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Abstract Atmospheric prediction at 2–6 weeks lead time (so‐called subseasonal‐to‐seasonal timescales)
entails large forecast uncertainty. Here we investigate the flow‐dependence of this uncertainty during Boreal
winter. We categorize the large‐scale flow using North Atlantic‐European weather regimes. First, we show that
forecast uncertainty of near‐surface geopotential height (Z1000) and temperature (T2m) are strongly sensitive to
the prevailing regime. Specifically, forecast uncertainty of Z1000 reduces over northern Europe following
Greenland Blocking (enhanced predictability) due to a southward shifting eddy‐driven jet. However, due to
strong temperature gradients and variable flow patterns, Greenland blocking is linked to increased forecast
uncertainty of T2m over Europe (reduced predictability). Second, we show that forecast uncertainty of weather
regimes is modulated via the stratospheric polar vortex. Weak polar vortex states tend to reduce regime‐
uncertainty, for example, due to more frequent predicted occurrence of Greenland blocking. These regime
changes are associated with increased T2m uncertainty over Europe.

Plain Language Summary Weather is chaotic, and forecasts several weeks ahead are quite
uncertain. Nevertheless, the degree of uncertainty varies, which can be relevant for long‐term planning in
various sectors, including agriculture, energy supply, and public health. Here we show that the degree of
uncertainty depends on the weather at the time of forecast start, which we categorize using eight
characteristic weather patterns for the North Atlantic and Europe. We analyze a large set of forecasts during
winter, with lead times up to 6 weeks. For example, persistent high‐pressure systems over Greenland are
known to favor low temperatures over northern Europe. Our results indicate that, in addition, temperatures
are highly variable in these cases, leading to unusually high forecast uncertainty. In contrast, uncertainty of
near‐surface air pressure tends to decrease due to less frequent storms over the North Atlantic. Furthermore,
we show that forecast uncertainty of the weather patterns themselves varies, which is useful when large‐
scale flow conditions are more critical than local weather. We analyze forecasts under different circulation
conditions in the Arctic stratosphere, as these can have long‐lasting impacts on surface weather. We find
forecasts of weather patterns become less uncertain when the circumpolar winds in the Arctic stratosphere
are weak.

1. Introduction
Numerical weather prediction is fundamentally limited by uncertainties in initial conditions and the numerical
model (e.g., Slingo & Palmer, 2011). Ensemble forecasts produce a distribution of possible future states and
thereby represent a framework to quantify these uncertainties and their evolution over forecast lead time
(Leutbecher & Palmer, 2008; T. Palmer, 2017). Such probabilistic forecasts offer increased economic value (T. N.
Palmer, 2002; Zhu et al., 2002), making them valuable for stakeholders and decision‐makers (Robbins
et al., 2018). In particular, the availability of a full distribution allows for quantification of forecast uncertainty,
for example, via the variance across ensemble members.
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At lead times beyond about 2 weeks (the so‐called extended‐range) forecast uncertainty is generally large. It is
therefore crucial to identify situations of reduced forecast uncertainty and thereby enhanced predictability. Such
flow conditions are often referred to as “windows of opportunity” (Mariotti et al., 2020). In the northern extra‐
tropics, the tropospheric flow on extended‐range time scales can be influenced by various teleconnections,
including a downward impact of stratospheric circulation anomalies (Baldwin & Dunkerton, 1999, 2001; Butler
et al., 2019). In particular, extreme states of the stratospheric polar vortex have been shown to project onto the
North Atlantic Oscillation (NAO) (Charlton‐Perez et al., 2018) and are hence associated with modulated fre-
quencies of blocking systems (e.g., Labitzke, 1965; Vial et al., 2013) and storm series (e.g., Afargan‐Gerstman &
Domeisen, 2020; Rupp et al., 2022).

