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Outline

• Biases in sub-seasonal (re)forecasts

• Medium-range / sub-seasonal (re)forecast skill evaluation

• Learnings and challenges from our work with ECMWF’s reforecasts – and what the update to cycles 
48r1 and 49r1 might bring

2



a b

c d

Sub-seasonal (re)forecast biases in Northern Hemisphere extratropical 
cyclone activity (Büeler, Sprenger, and Wernli, under review in QJRMS)
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Largest in summer, 
smallest in winter à role 
for predictability of heat 
and precipitation in 
summer?

Patterns appear at 
medium-range, but 
magnitudes saturate at 
sub-seasonal lead times 
à understanding model drift 
also requires identifying 
bias sources at early lead 
times

Further findings (not shown 
here): cyclones are too 
deep during most seasons

Cyclone frequency biases in winter (DJF)
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Cyclone frequency biases in summer (JJA)

All weeks Weeks 1-2

Weeks 3-4 Weeks 5-6

Cyclone frequency bias [%] Cyclone frequency bias [%]



Year-round sub-seasonal (re)forecast skill for Atlantic-European weather 
regimes (Büeler, Ferranti, Magnusson, Quinting and Grams, 2021, QJRMS; Osman et al., under review in QJRMS; 
Grams et al., 2017, NATCLIM)
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Greenland Blocking (GL) No Regime (no)

Geopotential height anomaly [gpm]
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Skill horizon longest in winter, 
shortest in summer

Strong differences in skill for 
individual regimes à skill horizon 
longest for “ZO” and “GL”, shortest for 
“no regime” and “EuBL”

Despite better skill for regimes than “no 
regime”, useful average regime skill 
still limited to medium-range à 
crucial to extract / better understand 
“windows of opportunity” for useful 
sub-seasonal skill (e.g., stratosphere, 
MJO; cf. Büeler et al., 2021, QJRMS)
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Sub-seasonal (re)forecast skill for 2m-temperature in Europe following 
extreme stratospheric polar vortex states (Büeler, Beerli, Wernli, and Grams, 2020, QJRMS)
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F I G U R E 4 RPSS distributions for T2M in selected European countries of all forecasts (filled grey), of the forecasts initialized in the 2%
strongest (filled dark red), the 10% strongest (filled light red), the 10% weakest (filled light blue), the 2% weakest SPV states (filled dark blue),
and the 2% weakest SPV states if the winter 2008/2009 is excluded from the dataset (hatched dark blue; text gives details). As described in
detail in Section 2.5, the distributions of the filled boxes (including the hatched box) are based on the bootstrapped resampled distributions of
the corresponding forecast group. The blank narrow boxes show the bootstrapped climatological distributions corresponding to each forecast
group. One, two or three stars above a box indicate that the RPSS (filled boxes) is significantly different from its corresponding climatological
RPSS (blank boxes) at the 25, 10, or 5% level. The boxes span the interquartile range, the whiskers indicate the 10 and 90%iles, and the
horizontal dashed lines show the median. The horizontal solid lines indicate the RPSS calculated over all forecasts of the corresponding bin,
independent of the bootstrapped distribution. Figure S1 shows the same analysis but for all European countries

Southern Europe relatively well but tends to be overconfi-
dent with respect to the warm anomalies over Scandinavia
after the 2% strongest SPV states. In contrast, it predicts
the cold anomalies over Scandinavia relatively well but
struggles to capture the correct extent of the cold air
masses into Western, Central, and Southern Europe after
the 2% weakest SPV states. The overall weaker robustness
of both the modelled and observed anomalies after the
2% weakest SPV states may further indicate the stronger
case-to-case variability in the large-scale response (or in
how far the cold air masses extend into Europe) fol-
lowing weak SPV states as found by Beerli and Grams
(2019) and Domeisen et al. (2020b). After normal SPV
states, the model predicts hardly any systematic anoma-
lies, which is consistent with ERA-Interim (not shown). In
the following, we demonstrate how the discussed model
performance after the different SPV states on the large
scale translates into the RPSS for T2M in individual
countries.

