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Sub-seasonal forecast skill for a classic set of 4 seasonal Atlantic-European weather 
regimes (WRs) is relatively well known, particularly for winter (e.g., Ferranti et al., 2018, QJRMS)

However, the increasing use of operational sub-seasonal weather forecasts requires 
a systematic understanding on year-round skill
Furthermore, there are often situations in which the 4 WRs are too coarse to explain 
the regional surface weather modulation in Europe
(e.g., Grams et al., 2020, ECMWF)

In this study, we address these two gaps by systematically verifying a novel set of 7 
year-round Atlantic-European WRs in sub-seasonal forecasts à p.3

Motivation
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Atlantic-European weather regimes (WRs)
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Flow-Dependent Verification of the ECMWF Ensemble over the Euro-Atlantic Sector 917

A key aspect in identification of flow-dependent predictability
is that a defined flow configuration must occur with sufficient
frequency that statistics of ensemble forecast spread can be
gathered. For this reason we use the concept of weather regimes
to classify a reduced number of flow configurations. Such an
approach has often been used (Vautard, 1990; Kimoto and Ghil,
1993) and considers that the intraseasonal variability of the North
Atlantic atmospheric circulation can be described as transitions
between a limited number of recurrent and quasi-stationary states
(or weather regimes). Weather regimes are generally computed by
performing clustering algorithms on a circulation variable (such
as the geopotential height at 500 hPa) (Michelangeli et al., 1995).
The analysis of weather regime frequency of occurrence and/or
persistence provides a synthetic and discrete description of the
complex atmospheric dynamics. This description assumes that
there are preferred regions in phase space where atmospheric
trajectories tend to reside. Indications for such behaviour in
the North Atlantic sector have been provided by Vautard
(1990), Michelangeli et al. (1995), Cassou (2008) and Woollings
et al. (2010) (among others).

This analysis uses the four Euro-Atlantic climatological regimes
that explain about 50% of the low-frequency variability in
this sector, according to most of the studies cited above. We
first diagnose the model’s ability to simulate the variability
associated with these regimes by assessing whether the predicted
regime frequency is systematically different from that observed.
Then we investigate whether those regimes, occurring in the
initial conditions, affect medium-range forecast skill and, more
specifically, we focus on the prediction of regime transitions.

It is fundamental for an ensemble forecast to be reliable, in
the sense that the observed frequency of ‘events’ corresponds well
to the predicted frequency. If the predictions of a certain event
exhibit poor reliability then there is a deficiency in the ensemble
forecast system. We assess the reliability of each of the four
regimes (and the regime transitions) in terms of spread–error
distribution.

The article is organized as follows. Section 2 describes the model
and verification data used and the references to the four Euro-
Atlantic climatological regimes. In section 3 we analyse whether

the model exhibits a bias in simulating the regime frequencies.
We identify which flow regime leads to less accurate predictions
in section 4, while in section 5 we assess the ability of the model
in predicting regime transitions. Section 6 evaluates the reliability
associated with all the cases considered in the study and section 7
contains the summary and further remarks.

2. Data and methods

The present analysis uses the ECMWF operational ensemble
forecasts (ENS) (Leutbecher and Palmer, 2008) and the ECMWF
operational analyses of daily geopotential height at 500 hPa
(Z500). The data used cover five cold seasons from October 2007
to April 2012. The forecasts have not been calibrated and no time
filtering has been applied. The ECMWF ENS, based on 51 forecasts
(1 unperturbed and 50 starting from slightly perturbed initial
conditions), have been designed to simulate initial and, through
the application of stochastic physics, model uncertainties (Buizza
et al., 2008; Palmer et al., 2009; Shutts et al., 2011). At present,
ENS run with approximately 32 km horizontal resolution up to
forecast day 10, and 65 km thereafter. As the ECMWF forecasting
system is in evolution, the analysis is confined to the most recent
winters in order to compromise between reducing discontinuities
associated with the impact of model changes in the forecast data
and having a sufficient amount of cases.

