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Motivation | Weather dependence of energy industry 
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Motivation | Polar vortex – weather regimes – wind power 

Stratospheric and tropospheric annular
mode variations are sometimes independent of
each other, but (on average) strong anomalies
just above the tropopause appear to favor tro-
pospheric anomalies of the same sign. Oppos-
ing anomalies as in December 1998 (Fig. 1) are
possible, but anomalies of the same sign dom-
inate the average (Fig. 2).

To examine the tropospheric circulation
after these extreme events, we define weak
and strong vortex “regimes” as the 60-day
periods after the dates on which the !3.0 and
"1.5 thresholds were crossed. Our results are
not sensitive to the exact range of days used
and do not depend on the first few days after
the “events.” We focus on the average behav-
ior during these “weak vortex regimes” and

“strong vortex regimes,” as characterized by
the normalized AO index (22). The average
value (1080 days) during weak vortex re-
gimes is !0.44, and "0.35 for strong vortex
regimes (1800 days). The large sample sizes
contribute to the high statistical significance
of these averages (23). During the weak and
strong vortex regimes the average surface
pressure anomalies (Fig. 3) are markedly like
opposite phases of the AO (11) or NAO (14),
with the largest effect on pressure gradients
in the North Atlantic and Northern Europe.

The probability density functions (PDFs) of
the daily normalized AO and NAO indices (24)
during weak and strong vortex regimes are
compared in Fig. 4. More pronounced than the
shift in means are differences in the shapes of

the PDFs, especially between the tails of the
curves. Values of AO or NAO index greater
than 1.0 are three to four times as likely during
strong vortex regimes than weak vortex re-
gimes. Similarly, index values less than !1.0
are three to four times as likely during weak
vortex regimes than strong vortex regimes. Val-
ues of the daily AO index greater than 1.0 and
less than !1.0 are associated with statistically
significant changes in the probabilities of
weather extremes such as cold air outbreaks,
snow, and high winds across Europe, Asia, and
North America (25). The observed circulation
changes during weak and strong vortex regimes
are substantial from a meteorological viewpoint
and can be anticipated by observing the strato-
sphere. These results imply a measure of pre-
dictability, up to 2 months in advance, for AO/
NAO variations in northern winter, particularly
for extreme values that are associated with un-
usual weather events having the greatest impact
on society.

Since the NAO and AO are known to mod-
ulate the position of surface cyclones across the
Atlantic and Europe, we examine the tracks of
surface cyclones with central pressure less than
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Fig. 1. Time-height development of the northern annular mode during the winter of 1998–1999.
The indices have daily resolution and are nondimensional. Blue corresponds to positive values
(strong polar vortex), and red corresponds to negative values (weak polar vortex). The contour
interval is 0.5, with values between !0.5 and 0.5 unshaded. The thin horizontal line indicates the
approximate boundary between the troposphere and the stratosphere.
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Fig. 2. Composites of time-height development of the northern annular mode for (A) 18 weak
vortex events and (B) 30 strong vortex events. The events are determined by the dates on which
the 10-hPa annular mode values cross –3.0 and"1.5, respectively. The indices are nondimensional;
the contour interval for the color shading is 0.25, and 0.5 for the white contours. Values between
!0.25 and 0.25 are unshaded. The thin horizontal lines indicate the approximate boundary
between the troposphere and the stratosphere.
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Fig. 3. Average sea-level pressure anomalies
(hPa) for (A) the 1080 days during weak vortex
regimes and (B) the 1800 days during strong
vortex regimes.
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the wind speed at 10 m (in m s!1), following the
approach of Manwell et al (2010) in which wind power
is primarily a function of the volume throughput of air
driving the blades of a turbine. r is the air density,
computed here using the ideal gas law (r = P/RT),
where P, T and R are the pressure, temperature and
specific gas constant for dry air (287.058 J kg!1 K!1)
respectively. For reasons of data availability, we use
pressure at mean sea level and temperature at 2 m.

