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Abstract
Here we explore the stratospheric influence on the predictability of Eurasian
cold-spell events using the European Centre for Medium-Range Weather Fore-
casts (ECMWF) ensemble hindcasts obtained from the Subseasonal-to-Seasonal
(S2S) archive. To isolate the stratospheric influence, we subsampled two groups
of hindcasts according to the strength of the stratospheric polar vortex pre-
ceding the cold spells at the surface. The predicted probability of cold spells,
defined as the lowest 10th percentile of weekly mean temperature anomalies
over northern Eurasia (10◦ W–130◦ E and 50◦ N–65◦ N), is systematically higher,
by 0.05–0.2, at lags 7–24 days in the forecasts initialized during the weak strato-
spheric vortex compared to the strong stratospheric vortex group, extending the
predictability of cold spells by 3–5 days. Our results suggest that, in the case of
the weak polar vortex, stratosphere–troposphere coupling favors the negative
Northern Annular Mode (NAM) regime and the cold-air outbreaks in Eurasia.
As a consequence, the long stratospheric predictability extends the predictabil-
ity of the cold spells. On the other hand, when the polar vortex is strong, the
stratospheric anomalies do not favor the observed negative NAM regime, which
thus results from the internal tropospheric processes only. In this case the pre-
dictability of cold-air spells is limited. Furthermore, we show that the extended
predictability of cold spells arising from the stratosphere–troposphere coupling
is captured by a simple statistical model, suggesting that governing large-scale
dynamics behave effectively linearly over some limited periods. Quantified con-
tribution of the stratosphere–troposphere coupling to the enhanced skill of the
extended-range cold-spell forecasts documented in our paper may prove useful
in the development of forecasting tools.
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1 INTRODUCTION

Weather-dependent planning and decision-making can
benefit greatly from the Subseasonal-to-Seasonal (S2S)
weather predictions made for up to 6 weeks ahead
(White et al., 2017; 2021). At this timescale early pre-
dictions of severe weather conditions, such as periods
of below-normal surface temperatures in winter, become
important because they allow more time to prepare. How-
ever, numerical weather forecast models still have a rather
low skill level on the S2S timescale. Weather predictabil-
ity in the Northern Hemisphere (NH) extratropics, espe-
cially predictability of extreme events, is usually limited to
about a week and decreases rapidly with lead time (Vitart
et al., 2019). Therefore, it is important to develop a better
understanding of the factors that influence extended-range
weather forecasts and potential windows of opportunity
for the enhanced predictability.

Numerous publications have suggested that remote
drivers, such as the state of the stratosphere, can act as
a source of enhanced probabilistic predictability of sur-
face winter weather regimes at the S2S timescale (e.g.
Baldwin and Dunkerton, 2001; Scaife et al., 2016; Büeler
et al., 2020; Domeisen et al., 2020). Stratospheric flow
is dominated by planetary waves which are associated
with longer timescales, and thus longer predictability,
than the synoptic-scale waves in the troposphere (Baldwin
et al., 2003).

In winter, the state of the stratospheric circulation
can be characterized by the strength of the strato-
spheric polar vortex. It has been shown that stratospheric
extreme events may modulate the large-scale circula-
tion patterns in the troposphere that typically last more
than a week (Baldwin and Dunkerton, 2001; Sigmond
et al., 2013).Weak stratospheric polar vortex (hereafter,
WPV) events, in particular Sudden Stratospheric Warm-
ings (SSW), favor a negative North Atlantic Oscillation
(NAO)/Northern Annular Mode (NAM) phase and cold
spells over Eurasia. In previous studies addressing the
stratosphere–troposphere dynamical coupling it was
shown that the below-normal temperatures over north-
ern Eurasia are often preceded by WPVs and SSWs
(Thompson et al., 2002; Kidston et al., 2015; Kretschmer
et al., 2018; King et al., 2019). Kautz et al. (2020) showed
an enhanced predictability of the Eurasian cold spell in
February–March 2018 at lead times up to 25 days in asso-
ciation with an SSW that occurred in early February. They
pointed out that not only did the occurrence of the SSW
itself play a crucial role in modulating the tropospheric
flow patterns, but also the subsequent evolution of the
lower stratosphere and the stratosphere–troposphere
coupling. However, it remains unclear whether other
Eurasian cold spells that occurred after WPV events are

also better predicted in comparison to cold spells that
were not preceded by WPV events.

In this study we aim to quantify the predictabil-
ity of Eurasian cold spells conditioned on the occur-
rence of WPV events using the composite analysis of
extended-range winter forecasts. While predictability of
Eurasian cold spells on S2S timescales and its relation to
Madden–Julian Oscillation has been previously investi-
gated (e.g. Ferranti et al., 2018), to the authors’ knowledge,
ours is the first study that addresses the dependence of the
cold-spell forecast skill on stratospheric conditions using
a composite analysis. Our goal is to test the hypothesis
that WPV events are associated with enhanced weather
predictability assuming that the forecast model is capable
of properly representing the coupling between the strato-
sphere and the troposphere.

This paper is organized as follows. The data and meth-
ods are described in Section 2. In Section 3 we provide
an overview of the composite synoptic situation using the
reanalysis data. In Section 4 we assess the predictability of
the cold spells in the dynamical model hindcasts and in
Section 5 we compare the dynamical model forecasts with
those by a simple statistical model. In the final section we
conclude the paper with results and discussion.