While the ensemble‐mean response to such teleconnections has been subject of many previous studies, impact on
ensemble variance, that is, forecast uncertainty, has received less attention. Spaeth et al. (2024) have recently
shown that ensemble variance of 1,000 hPa geopotential height (Z1000) reduces over northern Europe and in-
creases over southern Europe following weak polar vortex events (and vice versa for strong polar vortex events).
Here, we extend this analysis by focusing on how forecast uncertainty changes following different North Atlantic‐
European weather regimes (Grams et al., 2017). These regimes provide a useful way to describe the large‐scale
flow over the Euro‐Atlantic sector using a finite set of eight characteristic weather patterns. Weather regimes have
successfully been employed by previous studies to analyze flow‐dependence of forecast skill (Büeler et al., 2021;
Ferranti et al., 2015; Matsueda & Palmer, 2018) as well as the tropospheric response to stratospheric circulation
anomalies (Beerli & Grams, 2019; Charlton‐Perez et al., 2018; Domeisen, Grams, & Papritz, 2020; Lee
et al., 2019; Roberts et al., 2023). Moreover, we extend the analysis by studying ensemble variance of 2‐m
temperature (T2m) in addition to Z1000.

Specifically, we concentrate on the winter season and separate our questions about forecast uncertainty into two
parts: (a) How does forecast uncertainty of near‐surface weather at lead times of 2–6 weeks depend on the
respective weather regime at time of initialization and (b) how does forecast uncertainty associated with these
weather regimes depend on the state of the polar stratosphere? Based on a large set of extended‐range ensemble
forecasts, we find that even if a weather regime can be well predicted weeks ahead, this weather regime might be
associated with inherently large uncertainty in some near‐surface variables.

2. Methods
2.1. S2S Forecast Data

We analyze 1,197 ensemble forecasts provided by the European Center for Medium‐Range Weather Forecasts
(ECMWF) via the subseasonal‐to‐seasonal (S2S) Prediction Project Database (Vitart et al., 2017), which cover
winters 1997/98 to 2020/21. These ensemble forecasts comprise 57 51‐member forecasts from winters 2019/20
and 2020/21 (so‐called realtime forecasts) and 1140 11‐member forecasts fromwinters 1999/2000 to 2019/20 (so‐
called hindcasts or re‐forecasts). Forecasts are initialized on Mondays and Thursdays and cover lead times up to
+46 days. In each winter, we use forecasts initialized between 16 November and 22 February, down‐sampled to a
2.5°× 2.5° horizontal grid, at daily temporal resolution (geopotential: instantaneous fields at 0 UTC; temperature:
daily averages). At the maximum lead time of +46 days, the forecast valid times thus range from 1 January (16
November +46 days) to 9 April (8 April in leap years; 22 February +46 days). By including the two different
winters of realtime forecasts in the analyses, we combine two model versions (ECMWF IFS CY46R1 and
C47R1), but this drawback is expected to be minor compared to the benefit of a larger sample size.

2.2. Ensemble Spread Anomalies

In this study, forecast uncertainty of continuous variables is quantified by means of ensemble variance. Given that
ensemble variance may depend on season, lead time and the numerical model, a climatology of ensemble variance
is constructed following the S2S‐forecast deseasonalization procedure described in Spaeth and Birner (2022).
Ensemble variance anomalies are then obtained by subtracting the corresponding climatology from the ensemble
variance of each forecast. If a forecast model is reliable, such ensemble variance anomalies are related to
anomalies of squared forecast error (Fortin et al., 2014). Results indicate a fair degree of reliability for Z1000 and
T2m forecasts in the ECMWF model (see supplementary Text S1 in Supporting Information S1). Hence,
anomalies of variance may at least qualitatively be interpreted as anomalies of error, despite deviations from the
one‐to‐one line.
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2.3. Definition of Weather Regimes