Seasonal means of power density were produced for
each gridpoint by averaging over power densities
computed using the daily-mean output from the
GloSea5 hindcasts and 6-hourly means from the ERA
Interim verifying reanalysis. Data at finer temporal
resolution (which was not available) would have been
preferred for this analysis, since the mean of U3 is only
equal to the cube of daily mean U in the absence of
sub-daily variability. The correlation with power

0.3 0.4 0.5 0.6 0.7 0.8

Figure 1. Correlation between GloSea5 ensemble mean and ERA Interim sea level pressure for DJF compiled from 20 years of
simulation. Mask (white areas) applied to correlations not significantly greater than zero at 10% level.
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Figure 2. Correlations between NAO on winter near-surface wind speed (left column) and temperature (right column). Observed
(ERA Interim) relationships are shown in the top row. Middle row shows ensemble member relationships in hindcasts. Bottom row
shows ensemble mean relationships in hindcasts. Mask (white areas) applied to correlations not significant at 10% level.
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State of the stratospheric polar vortex (PV) as a direct source of 
subseasonal predictability for European energy industry? 

e.g. Baldwin & Dunkerton, 2001, SCI 

NOAA EnergyWay NOAA 

e.g. Clark et al., 2017, ERL, 
Brayshaw et al., 2011, RE 
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1.  How does the strength of the stratospheric polar vortex affect 

month-ahead wind power generation in different European 
countries? 
 
à Work from my colleague Remo Beerli (Beerli et al., 2017, QJRMS, 
https://doi.org/�10.1002/qj.3158) 

2.  How does this effect from the stratospheric polar vortex influence the 
skill of subseasonal numerical weather models in predicting 
energy-industry-relevant surface wind, temperature, and 
precipitation in different European countries? 
 
à My work 
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Strength of stratospheric polar vortex: 
  Geopotential height anomalies from ERA-Interim 
reanalysis 
  Definition = (ΔZ @ 150hPa) 60°-90°N 
  Daily, 1985 – 2014, DJF 

 
  Wind power generation: 

  European country-aggregated hourly wind power 
generation dataset „Renewables.ninja“ (Staffel & 
Pfenninger, 2016, ENE / www.renewables.ninja) 
Principle: Installed wind turbines of 2014 + wind from 
MERRA reanalysis dataset => „wind power generation 
reanalysis“ 
  Daily month-ahead average, 1985 – 2014, DJF 
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Data | 1st research question 

Beerli et al., 2017, QJRMS 
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Results | Polar vortex and wind power generation 
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Beerli et al., 2017, QJRMS 
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Figure 1. Geopotential height anomaly averaged on the 150hPa level over the polar cap north of 60◦N (φ′
PC150) versus the deviation of month-ahead wind electricity

generation from the climatological mean, normalized by the installed capacity ("CF31d) for three countries, representative of (a) Central Europe (Germany), (b)
Southern Europe (Spain) and Northern Europe (Sweden). The orange vertical lines denote the limits of percentile bins for φ′

PC150 described in the text, which are
indicated on the top x-axis of the figures (the lower x-axis shows the limits of the bins in absolute numbers). The box and whisker plots show the quantiles (Q5, Q25,
Q50, Q75 and Q95) of "CF31d in each φ′

PC150 percentile bin. Note that Bin2
0 (Bin100

98 ) is a subset of Bin10
0 (Bin100

90 ). The rightmost box and whisker plot indicates the
distribution of "CF31d over the full dataset for each country. The right y-axis indicates the wind electricity generation anomaly ("P in units of GW) with respect to
the seasonal norm.

wind electricity generation, as well as the potential of month-
ahead wind electricity forecasts based on the lower stratospheric
circulation. To relate the state of the lower stratosphere to wind
power, we use the novel database Renewables.ninja (Staffell
and Pfenninger, 2016), which contains hourly simulated wind
electricity generation values for European countries, using wind
speeds from the MERRA-2 dataset from 1985 to 2014 with the
wind-turbine fleet as of the end of 2014. Specifically, this study
addresses the following research questions.

(1) Is there a statistical relationship between the lower
stratospheric circulation and month-ahead wind electricity
generation in Europe?

(2) If such a relationship exists, how does it differ for different
regions of Europe and what are the dynamical reasons for
these differences?

(3) Does the lower stratospheric circulation provide forecast
skill for month-ahead wind electricity generation?

After explaining the data and methods in section 2, we address
the research questions in section 3. Section 4 summarizes the
results and main conclusions and discusses the implications for
future research.

2. Data and methods

The meteorological data (geopotential height and wind fields)
used in this study are taken from the ERA-Interim reanalyis
dataset (Dee et al., 2011). The horizontal resolution is 1◦ and
there are 60 vertical sigma levels. The temporal resolution is
6 h, from which we calculated daily means. The study focuses
on winter (DJF), from January 1985–December 2014 (since
the Renewables.ninja dataset is available for this time period).
Wind speed at 100 m above ground is approximated by linear
interpolation between the two sigma levels that are closest to
100 m above ground. To compute daily geopotential height and
wind-speed anomalies, we use a 31 day running mean for each
calendar day as the reference climatology.