2 DATA AND METHODS

We use retrospective forecasts (hindcasts) from the S2S
forecast system of European Centre for Medium-Range
Weather Forecasts (ECMWF) (Vitart, 2014). The hind-
casts are produced to calibrate systematic model biases
in the real-time forecasts and are launched on-the-fly at
the same calendar date as the real-time-forecasts twice a
week (Mondays and Thursdays) for the previous 20 years.
Here we use model versions CY41R1, CY41R2, CY43R1,
CY43R3, CY45R1 and CY46R1. The resolution of the
model is Tco639L91 (about 16 km) for forecast days 0–15
and Tco319L91 (about 32 km) for the rest of the forecast
period for all the model versions used in the study but
the first one. The resolution in the CY41R1 model version
is TL639L91 (about 32 km) up to day 10 and TL319L91
(about 64 km) after day 10. Also, the CY41R1 and CY41R2
model versions have lower ocean resolution (1◦) and do
not have active sea ice. In the latter versions the ocean
resolution is 0.25◦ and they include active sea ice. Never-
theless, all model versions have 91 vertical levels with the
top level at 0.01 hPa, thus fully resolving the stratosphere
and representing the stratosphere–troposphere coupling
(Kawatani et al., 2019). We use the hindcasts that cover
extended winters from November to March (NDJFM) for
25 years (1995–2020). The corresponding operational fore-
casts cover five winters from 2015/16 to 2019/20. We
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analyze hindcasts for 216 operational forecasts, or 4,320
individual hindcasts each consisting of 11 ensemble mem-
bers that run for 46 days. We pool all hindcasts into a
single dataset and assume that model upgrades during this
period did not affect our results. The use of different model
versions is a potential drawback; however, this allows
us to increase the sampling size. Large sampling size is
important for the study because we focus on predictabil-
ity of individual events where case-to-case variability likely
overwhelms effects of model improvements. Geopotential
height (Z) fields are sampled daily at 0000 UTC, while
the 2-m temperature (T2m) is daily averaged. Both Z and
T2m fields are analyzed at 1◦ × 1◦ horizontal resolution.
Anomalies in the hindcasts are calculated with respect to
the other 19 hindcast years for each re-forecast date and
lead time.

We use the ECMWF ERA5 reanalysis (Hersbach
et al., 2020) throughout for historical analysis and verifi-
cation. Anomalies in ERA5 are calculated with respect to
ERA5 climatology from 1995 to 2020 to be consistent with
the hindcasts.

We identify northern Eurasian cold spells using
the ERA5 daily T2m anomaly averaged over northern
Eurasia (10◦W–130◦E and 50◦N–65◦N) as in Karpechko
et al. (2018) and Kautz et al. (2020). Before calculating
the anomalies, we detrend temperature datasets linearly
over the considered time period. Trends were calculated
for each grid point and for each calendar day. Note that
detrending did not affect the results. T2m anomalies are
averaged weekly and the first week within each season
starts on 1 November (e.g. 1–7.11, 8–14.11, etc.). The
weekly mean negative T2m anomaly below the 10th per-
centile of the weekly mean T2m anomaly distribution is
considered an extreme event. The threshold of the 10th
percentile is chosen to have enough extreme cases for the
analysis. The onset date of the extreme event is the first
day of a week for the weekly averaged data, irrespective
of weekday. Note that our approach does not exclude the
possibility that two or more adjacent weeks falling within
the 10th percentile are selected for the analysis. In this
case the predictability of extreme events might be influ-
enced by persistence. However, we checked that removing
the adjacent weeks does not affect our main results (see
Section 4).

To investigate the predictability of the selected cold
spells in hindcasts and quantify the influence of the strato-
spheric state on the predictability, we perform a composite
analysis by grouping the events according to the state of
the polar vortex. We determine the stratospheric polar
vortex state using a daily mean zonal mean zonal wind
anomaly at 10 hPa 60◦ N (U10) 2 weeks before the onset
of the cold spell. The lag approximately corresponds to the
time of the downward anomaly propagation (Baldwin and

Dunkerton, 2001). However, due to the long duration of the
stratospheric anomalies, the selection of the events is not
expected to be too sensitive to the chosen lag. In the first
group the cold-spell events were preceded by a weak polar
vortex (WPV) defined using U10 anomalies. We expect that
the stratosphere acts as a source of predictability leading
to enhanced forecast skill for these events. Note that the
WPV group is not always associated with SSWs. The sec-
ond group is formed by cases preceded by a strong polar
vortex (SPV). A strong stratospheric vortex is expected to
favor a positive NAO/NAM phase and a warm anomaly
over Eurasia (e.g. Tripathi et al., 2015); therefore, the cold
spells preceded by the strong stratospheric vortices are
expected to result from internal tropospheric dynamics
only, without a downward-propagating signal from the
stratosphere.

To explore the downward impact of the stratosphere we
use the NAM index, defined as an area-weighted polar cap
averaged (60◦–90◦ N) daily geopotential height anomaly
normalized by standard deviation and taken with the
opposite sign (e.g. Karpechko et al., 2017). The opposite
sign is used because NAM phase is conventionally defined
as a negative one when polar cap geopotential height
anomalies are positive.

