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ABSTRACT
Weather regimes describe the large-scale atmospheric circulation in the mid-latitudes in terms of a few circulation states that 
modulate regional surface weather conditions on time scales of multiple days to a few weeks. This low-dimensional representa-
tion of weather has proven useful for the study of large-scale dynamics, climate trends, flow-dependent predictability, and as 
proxies for applied medium- to extended-range forecasting in the energy sector, for example. Previous studies have often focused 
on the mean surface weather associated with a regime, with only a few commenting quantitatively on intra-regime variability. In 
this paper, we comprehensively quantify variability of daily surface weather within regimes and show that it cannot be ignored 
as mean-composite approaches can be misleading. Signal-to-noise metrics highlight regime configurations that provide windows 
of predictive opportunity, where surface dynamics are well controlled by the large-scale regime. We discuss in detail wintertime 
temperature and wind speed regime anomalies for four selected countries (Spain, Norway, Germany, and the United Kingdom) 
and show that in each case there is impactful intra-regime variability that can be explained by different subtypes and life cycle 
stages of a regime. This nuance can be captured by continuous regime indices, allowing a refined application of weather regimes 
on the pan-European scale. This relatively simple guidance on regime interpretation and operational use comes without the 
need to change the underlying regime framework. An accompanying interactive archive, documenting intra-regime variability 
in national-scale, energy-relevant variables, supports immediate practical application of our regime analysis for all European 
countries.

1   |   Introduction

As a result of the chaotic nature of the atmosphere, the direct 
prediction of surface weather in Europe with any determinis-
tic accuracy has long been limited to between 1 and 2 weeks 
(Buizza and Leutbecher 2015). However, demand from stake-
holders—especially in the energy sector—for weather predic-
tions on the subseasonal timescale (2–6 weeks) is growing, as 

accurate forecasts of temperature, wind, precipitation, and 
solar radiation anomalies help anticipate renewable output 
and power demand. Longer-range access to this information is 
vital for activities such as forward planning of grid and power 
plant maintenance, and can be highly profitable for traders on 
the energy futures market. Subseasonal forecasting for Europe 
is made feasible by the considerable structured, low-frequency 
variability of the Euro-Atlantic extratropical circulation, which 
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is often understood through the lens of weather regimes: cate-
gorical representations of recurrent quasi-stationary and per-
sistent flow patterns (e.g., Reinhold and Pierrehumbert 1982; 
Vautard 1990; Michelangeli et al. 1995) that typically last sev-
eral days to a few weeks. The regime concept emerged from ini-
tially theoretical considerations (Charney and DeVore 1979), 
and such regimes show signs of dynamically meaningful 
behavior (Faranda et  al.  2016; Hochman et  al.  2021), which 
helps explain their potential for extended-range predictabil-
ity (see Hannachi et al. 2017, for an extended review). While 
exact definitions are diverse, common regime approaches typ-
ically capture the two phases of the North Atlantic Oscillation 
(NAO) and a small number of blocked and/or cyclonic states 
over the east Atlantic and western Europe (Vautard  1990; 
Ferranti et al. 2015).

As regimes modulate large-scale multi-day surface weather 
conditions and the occurrence of extremes (e.g., Yiou and 
Nogaj 2004), their potential value for skilful prediction beyond 
2 weeks has been long recognized (Reinhold 1987) and has, to 
some extent, been realized (Ferranti et al. 2015; Matsueda and 
Palmer 2018; Büeler et al. 2021; Osman et al. 2023), proving use-
ful for the energy sector (Van Der Wiel et al. 2019; Bloomfield 
et  al.  2020). In recent years, awareness of the role meteoro-
logical variability plays in renewable power systems has risen 
(Zubiate et al. 2017; Grams et al. 2017; Van Der Wiel et al. 2019; 
Bloomfield et al. 2021; Mockert et al. 2023, e.g.). The regime con-
cept has been extended to East Asia and South Asia (Matsueda 
and Kyouda 2016; Howard et al. 2022), and North America (Lee 
et al. 2019, 2023; Liu et al. 2023) and unified with the European 
perspective (Messori and Dorrington 2023), supporting regime 
perspectives on pan-Atlantic surface impacts.

Crucially, however, accurate regime predictions do not always 
result in accurate prediction of surface weather. For example, 
the state of the wintertime stratospheric polar vortex is known to 
modulate the occurrence of the different NAO phases (Baldwin 
et  al.  2003). This generally provides a window of subseasonal 
forecast opportunity in the Northern Hemisphere, with en-
hanced skill for the large-scale circulation (Ferranti et al. 2015; 
Matsueda and Palmer 2018; Spaeth et al. 2024). However, a weak 
stratospheric polar vortex can result in reduced skill for surface 
temperature and other energy-relevant parameters in Europe 
(Büeler et al. 2020; Domeisen et al. 2020). For Greenland block-
ing, related to the negative NAO, Spaeth et al.  (2024) recently 
explained this as a result of considerable uncertainty in surface 
temperatures even when the prevailing regime is known. With 
focus on renewable energies, Bloomfield et  al.  (2021) provide 
one of the few studies systematically comparing skill of regime 
approaches on subseasonal scales compared to grid-point based 
forecasts. While traditional regimes tend to have more skill be-
yond week 2 than targeted circulation types, the latter better 
represent the surface weather modulation relevant to the energy 
sector (see also Bloomfield et al. (2020)). Cautionary remarks on 
intra-regime variability, and the need to look beyond mean re-
gime signals have been raised previously in the literature (e.g., 
Neal et  al.  2016; Zubiate et  al.  2017; Grams et  al.  2017, 2020). 
Still, to our knowledge, a quantitative pan-European analysis of 
exactly how much intra-regime variability there is has not been 
shown, except in the context of the more regional circulation or 
weather types (Schiemann and Frei 2010).