The climatological regimes used in this study have been
computed by using the ‘k-means’ clustering algorithm (Michelan-
geli et al., 1995; Straus et al., 2007) on the distribution of
Z500 daily anomalies taken from the ECMWF reanalysis over
the domain (80◦W–40◦E; 30–90◦N) for the 29 cold seasons
(October–April) 1980–2008. These regimes are computed as
clusters in the phase-space spanned by the ten leading empirical
orthogonal functions (EOFs), which explain 80% of the total
variance. The patterns obtained (Figure 1) correspond to the four
well-known clusters described in other studies conducted over
different periods (Michelangeli et al., 1995; Cassou, 2008; Dawson
et al., 2013; Cattiaux et al., 2013) and considering different reanal-
ysis products (Dawson and Palmer, 2014). In particular, Cattiaux
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Figure 1. (a–d) Geographical patterns of the four Euro-Atlantic climatological regimes (both anomalies and full fields) for the October to April cold season. The
geopotential anomalies (colour shading) and geopotential (contours) at 500 hPa are shown.
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Fig. 1 from Ferranti et al., 2015, QJRMS Grams et al., 2017, NATCLIM

4 classic seasonal WRs Novel set of 7 year-round WRs 
Main advantages

• Year-round
definition

• Explain surface 
weather modulation 
better in situations 
in which 4 WRs are 
too coarse (Grams et 
al., 2020, ECMWF)

https://doi.org/10.1002/qj.2411
https://doi.org/10.1038/nclimate3338
https://www.ecmwf.int/en/newsletter/165/meteorology/how-make-use-weather-regimes-extended-range-predictions-europe
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Example applications of 7 WRs
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WRs drive variability of
wind electricity generation

WRs influence occurrence
of extreme weather

WRs can cause enhanced 
mortality (e.g., in UK)

Grams et al., 2017, NATCLIM Pasquier et al., 2019, GRL
BSc thesis J. Gerighausen, KIT 

is higher than 1%, the likelihood is enhanced (e.g., a fraction of 2%means a doubling of the likelihood of PEs
at that grid point during the respective regime).

During the AT regime, the likelihood of a PE is strongly enhanced along the Atlantic, North Sea, and Baltic
Sea coasts of Europe (Figure 3a). In Brittany, southern England, and around Denmark, the likelihood of a PE
is 2.5 times higher during AT compared to the seasonal mean. The region of enhanced likelihood of a PE
(Figure 3a) coincides with the region of enhanced AR activity during the AT regime (red contour in
Figure 3a, cf. Figure 2a) suggesting that ARs help triggering the PEs. Indeed, in these regions, the AR fre-
quency during a PE often exceeds 80% (Figure S7a). Further to the North, for example, over Ireland,
Scotland, northern England, and Norway, the enhanced likelihood of PEs rather goes along with concomi-
tant cyclone activity (green contour in Figure 3a; see also Pfahl & Wernli, 2012). During the ZO regime, the
likelihood of PEs is enhanced over Northern Europe. Over the British Isles, PEs during ZO are also linked to
AR activity (red contour in Figures 3b and S7b). However, the enhanced PE likelihood further to the north

Figure 3. Enhanced frequency of precipitation extremes (PE; shading, every 0.5 ranging from 1 to 4) in the European
region for all autumn (September to November) days attributed to one of the seven WRs (a–g) and to no regime (h). A
value above 1.0 indicates that the relative PE frequency is higher than the seasonal mean, for example, 2.0 means that the
relative PE frequency during the respective WR is double compared to the seasonal mean. Additional contours indicate
500‐hPa geopotential height (black, every 100 gpm), positive atmospheric river frequency anomaly (red, 5% contour only),
and positive cyclone frequency anomaly (green, 5% contour only). Regime abbreviations and relative WR frequencies (for
September to November, in percent) are indicated in the upper‐left corner of each sub‐panel. AT = Atlantic Trough;
ZO = Zonal; ScTr = Scandinavian Trough; AtR = Atlantic Ridge; EuBL = European Blocking; ScBL = Scandinavian
Blocking; GL = Greenland Blocking.