Several previous studies used simple linear statistical
models to show that enhanced forecast skill can be asso-
ciated with anomalous states of the lower stratospheric
circulation (Baldwin et al., 2003; Christiansen, 2005;
Charlton et al., 2003; Karpechko, 2015; Beerli et al., 2017).
To test whether the enhanced predictability associated
with stratosphere–troposphere coupling can be captured
by a linear model, we compare the results we obtained
with the ECMWF model to a simple statistical model,
implemented at the Finnish Meteorological Institute. The
model we use is based on the seasonal model described
in Kämäräinen et al. (2019). The model is a 50-member
ensemble based on random sampling of both the fitting
samples (time steps) and the potential predictors. In the
fitting process one Least Absolute Shrinkage and Selec-
tion Operator regression (LASSO) model was fit to each
random sample, thus creating 50 separate members. Here,
we apply this model ensemble to predict weekly anoma-
lies at subseasonal scale. The major differences from the
previously published model are the use of more Principal
Components (PC) per predictor variable and a different
set of predictor variables. In Kämäräinen et al. (2019), five
leading PCs of sea surface temperature anomalies and
three PCs of 150-hPa geopotential height anomalies from
20◦ S–90◦ N were used as predictors of the seasonal scale.
In the present study the model is run twice with different
sets of predictors. In Run 1, for the weekly scale, we use
20 PCs of mean sea level pressure (SLP) anomalies, 20
PCs of 2-m temperature anomalies and 20 PCs of 150-hPa
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F I G U R E 1 (a) Histogram of weekly averaged surface temperature (T2m) anomalies (in K) over Eurasia in ERA5; red-colored bars
denote temperatures below the 10th percentile (−4.3 K). (b) Geopotential height anomalies at 1000 hPa (Z1000, in m, contours) and
composite of observed 2-m temperature anomalies (T2m, in K, shading) weekly averaged for all detected cold spell events; the red box shows
the area in Eurasia used to average the anomalies in panel (a); (c) difference in observed Z1000 and T2m anomalies between the selected
strong polar vortex (SPV) and weak polar vortex (WPV) events. (d) Time series of weekly averaged temperature anomalies (in K) over Eurasia
during extended winters from 1995 to 2020. All cold spells events below the 10th percentile are shown in black, the WPV group events are
shown in blue and the SPV group events in red [Colour figure can be viewed at wileyonlinelibrary.com]

geopotential height anomalies from 20◦ S to 90◦ N. To
investigate the predictability gain due to the stratospheric
predictors, we repeat the experiment without the 150-hPa
geopotential height anomalies predictors in Run 2.

A homogenized combination of ERA-20C (Poli et al.,
2016) and the ERA5 reanalyses are used in fitting to get
enough data for the statistical model to learn from. For
homogenization we used quantile mapping adjustment

(e.g. Räisänen and Räty, 2013) to force the distributions
of variables of the ERA-20C reanalysis to match the dis-
tributions of ERA5. The overlapping years 1951–2010
were used in the calibration of the correction functions:
each variable, each month of year, and each grid cell
was adjusted separately. We then created a homogenized
dataset for years 1900–2019 by using years 1900–1950 from
the adjusted ERA-20C, years 1951–2010 from the mean of

http://wileyonlinelibrary.com
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the ERA5 and the adjusted ERA-20C, and years 2011–2019
from ERA5. By doing so we increased the number of fitting
years and reduced the biases of the ERA-20C. The period
of 1900–1994 is used for model fitting and the prediction
period is set to 1995–2020. The model produces forecasts
of the mean anomaly for the whole area of study instead of
predicting the anomalies at individual grid cells inside it.

While the quality of the Z150 field in ERA-20C in the
earlier period is difficult to assess due to the scarcity of
upper-level observations, we found in our previous work
(Kämäräinen et al., 2019), as well as here, that using the
Z150 PCs as predictors improves the statistical model con-
siderably, which increases our confidence in the quality of
the Z150 fields.

3 SYNOPTIC ANALYSIS OF COLD
SPELLS

We start by detecting the cold-surface temperature (T2m)
events over Eurasia in winter in the reanalysis (Figure 1).
Figure 1a shows the distribution of land surface temper-
ature averaged over 10◦ W–130◦ E and 50◦ N–65◦ N and
highlights the extreme events below the 10th percentile.

Overall, 62 cold spells are detected with an average
weekly anomaly falling below −4.3 K (Figure 1d). From
25 extended winters analyzed in this study, cold spells
occurred only in 17 winters. The composites of T2m and
Z1000 of all detected events is shown in Figure 1b. As can
be seen, the Eurasian cold spells are associated with a high
over the northern Ural, which is similar to the previously
studied individual cold events (e.g. Karpechko et al., 2018;
Kautz et al., 2020).

To form composites with well-separated stratospheric
states, we select 15 events, which represent ∼25% of all
events (Figure 1d), preceded by the weakest stratospheric
zonal winds 2 weeks before the cold-spell onset date, and
15 events preceded by the strongest stratospheric wind
anomalies across all events (see Section 2: Data and Meth-
ods). In this study we mostly analyze these 30 cases, which,
as we find, is sufficient to establish statistical significance
of the differences in dynamics and predictability between
the groups. Note that the T2m and Z1000 composite maps
of these 30 events are very similar to those shown in
Figure 1b (not shown). Table 1 lists the onset dates of these
cases together with mean T2m and stratospheric wind
(U10) anomalies. The T2m difference between these two
groups (Figure 1c and Table 1) shows that, on average,

T A B L E 1 Onset dates of the selected cold spells for the weak polar vortex (WPV, left) and strong polar vortex (SPV, right) groups during
1995–2020. The T2m columns show weekly mean surface temperature over the cold spell area in Eurasia. The U10 column shows zonal mean
zonal wind anomalies at 10 hPa 60◦ N 2 weeks before the onset dates