Data for wind electricity generation are taken from the
Renewables.ninja dataset (available online at https://www.
renewables.ninja/downloads). Renewables.ninja (Staffell and
Pfenninger, 2016) is a dataset of simulated country-aggregated
hourly wind electricity generation, using the Virtual Wind Farm
model (Staffell and Green, 2014), for the EU-28 countries plus
Switzerland and Norway. We consider so-called ‘capacity factors’

c⃝ 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 143: 3025–3036 (2017)

* 

* Capacity 
factor 
= wind 
power 
generation 
/ installed 
capacity  

Stronger polar vortex Weaker polar vortex 
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Results | Tropospheric pattern after anomalous polar vortex 
Strongest 10% PV events 
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Beerli et al., 2017, QJRMS 
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Results | Simple 3-categorical statistical forecast 
3034 R. Beerli et al.

in Figure 6(a)) show a significantly stronger than normal polar
vortex from about 40 days before the event, but there are no
signs of gradual downward propagation of a stratospheric signal
towards the surface (consistent with the findings of Limpasuvan
et al. (2005) in their figure 1(b)). In contrast, for weak polar-
vortex events (Bin100

98 in Figure 6(e)), the composite mean φ′
PC

shows the typical characteristics of sudden stratospheric warmings
(SSWs: e.g. Baldwin and Dunkerton, 2001; Limpasuvan et al.,
2004): Positive φ′

PC signals at 10 hPa 15 days prior to the events
are propagating downwards and exhibit a surface signal that is
present until 30 days after the events. The positive φ′

PC in the
stratosphere from 25 to 20 days before the weak polar-vortex
events is also in line with a tropospheric precursor of SSWs,
which has been documented by various previous studies (e.g.
Baldwin and Dunkerton, 2001; Limpasuvan et al., 2004). Given
the good agreement between the geopotential height anomalies of
weak polar-vortex events in Bin100

98 and the SSWs documented in
the existing literature, it is likely that these weakest polar-vortex
events are often part of the life cycle of SSWs.

So far, we have shown that the lower stratospheric circulation
has an impact on month-ahead wind electricity generation in
different European countries when φ′

PC150 is far from its clima-
tological mean. This relation between the lower stratosphere and
month-ahead wind electricity generation is a result of long-lived
periods with NAO+ or NAO− conditions, which occur due to
coupled evolution of the troposphere and the stratosphere. We
next investigate the implications of these results for the pre-
dictability of month-ahead wind electricity generation in Europe.

3.3. Skill of month-ahead wind electricity forecasts based on the
state of the lower stratospheric circulation

We use simple statistical forecasts to investigate the predictive skill
arising from the statistical relationship between the state of the
lower stratosphere and month-ahead wind electricity generation
in different countries of Europe. φ′

PC150 is used as a predictor for
probabilistic three-categorical forecasts of "CF31d. We predict
probabilities for the three climatological terciles of "CF31d
(lower, middle and upper third of observed "CF31d) using the
following approach. For each daily value of φ′

PC150, we determine
its percentile value within the overall φ′

PC150 distribution (Pinit).
We then take all φ′

PC150 values that fall within +/− 10% of this
percentile (from Pinit− 10 to Pinit+10) as the basis to determine the
probabilities for the three terciles of "CF31d from all pairs of
φ′

PC150 and "CF31d within this range. The following example for
a forecast of "CF31d for Sweden illustrates this approach. On 19
January 1986, φ′

PC150 was − 80.8 m, which is the 18.02th percentile
of the climatological distribution (Pinit = P18.02 = − 80.8 m).
We then use all pairs of φ′

PC150 and "CF31d in the dataset
from the 8.02th percentile (Pinit− 10 = P8.02 = − 119.4 m) to the
28.02th percentile (Pinit+10 = P28.02 = − 53.7 m) to derive the
probabilistic forecast (days in the same season are left out to
prevent artificial skill). Of all the φ′

PC150 –"CF31d pairs between
the 8.02th and 28.02th percentiles, 10.6% of the "CF31d values are
in the lower tercile, 23.1% in the middle tercile and 66.3% in the
upper tercile. Therefore the month-ahead forecast for "CF31d
from 19 January 1986 is a 10.6%/23.1%/66.3% probability of
"CF31d being in the lower/middle/upper tercile. If φ′

PC150 < P10,
we use the φ′

PC150 –"CF31d pairs for φ′
PC150 < Pinit+10 (and

similarly if φ′
PC150 > P90). For each country, these forecasts are

made for each winter (DJF) calendar day from 1985 to 2014 in
a ‘leave-the-current-season-out’ sense, i.e. only φ′

PC150 –"CF31d
pairs of winter seasons different from the current season are
considered, in order to prevent artificially skilful forecasts.