Figure 4 shows the RPSS for T2M for a selection of
countries for all forecasts (grey boxes) and for the fore-
cast groups initialized in the specific SPV states (coloured
boxes) which we have already discussed in Figure 3.
We show distributions of the RPSS based on the boot-
strapped resampled distribution introduced in Section 2.5
(filled boxes) in addition to the actual RPSS for a specific

forecast group (horizontal black solid lines inside the
boxes). To test whether the RPSS of a specific forecast
group is significantly different from the climatological (i.e.,
SPV-independent) RPSS, we compare its resampled RPSS
distribution (filled boxes) to the corresponding climato-
logical RPSS distribution (blank narrow boxes) which is
based on randomly selected forecast groups of equal size
(Section 2.5 gives details). Three significance levels are
indicated with one (25% level), two (10% level), or three
stars (5% level) above the corresponding boxes. For brevity,
results are shown for subjectively selected countries from
the different European regions (which, however, does not
necessarily mean that they are representative in terms of
skill; Figure S1 in the Supporting Information shows all
countries). Before focusing on the RPSS conditioned on the
SPV states, it is worth noting that the RPSS of all forecasts
in Figure 4 (grey boxes; as in the RPSS maps in Figure 2) is
significantly different on the 10% level between the coun-
tries with the highest skill, such as Italy or Germany, and
the countries with the lowest skill, such as Spain (because
the 10/90% percentiles of the corresponding grey RPSS
distributions do not overlap). This result itself has implica-
tions for energy meteorology, considering for instance the
dependence of the energy demand of Germany and Spain
on near-surface temperature during winter (e.g., Bessec
and Fouquau, 2008).

Country-aggregated month-ahead forecast skill for 2m-temperature terciles following 
strong and weak stratospheric polar vortex (SPV) states during winter (DJF)

Very strong SPV | Strong SPV | All forecasts | Weak SPV | Very weak SPV



Sub-seasonal (re)forecast skill for 2m-temperature in Europe following 
extreme stratospheric polar vortex states (Büeler, Beerli, Wernli, and Grams, 2020, QJRMS)
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Southern Europe relatively well but tends to be overconfi-
dent with respect to the warm anomalies over Scandinavia
after the 2% strongest SPV states. In contrast, it predicts
the cold anomalies over Scandinavia relatively well but
struggles to capture the correct extent of the cold air
masses into Western, Central, and Southern Europe after
the 2% weakest SPV states. The overall weaker robustness
of both the modelled and observed anomalies after the
2% weakest SPV states may further indicate the stronger
case-to-case variability in the large-scale response (or in
how far the cold air masses extend into Europe) fol-
lowing weak SPV states as found by Beerli and Grams
(2019) and Domeisen et al. (2020b). After normal SPV
states, the model predicts hardly any systematic anoma-
lies, which is consistent with ERA-Interim (not shown). In
the following, we demonstrate how the discussed model
performance after the different SPV states on the large
scale translates into the RPSS for T2M in individual
countries.

Figure 4 shows the RPSS for T2M for a selection of
countries for all forecasts (grey boxes) and for the fore-
cast groups initialized in the specific SPV states (coloured
boxes) which we have already discussed in Figure 3.
We show distributions of the RPSS based on the boot-
strapped resampled distribution introduced in Section 2.5
(filled boxes) in addition to the actual RPSS for a specific

forecast group (horizontal black solid lines inside the
boxes). To test whether the RPSS of a specific forecast
group is significantly different from the climatological (i.e.,
SPV-independent) RPSS, we compare its resampled RPSS
distribution (filled boxes) to the corresponding climato-
logical RPSS distribution (blank narrow boxes) which is
based on randomly selected forecast groups of equal size
(Section 2.5 gives details). Three significance levels are
indicated with one (25% level), two (10% level), or three
stars (5% level) above the corresponding boxes. For brevity,
results are shown for subjectively selected countries from
the different European regions (which, however, does not
necessarily mean that they are representative in terms of
skill; Figure S1 in the Supporting Information shows all
countries). Before focusing on the RPSS conditioned on the
SPV states, it is worth noting that the RPSS of all forecasts
in Figure 4 (grey boxes; as in the RPSS maps in Figure 2) is
significantly different on the 10% level between the coun-
tries with the highest skill, such as Italy or Germany, and
the countries with the lowest skill, such as Spain (because
the 10/90% percentiles of the corresponding grey RPSS
distributions do not overlap). This result itself has implica-
tions for energy meteorology, considering for instance the
dependence of the energy demand of Germany and Spain
on near-surface temperature during winter (e.g., Bessec
and Fouquau, 2008).

