on various factors, including 
metrics that might correlate with the SSW strength (e.g., Chwat et al., 2022; Wu et al., 2022).

The suppression of vertical planetary wave propagation for several weeks following SSWs suggests a robust delay 
of FW dates in winters with an SSW compared to winters without, and this is indeed the case (Figure 5). Specif-
ically, we find an anomalously strong polar vortex during April for winters with SSWs, even though the vortex is 
anomalously weak during December–February in those winters (by construction due to the occurrence of SSWs). 
This relative strengthening is also consistent with a less perturbed radiative recovery of the vortex following the 
sudden warming (e.g., Bloxam & Huang, 2021). On average, polar stratospheric westerlies are sustained through 
mid April in winters with SSWs, hence about 3 weeks longer than in winters without SSW, leading to a robust 
shift of the FW date distribution. Since FW events are to some extent dynamically driven (i.e., preceded by 
increased upward flux of planetary waves), a corresponding delay of the FW is consistent with the reduction of 
upward wave fluxes following the SSW (cf. Figure 4a). Note that most winters with SSW occurring early in the 
season (November or December) also experience a second SSW later-on (5 out of 7).

4.  Discussion
The predictability of the polar vortex increases substantially due to reduced upward wave fluxes following SSWs, 
leading to potential implications for the predictability of tropospheric and upper-atmospheric circulation, which 
should be investigated in detail in future studies. For example, the role of SSWs for providing predictive skill 
in the mesosphere and upper atmosphere is increasingly being appreciated (e.g., Pedatella et  al., 2018; Sassi 
et al., 2019). In particular, the wind reversal during SSWs acts as filter for gravity waves, which are of major 
importance for driving middle and upper atmospheric flows and determining the variability in those layers. 
Longer predictive skill in the stratosphere after strong SSWs should therefore also provide a window of forecast 
opportunity for the upper atmosphere—a topic also relevant for space technology (e.g., Pedatella et al., 2018).

Furthermore, the details of when and how the FW occurs might have implications for the predictability of the 
tropospheric and mesospheric circulation (e.g., Hardiman et al., 2011). Studies have found robust tropospheric 
(Black et al., 2006; Sun & Robinson, 2009) and mesospheric (Pancheva et al., 2009; Yamazaki & Matthias, 2019) 
flow anomalies following FWs. Due to the delay of the FW in years with SSW we can expect a corresponding 
delay of the associated tropospheric and mesospheric signatures in those years.

5.  Summary and Conclusions
We have quantified the reduction in ensemble spread in stratospheric polar vortex strength at subseasonal 
time scales for forecasts initialized around the onset of a SSW event. This reduction is due to the well-known 

Figure 5.  Climatological evolution of 𝐴𝐴 U
10

60
 in reanalysis data. Years are 

averaged separately for winters with and without sudden stratospheric 
warming; numbers in brackets denote cluster sizes. Solid lines show the mean 
and shading shows inner-quartiles. Box plots indicate the distributions in 
final warming dates for the two clusters, with black lines giving the median, 
box-edges the inner-quartiles and whiskers the minima and maxima.
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suppression of upward planetary wave propagation in the stratosphere and the associated suppression of strat-
ospheric dynamical variability. Our results show the effect to be robust for strong SSWs and present even if 
the forecast is initialized several days before the event. The reduced ensemble spread is linked to a notable 
decrease in stratospheric forecast errors for a period of several weeks. Hence, SSW events can be considered as a 
window of forecast opportunity for the polar stratospheric flow well beyond the SSW event itself. Furthermore, 
the decrease in upward wave fluxes following SSWs is consistent with a delay of the FW by about 3 weeks in 
winters with SSW, compared to winters without. The established upward and downward coupling following 
SSWs and FWs suggests important associated implications for the predictability of tropospheric and meso-
spheric circulations.

Data Availability Statement
The ERA5 re-analysis and S2S forecast data sets used in this study can be accessed via the ECMWF website 
(ECMWF, 2015, 2018). Details on the specifics of the data sets and how they were processed are provided in 
Section 2. Lists of the identified events and utilized forecast ensembles are provided in the Supporting Informa-
tion S1, as well as the following repository: https://doi.org/10.5282/ubm/data.395.
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