We perform the statistical forecast for each winter (DJF) day
in the dataset for the eight European countries with the highest
installed capacity of wind power (Germany, Spain, UK, France,
Italy, Sweden, Poland and Denmark) for lagged 31 day windows
(lag 0 in Figure 7 shows the RPSS for wind-power forecasts
averaged over 0–30 days ahead, lag 1 the RPSS for 1–31 days ahead

Figure 7. The RPSS of three-categorical statistical forecasts of month-ahead
average wind electricity generation as a function of lead time for eight European
countries. The lead time on the x-axis indicates the start of the forecast 30 day
period. For instance, the RPSS at a lead time of 15 days shows the skill of
forecasts for wind electricity generation averaged over 15–44 days ahead. The
shaded colours show the confidence interval for the RPSS values derived by the
bootstrapping approach described in the text for Sweden (blue), Germany (red)
and Spain (yellow).

and so on). Additionally, we apply a bootstrapping approach
in order to test the sampling sensitivity of the skill scores of
these forecasts. In 200 repetitions, we randomly sample 80%
of the winters and calculate the RPSS of each repetition. The
10% and 90% percentiles among these 200 RPSS values are the
confidence intervals displayed in shaded colours in Figures 7
and 8. Comparing the RPSS for the eight countries mentioned
above (Figure 7) reveals three groups of countries with similar
levels of predictability.

(1) High predictability of "CF31d: Sweden and Denmark (in
blue in Figure 7), RPSS≈ 0.2 for lead time 0.

(2) Moderate predictability of "CF31d: Germany, UK and
Poland (in red in Figure 7), RPSS≈ 0.1 for lead time 0.

(3) No predictability of "CF31d: Spain, France and Italy (in
yellow in Figure 7), RPSS < 0 for lead time 0.

These groups are in line with the findings derived from
Figures 2 and 3. Sweden and Denmark are located in the centre
of the high (low) wind corridor when φ′

PC150 is strongly negative
(positive), which makes it very likely that these countries will
indeed experience above (below) normal CF in the following
30 days. The countries with moderate predictability (Germany,
UK and Poland) are situated at the southern edge of these high
(low) wind corridors, which again makes it likely for them to
experience above (below) normal CF, but this is less certain than
for the Nordic countries –just a subtle change in the synoptic
set-up (which is not constrained by φ′

PC150) may change the
CF outcome. Hence the skill of the statistical forecast for these
countries is notably lower than for the Nordic countries. For
the Southern European countries (Spain, Italy and France), the
RPSS is even negative, which means that the predictions based
on the state of the lower stratosphere are worse than simply
forecasting the climatological distribution of "CF31d. These
countries are situated well outside the areas with significantly
positive or negative wind-speed anomalies shown in Figures 2
and 3. Therefore, there is no sufficiently strong signal related to the
stratospheric circulation, which could be exploited to issue skilful
forecasts. If the lead time for the forecasts of "CF31d is increased,
the skill levels get gradually lower but, for both high and moderate
predictability countries, the statistical forecasts 15–45 days ahead
are also better than the climatological reference forecast. The skill
that we find here for month-ahead wind electricity generation is
slightly higher than the skill levels found by Karpechko (2015)

c⃝ 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 143 : 3025–3036 (2017)

Beerli et al., 2017, QJRMS 

Stratospheric Predictability for Wind Energy 3035

Figure 8. (a) The RPSS of three-categorical statistical forecasts for wind electricity generation averaged over 0–30 days ahead for forecasts initialized with a φ′
PC150

value in the bins indicated on the x-axis. (b) Same as (a), but for forecasts 5–35 days ahead. (c) Same as (a), but for 10–40 days ahead. The shaded colours show the
confidence interval for the RPSS values derived by the bootstrapping approach described in the text.