The year‐round weather regimes defined by Grams et al. (2017) for the Atlantic‐European region (80°W–40°E,
30–90°N) adapted to ERA5 (Hauser et al., 2023) are used in this study. This definition isolates the following
distinct flow patterns: four blocked regimes (Atlantic ridge AR, European blocking EuBL, Scandinavian blocking
ScBL, Greenland blocking GL) and three cyclonic regimes (Atlantic trough AT, Zonal regime ZO, Scandinavian
trough ScTr). Days where the projection onto any of the above blocked or cyclonic regimes is weaker than a
predefined threshold are classified as “no regime” (e.g., flow situations close to climatology, short‐lived blocks or
cyclones, regime transitions). The weather regime definition is based on 6‐hourly 500‐hPa geopotential height
anomalies (Z500′) from ERA5 reanalysis (Hersbach et al., 2020) at 0.5° horizontal resolution. Z500′ are
normalized with the spatially averaged 30‐day running standard deviation at a given calendar time, to remove
seasonal variability in Z500′ amplitude (see Osman et al., 2023). Then, a k‐means clustering in the phase space
spanned by the leading seven EOFs of 10‐day low‐pass filtered, normalized Z500′ is performed. Following
Michel and Rivière (2011), we compute the normalized projection of each 6‐hourly Z500′ onto the cluster mean,
obtaining an index for weather regimes (IWR). We define weather regime life cycles as periods when the
maximum IWR exceeds 1.0 for at least 5 days. Dates when none of the IWR values meet this definition are
categorized as “no regime”. Weather regimes were computed for ECMWF S2S forecasts (model cycles CY46R1
and CY47R1) following the approach outlined in Osman et al. (2023). However, these forecasts are mapped onto
weather regimes identified using ERA5 reanalysis data. The computation of weather regimes for bias‐corrected
forecasts follows the same procedure as for the reanalysis.

2.4. Quantification of Weather Regime Uncertainty by Means of Information Entropy

To describe the distribution of weather regime likelihood and quantify the uncertainty in the occurrence of
weather regimes for given boundary conditions, we use the concept of normalized entropy H. There are eight
distinct weather regimes, including “no regime”. The probability, pwr, of a particular weather regime (denoted by
subscript wr) is estimated as the ratio of the number of ensemble members, nwr, classified with that regime to the
total ensemble size, N, that is, pwr = nwr

N . The regime entropy (based on information theory, see Shannon, 1948;
Cover & Thomas, 2005) is then expressed as the negative sum over all weather regimes of the product of their
probability with the natural logarithm of that probability. Furthermore, the entropy is normalized by the maximum
possible entropy, ln(8), which is reached when all 8 regimes are equally likely:

H =
− ∑wrpwr ⋅ ln(pwr)

ln(8)
. (1)

This formulation allows for a quantitative assessment of the uncertainty associated with the occurrence of
different weather regimes within the ensemble. The applied normalization of entropy is often performed to make
the entropy values comparable across different scenarios. A value of H = 1 corresponds to a uniform probability
distribution for all weather regimes, while values 0 ≤H < 1 describe situations where some weather regimes have
increased likelihood over others. In an 11‐member ensemble, the maximum possible entropy is 0.97 (3 regimes
with 2 members each, 5 regimes with 1 members each). In practice, entropy is somewhat smaller on average,
because neither the 11 members (hindcasts) nor the 51 members (realtime) can split exactly equally among the 8
regimes, for example, H ≈ 0.82 given 11 members and a uniform background distribution (empirically derived
using synthetic data).

3. Uncertainty of Near‐Surface Weather Related to Different Weather Regimes
To investigate flow‐dependent spatial patterns of ensemble variance, all ensemble forecasts are clustered by the
weather regime at initial time according to ERA5. For each of the eight initial regimes the composite‐mean daily
anomalies of 1,000 hPa geopotential height (Z1000) ensemble variance are computed and averaged over 7–
10 days lead time. By these lead times, ensemble spread has grown to a substantial level, yet the original regime is
still the most likely one on average, as weather regimes typically persist for about 10 days (Büeler et al., 2021).