The complementary perspective of daily weather patterns or 
types provides a more fine-grained perspective by using a much 
larger number of patterns than is typical in regime approaches. 
Historically, it has roots in the synoptic analysis of daily weather 
variability, dating back to the concept of “Grosswetterlagen” 
introduced by Hess and Brezowsky (1952, 1977), and has been 
greatly expanded upon, generalized, and synthesized across 
European regions since then (Tveito and Huth  2016). The hi-
erarchical approach of Neal et al.  (2016) permits a hybrid per-
spective, using 30 weather patterns suitable for short timescales 
and high characterization of daily surface impact, which is par-
ticularly suited for short-term forecasting up to about 7 days. 
It then aggregates into eight regimes with similar large-scale 
circulation characteristics in the North-Atlantic European re-
gion representing multiday variability, and particularly useful 
for medium- to extended-range forecasting > 1 week. This per-
spective has been developed into the hierarchical weather type/
regime tool “Decider”, implemented on multi-model forecasts 
by the UK Met Office (Neal et al. 2024), and has demonstrated 
utility for various applications, such as forecasting local ex-
treme precipitation and potential flood conditions (Richardson 
et al. 2020), the risk of volcanic ash transport to the British Isles 
(Harrison et al. 2022), but also critical situations in the British 
energy sector (Souto et al. 2024).

In this study, we aim to show how the detailed variability of 
surface weather can be quantified while staying within the 
relatively simple framework of a small number of regimes. 
Specifically, we show how continuous regime indices can iden-
tify distinct subtypes of regimes with radically different surface 
impacts. Working within the 7 year-round regime framework 
of Grams et al.  (2017), we present a detailed analysis of intra-
regime variability in 2 m temperature (T2m) and 100 m wind 
speed anomalies (W100m) during the winter (DJF) season, 
when European energy demand is highest. The Supporting 
Information Gerighausen et  al.  (2024) provides a comprehen-
sive catalogue of intra-regime variability for 3136 combinations 
of regime, season, variable, and region, which we here intro-
duce through a small number of demonstrative examples. We 
highlight when and where intra-regime variability is and is not 
important and how, in many cases, it can be accounted for to 
distinguish between cold/calm and warm/windy anomalies 
in a given regime. We also provide a motivational case study 
of seamlessly predicting the surface impact for a prolonged re-
gime event that showed dramatic variations in surface weather 
during its lifetime. Data and methods are described in Section 2, 
our results are discussed in Section 3, and we present our con-
clusions in Section 4.

2   |   Data and Methods

2.1   |   Weather Regime Definition 
and Characteristics

We use the ERA5 reanalysis from the European Centre for 
Medium-Range Weather Forecasts (Hersbach et  al.  2020) 
over the 43-year period from 01/01/1979 to 31/12/2021. Seven 
year-round weather regimes are defined following Grams 
et al. (2017), based on EOF-analysis and k-means clustering of 
10-day low-pass filtered 500 hPa geopotential height anomalies 
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(Z500′ with respect to a 1979–2019 climatological period) in the 
North-Atlantic European sector (80° W–40° E, 30° N–90° N), 
adapted to ERA5 as explained in Hauser, Teubler, et al. (2023).

Wintertime temperature and wind-speed anomalies during 
each weather regime are shown in Figures 1a–h and 2a–h, re-
spectively. Broadly speaking, the seven regimes distinguish 
two main groups: the “cyclonic regimes”, Atlantic Trough (AT), 
Zonal (ZO), and Scandinavian Trough (ScTr), which are char-
acterized by cyclone activity in the North Atlantic European 
domain and, in winter, bring mild and windy conditions to 
wide parts of Europe (Figure 1a–c). The “anticyclonic regimes,” 
Atlantic Ridge (AR), European Blocking (EuBL), Scandinavian 

Blocking (ScBL), and Greenland Blocking (GL), are character-
ized by a blocking anticyclone in the domain and bring calm but 
colder weather to Central Europe in winter (Figure 1d–g).

In the following we briefly discuss some more details based on 
the surface conditions in winter, but we refer to the more thor-
ough discussion, including the typical Z500 anomalies in the 
supplement of Grams et al. (2017). The ZO regime corresponds to 
the positive phase of the NAO and features a strong Icelandic low 
and above average T2m in most regions of Europe (Figure 1b). 
At the same time ZO brings above average mean wind speeds to 
the UK and countries adjacent to the North and Baltic Seas (2b). 
Variants of these cyclonic regimes are AT and ScTr with cyclone 

FIGURE 1    |    T2m anomalies during DJF in (°C) for the seven weather regimes: (a) Atlantic Trough (AT), (b) Zonal (ZO), (c) Scandinavian Trough 
(ScTr), (d) Atlantic Ridge (AR), (e) European Blocking (EuBl), (f) Scandinavian Blocking (ScBl), (g) Greenland Blocking (GL), and (h) no regime. 
Black contours show mean sea level pressure (every 4 hPa). The occurrence frequency of each regime is given in brackets.