(their figure 7) for month-ahead temperature forecasts for selected
cities of Europe. For instance, our RPSS for month-ahead wind
electricity generation in Sweden is about 0.04 higher than for the
temperature forecast of Stockholm by Karpechko (2015).

The results presented so far suggest that a statistical forecast
based on φ′

PC150 might have different skill depending on whether it
is initialized during normal or very anomalous φ′

PC150. Therefore
we recalculated the RPSS for four countries (Sweden, Germany,
Spain and France) representative of different subregions of
Europe, stratified according to the 12 φ′

PC150 bins used earlier
in this study (Figure 8(a)).

For many countries, the skill of "CF31d forecasts differs
strongly among the bins (Figure 8(a)). For Sweden, highly
anomalous states of the lower stratosphere (Bin2

0, Bin10
0 , Bin20

10,
Bin90

80, Bin100
90 and Bin100

98 ) exhibit high skill for month-ahead wind
electricity generation (> 0.7 for Bin2

0). As expected, the RPSS
drops close to zero for the middle bins of φ′

PC150. Germany has
its peak predictability in Bin20

10, with a RPSS of just below 0.3,
but predictability drops for bins with more negative φ′

PC150. This
is consistent with a further northward position of the NAO+
dipole and the high surface wind corridor associated with Bin2

0
and Bin10

0 , which makes it uncertain to what degree Germany
is affected by the high surface winds connected to the NAO+
configuration (Figures 2 and 3). There is a similar tendency for
the positive φ′

PC150 bins, but the skill is only reduced for Bin100
98 .

Although there is an overall negative RPSS for Spain (Figure 7),
forecasts are quite strongly skilful for extremely negative φ′

PC150,
reaching above 0.4 for Bin2

0, when Spain is under the influence
of a strong ridge, leading to predominantly calm conditions. This
ridge is part of the strong NAO+ dipole located far north during
strongly negative φ′

PC150. As a contrast, the skill for strongly
positive φ′

PC150 is clearly lower than that of the climatological
forecast, almost reaching an RPSS of − 0.2, which is due to
the two distinct clusters of "CF31d in Bin100

98 discussed above
(Figure 1(b)). It may be the case that these two clusters are a
product of the small sample size of extremely positive φ′

PC150 and
this strongly negative RPSS may not reflect the fact that φ′

PC150
in Bin100

98 indeed leads to a particularly unpredictable situation
for wind in Spain. A longer dataset would clearly be helpful to
address this further. For France, the skill is close to climatological
values and even falls well below for extremely positive/negative
φ′

PC150. France is located in between any significant surface wind
signals associated with φ′

PC150 anomalies (see Figures 2– 5) and
therefore the statistical forecasts cannot exploit any clear signals
for France. The overall shape of the forecast skill as a function
of φ′

PC150 is in all countries quite similar for "CF31d 5–35 days
and 10–40 days ahead (Figures 8(b) and (c)), but with gradually
decreasing skill values as the lead time increases. An interesting
exception is Germany, where the RPSS is highest in Bin100

90 for
10–40 days ahead.

Overall, the results presented in this section suggest that
anomalous flow conditions in the lower stratosphere offer
subseasonal-range predictability for month-ahead wind electricity
generation in Europe. This predictability is strongest in the Nordic
countries, but is also present in Germany/UK and to a lesser extent
in Iberia. It is also highly dependent on the state of the lower
stratosphere. When the lower stratospheric circulation is far from
its climatological mean, the predictability is particularly high for
selected countries (especially for the Nordics).

4. Summary and conclusions

We discussed the relationship between the lower stratospheric cir-
culation and month-ahead wind electricity generation in different
countries of Europe. As an indicator for the circulation in the
lower stratosphere, we used φ′

PC150, i.e. the 150 hPa geopotential
height anomaly averaged from 60◦N to the North Pole. The shape
of this relationship differs between countries. Scandinavian coun-
tries generally show above normal month-ahead wind electricity
generation for anomalously strong stratospheric circulation (i.e.
negative φ′

PC150) and vice versa for a weak stratospheric circula-
tion. Germany shows a similar dependence on φ′

PC150, but with
decreasing wind electricity generation for an extremely strong
stratospheric circulation. In Iberia, wind electricity generation
is reduced during anomalously strong stratospheric circulation,
but there is no clear impact if the stratospheric flow is weak.