Figure 1 shows that Z1000 ensemble variance anomalies are largest for the two regimes that are closely linked to
NAO variability (cf. Beerli & Grams, 2019; Ferranti et al., 2015; Grams et al., 2017): During the Greenland
Blocking regime (associated with NAO− conditions) Z1000 ensemble spread is reduced by up to 1,800 gpm2 near
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the characteristic anticyclone (about 25% relative to climatological spread; statistically significant at a 95%
confidence level, derived via bootstrapping). During the Zonal regime (associated with NAO+) spread is
increased near the North Atlantic jet by up to 1,000 gpm2 (about 15%; statistically significant at a 95% confidence
level). In general, regions of negative Z1000 anomalies (i.e., cyclonic patterns) tend to be associated with higher
forecast uncertainty than regions of positive Z1000 anomalies (i.e., anticyclonic patterns). This is consistent with
Spaeth et al. (2024) who argue that it is the occurrence of individual storms that contribute to reduced predict-
ability of cyclonic patterns. Compared to high pressure systems, synoptic‐scale storms tend to be smaller in size,
are associated with a more rapid intensification and decay, propagate faster and have larger Z1000 gradients.
Given the high degree of spatial and temporal de‐correlation between individual ensemble members at these lead
times, this can result in large ensemble variance.

While Z1000 ensemble mean and ensemble variance patterns are spatially aligned to a relatively high degree, their
relation can be more complex in detail. For instance, anomalous ensemble variance can also appear in regions of
near‐zero ensemble mean signals (e.g., reduced variance around the North Sea during Greenland Blocking).
Likewise, ensemble mean anomalies can be associated with near‐zero ensemble variance anomalies (e.g.,
northern Europe during European Blocking). Furthermore, the relation between ensemble mean and ensemble
variance can be non‐linear: for example, Atlantic Trough and Atlantic Ridge are characterized by approximately
opposite mean anomalies around the eastern Atlantic (up to about − 180 gpm and +160 gpm, respectively), but
they are both associated with reduced variance over the Greenland sea (about − 800 gpm2 and − 300 gpm2),
suggesting that the synoptic‐scale dynamics of the two regimes are not simply anti‐symmetric.

Figure 2 reveals that 2‐m‐temperature (T2m) ensemble variance anomaly patterns are qualitatively different
compared to Z1000, suggesting that they involve different mechanisms. In general, T2m variance is smaller over
the ocean than over land (see supplementary Figure S2 in Supporting Information S1 for the spread climatology).
Over land, cold anomalies tend to be associated with increased T2m variance and vice versa. For instance,
Greenland blocking is followed by cold anomalies (up to − 3 K) and increased T2m variance (up to +7 K2, or
+40% relative to climatological spread) over North‐East Europe. However, there are many other regions where
T2m ensemble mean and variance are not well‐correlated. For example, North‐East Canada experiences warm
anomalies during Greenland Blocking and during European Blocking, but variance is decreased during the former
and increased during the latter.

Figure 1. Composite mean of 1,000 hPa geopotential height (Z1000) ensemble variance (color‐shaded), grouped by the
weather regime at initialization time, averaged over lead times 7–10 days. Z1000 ensemble mean anomalies at initialization
time denoted by black contours (50 gpm spacing, negative values dashed). White stippling indicates regions where color‐
shaded Z1000 ensemble variance anomalies are not statistically robust (based on the 95% confidence level using
bootstrapping with 2,000 samples). The number of ensemble forecasts per regime are 154 (AT), 139 (ZO), 142 (ScTr), 141
(AR), 93 (EuBL), 114 (ScBL), 118 (GL) and 296 (no).
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Our results are consistent with the hypothesis that T2m ensemble variance anomalies are predominantly driven by
advection, that is, sensitive to horizontal temperature gradients. Over the ocean, temperature gradients are
generally smaller in magnitude. When marine air is advected to the continent, such as from the ocean to central
Europe during the Zonal regime and Atlantic Trough, this leads to smaller variance in predicted T2m among
ensemble members. In contrast, advection of continental air leads to larger ensemble variance. For instance,
during Greenland Blocking, European weather is typically characterized by easterly winds and increased risk for
cold‐air outbreaks. Such cold spells are associated with strong temperature anomalies, but especially at extended‐
range forecast lead times, their exact location, strength and timing is differently simulated by ensemble members,
leading to large ensemble spread. In addition, Greenland blocking often transitions to either Atlantic Ridge (about
1/6 of the time) or Atlantic Trough (about 1/8 of the time, see supplementary Figure S3 in Supporting Infor-
mation S1 of Osman et al., 2023). Over Europe, Atlantic Ridge and Atlantic Trough are associated with opposite
flow directions (easterly vs. westerly) and hence opposite temperature anomalies (cold vs. mild), which can
additionally contribute to large T2m ensemble spread following Greenland blocking (see supplementary Text S3
in Supporting Information S1 for a comparison of Greenland blocking transitions to Atlantic Ridge vs. to Atlantic
Trough).