WPV cold events SPV cold events

No. Onset date T2m U10 Onset date T2m U10

1 December 20, 1996 −4.29 −26.13 December 27, 1999 −4.91 9.8

2 December 27,1996 −6.63 −18.54 January 3, 2000 −4.6 12.45

3 January 10, 1998 −4.37 −19.57 November 29, 2002 −7.57 10.16

4 March 14, 1999 −6.66 −32.2 December 6, 2002 −7.77 7.45

5 March 21, 1999 −4.48 −33.3 February 21, 2007 −6.16 8.28

6 December 20, 2000 −4.29 −17.18 January 24, 2010 −4.46 14.78

7 December 27, 2000 −4.87 −21.65 November 29, 2010 −5.55 8.39

8 January 24, 2006 −6.69 −22.08 December 6, 2010 −4.34 8.67

9 January 31, 2006 −6.28 −28.93 December 20, 2010 −6.05 8.58

10 February 7, 2010 −5.7 −16.7 February 14, 2011 −5.31 8.6

11 February 21, 2010 −6.9 −23.45 February 21, 2011 −5.43 23.9

12 February 28, 2010 −4.56 −19.79 December 6, 2012 −5.03 11.78

13 January 31, 2012 −4.92 −17.18 March 21, 2013 −4.97 10.32

14 February 28, 2018 −5.83 −39.17 January 24, 2014 −8.26 9.96

15 January 31, 2019 −5.55 −30.17 January 17, 2018 −5.29 16.49

Mean – −5.47 −24.4 – −5.71 11.31

SD 0.95 6.69 1.19 4.16
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F I G U R E 2 Lagged cross-sections of the Northern Annular
Mode (NAM) index composite in ERA5 (in standard deviation
units) for cold spells preceded by the weak polar vortex (WPV) (a)
and by the strong polar vortex (SPV) (b) events. Gray horizontal
lines indicate the approximate boundary between the stratosphere
and troposphere. Gray dotted vertical lines highlight the onset of
events (lag 0). Green dots at a lag of 14 days and the 10-hPa level
indicate the point used for the grouping by the polar vortex state.
Hatching denotes areas where the NAM index is significantly
different from zero (p< 0.01) [Colour figure can be viewed at
wileyonlinelibrary.com]

the cold-air outbreaks are slightly weaker under the WPV
conditions; however, the difference in the strength of the
anomaly between the groups is small and not statistically
significant.

Extreme states of the polar stratospheric circulation
can influence the weather regimes in the extratropical
troposphere and shift the probability density function of
the NAO/NAM (Baldwin and Dunkerton, 2001; Baldwin
et al., 2003). The tropospheric NAO/NAM anomalies can
last for up to 2 months, as the troposphere is dynamically
coupled with the more slowly evolving stratosphere. To
investigate the coupling between the stratospheric polar
vortex and the tropospheric anomalies during the cold
spells we use lagged vertical cross-sections of the NAM
index (Figure 2). As the composites were chosen based on
the polar vortex strength 2 weeks before the cold-air out-
breaks (onset dates of the cold events correspond to lag
0), the anomalies at the 10 hPa height are the largest at

negative lags from −15 to −7 days for WPV (Figure 2a)
and from −8 to −5 days for SPV (Figure 2b). In the
WPV composite the tropospheric NAM regime becomes
stronger about eight days before the cold-air outbreaks
and remains strongly negative for about 2 weeks during
the events. The composite cross-section for SPV events
NAM (Figure 2b) is different from the WPV group: the
positive NAM anomalies are confined to the stratospheric
heights, while strongly negative NAM anomalies appear
in the troposphere between days −5 and+ 10. In this
case the tropospheric NAM regime is decoupled from that
in the stratosphere and the extended-range predictability
of the cold spells is not expected to be enhanced by the
stratospheric signal.

To provide a better overview of the large-scale flow
in the lower stratosphere–upper troposphere region and
its coupling with the near-surface circulation during
the cold-air outbreaks, Figure 3 shows the weekly mean
potential vorticity anomalies (PVA) on the 320-K isen-
tropic surface together with Z1000 anomalies for the
cold-spell events. The PVA distribution is broadly similar
between all cold events (Figure 3a), WPV (Figure 3b) and
SPV (Figure 3c) groups because the NAM signal at this
level is negative in all cases (Figure 2). The PVA fields
in general correspond to the surface geopotential height
anomalies, showing positive PVA values in the North
Atlantic region for both groups and negative values in the
North Pacific region in the SPV group. Over the North
Atlantic region, WPV Z1000 composite anomalies resem-
ble a negative NAO phase. In northern latitudes WPV
Z1000 exhibits a planetary wave 1 pattern with a low over
the North Pacific, which can enhance tropospheric forcing
of the stratospheric circulation (e.g. Garfinkel et al., 2010),
consistent with a weakened stratospheric vortex. In the
SPV composite (Figure 3c) the jet stream, marked by
the large PV gradients at the edge of the polar vortex, is
more undulating. The NAO/NAM– circulation is weaker
but, similarly to the WPV composite, the polar cap is
dominated by positive near-surface geopotential height
anomalies. Both composites have a near-surface anticy-
clone in the European Arctic sector which favor cold-air
advection into the studied area, consistent with Figure 1.
In the WPV composite there are two geopotential height
maxima: one over the North Atlantic region resembling a
Greenland blocking and an Ural high-like pattern around
80◦ E. In the SPV composite there is only one maximum
near the study area centered near 40◦ E resembling a
Scandinavian blocking. The differences are larger in the
Pacific sector where SPV has positive near-surface geopo-
tential height anomaly indicating a weakened Aleutian
low, consistent with a reduced wave forcing and a stronger
stratospheric vortex (e.g. Orsolini et al., 2009).