Country-aggregated month-ahead forecast skill for 2m-temperature terciles following 
strong and weak stratospheric polar vortex (SPV) states during winter (DJF)

Strong SPV states: 
enhanced skill for 
most of Europe 
except for some 
Scandinavian 
countries
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Sub-seasonal (re)forecast skill for 2m-temperature in Europe following 
extreme stratospheric polar vortex states (Büeler, Beerli, Wernli, and Grams, 2020, QJRMS)
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Southern Europe relatively well but tends to be overconfi-
dent with respect to the warm anomalies over Scandinavia
after the 2% strongest SPV states. In contrast, it predicts
the cold anomalies over Scandinavia relatively well but
struggles to capture the correct extent of the cold air
masses into Western, Central, and Southern Europe after
the 2% weakest SPV states. The overall weaker robustness
of both the modelled and observed anomalies after the
2% weakest SPV states may further indicate the stronger
case-to-case variability in the large-scale response (or in
how far the cold air masses extend into Europe) fol-
lowing weak SPV states as found by Beerli and Grams
(2019) and Domeisen et al. (2020b). After normal SPV
states, the model predicts hardly any systematic anoma-
lies, which is consistent with ERA-Interim (not shown). In
the following, we demonstrate how the discussed model
performance after the different SPV states on the large
scale translates into the RPSS for T2M in individual
countries.

Figure 4 shows the RPSS for T2M for a selection of
countries for all forecasts (grey boxes) and for the fore-
cast groups initialized in the specific SPV states (coloured
boxes) which we have already discussed in Figure 3.
We show distributions of the RPSS based on the boot-
strapped resampled distribution introduced in Section 2.5
(filled boxes) in addition to the actual RPSS for a specific

forecast group (horizontal black solid lines inside the
boxes). To test whether the RPSS of a specific forecast
group is significantly different from the climatological (i.e.,
SPV-independent) RPSS, we compare its resampled RPSS
distribution (filled boxes) to the corresponding climato-
logical RPSS distribution (blank narrow boxes) which is
based on randomly selected forecast groups of equal size
(Section 2.5 gives details). Three significance levels are
indicated with one (25% level), two (10% level), or three
stars (5% level) above the corresponding boxes. For brevity,
results are shown for subjectively selected countries from
the different European regions (which, however, does not
necessarily mean that they are representative in terms of
skill; Figure S1 in the Supporting Information shows all
countries). Before focusing on the RPSS conditioned on the
SPV states, it is worth noting that the RPSS of all forecasts
in Figure 4 (grey boxes; as in the RPSS maps in Figure 2) is
significantly different on the 10% level between the coun-
tries with the highest skill, such as Italy or Germany, and
the countries with the lowest skill, such as Spain (because
the 10/90% percentiles of the corresponding grey RPSS
distributions do not overlap). This result itself has implica-
tions for energy meteorology, considering for instance the
dependence of the energy demand of Germany and Spain
on near-surface temperature during winter (e.g., Bessec
and Fouquau, 2008).

Country-aggregated month-ahead forecast skill for 2m-temperature terciles following 
strong and weak stratospheric polar vortex (SPV) states during winter (DJF)

Strong SPV states: 
enhanced skill for 
most of Europe 
except for some 
Scandinavian 
countries

Weak SPV states: 
enhanced skill for 
Scandinavian 
countries but reduced 
skill for many 
Central/Southern 
European and Balkan 
countries à 
problems in 
predicting varying 
extent of cold air 
masses into 
Central/Southern 
Europe

Very strong SPV | Strong SPV | All forecasts | Weak SPV | Very weak SPV



How well would extreme Mediterranean cyclones in history have been 
predicted with today’s ECMWF forecast system? - Algiers flooding 2001 
case study (Gabriel Vollenweider, 2023, MSc thesis ETH Zürich)
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3.3. Algiers November 2001

The situation is somewhat different for the ensemble hindcasts (red colours). They are generally
more accurate than the other forecasts at longer lead times, while being comparable at shorter lead
times. In addition, they show spreads that are comparable to those of the ensemble forecasts (or
even smaller). This makes the forecast jump less apparent for the hindcasts. Still, the lead time of
5 d marks a clear reduction of ensemble spread, along with a noticeable improvement in accuracy.

For this event, there are many ensemble hindcasts available. Each group of red ensemble hindcasts
(between two blue ensemble forecasts) is sorted according to the corresponding model versions. The
less modern ones are on the left of a group, while the more modern ones are on the right. From
Figure 3.18, it cannot be stated that the most modern hindcast is necessarily the most accurate one.
In fact, it is sometimes even the least modern hindcast that performs the best. Nevertheless, the
ensemble hindcasts are clearly better than the ensemble forecasts from the past (similar to section 3.1,
Brig 1993).