10.1029/2018GL081194Geophysical Research Letters

PASQUIER ET AL. 1020

Charlton-Perez et al., 2021, in 
preparation for QJRMS
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Figure 3 | Capacity factors and wind-power output in winter. a–d, Country-specific mean capacity factors CF for winter days (DJF, 1985–2016) in the
regimes. e–h, Mean wind electricity generation P (GW) in a regime, not to be confused with instantaneous output. Coloured bars: purple, AT; red, ZO;
orange, ScTr; yellow, AR; light green, EuBL; dark green, ScBL; blue, GL; grey, no regime; red labels, cyclonic; blue labels, blocked; grey labels, no regime. Dark
colours highlight portion above whole winter mean (horizontal line), light colours portion below. 1 GW is approximately the generation of a nuclear power
plant. Bar widths scaled with regime frequency (see Fig. 2). Note the di�erent y-axis scale for f–h compared with e.
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Figure 4 | Future European wind-power output in di�erent scenarios. a–c, Wind-power output P (in GW) as in Fig. 3e. d–f, Absolute di�erence in P (in
GW) to whole winter mean for each regime (coloured bars: purple, AT; red, ZO; orange, ScTr; yellow, AR; light green, EuBL; dark green, ScBL; blue, GL; grey,
no regime; red labels, cyclonic; blue labels, blocked; grey labels, no regime). Dark colours highlight portion above whole winter mean, light colours portion
below. a,d: ‘Current’ scenario with installed wind capacity as of 2015; b,e: planning for 2030; c,f, alternative ‘balanced’ scenario for 2030 with new capacity
deployed in peripheral regions of Europe.

region23 (Supplementary Fig. 11) has important consequences for
weather-regime-dependent volatility. While the ratio of volatility
and mean generation remains at 66%, in absolute terms it increases
from 22.4GW in 2015 to 51.7GW in 2030 (Fig. 4d,e). Instead,
investing in new capacity based on understanding weather-regime-
dependent generation patterns can almost entirely eliminate bulk
volatility. This is revealed by simulations where all yet-to-be-
installed capacity is distributed in peripheral regions of Europe
(Iberia, Balkans, northern Scandinavia), which are characterized
by di�erent inter-regime behaviour than the North Sea. In this
hypothetical scenario, mean generation is almost the same, at
76.7GW (Fig. 4c and Supplementary Table 5), but volatility is
reduced threefold to 15.7GW (Fig. 4f), that is, only 20% of mean
generation. Production increases during the critical blocked regimes
at the expense of reduced production during cyclonic regimes
(Fig. 4c,f).

Amore detailed statistical view on the time series of Europe-wide
wind generation illustrates the intra-annual variations on short
(hours to days) and multi-day (days to weeks) timescales (Fig. 5).
Seasonal variations alter the overall production level (Supplemen-
tary Discussion 6 and Supplementary Figs 13–15). The 5-day mov-
ing average (bold in Fig. 5a) represents multi-day variability, which
cannot easily be addressed by storage and flexible demand15,16 and

is primarily caused by weather regimes. The balanced deployment
scenario strongly reduces this multi-day variability to levels already
experiencedwith the current fleet, yet reaching a similarly enhanced
mean production as in the planned scenario (Fig. 5b, right). This
results from balancing weather-regime-dependent multi-day
volatility by widespread deployment across Europe. The larger
variability for the full time series (Fig. 5b, left) reflects the remaining
short-term fluctuations within each regime. Furthermore, large
power swings during regime transitions in the planned scenario
(yellow-highlighted, Fig. 5a) could require radical changes to grid
management, whereas a balanced deployment limits these ramps8.
The lower 5th percentile increases by about 10GW in all seasons
reflecting higher fleet-wide minimum output (Fig. 5b). Skewness in
the mean distribution of CF for the current system towards low CFs
during blocked regimes and a tail towards high CFs during cyclonic
regimes reflect weather-regime-dependent multi-day volatility
(black in Fig. 5c). The severe lull during EuBL is apparent with
CFs frequently below 0.2. Planned deployment in the North Sea
region aggravates this problem and separates the CF distribution
for cyclonic and blocked regimes further (Fig. 5d). However, in the
balanced scenario the distributions of CF for all weather regimes
are similar and shift towards higher CFs, indicating that multi-day
volatility has been removed leaving only normally distributed