FIGURE 2    |    DJF Wind anomalies in (m/s) for the seven weather regimes and the no regime in shading, as in Figure 1, together with 500 hPa geo-
potential height (black contours every 10 gpdm). The occurrence frequency of the regimes is given in brackets.
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activity shifted toward western Europe or Scandinavia, respec-
tively, and corresponding shifts in the patterns of T2m and wind 
speed anomalies (Figures 1a,c and 2a,c). Importantly ScTr is ac-
companied by a weak ridge (in Z500, Figure 2c) over the Atlantic. 
The related AR regime features a much more amplified ridge 
and a blocking high pressure systems resides over the eastern 
North Atlantic and western Europe, with only weaker cyclone 
activity in Northern Scandinavia (Figures 1d and 2d). Almost 
all of Europe experiences below average T2m and windspeed. In 
southeastern Europe, the central and eastern Mediterranean as 
well as part of Scandinavia wind speed is enhanced during AR. 
Other anticyclonic regimes over Europe are EuBL and ScBL, with 
a blocking high pressure system over central and Northeastern 
Europe, respectively, and accompanying cold conditions over 
most of Europe, except for parts of Scandinavia (Figure  1e,f). 
Also windspeeds are reduced in the North and Baltic Seas re-
gion during EuBL and ScBL, while peripheral regions of Europe 
experience above average wind speed (Figure 2e,f). Finally, GL 
corresponds to the negative phase of the NAO, with a blocking 
high pressure system over Greenland and very cold conditions 
in Northern Europe, while the Mediterranean is milder, in par-
ticular Iberia (Figure 1g). Also wind speed is below average in 
most of Europe, except for enhanced windspeed in Iberia and 
the Mediterranean (Figure 2g). Days attributed to none of the 
seven regimes (“no regime” days) discern hardly from climatol-
ogy (Figures 1h and 2h).

The weather regime index, Iwr, serves as a continuous mea-
sure of weather regime activity and is defined as the normal-
ized projection of 3-hourly Z500′ onto each of the seven cluster 
means. As well as being useful for characterizing North-Atlantic 
European flow variability, the Iwr also permits the definition of 
discrete active life cycles for each regime. Concretely, a regime, 
R, is considered active if Iwr=R > 1.0 for at least five consecutive 
days (see Hauser, Teubler, et al. 2023, for details). If no regime 
meets this criterion for a given date, that date is categorized as 
“no regime”, following (Grams et al. 2017).

We illustrate the concept of Iwr with an example for November 
and December 2022, which will also serve as a case study 

later. Figure 3 shows the Iwr for all seven regimes. Around 10 
November IScBL (dark green) strongly increases, indicating the 
begin of a regime life cycle that lasts until 8 December when 
IScBL falls below 1.0. A peculiarity of the regime definition of 
Grams et  al.  (2017) is that it allows life cycles being active at 
the same time, which other studies showed is physically mean-
ingful. This happens from 18 to 26 November, when IAT (violet) 
is above 1.0 and becomes the dominant regime from 21 to 25 
November (bar at the bottom of Figure 3). This co-existence of 
life cycles means, that blocking persists over Scandinavia but is 
accompanied intermittently for a couple of days by a strong up-
stream trough, which projects into AT (cf. contours of Z500 in 
Figure 1a,f). In early December the ScBL life cycle transitions 
into a GL regime, reflected in a gradual decay of IScBL and an 
increase in IGL (blue). The GL life cycle starts on 3 December 
and becomes the dominant regime on 5 December. In the first 
half of the GL life cycle the IAR (yellow) is also high, but later an 
incipient AT (violet) life cycle becomes a secondary regime. We 
come back to this important aspect of secondary regime activity 
later in this paper.

2.2   |   Surface Weather Anomalies

Daily mean anomalies (computed from 6-hourly ERA5 data) of 
2-m temperature (T2m) and 100-m wind speed (W100m) are 
computed with respect to the 31-day running mean climatol-
ogy at a given calendar day (1979–2021) using data on a 1° grid. 
Then, a linear day-of-year trend is removed to account for any 
potential climate change impact, and a five-day rolling mean is 
applied to remove sub-synoptic variability.

The surface weather anomalies are spatially-averaged over 
the national boundaries of European countries (masked with 
Python-package “regionmask”, available from https://​github.​
com/​regio​nmask/​​regio​nmask​), using cosine-latitude weighting, 
to yield scalar time-series of country-aggregated weather. These 
time series are stratified into terciles for a given regime and sea-
son to investigate differences between cold/calm and warm/
windy situations. After stratification into terciles, we consider 

FIGURE 3    |    Time series of Iwr in November and December 2022. Each colored line shows the normalized weather regime index Iwr for one of the 
regimes in units of one standard deviation (y-axis). Bold lines show active regime life cycles defined as in Hauser, Teubler, et al. (2023). The bar at 
the bottom indicates the categorical attribution of the dominant active life cycle with grey indicating “no regime” days. Data is based on 3-hourly 
ERA5 reanalysis.
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the averaged temporal evolution of all seven Iwr indices in a 20-
day window centred on each date in the respective tercile. The 
resulting lagged Iwr composites allow us to see if the upper or 
lower tercile days systematically occur in a late or early stage of a 
regime's life cycle, or if other regimes are simultaneously active. 
Significant differences in intra-regime flow evolution are quan-
tified with a Kolmogorov–Smirnov test (Stephens  1974) at the 
1% level between Iwr indices in the tercile of interest and those in 
the other two terciles at each time step. As a sensitivity test for 
any impacts of autocorrelation we repeated our analysis strat-
ifying by independent extreme events, and found qualitatively 
similar results. Concretely, Figures S1 and S2 show equivalent 
results to Figures 7 and 8, but stratified by the 10 most extreme 
days coming from individual, separate regime life cycles. The 
10 events are therefore temporally well separated and temporal 
autocorrelation is excluded by construction.