This illustrates that the limited life time of each weather regime and a subsequent transition of ensemble members
to different regimes can also contribute to large ensemble spread. In principle, such “inter‐regime variance” could
be the reason for the Z1000 and T2m ensemble variance anomalies at 7–10 days lead time that were presented in
Figures 1 and 2. However, as we will show below, a substantial part is resulting from the inherent “intra‐regime
variance”, that is, the variance across a single given weather regime.

Figure 3 presents the evolution of intra‐ and inter‐regime ensemble variance over lead time for Z1000 over
northern Europe and for T2m over central Europe. For each ensemble forecast and lead time, members are
categorized based on their regime. Inter‐regime variance is computed as the variance across these regime‐group
means, while intra‐regime variance corresponds to the variance within members of a single regime‐group. Note
that the categorization differs from the analyses of Figures 1 and 2, because forecasts are not only grouped based
on the regime at forecast initial time, but each group can include a different set of members at different lead times.
Consistent with Figure 1, the Zonal and Scandinavian Trough regimes show largest intra‐regime Z1000 ensemble
variance over northern Europe beyond about 7 days lead time. Greenland Blocking is associated with the smallest
amount of Z1000 ensemble variance. As before, this is somewhat opposite to T2m ensemble variance over
Europe, which on average is twice as large during Greenland blocking than during Zonal. In fact, T2m intra‐

Figure 2. Same as Figure 1, but with color‐shading indicating anomalies of 2‐m temperature (T2m) variance. White stippling
indicates regions where color‐shaded T2m ensemble variance anomalies are not statistically robust (based on the 95%
confidence level using bootstrapping with 2,000 samples). Anomalies of T2m ensemble mean are hatched (cold anomalies in
blue, warm anomalies in red). Z1000 ensemble mean anomalies at time of initialization are marked by contours as in
Figure 1.
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regime variance during Greenland Blocking is even larger (saturating at 10 K2) than the average total ensemble
spread (saturating at 8 K2).

This regime‐dependence of forecast uncertainty is in good agreement with Figures 1 and 2, where forecasts were
categorized based on the regime at initial time. Therefore, we conclude that intra‐regime variance can represent a
major contribution to the full ensemble variance anomaly patterns. Inter‐regime variance is of similar magnitude
as intra‐regime spread. In general, large inter‐regime variance indicates that weather regimes form distinct groups
of ensemble members in terms of the chosen metric of interest. It is therefore not surprising to see Z1000 inter‐
regime variance being relatively larger than T2m inter‐regime variance, as the regimes were constructed based on
geopotential height in the first place and regimes are therefore well‐separated somewhat by construction.

4. Uncertainty of Weather Regimes Under Different Stratospheric Initial Conditions
In Section 3 we have shown that different weather regimes are associated with distinctly different signatures in
ensemble variance in Z1000 and T2m. The occurrence of weather regimes is known to be influenced by certain
teleconnection patterns, such as the downward impact following weak or strong stratospheric polar vortex states
(see introduction). In this section, we therefore consider the additional effect of the remote impact of the state of
the stratosphere on forecast uncertainty of weather regimes.