http://wileyonlinelibrary.com
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F I G U R E 3 Composites of weekly averaged potential vorticity anomalies (PVA) on the 320-K isentropic surface (in potential vorticity
unit [PVU], shading) and 1,000-hPa weekly averaged geopotential height anomalies (in m, contours) from ERA5: (a) all 62 detected cold
events, (b) 15 weak polar vortex (WPV) events and (c) 15 strong polar vortex (SPV) events. Red contour indicates the PVU = 2 isoline [Colour
figure can be viewed at wileyonlinelibrary.com]

4 PREDICTABILITY OF THE
EURASIAN COLD SPELLS

We examine the predictability of extended winter Eurasian
cold-spell events in the ECMWF hindcasts during the
period of 1995–2020. Figure 4 shows boxplots of the area
mean T2m forecasts for two composites of cold-air out-
breaks, listed in Table 1, that took place after the weak-
ening (Figure 4a) and the strengthening of the strato-
spheric polar vortex (Figure 4b) as a function of the ini-
tialization lag. For each initialization lag the number of
11-member hindcast ensembles varies between 11 and 29,
giving between 121 and 319 individual forecasts for each
initialization lag. Since weekly mean anomaly forecasts are
considered, lag 0 corresponds to forecast week 1 (forecast
days 0–6), lag 7 corresponds to forecast week 2 (forecast
days 7–13) and so on.

For the WPV events (Figure 4a) the ensemble
mean anomaly starts to consistently decrease after
day 20 (week 4). This decrease coincides in time with

strengthening of the stratospheric anomalies (Figure 2)
and likely reflects the transition to nearly deterministic
forecasts of the WPV conditions that occur approximately
six days later (e.g. Karpechko, 2018). The interquartile
range of ensemble members is fully in the cold anomaly
on day 14 when the WPV conditions are assimilated
into the model initialization. However, there is still a
considerable spread among the hindcasts until around
day 9, when the spread starts to decrease. This is con-
sistent with the previous studies of cold spells (Kautz
et al., 2020). For SPV events (Figure 4b) there is very
little predictability skill until up to about 12 days in
advance, after which the ensemble mean anomaly starts
to decrease rapidly. The spread starts to decrease after
around day 6 remaining larger than that in WPV com-
posite until day 0. This difference in the time evolution
of the forecast skill between WPV and SPV cases at lags
beyond 2 weeks suggests the influence of the state of the
stratosphere on the predictability of the Eurasian cold
spells.

http://wileyonlinelibrary.com
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F I G U R E 4 Boxplots of the forecast Eurasian 2-m
temperature (T2m) anomaly (in K) for different initialization lags of
the European Centre for Medium-Range Weather Forecasts
(ECMWF) hindcasts for the (a) weak polar vortex (WPV) cases and
(b) strong polar vortex (SPV) cases. The boxes show the
interquartile range (Q1–Q3), whiskers represent the ranges for the
bottom 25% and the top 25% of the data values, excluding outliers,
which are shown by gray crosses. The median is the red line inside
each box and the mean of each box is shown by a gray star. The
intensity of the blue color of boxes is proportional to the mean
temperature anomaly. The horizontal dashed red line shows 0 K,
the vertical dashed red lines show 9 and 20 days before cold spells
for the WPV group and 6 and 12 days for the SPV group to guide the
discussion in the text. The blue crosses show the ERA5 T2m
anomaly (K) for the cold-spell cases (15 cases in each group), while
the green stars show the preceding U10 anomalies (m/s) [Colour
figure can be viewed at wileyonlinelibrary.com]

To further illustrate the difference in the signals
between WPV and SPV cases, we examine the forecast
probability of the cold spells in the hindcasts as a func-
tion of initialization lags (Figure 5a). The probability of
an extreme event is defined as a fraction of the T2m hind-
casts that predicted weekly mean anomalies below the
10th percentile. In most cases, except at the shortest lead
times, the 10th percentile threshold is estimated from the
hindcast climatology for each 11-member 20-year hind-
cast set separately (Kautz et al., 2020). At the shortest lead
times (0–3 days), the spread of the ensemble forecasts is

negligible and the hindcasts do not allow robust estima-
tion of the 10th percentile threshold. Therefore, at lead
times of 0–3 days we define the threshold using ERA5
value of−4.3 K. We average data over 3 days to smooth out
fluctuations for display and conciseness reasons; however,
a similar result is obtained with daily resolution. Note,
that an extreme event probability of 0.1 is expected in the
forecasts by definition even if there is no signal. To test
whether the forecast probability is significantly different
from 0.1 for each lead time we used bootstrapping with
replacement and formed the distributions of probabilities
by repeating the resampling from all ensemble members
of all hindcasts initialized at that lead time 10,000 times.
The null hypothesis, that the forecast probability equals
0.1, is rejected if the 2.5th percentile of the distribution
exceeds 0.1, corresponding to the 95% confidence interval.