4

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

NATURE CLIMATE CHANGE | ADVANCE ONLINE PUBLICATION | www.nature.com/natureclimatechange

LETTERS NATURE CLIMATE CHANGE DOI: 10.1038/NCLIMATE3338

a

0.0
0.1
0.2
0.3
0.4
0.5

0
10
20
30
40
50

0
3
6
9

12
15

0
3
6
9

12
15

0
3
6
9

12
15

0.0
0.1
0.2
0.3
0.4
0.5

0.0
0.1
0.2
0.3
0.4
0.5

0.0
0.1
0.2
0.3
0.4
0.5

Europe

CF CF CF CF

Germany Spain Greece

P 
(G

W
)

P 
(G

W
)

P 
(G

W
)

P 
(G

W
)

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

A
T

ZO Sc
Tr A
R

Eu
BL

Sc
BL G

L

N
o

b c d

e f g h

Figure 3 | Capacity factors and wind-power output in winter. a–d, Country-specific mean capacity factors CF for winter days (DJF, 1985–2016) in the
regimes. e–h, Mean wind electricity generation P (GW) in a regime, not to be confused with instantaneous output. Coloured bars: purple, AT; red, ZO;
orange, ScTr; yellow, AR; light green, EuBL; dark green, ScBL; blue, GL; grey, no regime; red labels, cyclonic; blue labels, blocked; grey labels, no regime. Dark
colours highlight portion above whole winter mean (horizontal line), light colours portion below. 1 GW is approximately the generation of a nuclear power
plant. Bar widths scaled with regime frequency (see Fig. 2). Note the di�erent y-axis scale for f–h compared with e.
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Figure 4 | Future European wind-power output in di�erent scenarios. a–c, Wind-power output P (in GW) as in Fig. 3e. d–f, Absolute di�erence in P (in
GW) to whole winter mean for each regime (coloured bars: purple, AT; red, ZO; orange, ScTr; yellow, AR; light green, EuBL; dark green, ScBL; blue, GL; grey,
no regime; red labels, cyclonic; blue labels, blocked; grey labels, no regime). Dark colours highlight portion above whole winter mean, light colours portion
below. a,d: ‘Current’ scenario with installed wind capacity as of 2015; b,e: planning for 2030; c,f, alternative ‘balanced’ scenario for 2030 with new capacity
deployed in peripheral regions of Europe.

region23 (Supplementary Fig. 11) has important consequences for
weather-regime-dependent volatility. While the ratio of volatility
and mean generation remains at 66%, in absolute terms it increases
from 22.4GW in 2015 to 51.7GW in 2030 (Fig. 4d,e). Instead,
investing in new capacity based on understanding weather-regime-
dependent generation patterns can almost entirely eliminate bulk
volatility. This is revealed by simulations where all yet-to-be-
installed capacity is distributed in peripheral regions of Europe
(Iberia, Balkans, northern Scandinavia), which are characterized
by di�erent inter-regime behaviour than the North Sea. In this
hypothetical scenario, mean generation is almost the same, at
76.7GW (Fig. 4c and Supplementary Table 5), but volatility is
reduced threefold to 15.7GW (Fig. 4f), that is, only 20% of mean
generation. Production increases during the critical blocked regimes
at the expense of reduced production during cyclonic regimes
(Fig. 4c,f).

Amore detailed statistical view on the time series of Europe-wide
wind generation illustrates the intra-annual variations on short
(hours to days) and multi-day (days to weeks) timescales (Fig. 5).
Seasonal variations alter the overall production level (Supplemen-
tary Discussion 6 and Supplementary Figs 13–15). The 5-day mov-
ing average (bold in Fig. 5a) represents multi-day variability, which
cannot easily be addressed by storage and flexible demand15,16 and