Figure 4 shows climatological weather regime frequencies in forecasts and, in addition, changes in frequency at
lead times of 3–4 weeks when forecasts are initialized with specific stratospheric polar vortex conditions. Here,

Figure 3. Evolution of intra‐regime ensemble variance of (a) 1,000 hPa geopotential height over northern Europe and (b) 2‐m
temperature over central Europe (55–75°N/− 20 to 20°E and 35–60°N/− 10 to 20°E, respectively, indicated in map insets).
For each lead time and ensemble forecast, the intra‐regime variance is computed only across ensemble members sharing the
same weather regime at that day. Ensemble variances are first computed for each grid‐point and then averaged over the
respective region. Gray shading denotes the ensemble variance computed across all ensemble members, that is, the full
ensemble variance. Dotted black lines denote the average inter‐regime spread (realtime forecasts only), that is, the variance
between the regime‐grouped averages within an ensemble.

Figure 4. (a) Climatological frequency of weather regimes in ECMWF S2S forecasts averaged over lead times 14–27 days. (b), (c) Percentage point changes in predicted
regime frequencies following (b) weak and (c) strong stratospheric polar vortex conditions. Error bars indicate 95% confidence intervals, obtained via bootstrapping.
(d) Regime uncertainty, as quantified by the normalized entropy, for forecasts initialized under weak, moderate and strong polar vortex conditions (see text for
definition). Thicker lines indicate where differences to “moderate” are statistically significant at a 95% confidence level, obtained via bootstrapping.
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weak, moderate and strong polar vortex conditions are classified based on the ERA5 zonal‐mean zonal wind at
10 hPa and 60°N, u1060 (weak: u1060 < 0 ms− 1, resulting in 86 forecasts; strong: u1060 > 51.82 ms− 1, ensuring the same
number of forecasts as for weak; moderate vortex: 1,025 forecasts). We generally find the same signals as Beerli
and Grams (2019), in the sense that a strong polar vortex is followed by increased occurrence of the Zonal regime,
whereas a weak polar vortex is followed by increased occurrence of Greenland blocking. It is perhaps surprising
that there is a relatively large impact on the frequency of “no regime” (more often under weak vortex), though this
impact seems to be larger in forecasts than ERA5 (compare to Figure 6 in Beerli & Grams, 2019) and its relative
change compared to climatology is smaller (+30%) compared to Greenland blocking (+103%) and Zonal
(− 74%). The increased occurrence of no regime corresponds to generally weaker geopotential anomalies with
associated weaker projections onto the regimes during periods of a weakened stratospheric polar vortex.

Moreover, there are about 7% more regime transitions observed under weak stratospheric polar vortex conditions
compared to moderate vortex conditions (not shown), which further manifests in more days being classified as
“no regime”.

In addition to the mean frequency of regimes, we quantify the uncertainty of predicted regimes, in particular under
different polar vortex conditions. To quantify the uncertainty associated with the classification into distinct
weather regimes we use the information entropy measure introduced in Section 2.4. Figure 4d shows that after
about 10 days weak polar vortex states are on average associated with reduced uncertainty in the predicted regime,
as indicated by smaller entropy. This is consistent with the fact that forecasts initialized during weak polar vortex
states are associated with increased occurrence of Greenland blocking and “no regime”. However, entropy is not
reduced under strong vortex conditions despite increased occurrence of the Zonal regime. This seems to be due to
reduced occurrence of “no regime” (from 29% to 22%), which climatologically occurs most often. As a result,
ensemble members are more evenly distributed among the eight regimes, which increases entropy.

5. Discussion
Our results have highlighted the added value of decomposing subseasonal forecast uncertainty over the North
Atlantic‐European sector during Boreal winter into uncertainty of the large‐scale flow and uncertainty of near‐
surface weather given a particular large‐scale flow pattern. Here, the large‐scale flow was categorized by the
eight North Atlantic‐European weather regimes introduced by Grams et al. (2017). We now return to the
questions formulated in the introduction.