It is clear from Figure 5 that the predicted probability
of the extreme event is systematically higher, by 0.05–0.15,
at lags 7–24 days in the WPV case. In this composite,
the probability starts to be significantly higher than the
0.1 threshold already on days 22–24 before the extreme
events. The probability starts to increase rapidly at lags
of about 2 weeks when WPV conditions that can provide
predictability (Figure 2) are assimilated to the forecast
system. On the other hand, the probability in the SPV
case starts to be significantly higher than 0.1 later, on
day 19–21, and increases slowly until around 10 days in
advance. Thus, WPV conditions provide additional skill to
extended-range probabilistic forecasts of the Eurasian cold
spells at lead times of around days 7–24 (forecast weeks
2–4). For example, the predicted probability of an extreme
event starts to be three times higher (0.3) than the clima-
tological probability of 0.1 approximately 3–5 days earlier
in the WPV group, as is shown by the gray vertical dotted
lines in Figure 5. However, at the lead time less than day 7
(forecast weeks 1–2) the effect of stratospheric conditions
is not detectable.

To make sure that persistence did not affect our results
we remove the adjacent weeks, keeping only the first week
in cases where two consecutive weeks are defined as cold
events (Table 1), and repeat our analysis (Figure 5b). In this
case the WPV group consists of 10 cold-spell cases and the
SPV group – of 11 cases. As can be seen, our key result, that
the predictability in the WPV cases is better, is confirmed.
Moreover, the difference between the SPV and WPV
groups’ predictability is even more pronounced now. The
predictability in the SPV cases is slightly worse without the
effect of persistence: the probability of an extreme event
starts to be significantly higher than 0.1 only 16–18 days in
advance. On the other hand, removing the adjacent weeks
did not worsen the forecast skill in the WPV cases and even
improved it at some initialization lags.
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F I G U R E 5 (a) Predicted probability of cold spell events as a function of lead time of the European Centre for Medium-Range Weather
Forecasts (ECMWF) hindcasts averaged by three days. Weak polar vortex (WPV) events’ probability is shown in blue color and that of the
strong polar vortex (SPV) events, in red color. Closed circles denote cases where the lower uncertainty range, defined using bootstrapping
with the number of iterations N = 10,000, exceeds 0.1. Open circles denote cases with the lower uncertainty range below 0.1. Probabilities of
0.3 and 0.1 are shown by dotted lines. (b) Same as in (a), but for the composites excluding the adjacent weeks [Colour figure can be viewed at
wileyonlinelibrary.com]

The comparison of the two groups of cold-spell events
with the opposite stratospheric polar vortex conditions
allows us to quantify the gain in predictability due to the
stratospheric influence, as its contribution to predictabil-
ity is expected to be suppressed in the SPV group. It is of
interest to analyze how the predictability depends on the
strength of the stratospheric polar vortex. For this analysis
we use all 62 cold-spell events detected during 1995–2020
(Figure 1d) and group them into six groups depending on
the corresponding U10 value. We focus on the lead times
of 10–24 days because this is where the difference between
WPV and SPV is maximal, and group all our cold-spell
cases into six groups by 10 cases in each, except for the first
and the last group (11 cases). Figure 6 shows that the pre-
dictability decreases with the strengthening of the polar
vortex; however, only the WPV cases differ significantly
from the other events, while the difference between the
neutral polar vortex states and the SPV states is not sig-
nificant. Note that cold spells were not detected after very
strong stratospheric polar vortex conditions (U10 anomaly
more than ∼25 m/s, see also Table 1). This is consis-
tent with expectations that SPV favors warm temperature
anomalies in the northern Eurasia, rather than cold ones
(e.g. Tripathi et al., 2015).

To get insights about the reasons behind the increased
predictability in WPV composite we analyze the forecast
NAM time–height cross-sections (Figure 7), as well as the
forecast Z1000 anomalies and the root mean square errors
(RMSE) of the forecasted Z1000 anomalies (Figure 8). We
select forecasts initialized from 22 to 24 days before the
onset of the cold spells, because at these lags the forecast
probability of extreme events becomes significantly dif-
ferent from the climatology in the WPV cases but not in

F I G U R E 6 Mean predicted probability of cold spell events at
lead times of 10–24 days as a function of mean zonal mean zonal
wind anomaly at 10 hPa 60◦ N (U10) two weeks before the onset of
the cold spell. Each of the six groups of events consists of 10
members, except for the first and the last group, which consist of 11
members. The confidence intervals shown by black whiskers are
defined using bootstrapping with the number of iterations
N = 10,000. The gray whiskers show the U10 range for each group

SPV cases (Figure 5a). Altogether 57 individual ensem-
ble hindcasts are included into the WPV composite, and
71 ensemble hindcasts are included into the SPV com-
posite. In the WPV group the observed intensification of
the stratospheric anomaly and downward propagation
of the NAM– conditions are well forecast, although the
strongest tropospheric NAM– anomaly is forecast to occur
about a week earlier than in observations (cf. Figure 2).
Nevertheless, forecast negative NAM anomalies last in
the troposphere, as well as in the stratosphere, for several
weeks, similarly to what was reported by Karpechko et al.,
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F I G U R E 7 Cross-sections of the daily mean Northern Annular Mode (NAM) index composites (in standard deviation units) in
hindcasts initialized with the lead time of 22–24 days before the cold air outbreak onset dates for cold spells preceded by the weak polar
vortex (WPV) (a) and by the strong polar vortex (SPV) (b) events. Gray horizontal lines indicate the approximate boundary between the
stratosphere and the troposphere. Gray vertical dashed lines indicate the onset of the cold spell events. Note that day 23 here corresponds to
day 0 in Figure 2. Hatching denotes areas where the NAM index is significantly different from zero (p< 0.01) [Colour figure can be viewed at
wileyonlinelibrary.com]

(2018) for the 2018 SSW case. This result suggests that
the stratosphere–troposphere coupling likely contributes
to the negative NAM regime, extending the predictabil-
ity of the cold-air outbreaks (Figure 7a). On the other
hand, in the SPV group the negative NAM phase in the
troposphere before and after the onset of the cold spells is
weaker than that in the reanalysis (Figure 7b). Moreover,
in the hindcasts, insignificant NAM+ signal appears in the
troposphere several days after the cold-spell onset dates
(after day 25 in Figure 7b), in contrast to the observed
NAM– regime (Figure 2) but in agreement with the
expected sign of the SPV influence. Note that the strato-
spheric NAM+ signal in the SPV group is well forecast,
including the strengthening of NAM+ before the onset of
the cold spells (cf. Figure 2).