is primarily caused by weather regimes. The balanced deployment
scenario strongly reduces this multi-day variability to levels already
experiencedwith the current fleet, yet reaching a similarly enhanced
mean production as in the planned scenario (Fig. 5b, right). This
results from balancing weather-regime-dependent multi-day
volatility by widespread deployment across Europe. The larger
variability for the full time series (Fig. 5b, left) reflects the remaining
short-term fluctuations within each regime. Furthermore, large
power swings during regime transitions in the planned scenario
(yellow-highlighted, Fig. 5a) could require radical changes to grid
management, whereas a balanced deployment limits these ramps8.
The lower 5th percentile increases by about 10GW in all seasons
reflecting higher fleet-wide minimum output (Fig. 5b). Skewness in
the mean distribution of CF for the current system towards low CFs
during blocked regimes and a tail towards high CFs during cyclonic
regimes reflect weather-regime-dependent multi-day volatility
(black in Fig. 5c). The severe lull during EuBL is apparent with
CFs frequently below 0.2. Planned deployment in the North Sea
region aggravates this problem and separates the CF distribution
for cyclonic and blocked regimes further (Fig. 5d). However, in the
balanced scenario the distributions of CF for all weather regimes
are similar and shift towards higher CFs, indicating that multi-day
volatility has been removed leaving only normally distributed
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3 Ergebnisse und Interpretation

Abbildung 3.3: Auftretenshäufigkeit von 2 m Kälteextreme im Winter mit gemittelter Bodendruckvertei-
lung. 1,0 entspricht der klimatologisch erwartbaren Häufigkeit, Werte über (unter) 1,0 einer
erhöhten (geringeren) Auftretenswahrscheinlichkeit. In der linken Spalte die blockierenden
Regime AR, ScBL, EuBL und GL, in der rechten die zonalen Regime AT, ScTr, ZO (Angabe
unten links, mit Perzentil und Jahreszeit).

ScTr hingegen liegt die Zone mit höheren TA sehr weit im Osten und die vom Bodentief transpor-
tierte Luft vom Atlantik ist in Europa nicht außergewöhnlich mild, sodass die Wahrscheinlichkeit
für Hitzeextreme dort kaum steigt.

Hitzeextreme treten bei den blockierenden Wetterregimen in den Randbereichen Europas auf. Wie
bereits erwähnt führt das GL unter Umständen in Teilen Spaniens und Italiens zu Hitzeextremen.

14

3 Ergebnisse und Interpretation

Abbildung 3.7: Auftretenshäufigkeit von 2 m Hitzeextreme im Sommer mit gemittelter Bodendruckvertei-
lung. 1,0 entspricht der klimatologisch erwartbaren Häufigkeit, Werte über (unter) 1,0 einer
erhöhten (geringeren) Auftretenswahrscheinlichkeit. In der linken Spalte die blockierenden
Regime AR, ScBL, EuBL und GL, in der rechten die zonalen Regime AT, ScTr, ZO (Angabe
unten links, mit Perzentil und Jahreszeit).

lich ziehende Tiefdruckgebiete diese Regionen aus der Hochdruckzone herausbefördern und somit
Hitzeextreme unterbinden. Die ATW-Steigerungen auf dem Meer hängen auf dem Atlantik sehr
wahrscheinlich mit dem vorhandenen Azorenhoch und auf der Barentssee mit der Südströmung
zusammen.
Auffällig ist, dass keines der Regime zu sehr starken Änderungen der ATW in Südeuropa führt.
Die lokalen Steigerungen bis drei in Südosteuropa von AR, ScTr und GL in Südwesteuropa durch

20
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How well do sub-seasonal forecasts predict the 7 year-round Atlantic-European 
WRs?

Role of forecast calibration for WR representation
Verification of WR duration, number, and transitions
Verification of WR forecast skill

How do lower-frequency planetary-scale processes affect WR forecast skill?

How might synoptic-scale processes affect WR forecast skill?