2.3   |   Metrics

To analyse how surface weather anomalies vary within days be-
longing to a given regime, we define two gridpoint metrics: the 
fractional standard deviation (FSTD), �frac,season:

and the signal-to-noise ratio (S2N):

where X  stands for the T2m or W100m anomaly.

These metrics simply correspond to the standard deviation and 
the (sign-invariant) mean of surface weather anomalies in a re-
gime, respectively, scaled by the seasonal standard deviation 
of surface weather. Values of FSTD < 1 indicate a reduction in 
surface-weather variability within a regime compared to the 
season as a whole, with FSTD = 0 corresponding to the naive 
perspective that all surface weather is accounted for by re-
gime activity. Conversely, FSTD > 1 indicates increased surface 
weather uncertainty within a given regime, due to sensitivity to 
small-changes in the large-scale flow. High S2N, meanwhile, in-
dicates that surface weather anomalies are meaningfully strong 
compared to climatic variability. If S2N is low, then the net shift 
in surface weather is negligible in comparison to variability. 
Importantly however, low S2N does not necessarily imply no 
impact of the given regime on surface weather. This is only the 
case if FSTD is close to 1.

3   |   Results

3.1   |   Modulation of Surface Weather Variability by 
Weather Regimes in Winter

A main motivation of this paper is to shed light on how much 
weather regimes affect the daily surface weather variability in 
different regions, in addition to the shift in mean conditions 
summarized in Section 2.1. Therefore, we start with a discussion 

of the modulation of surface weather variability during regimes 
in winter in terms of our two metrics FSTD and S2N, shown in 
DJF for each regime in Figures 4a–p and 5a–p, respectively.

In general, DJF T2m and wind variability is reduced within 
a given regime compared to climatology (i.e., FSTD < 1), sup-
porting the practical utility of regimes for modulating sur-
face weather (Figure  4). For T2m the notable exceptions are 
Mediterranean temperatures during AR (Figure 4d), and—par-
ticularly clearly—south-west European temperatures during GL 
(Figure 4g), which both show elevated temperature variability. 
For GL, this region of unconstrained temperatures is co-located 
with a southward-shifted jet and the eastern edge of a surface cy-
clone in the composite mean (c.f. Z500 contours and MSLP con-
tours in Figure 4g,o, respectively), reflecting the southward shift 
of the storm track during GL (cf. Hauser, Mueller, et al. 2023). In 
this region, mean temperature anomalies are weak (Figure 1g) 
and S2N is low (cyan contour in Figures 4g and 5g): there is lit-
tle mean effect of GL on southwest European temperature. It is 
only over Northern Europe where FSTD < 1 and S2N > 1, indi-
cating reliably and robustly colder weather than usual during 
GL. Elsewhere the impact of GL is uncertain, a result of the 
dominant anticyclonic anomaly that defines the regime sitting 
far upstream and to the north of Europe.

Intra-regime W100m variability is comparatively more hetero-
geneous (Figure 4i–p). Areas of high S2N are rare and spatially 
localized. Importantly, during AT and ZO, high S2N together 
with low FSTD occur over the western coasts of Europe and the 
North Sea (Figure 4i,j), respectively, colocated with robust pos-
itive W100m anomaly during AT and ZO (cf. Figures 2a,b and 
5i,j), which has relevance for regional wind power production 
(cf. Grams et  al.  2017). These areas with low FSTD and high 
S2N indicate regime configurations that provide potential win-
dows of predictive opportunity, where surface dynamics are 
well controlled by the large-scale regime. Overall, during all 
zonal regimes (AT, ZO, ScTr) intra-regime variability along 
western and northern European coasts is reduced (Figure 4i–k). 
However, further inland, variability is also enhanced while 
S2N is generally low (Figures  2a–c and 5i–k). During blocked 
regimes (AR, EuBL, ScBL, GL), wind speed varies less directly 
under the anticyclone (AR, EuBL, ScBL, Figures 2d–f and 4l–n) 
or in the case of GL (Figures 2g and 4o) at the eastern flank of 
the accompanying upper-level ridge and surface high (contours 
in Figures 2a–c and 4l–o). As for the zonal regimes, local areas 
can see enhanced intra-regime variability, such as the Alps and 
parts of Scandinavia and eastern Europe for AR, EuBL, and 
ScBL. GL sees enhanced wind speed variability over the North 
Atlantic and southern Spain. Notably, a high S2N over the North 
Sea region in EuBL and GL indicates robust calm conditions (cf. 
Figures 2e,g and 5m,o) in alignment with Grams et al. (cf. 2017); 
Mockert et al. (cf. 2023).