Looking at the near-surface forecast, in the WPV
events (Figure 8a) the NAO/NAM– circulation pattern is
distinct with a strong dipole of high-pressure anomalies
over Greenland and the North Atlantic and low-pressure
anomalies over the Atlantic Ocean in mid-latitudes. In
the SPV composite (Figure 8b) the geopotential height
anomalies are much weaker overall. The high-pressure
anomalies are centered over northern Europe and, addi-
tionally, the second anticyclone is located in the northern
Pacific, consistent with observations. Weak low-pressure
anomalies are located over the northern part of North
America and in the northern Atlantic. The forecast syn-
optic situation is consistent with our observation analysis
in both cases (cf. Figure 3). The RMSE in the SPV cases

is significantly higher than that in the WPV cases starting
from approximately day 19 of the forecast (Figure 8c).
Figure 8c shows the error saturation level (ESL) defined as
the standard deviation of the verifying observations mul-
tiplied by the square root of two (Simmons et al., 1995;
Bengtsson et al., 2008). The RMSE for the WPV cases
remains below ESL at most days, suggesting higher skill
compared to the SPV group forecasts.

5 COMPARISON OF DYNAMICAL
AND STATISTICAL FORECASTS

To better understand the mechanisms associated with
predictability gain from the stratosphere–troposphere cou-
pling in the ECMWF model, we compare ECMWF hind-
casts to forecasts made by the statistical model described
in Section 2: Data and Methods (Figure 9). The comparison
of the predictability as a function of the lead time averaged
over seven days shows that the strength of the anomalies
predicted by the statistical model is comparable to those
by the ECMWF model in both WPV and SPV cases at most
lags except at the shortest ones (day 1–7) when the statis-
tical model underestimates the magnitude of the observed
anomalies (Figure 9a and b). The predicted probability of
an extreme event is shown in Figure 9c. In the statistical
model the predicted cold-spell probabilities are compara-
ble to those in the ECMWF hindcasts for both WPV and
SPV cases at lead times longer than 14 days. The predicted
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F I G U R E 8 Weekly averaged composites of Z1000 anomalies (m) in hindcasts initialized with the lead time of 22–24 days before the
cold air outbreak onset dates for (a) weak polar vortex (WPV) events and (b) strong polar vortex (SPV) events. Weekly averaging starts on the
cold spell onset date. Contours indicate corresponding Z1000 anomalies in ERA5. Hatching denotes areas where the anomalies are
significantly different from zero (p< 0.01). The red boxes show the area used to compute the root mean square errors (RMSEs) in panel (c)
(10◦W–130◦E and 50◦N–90◦N). (c) Composites of the RMSE of hindcasts with respect to ERA5 for the WPV events (blue line) and SPV events
(red line). The shaded area represents the 95% confidence interval for the RMSE curves. Gray dashed line represents the error saturation
level. Gray vertical dash-dotted line indicates the onset of the cold spell events [Colour figure can be viewed at wileyonlinelibrary.com]

probabilities are consistently higher, by 0.1–0.2, for the
WPV cases than those for the SPV cases at lead times of
1–21 days, while for longer lead times the probabilities in
both groups are close to climatological values.

Removing the stratospheric predictors (PCs of the
150-hPa geopotential height anomalies, see Section 2:
Data and Methods) from the predictors set of the statistical
model provides a neat test for the stratospheric contribu-
tion in the predictability. Figure 9d shows that removing
the stratospheric predictors results in lower predicted
probabilities of the cold spells, by 0.03–0.06, at all lead
times for the WPV cases. This result is consistent with
findings by Karpechko (2015) for monthly forecasts, and
it strongly supports the idea that the stratospheric state
provides enhanced predictability of cold spells in Eura-
sia at S2S timescales. On the other hand, the predicted
probabilities in the SPV cases do not differ much between
the model runs at all lead times, suggesting that the

stratospheric information does not improve predictability
in these cases. Interestingly, the predicted probabilities in
the WPV cases remain larger than those in the SPV cases
by ∼0.1 at lead times of 8–21 days. This suggests that the
enhanced predictability is also associated with the SLP
and T2M states used as predictors in these runs.