Research questions
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ECMWF IFS reforecasts (S2S project database) (Vitart et al., 2017, BAMS)

Reforecast period: 1997 – 2017, init. from ERA-Interim every ~2 days à 4080 in 
total
11 ensemble members (10 perturbed, 1 control)
Daily output

Sub-seasonal forecast data
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https://doi.org/10.1175/BAMS-D-16-0017.1
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Weather regime identification

7

Z@500hPa cluster mean
WR anomalies in ERA-Interim

WR index
in ensemble forecast

WR life cycle frequency
in ensemble forecast

Atlantic Trough (AT)  Zonal (ZO)  Scandinavian Trough (ScTr)  Atlantic Ridge (AR)  European Blocking (EuBL)  Scandinavian Blocking (ScBL)  Greenland Blocking (GL)  no regime (no)

Projection of low-pass-filtered and seasonally 
normalized Z500 anomalies in forecast on 7 cluster 

mean Z500 anomalies to obtain 7 WR indices

Apply life cycle criteria (WR index maximum and 
above threshold for at least 5 consecutive days) to 
obtain WR life cycle probability at each lead time
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Role of forecast calibration for weather regime
frequency biases and forecast skill
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500 hPa geopotential height biases

9

10 d lead time 20 d lead time 30 d lead time

1 Jan

2 Jul

Z500 biases tend to saturate on 
sub-seasonal lead times

Hardly biases in Atlantic-European 
domain (purple) in winter (except 
upstream)

Strongest biases in Atlantic-
European domain in summer

WR frequency biases in non-
calibrated forecasts (without Z500 
biases being removed) compared to 
calibrated forecasts (with Z500 
biases being removed)? à p.10
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WR life cycle frequency biases

10

DJF

Non-
calibrated 
(Z500 bias 
not 
removed)

Calibrated 
(Z500 bias 
removed)

MAM JJA SON

No significant (bold lines) WR 
frequency biases in winter

Most significant biases in summer 
(consistent with Z500 biases; p.9)

Forecast calibration most effective in 
summer, but important biases remain
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Verification of weather regime duration, 
number, and transitions
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WR life cycle duration and number

12

DJF JJA

Winter: Zonal regime and 
Greenland Blocking most 

persistent, European Blocking 
least persistent

Summer: European Blocking 
and Atlantic Trough most 

persistent, Zonal regime least 
persistent

E.g., remaining positive (negative) EuBL
(ScBL) frequency biases in calibrated 

forecast (p.10) can partly be explained by 
too many (few) life cycles

Forecast life cycle duration
ERA life cycle duration

Forecast life cycle number
ERA life cycle number
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WR life cycle transition frequencies and biases

13

DJF JJA

ERA 
frequencies

Model
biases

Some very frequent transitions without biases 
(e.g., Greenland Blocking to Atlantic Trough in all 
seasons) à useful information to judge forecast 

performance in advance?

E.g., remaining positive (negative) EuBL (ScBL) 
frequency biases in calibrated forecast (p.10) 

can also partly be explained by too many (few) 
transitions into EuBL (ScBL)
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Verification of weather regime forecast skill
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Year-round skill for all WRs on average

15

Model 
forecast 
(example)

Clim. 
reference 
forecast 
(clim. 
frequency 
in ERA)

Year-round skill horizon is ~14d 
if focusing on fair Brier skill 
score (BSS) level of 0.1 as 
reasonable “level of skill”

BSS
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Seasonal skill for all WRs on average

16

Skill horizon in winter ~5d longer than 
in summer and spring, ~3d longer 
than in autumn

Some of these differences are 
explained by differences in intrinsic 
predictability à nevertheless, e.g., 
summer skill can likely be further 
improved considering its largest WR 
frequency biases (p.10) 
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Year-round skill for individual WRs

17

Skill horizon for European Blocking
3-5d shorter (significant!) than for all 
others, including related 
Scandinavian Blocking

Skill horizon for Zonal regime and 
Greenland Blocking generally longest

How do the individual seasons 
explain this year-round pattern?
à p.18
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Seasonal skill for individual WRs

18

DJF MAM

JJA SON

Skill for European Blocking among 
the lowest in all seasons

Difference in year-round skill between 
European and Scandinavian Blocking 
(p.17) driven by summer and autumn, 
but skill is similarly low in winter and 
spring à improving well-known 
continental blocking problems 
requires a better understanding of the 
dynamics of these two blocking types

High year-round skill for Zonal regime 
and Greenland Blocking driven by 
winter, likely due to high persistence 
(p.12) and stratospheric influence
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Role of lower-frequency planetary-scale
processes for weather regime forecast skill
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Stratospheric polar vortex (SPV)