3.2   |   Details on Intra-Regime Temperature 
Variability

More insights into intra-regime variability in specific regions can 
be gained from probability distributions of country-aggregated 
surface weather anomalies within each regime, shown in 
Figure 6a–d. As a first example, we discuss intra-regime T2m 

(1)�frac,season =
�regime,season

�season

(2)S2N = ∣
Xregime,season

�season

∣

 14698080, 2025, 6, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/m
et.70099 by K

arlsruher Institut Für T
echnologie, W

iley O
nline L

ibrary on [25/11/2025]. 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



6 of 15 Meteorological Applications, 2025

variability for Spain and Norway to shed light on the marked 
FSTD pattern for GL discussed in the previous section. 
Wintertime temperature variability in Spain is largest during 
GL spanning a range of approximately 14 K (c.f. Figure 6a); com-
parable to the total climatology. With a median temperature 
anomaly of approximately 1 K, GL is in fact the second warm-
est regime in Spain on average, but features a long tail of cold 
anomalies. As such, the coldest anomalies during GL, approx-
imately 6 K below typical conditions, are only surpassed by the 
coldest AR and EuBL events. This non-negligible probability of 
cold anomalies is remarkable and totally missing from the mean 
picture of GL as mild in Iberia. This could easily lead to false 
forecasting assumptions. In contrast, GL brings reliably cold 
weather to Norway in winter, almost always colder than typi-
cal and with a median temperature anomaly of approximately 
−4 K (Figure  6b). Thus, the variability of GL in this region is 

one of degree; whether a GL regime bring cold or extremely cold 
conditions.

In order to give guidance in these two contrasting cases of Spain 
and Norway, we explore differences in the atmospheric flow pat-
tern for GL days in the upper and lower tercile of T2m anom-
alies (Figure 7a–f), and in lagged Iwr composites (Figure 7g–j). 
When GL brings cold anomalies over the Iberian Peninsula 
(Figure  7a), the ridge is shifted east over the Atlantic Ocean 
compared to average GL days (Figure  7b), and the trough 
reaches from Scandinavia deep into Central Europe (Figure 7a). 
The jet stream shifts south over northern Africa and negative 
T2m anomalies extend over almost all of Europe. The Iwr com-
posites (Figure 7g) reveal that the cold GL days in Spain occur 
around the peak of GL life cycles and tend to be embedded 
in longer but not necessarily stronger (in terms of Iwr) GL life 

FIGURE 4    |    (a–h) Fractional standard deviation (FSTD) of 2 m wintertime temperature regime anomalies with mean sea level pressure overlaid 
(contours every 4 hPa). (i–p) FSTD of 100 m wind speed anomalies with 500 hPa geopotential height overlaid (contours every 10 gpdm). Cyan contours 
indicate areas with signal to noise ratio > 1 (cf. Figure 5). Percentages above each panel indicate wintertime regime occurrence frequency.
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7 of 15Meteorological Applications, 2025

cycles. More relevant in explaining contrasting T2m anom-
alies during GL in Spain is the co-projection into a secondary 
regime, namely AR, about 3 days prior to the coldest GL days 
in Spain. AR Iwr first exceeds 1 at day −6, shortly after the GL 
Iwr exceeded 1 and decays around the peak of GL at day +2. At 
the same time there is a strong anti-projection into ZO. The co-
occurring AR and strongly suppressed ZO reflects exactly the 
eastward shifted and intensified ridge-trough setup, supporting 
cold air advection from the North and Northeast into the con-
tinent. Warm GL days in Spain occur when the ridge over the 
Atlantic has a northwestern-southeastern tilt, and the jet is wav-
ier (Figure 7c). The flow pattern over the western Mediterranean 
is more south-westerly, leading to warm air advection, while the 
cold air remains confined over Scandinavia and eastern Europe 
(Figure  7c). This occurs shortly after the peak of GL together 

with an anomalous co-projection in AT, while the signature of 
the other anticyclonic regimes is weaker (Figure 7h). Thus for 
GL days in Spain a co-projection in AR results in cold anomalies, 
whereas AT co-projection results in warm anomalies. A similar 
behavior is observed for Western and Central European coun-
tries such as Germany (see Supporting Information). In partic-
ular for Germany, a co-projection in AR or AT modulates the 
potential for energy-critical cold and calm conditions during GL 
(Mockert et al. 2023).

For Norway, cold days during GL show a ridge shifted westward 
(c.f. Figure 7d,e), over the North Atlantic and Greenland. The 
trough over Scandinavia is more extensive than average, bring-
ing extremely cold anomalies to the whole region. Adjacent re-
gions, such as the British Isles or Poland, also experience colder 

FIGURE 5    |    (a–h) Absolute values of the signal to noise ratio of T2m anomalies during the seven weather regimes and the no regime in shadings 
during DJF over Europe and the North Atlantic with mean sea level pressure (black contours every 4 hPa). The red line indicates values above 1. (i–p) 
Absolute values of the signal to noise ratio of wind speed anomalies during the seven weather regimes and the no regime in shadings during DJF 
over Europe and the North Atlantic together with 500 hPa geopotential height (black contours every 10 gpdm). The red line indicates values above 1.
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8 of 15 Meteorological Applications, 2025

anomalies from the stronger intrusion of polar air. Southern 
Europe experiences modestly strengthened warm anomalies, 
and so temperature gradients over central Europe are intensi-
fied. Relatedly, the jet stream is shifted south and intensified 
over the Mediterranean (contours of 500 hPa geopotential height 
in Figure 7d).

These flow changes again project well onto the Iwr (Figure 7i). 
From a secondary regime perspective there is a relatively strong 
co-projection into AR prior to cold days, and into AT during the 
coldest days, while other regimes are suppressed (Figure  7i). 
Cold GL days in Norway are on average 2 days longer than the 
moderately cold GL days (in terms of period with mean Iwr > 1.0) 
and the coldest days (lag 0) generally occur in the decaying stages 
of the regime, with peak GL Iwr 3–4 days prior and higher ampli-
tude than in the other terciles. This suggests a clear interpreta-
tion where the deep trough over Scandinavia, together with the 
ridge over Greenland leads to stronger northerly advection into 
Scandinavia, which builds to a peak during the final days of a 
long-lived GL life cycle (Bieli et al. 2015).