5.1. How Does Forecast Uncertainty of Near‐Surface Weather at Lead Times of 2–6 weeks Depend on
Weather Regimes?

First, our analysis revealed distinct patterns of Z1000 and T2m forecast uncertainty inherently related to different
weather regimes. These patterns of forecast uncertainty are found independent of whether forecasts categorized
based on the initial regime (see Figures 1 and 2) or based on the regime at each day, separately (see Figure 3). The
fact that the uncertainty patterns of Z1000 and T2m are quite distinct suggests that these uncertainties are driven
by different underlying mechanisms. Z1000 ensemble variance seems to be mostly related to the occurrence of
storms, while T2m ensemble variance seems to be predominantly driven by advection.

5.2. How Does Forecast Uncertainty of Weather Regimes Depend on the Circulation in the Polar
Stratosphere?

Second, we introduced weather regime entropy as a quantitative measure for forecast uncertainty of weather
regimes. The results showed that weak polar vortex states on average reduce weather regime entropy at extended‐
range lead times, implying a reduction of forecast uncertainty (see Figure 4). From this perspective, weak polar
vortex episodes, including sudden stratospheric warmings (SSWs), formwindows‐of‐opportunity for subseasonal
prediction. However, these results require careful interpretation, as the reduction in entropy is partly due to a more
frequent occurrence of “no regime”, which likely is a result of weaker geopotential anomalies and more frequent
regime transitions. Moreover, the reduced uncertainty only corresponds to an actual increase in predictability if
the model is reliable, that is, if predicted regime likelihoods following weak polar vortex states match corre-
sponding regime frequencies in reanalysis data. A corresponding reliability diagram did, unfortunately, not allow
robust conclusions whether the model is reliable, over‐confident or under‐confident (not shown) due to the small
hindcast ensemble size and the scarcity of weak vortex events in reanalysis data. Nevertheless, the average

Geophysical Research Letters 10.1029/2024GL109733

SPAETH ET AL. 7 of 9

 19448007, 2024, 14, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

L
109733, W

iley O
nline L

ibrary on [15/04/2025]. 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



increase in Greenland blocking frequency following weak polar vortex states is consistent between forecasts
(from 10% climatology to 18%) and ERA5 (from 8% climatology to 18%).

While both weak and strong vortex states project onto the NAO, their impact on forecast uncertainty of near‐
surface weather is more nuanced. Specifically, weak vortex states such as SSWs are followed by increased
Greenland Blocking frequency over the course of several weeks, which can enhance regime predictability (Büeler
et al., 2021). However, Greenland Blocking is inherently associated with higher forecast uncertainty of T2m over
Europe. This may create situations where the weather regime following a SSW has increased predictability at
extended‐range lead times, but T2m forecast skill (e.g., in terms of root‐mean‐squared‐error) does in fact
decrease. This has indeed been shown to be the case: Büeler et al. (2020) and Domeisen, Butler, et al. (2020)
found decreased T2m extended‐range forecast skill over Central Europe following weak polar vortex states,
although there are differences between models. While the authors have discussed flow‐dependent model de-
ficiencies as a possible reason, our results suggest an additional interpretation: T2m skill is expected to decrease
following SSWs even in a perfect model, due to the inherently increased T2m variance that is associated with the
tropospheric weak vortex signatures. This increase in T2m variance could be driven, first, by the westward
advection of continental air and, second, by co‐projections of Greenland blocking onto either Atlantic Trough or
Atlantic Ridge, which are related to opposite temperature anomalies over central Europe (see supplementary Text
S2 in Supporting Information S1). Finally, we note that the difference between large‐scale (related to regimes)
and small‐scale (related to Z1000 and T2m) predictability can manifest even in individual SSW cases: supple-
mentary Text S3 in Supporting Information S1 briefly discusses how the February 2018 SSW (e.g., González‐
Alemán et al., 2022; Karpechko et al., 2018; Kautz et al., 2020) was associated with reduced regime uncertainty,
reduced Z1000 uncertainty and increased T2m uncertainty in forecasts.

Data Availability Statement
ERA5 re‐analysis (Hersbach et al., 2020, 2023a, 2023b) and the S2S forecast data (Vitart et al., 2017) used in this
study can be accessed via the websites of the Copernicus Climate Data Store and ECMWF.
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