6 DISCUSSION AND
CONCLUSIONS

The main purpose of this study is to detect and quan-
tify the enhanced predictability of extreme cold events
arising from the downward influence of the stratosphere
on the surface weather, extending previous studies (e.g.
Kautz et al., 2020). We investigated the predictability of
Eurasian cold spells (defined as the lowest 10th percentile
across all weekly anomalies) during extended winter by
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F I G U R E 9 Upper panels: Boxplots of the weekly averaged Eurasian 2-m temperature (T2m) anomaly forecasts (in K) by the European
Centre for Medium-Range Weather Forecasts (ECMWF) and the statistical models for different initialization lags for the (a) weak polar vortex
(WPV) cases and (b) strong polar vortex (SPV) cases. The boxes show the interquartile range (Q1–Q3), whiskers represent the ranges for the
bottom 25% and the top 25% of the data values, excluding outliers, which are shown by gray crosses. The median is the black line inside each
box and the mean of each box is shown by a green triangle. The horizontal red line shows 0 K. The blue crosses show the ERA5 T2m anomaly
(K) for the 15 cold spell cases in each group. Lower panels: (c) predicted probability of the cold-spell events as a function of lead time for both
models averaged by seven days. WPV events’ probability is shown in blue color and that of the SPV events in red color. Probabilities of 0.5 and
0.1 are shown by dotted lines. Closed circles denote cases where the lower uncertainty range, defined using bootstrapping with the number of
iterations N= 10,000, exceeds 0.1. (d) Difference in the predicted probability of the cold spells between Run 1 and Run 2 (excluded stratospheric
predictor) by the statistical model. Green shading shows a predictability gain in Run 1 with respect to Run 2 and red shading shows a
predictability loss. Green and red numbers represent the difference in the predictability between Run1 and Run 2. Closed circles denote cases
where the difference between the respective lines is significant at the 0.01 level [Colour figure can be viewed at wileyonlinelibrary.com]

separating cases where predictability can be enhanced by
the stratosphere–troposphere coupling from cases where
such influence was not expected. We use two groups, each
comprising 15 cold-spell events with contrasting strato-
spheric states preceding the events.

Our results show that, at the S2S range, the predicted
probability of extreme cold spells that take place after a
weakening of the stratospheric polar vortex is systemat-
ically higher at lead times of 2–4 weeks (7–24 days), by
0.05–0.2, than in the cases with a strong stratospheric
vortex. This translates into extension of probabilistic
predictability by up to 3–5 days for some probability lev-
els. The difference can be explained by the enhanced

predictability of the surface NAO/NAM regime due to
the stratosphere–troposphere coupling. Consistent with
previous studies we showed that the cold spells in Eurasia
take place mainly under the negative surface NAO/NAM
conditions. The NAO/NAM– regime is often followed by
an increase in frequency of occurrence of tropospheric
winter blocking over the North Atlantic region and Green-
land and cold-air advection from the polar region. The
weakening of the vortex is often associated with the
downward propagation of NAM– throughout the tropo-
sphere and onset of the surface NAO/NAM– conditions
followed by an increase in frequency of occurrence of tro-
pospheric winter blocking over the North Atlantic region
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and cold-air outbreaks over northern Eurasia. In this
case the group of hindcasts that were initialized with a
weak stratospheric vortex properly represents the down-
ward propagation of the signal from the stratosphere.
Our results hold for a rather large averaging area and
they do not necessarily apply for smaller areas where
unpredictable noise dominates (Büeler et al., 2020).

On the other hand, the strong stratospheric vor-
tex is associated with a positive phase of NAM in the
stratosphere. In this case, the onset of the negative sur-
face NAO/NAM phase leading to the cold spells results
from the internal tropospheric dynamics which is associ-
ated with variability at shorter timescales and, therefore,
shorter predictability as compared to the stratosphere.
Although in the strong vortex cases the ECMWF hindcasts
capture the transition of the tropospheric NAM regime
into a negative phase, the predicted negative NAM in
the troposphere is weaker and shorter-lasting compared
to the weak vortex cases, as well as with the reanalysis.
While cold spells during the periods of a weak strato-
spheric polar vortex might be more persistent, we found
that the persistence was not the key factor that influ-
enced the different predictability in our groups. Compar-
ison of the forecasts by the ECMWF model with those
by a statistical model suggests that the extended pre-
dictability originated from the stratosphere–troposphere
coupling is an inherent property of the atmosphere which
can be captured even by a simple linear model (Beerli
et al., 2017; Karpechko et al., 2017). In fact, the supe-
riority of the complex dynamical forecast system is not
obvious until the weather timescale (lags less than a
week) when the ECMWF model, but not the statistical
model, starts to capture the magnitude of the extreme
temperatures.

Analysis of the predictability of the Eurasian cold
spells after different stratospheric states using the ECMWF
ensemble hindcasts offers important insights about the
influence of the stratosphere on the tropospheric dynam-
ics. As the WPV can act as a precursor for the onset
of the tropospheric NAO/NAM regime that favors the
below-average temperatures over Eurasia, the predictabil-
ity horizon of these events can be extended. There are
other potential remote forcers that can influence the pre-
dictability of the NAO/NAM regime and cold spells in
the troposphere, for example the Madden–Julian Oscilla-
tion (MJO) (Lin et al., 2009; Vitart and Robertson, 2018)
or the El Niño–Southern Oscillation (ENSO) (Mezzina
et al., 2020). In this study we did not analyze the poten-
tial influence of these factors, but it would be important
to study the relative contributions from remote forcers
alongside with the stratospheric influence and develop a
better understanding of the teleconnections to improve
winter weather predictions.

While the present study focused on the predictability
of cold spells during periods of a WPV, it is also known that
there is enhanced skill in forecasts initialized during a SPV
(e.g. Tripathi et al., 2015). Thus, it is of interest to investi-
gate whether the predictability of anomalously mild peri-
ods following SPV events is enhanced. Also, it is of interest
to see whether the influence of stratosphere–troposphere
coupling on the predictability of Eurasian cold spells is
similarly captured by the other S2S models. This is planned
as a continuation of the present study.
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