During upper-tercile T2m GL days over Norway, the anomalies 
are still cold, but mildly so, and spread over large parts of north 
and central Europe (Figure  7f). The ridge over the Atlantic is 
more pronounced and much more west–east tilted than on av-
erage, while the trough over Scandinavia is weaker. These days 
occur in the early stages of GL life cycles, about 2 days prior 

to the maximum mean Iwr, indicating that the GL life cycle is 
still in the developing phase (Figure  7j). Interestingly, a co-
projection into ScBL and AR occurs before and around these 
least cold GL days in Norway, and co-projection into AT evolves 
only later. Thus monitoring the projection in AR, ScBL, and AT 
can help to assess the degree of cold response to GL in Norway. 
This analysis of cold and mild regime days may feature some 
confounding autocorrelation in the composite, as may the mean 
composite perspective over all days within a regime. However, 
this is intended as we aim to deduce the statistically significant 
differences in the subsets compared to all days. Nevertheless to 
further corroborate our findings we have repeated the analysis 
in an event-centric perspective (Figure S1). Here we select only 
the 10 most extreme days in terms of temperature anomalies and 
impose the requirement that these days must be chosen from 
individual, separate life cycles. In this event-centric perspective 
our key spatial and index-based findings still hold.

In summary, variations in the atmospheric flow pattern, that 
nevertheless project into the GL regime, are able to explain the 
variability of temperature anomalies over different countries. 
These changes project differently into the Iwr of the active, sec-
ondary, and suppressed regimes and reveal that in some cases, 
for example Norway, the anomalies depend strongly on the 
stage of the regime (early or late), while, for example, in Spain, 
co-occurring secondary regimes are of more importance. This 
knowledge can be used in weather forecasting by not only 

FIGURE 6    |    Distributions of daily 2—metre temperature anomalies (T2m) in Spain and Norway (a, b) and 100—metre wind speed anomalies 
(W100m) in Germany and the United Kingdom (c, d) for all days in each regime, no regime and the wintertime climatology. Black boxes within each 
distribution indicate the interquartile range, while white dots mark the median of each distribution.
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9 of 15Meteorological Applications, 2025

monitoring the potential most likely regime, but also the sub-
type of the current regime as captured by Iwr co-projections.

3.3   |   Wind Speed Variability

As a next example we discuss the variability in W100m anom-
alies in Germany and the UK, shown for selected cases in 
Figure 8a–j. The distributions of W100m anomalies (Figure 6c,d) 
show that ScTr and ZO are the windiest regimes for Germany 
and the UK, respectively. Nevertheless, cyclonic intra-regime 
variability is clearly large, and even these windiest regimes can 
produce wind anomalies below −2 m/s. The large range of vari-
ability, with 25% of days actually calmer than average during 

cyclonic regimes, could lead to unexpected shortfalls in wind 
power output. The anticyclonic regimes are much less variable, 
especially EuBL, which brings calm conditions to both coun-
tries in almost all cases. AR in Germany and ScBL in the UK are 
calm on average as well but can bring windy conditions almost 
half the time. As the intra-regime variability of W100m is rather 
similar for Germany and UK, we focus on the anticyclonic AR 
regime for Germany and the cyclonic ZO regime for UK in the 
following. However, we note that results hold qualitatively for 
both countries (see Gerighausen et al. (2024)).

During calm AR days in Germany, the ridge over the North 
Atlantic extends further to the east and tilts in the southwest-
northeast direction compared to average days (Figure  8a,b), 

FIGURE 7    |    Panels (a–f) Composites of wintertime 2 m temperature anomalies with absolute geopotential height composites overlaid for 
Greenland Blocking (GL) days in the lower (a, d—cold days) and upper tercile (c, f—warm days) in Spain (a, c) and in Norway (d, f). Composites for 
all wintertime GL days are displayed in b and e. Panels (g–j) Lagged composites of the Iwr index in a 20-day window centered on the date of lower/
upper tercile day (lag = 0 days) in both countries shown as solid lines. Significant differences at 1% level between the lagged composite of Iwr for the 
tercile of interest and the lagged composite of Iwr for all other dates using a Kolmogorov–Smirnov test. Dashed lines show the lagged composite of Iwr 
for all other dates.
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10 of 15 Meteorological Applications, 2025

indicative of anticyclonic wave breaking. This places Germany 
in a region of diffluent flow at 500 hPa where the reduced 
geopotential height (and mean sea level pressure) gradients 
likely explain below average W100m anomalies. The Iwr of AR 
is slightly but significantly weaker than on average just prior 
to peak (Figure  8g), but more important in this case are the 
secondary co-projections showing increased EuBL-Iwr and de-
creased ScTr-Iwr, which collectively capture the signature of 
the zonally extended ridge. By contrast, exceptionally windy 
AR days in Germany feature a strong ridge over the North 
Atlantic with an average geopotential height anomaly of 560 
gpdm (Figure 8c), and a concomitant trough over Scandinavia. 
The resulting strong pressure gradient over the North Sea in-
duces very windy conditions over Germany. Iwr for AR peaks 
around the windy days (Figure 8h), with a strong positive ScTr 
co-projection. Together, this places ScTr as the single most im-
portant secondary regime during AR events, which modulates 