20

Strong / stable SPV Weak / disrupted SPV

Figure source: NOAA
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Role of SPV for average WR winter forecast skill

21

Very strong vs. very weak SPV
at forecast initial time

Stronger- vs. weaker-than-normal SPV
at forecast initial time

However, sub-seasonal skill tends to be 
increased following strong but reduced 

following weak SPVs (consistent with
Büeler et al., 2020, QJRMS)

Medium-range skill 
tends to be enhanced
following strong and 

weak SPVs

Sub-seasonal skill tends to be 
enhanced following normal SPVs for 
tercile definition à interesting, but we 

have no explanation for this yet

https://doi.org/10.1002/qj.3866
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Madden-Julian Oscillation (MJO)

22

Extratropical responses to MJO kicks have been extensively
described16–19. In this study, I adopt a novel approach more relevant
to forecasting issues, and combine both tropical and extratropical
clusters to investigate how the MJO influences the known and inde-
pendent North Atlantic modes on medium-range timescales. For the
eight MJO phases and for lags of up to115 days (MJO in advance), I
count the number of occurrences of each weather regime and

compare this number to its mean (Fig. 3). The relationship between
phase 1 of theMJO and the occurrence of the four weather regimes is
marginally significant. By contrast, the other MJO phases strongly
suggest a significant tropical forcing upon the North Atlantic
dynamics. For instance, phase 3 is not discriminative for the NAO
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Figure 1 | Wintertime North Atlantic weather regimes. Centroids of the
four weather regimes obtained from daily anomalous geopotential height at
the 500-hPa altitude (Z500, colour) from the National Center for
Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) Reanalysis. Each percentage corresponds to the stated
number of days and represents the mean frequency of occurrence of the
regime computed over 1974–2007 from 1 November to 31 March. Contour
intervals are 25m. Details on the algorithm used for clustering are given in
the Methods Summary and Supplementary Information.
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Figure 2 | Dynamical and thermodynamical signatures of the eight phases
of the MJO. Wintertime composite of OLR (colour) and stream function
anomalies at 300 hPa (PSI300, contours) for the eight phases. Only strong
MJOcycles are retained, corresponding to the stated number of days for each
phase (see Supplementary Information). Bluer colours correspond to
enhanced convection activity and wetter conditions, and redder colours
correspond to reduced convection activity and drier conditions. Shading
intervals are 4Wm22 for OLR. Contour intervals are 13 106m2 s21 for
PSI300, starting at623 106m2 s21. Positive values (solid) in the Northern
Hemisphere and negative values (dashed) in the Southern Hemisphere
represent anomalous anticyclonic circulation.
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Figure 2 | Dynamical and thermodynamical signatures of the eight phases
of the MJO. Wintertime composite of OLR (colour) and stream function
anomalies at 300 hPa (PSI300, contours) for the eight phases. Only strong
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Hemisphere and negative values (dashed) in the Southern Hemisphere
represent anomalous anticyclonic circulation.
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Fig. 2 from Cassou, 2008, NAT
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pendent North Atlantic modes on medium-range timescales. For the
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count the number of occurrences of each weather regime and
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phase 1 of theMJO and the occurrence of the four weather regimes is
marginally significant. By contrast, the other MJO phases strongly
suggest a significant tropical forcing upon the North Atlantic
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Figure 2 | Dynamical and thermodynamical signatures of the eight phases
of the MJO. Wintertime composite of OLR (colour) and stream function
anomalies at 300 hPa (PSI300, contours) for the eight phases. Only strong
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intervals are 4Wm22 for OLR. Contour intervals are 13 106m2 s21 for
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Hemisphere and negative values (dashed) in the Southern Hemisphere
represent anomalous anticyclonic circulation.
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Shading:
OLR anomalies

Contours:
300 hPa stream 
function anomalies
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Role of active MJO for average WR forecast skill

23

DJF MAM

JJA SON

Active MJO at forecast initial time 
hardly modifies average regime skill 
compared to non-active MJO in all 
seasons – even in winter, when the 
MJO effect tends to be highest