Figure 3.18: Lead time improvements for 2001. Similar to Figure 3.12, but for different evaluation
regions (Figures 3.14i, B.17i, and 3.15i), and for a different evaluation time window (Figures 3.16
and 3.17).
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3.3. Algiers November 2001

The situation is somewhat different for the ensemble hindcasts (red colours). They are generally
more accurate than the other forecasts at longer lead times, while being comparable at shorter lead
times. In addition, they show spreads that are comparable to those of the ensemble forecasts (or
even smaller). This makes the forecast jump less apparent for the hindcasts. Still, the lead time of
5 d marks a clear reduction of ensemble spread, along with a noticeable improvement in accuracy.

For this event, there are many ensemble hindcasts available. Each group of red ensemble hindcasts
(between two blue ensemble forecasts) is sorted according to the corresponding model versions. The
less modern ones are on the left of a group, while the more modern ones are on the right. From
Figure 3.18, it cannot be stated that the most modern hindcast is necessarily the most accurate one.
In fact, it is sometimes even the least modern hindcast that performs the best. Nevertheless, the
ensemble hindcasts are clearly better than the ensemble forecasts from the past (similar to section 3.1,
Brig 1993).

Figure 3.18: Lead time improvements for 2001. Similar to Figure 3.12, but for different evaluation
regions (Figures 3.14i, B.17i, and 3.15i), and for a different evaluation time window (Figures 3.16
and 3.17).
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Ensemble hindcasts (EH; i.e., based on more 
recent model versions) outperform ensemble (EF) 
and deterministic forecast (FC) operational back 
then à improved ensemble mean and spread, 
extended skill horizon

Improvements less obvious for other cases à 
model improvements translate very differently 
into predictability gains for individual extreme 
events

Thesis was insightful, but reached limits of what 
is possible with data availability in ECMWF’s 
public reforecast archive

+7.5d    +6.5d    +5.5d    +4.5d    +3.5d    +2.5d    +1.5d  0d



Ongoing work: how to define climatological reforecast distribution to 
identify extreme temperature in individual ensemble members
(new project on sub-seasonal heatwave/drought prediction with M. Pyrina and D. Domeisen in collaboration with MeteoSwiss)

30d running clim. T2M 
reforecast distribution 
based on individual 
ensemble members

(20 years x 9 initializations x 
11 members = 1980 fields)

30d running clim. T2M 
reforecast distribution 
based on ensemble 
means

(20 years x 9 initializations x 
1 ensemble mean = 180 
fields)

Climatological forecast 
distribution becomes narrower 
with lead time when defined based 
on ensemble means à effect on 
identification of heatwave events 
(i.e., T2M above certain percentile)

Which way to go? How does 
ECMWF do this for EFI?
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Ongoing work: how to define climatological reforecast distribution to 
identify extreme temperature in individual ensemble members
(new project on sub-seasonal heatwave/drought prediction with M. Pyrina and D. Domeisen in collaboration with MeteoSwiss)

2m
-te

m
pe

ra
tu

re
 [°

C
]

2m
-te

m
pe

ra
tu

re
 [°

C
]

Grid point of Zurich

Grid point of Zurich

2m
-te

m
pe

ra
tu

re
 [°

C
]

2m
-te

m
pe

ra
tu

re
 [°

C
]

Grid point of Davos

Grid point of Davos

Substantial model drift of 
both mean and extreme 

percentiles by several °C in 
other, for instance, Alpine 

regions



Learnings and challenges from our work with ECMWF’s reforecasts – 
and what the update to cycles 48r1 and 49r1 might bring

Great and easily accessible treasure that should be used!

Transferability of insight gained from reduced reforecast ensemble (11 members) to 
operational ensemble (51, soon 101, members)?

Irregular initialization frequency makes things more cumbersome, particularly for extreme 
event studies and model intercomparison à daily (?) initialization frequency will help

Too small sample size for flow-dependent (re)forecast verification (e.g., stratification for 
regimes and MJO states) à daily (?) initialization frequency will help, but only slightly à 
more tailored simulations over longer periods required for verification studies?

Sensitivity of verification to mixing of model versions?

Understanding sub-seasonal model drift also requires identifying/understanding bias 
sources at early lead times à parallel medium-range and extended-range reforecasts in 
combination will provide interesting new research dataset (à e.g., role of spatial resolution for 
bias evolution at early lead times?)

Different ways of calculating (re)forecast climatologies (and distributions) to correct for 
biases à should ECMWF provide official guidelines or even datasets?
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