the flow away from the dominating ridge, and so shapes the 
German wind impact. For the coastal climate of the UK, lying 
under the Atlantic storm track, the windiest ZO days occur 
during long, particularly strong ZO events (Figure 8e,f,j) with 
significant co-projection into the other cyclonic regimes. This 
leads to an intense, narrowed jet which extends eastward to 
Germany and the Baltics. Calm ZO days for the UK are a result 
of a northward jet excursion, for which the ZO-Iwr is below av-
erage, co-projections into other cyclonic regimes are reduced, 
while Iwr for EuBL is significantly enhanced (Figure  8d,i). 
Thus, a strong simultaneous projection on all cyclonic regimes 
captures abnormally strong wind impacts for the zonal regime, 
while an active EuBL projection can serve to deflect the jet 
enough to leave the UK calmed.

These two examples show that wind speed anomalies are just as 
impacted by regime internal variability as temperature anomalies 

FIGURE 8    |    As in Figure 7 but now for terciles of 100 m wind speed anomalies in Germany during Atlantic Ridge life cycles (a, c, g, h), and the 
UK during ZO life cycles (d, f, i, j).
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11 of 15Meteorological Applications, 2025

and can contain atypical impacts of opposite sign to the mean pic-
ture. This has clear implications for the wind energy sector. As for 
the temperature anomalies, we show how analysis of secondary 
regimes can shed light on these anomalous situations (AR re-
gime in Germany), and indeed we find this is quite generally the 
case across countries, variables, and seasons (see the Supporting 
Information for a comprehensive catalogue of such signatures). 
We also see that in some cases the change of strength of the main 
regime itself can capture the majority of variability, as here for the 
UK under the ZO regime. As for the T2m example, our key find-
ings hold also in the event-centric perspective focusing only on the 
10 calmest or windiest days (Figure S2).

3.4   |   An Exemplary Case Study

3.4.1   |   Overview 2-m Temperature Modulation by GL in 
Germany in Winter

To illustrate the applicability of the proposed regime inter-
pretation, we begin by introducing the interactive navigation 
panel accompanying the catalogue of additional plots down-
loadable as accompanying Supporting Information (Figure 9). 
The navigation panel eases users to explore the range of surface 
impacts within weather regimes across countries and seasons 
provided as plot collection: here exemplarily shown for DJF 

FIGURE 9    |    Output from the interactive navigation panel showing 2-m temperature anomalies (T2m) during Greenland Blocking (GL) life cycles 
in Germany in winter (DJF): Distribution of daily country-averaged T2m anomalies on each winter day and for each regime (top left) as in Figure 6, 
and, as in Figure 7, lagged composites of the Iwr during cold GL (lower tercile, top middle) and warm GL days (upper tercile, top right figure), and 
composites of the T2m anomalies and geopotential height during cold GL (lower tercile, bottom left) and warm GL days (upper tercile, bottom right) 
are shown alongside average GL condition in winter (bottom middle).
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12 of 15 Meteorological Applications, 2025

GL impacts in Germany. The overview of country-aggregated 
surface weather anomalies for all regimes in the top left panel 
shows that GL brings cold T2m anomalies (< 0°C) to Germany 
75% of the time. The middle and right panel on the top show 
that for cold GL days (lower tercile), the Iwr index for GL and 
(negative) Iwr index for ZO increase sharply in amplitude be-
fore day 0 and remain elevated afterward. With AR also active 
(reflected in high values of Iwr index for AR) this captures a 
large-scale Omega block over the North Atlantic, seen in the 
lower left panel. In contrast, warm GL days (upper tercile) 
typically occur during the decay phase of a weak GL regime 
(decreasing Iwr index for GL in upper right panel), and a con-
current increase in the AT regime, reflecting the isolation 
of the block westward and cyclonic conditions over Europe, 
which can be verified in the lower right panel. Equivalent in-
formation is provided for 26 European regions, in all seasons 
and for four key energy variables.

3.4.2   |   The Case of December 2022

To further illustrate the practical value of the regime inter-
pretation in a forecasting context, we present a short case 
study of a GL event during December 2022. Figure 10 shows 
the evolution of the continuous regime indices from ERA5 

reanalysis and from the ECMWF IFS extended-range ensem-
ble forecast, initialized at 00 UTC 28 November 2022 (7 days 
before GL onset). We also show the corresponding evolution 
of spatially averaged T2m in Germany and national onshore 
wind capacity factor (CF; a measure of theoretical renewable 
wind power; see Mockert et al.  (2023) for computational de-
tails). In the early stages of the event, ERA5 and the forecast 
show a dominant ScBL life cycle with co-projection onto EuBL 
then a transition to GL with co-projection into AR (cf. discus-
sion of Figure 3 in Section 2.1). As time progresses, both the 
observed and predicted signals transition toward a dominant 
GL regime in mid-December. Toward the end of the period, 
the GL signal weakens in both ERA5 and the forecast, while 
the projection onto AT strengthens only in ERA5, indicating 
a shift in the large-scale flow in the reanalysis that it is not 
well captured by the forecast. This evolution in regime pro-
jections (depicted by the Iwr) closely corresponds with surface 
impacts. As shown above, GL cold impacts are greatest during 
strong GL conditions accompanied by high projection on AR 
and suppression of ZO. As the flow transitions to AT, tempera-
ture recovers consistent with the climatological picture that 
mild GL days go along with an AT co-projection (Figure  9). 
Likewise wind power generation rises, as reflected by the 
increase in CF. These consistent relations between regimes 
and surface variables highlight the potential of the proposed 