However, this results from a balance 
between enhanced skill following 
some MJO phases but reduced skill 
following others à p.24
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Role of MJO phases for year-round average WR forecast skill

24

Strongest reduction in medium-
range skill following phase 2 

(primarily in spring and autumn)

Strongest increase in medium-
range skill following phase 4 

(primarily in winter and autumn)

Strongest increase in sub-
seasonal skill following phase 7 
(primarily in winter and spring)

X

Phase 1 Phase 2 Phase 3 Phase 4

Phase 5 Phase 6 Phase 7 Phase 8



30 April 2021 | dominik.bueeler@kit.edu IMK-TRO25

Role of synoptic-scale processes for
weather regime forecast skill?
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Warm conveyor belts (WCBs)

26

Warm conveyor belts (WCBs) = pole- and 
upward ascending airstreams in extratropical 
cyclones, with strong cloud-diabatic 
processes involved

WCBs efficiently pump air from the lower into 
the upper troposphere and thereby often 
contribute to a downstream ridge 
amplification and onset / maintenance of 
blocking (e.g., Grams et al., 2011, QJRMS; Pfahl et al., 
2015, NATGEO)

How do sub-seasonal models represent 
WCBs and what might be the role of 
associated biases for blocking forecasts?
à p.27Fig. 1 from Quinting and Grams, 2021, JAS

See also EGU contribution

EGU21-14238 by Christian M. Grams 

https://doi.org/10.1002/qj.891
https://doi.org/10.1038/NGEO2487
https://doi.org/10.1175/JAS-D-20-0139.1
https://doi.org/10.5194/egusphere-egu21-14238
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Recently done in our research group
Development of a sophisticated statistical model to identify WCBs in reanalysis or 
model data in a simple and Eulerian way (Quinting and Grams, 2021, JAS)

Verification of WCBs in sub-seasonal forecasts (biases, skill) (Wandel et al., 2021, submitted to JAS)

Next steps
Relate representation of WCBs to WR skill à for instance, how are WCB biases over 
the North Atlantic related to the relatively low sub-seasonal skill for the European 
Blocking?

Role of WCBs for blocking forecast skill?

27

https://doi.org/10.1175/JAS-D-20-0139.1
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Take-home messages (Büeler et al., 2021, soon submitted to QJRMS)

28

Overall best sub-seasonal forecast performance in winter and worst in 
summer (Z500 biases, WR frequency biases, WR skill) à forecast 
calibration most important for summer, but some WR biases remain  
(which can partly be explained by biases in WR life cycle duration, 
number, and transitions)

Year-round skill horizon for European Blocking ~3-5d shorter than for 
other WRs, including Scandinavian Blocking but only in summer and 
autumn à better understanding of the dynamics of these two blocking 
types needed to improve continental blocking forecasts

Year-round skill horizon for Zonal regime and Greenland Blocking 
longest (driven by winter, probably influenced by enhanced persistence 
and stratosphere-troposphere coupling)
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Average winter WR skill horizon longer after strong SPV, but shorter 
after weak SPV (but only for “truly strong” SPV) (see also Büeler et al., 2020, QJRMS)

Average year-round WR skill enhanced after MJO phases 7 and 4, but
reduced after phase 2 (driven by winter, but also spring and autumn)

Take-home messages (Büeler et al., 2021, soon submitted to QJRMS)

29

à Overall: There is promising potential for year-round WR skill improvement, for 
instance by removing large biases in summer and by improving model response 
following weak SPVs and certain MJO phases in winter and the transition seasons

https://doi.org/10.1002/qj.3866
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Content of this study will be submitted soon as
Büeler, D., Ferranti, L., Magnusson, L., Quinting, J. F., and Grams, C. M., 2021: Flow-
dependent sub-seasonal forecast skill for year-round Atlantic-European weather
regimes, QJRMS

Contact
@ dominik.bueeler@kit.edu

dombueeler
https://www.imk-tro.kit.edu/english/7428_7600.php

Further information

30

https://twitter.com/dombueeler
https://www.imk-tro.kit.edu/english/7428_7600.php
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