FIGURE 10    |    Case study of a representative GL event in December 2022: Top: The solid lines show the actual evolution of the Iwr index for all re-
gimes in ERA5 reanalysis. Dashed line shows the evolution in the ensemble mean of ECMWF IFS extended-range forecast initialized at 00 UTC 28 
November 2022 and shading indicating the ensemble spread in terms of ±1 standard deviation amongst the 51 ensemble members. Bottom: Evolution 
of spatial mean T2m over Germany (solid red line), along with maximum and minimum values (red shading) taken from ERA5, and the onshore 
wind capacity factor in Germany (dashed blue line) computed as in Mockert et al. (2023). Temperature values are in °C. Data are shown for 4 weeks 
from 28 November to 25 December 2022 with 6-hourly time steps. The bar at the bottom of both plots indicates the maximum Iwr.
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13 of 15Meteorological Applications, 2025

regime interpretation to inform possible impacts on tempera-
ture and renewable energy indicators. Importantly, this case 
study illustrates key aspects of regime evolution which can be 
monitored operationally and their surface impact. Although 
thorough verification is needed across a larger sample of 
events, Iwr indices are already known to be well forecast up to 
week 3 (Büeler et al. 2021). Future work developing the pre-
diction strategy we suggest here should focus on attempting to 
boost usable skill in week 3 and extend into week 4.

4   |   Conclusions

In this paper, we have presented a detailed quantitative analy-
sis of internal variability of daily surface weather within North 
Atlantic–European weather regimes and provided a clear strat-
egy for how to explain and account for that variability consis-
tently within the underlying regime framework.

With four different examples, we have quantified and made 
explicit the earlier observation that variations in daily sur-
face weather within a particular regime can be, and often are, 
large, and so should not be ignored in applications. This is 
somewhat intrinsic to the concept of weather regimes, which 
are mostly defined to capture low-frequency that is multi-
day, variability of the large-scale circulation, and represent 
the most common quasi-stationary, persistent, and recurrent 
flow patterns. However, this notion strongly depends upon the 
European country considered with different characteristics of 
intra-regime variability in different sub-regions. At the same 
time, we show evidence that much of this intra-regime vari-
ability can still be understood within the underlying weather 
regime framework with the added aid of the continuous Iwr 
indices. As such, we provide a roadmap to more refined uses 
of weather regimes and interpretation of regime information 
which allow a user to choose an acceptable trade-off between 
complexity and discriminatory power. The application of this 
regime interpretation in a forecast context can be useful to 
anticipate impacts on surface variables, especially at longer 
leadtimes (beyond 7 days), when the skill of grid-point-based 
forecasts is reduced (Bloomfield et al. 2021). In forecasts sit-
uations where a predicted regime shows a high co-projection 
on another regime, users can confront this configuration of Iwr 
indices with the climatological regime information provided 
as Supporting Information and a prototype interactive naviga-
tion panel to anticipate the surface impacts that a particular 
country could experience.

Three main factors by which the regime indices Iwr modify sur-
face weather are identified:

1.	 Secondary regime indices can be anomalously high, indi-
cating a ‘hybrid’ regime,

2.	 The primary Iwr index may indicate that the surface anom-
alies preferentially occur early/late in a regime's life cycle,

3.	 The magnitude of the primary Iwr index itself may be ex-
ceptionally strong or weak.

Often a combination of at least two factors is evident. Rare cases 
do exist, where either no projection into the Iwr is significant 

and/or there are no changes in the flow pattern, leaving room 
for further investigations of these special cases.

We believe these demonstrative results, supported by a com-
prehensive set of Supporting Information (Gerighausen 
et  al.  2024) downloadable at https://​doi.​org/​10.​5281/​zenodo.​
12923703, will be of immediate and straightforward use to 
various experienced stakeholders, in for example the energy 
and health sectors, and provide a refined interpretation of the 
typical regime approach that will be of use to researchers of 
midlatitude dynamics. The consideration of regime projec-
tions as an additional source of information within an already 
adopted regime framework provides a complementary per-
spective to the hierarchical weather type/weather regime ap-
proach operationalized by the UK Met Office (Neal et al. 2016, 
2024), and both will have relevance for different use cases. 
We note that for short-term (0–5 days) forecasting, when daily 
weather variability matters most for a local forecast, synoptic 
weather types might still be the first choice for a simplification 
of the weather situation. The regime framework is particularly 
suited for forecasts beyond 7 days, when forecast uncertainty 
increases.

In particular, continuous precursor indices may prove con-
venient and valuable low-dimensional inputs into data-
driven forecast-calibration systems. Further work should 
aim to quantify the forecast skill and predictive power of the 
reanalysis-based results we present here. If we conceive of the 
multi-scale challenges of weather forecasting as requiring a 
‘hierarchy of data-analysis’ just as we acknowledge the value 
of a hierarchy of computational models, then the approach we 
describe provides a valuable middle ground between a detailed 
(and data-intensive) consideration of the full atmospheric 
flow, combined weather-type–weather regime approaches, 
and a simple regime-mean framework. We are currently work-
ing toward a free provision of the proposed regime forecasts 
for enabling operational use.
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Additional supporting information can be found online in the 
Supporting Information section. Data S1: Supporting Information. 
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