We showed that periods of coupling between the stratospheric
and tropospheric circulation, which lead to persistent phases of
strong NAO+ and NAO− , are the reason for these relationships.
Such prolonged NAO phases lead to strong anomalies in
near-surface wind, in particular in the northern half of Europe.
The exact position of the 500 hPa geopotential height anomaly
dipole associated with these prolonged NAO periods is critical
for wind electricity generation, in particular in Central Europe.
Its position depends on the strength of the stratospheric
geopotential height anomalies, consistent with the mechanism
proposed by Ambaum and Hoskins (2002), which involves
large-scale adjustment to a stratospheric PV anomaly. This
mechanism favours a more northern position of the NAO+
500 hPa geopotential height anomaly dipole for very strong
stratospheric polar vortices, as observed in our study, which then
also explains why wind electricity generation in Germany drops
towards normal levels for extremely negative φ′

PC150.
For the reasons outlined above, the lower stratosphere is

a source of predictability for month-ahead wind electricity
generation in many countries in Europe. The predictability
gained from the lower stratosphere alone is highest in the
Nordic countries and weakest in Southern Europe. This has
been confirmed with simple statistical forecasts using φ′

PC150 as
predictor for categorical (terciles) month-ahead wind electricity

c⃝ 2017 Royal Meteorological Society Q. J. R. Meteorol. Soc. 143: 3025–3036 (2017)

0 – 30 days ahead 
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polar vortex 

Weaker 
polar vortex 
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  Skill of simple statistical forecast shows that phases of 
anomalous stratospheric polar vortex strength are 
windows of enhanced predictability for sub-seasonal 
wind power generation, but only for certain regions 
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Conclusions | Part I 

Beerli et al., 2017, QJRMS 

3034 R. Beerli et al.

in Figure 6(a)) show a significantly stronger than normal polar
vortex from about 40 days before the event, but there are no
signs of gradual downward propagation of a stratospheric signal
towards the surface (consistent with the findings of Limpasuvan
et al. (2005) in their figure 1(b)). In contrast, for weak polar-
vortex events (Bin100

98 in Figure 6(e)), the composite mean φ′
PC

shows the typical characteristics of sudden stratospheric warmings
(SSWs: e.g. Baldwin and Dunkerton, 2001; Limpasuvan et al.,
2004): Positive φ′

PC signals at 10 hPa 15 days prior to the events
are propagating downwards and exhibit a surface signal that is
present until 30 days after the events. The positive φ′

PC in the
stratosphere from 25 to 20 days before the weak polar-vortex
events is also in line with a tropospheric precursor of SSWs,
which has been documented by various previous studies (e.g.
Baldwin and Dunkerton, 2001; Limpasuvan et al., 2004). Given
the good agreement between the geopotential height anomalies of
weak polar-vortex events in Bin100

98 and the SSWs documented in
the existing literature, it is likely that these weakest polar-vortex
events are often part of the life cycle of SSWs.

So far, we have shown that the lower stratospheric circulation
has an impact on month-ahead wind electricity generation in
different European countries when φ′

PC150 is far from its clima-
tological mean. This relation between the lower stratosphere and
month-ahead wind electricity generation is a result of long-lived
periods with NAO+ or NAO− conditions, which occur due to
coupled evolution of the troposphere and the stratosphere. We
next investigate the implications of these results for the pre-
dictability of month-ahead wind electricity generation in Europe.

3.3. Skill of month-ahead wind electricity forecasts based on the
state of the lower stratospheric circulation

We use simple statistical forecasts to investigate the predictive skill
arising from the statistical relationship between the state of the
lower stratosphere and month-ahead wind electricity generation
in different countries of Europe. φ′

PC150 is used as a predictor for
probabilistic three-categorical forecasts of "CF31d. We predict
probabilities for the three climatological terciles of "CF31d
(lower, middle and upper third of observed "CF31d) using the
following approach. For each daily value of φ′

PC150, we determine
its percentile value within the overall φ′

PC150 distribution (Pinit).
We then take all φ′

PC150 values that fall within +/− 10% of this
percentile (from Pinit− 10 to Pinit+10) as the basis to determine the
probabilities for the three terciles of "CF31d from all pairs of
φ′

PC150 and "CF31d within this range. The following example for
a forecast of "CF31d for Sweden illustrates this approach. On 19
January 1986, φ′

PC150 was − 80.8 m, which is the 18.02th percentile
of the climatological distribution (Pinit = P18.02 = − 80.8 m).
We then use all pairs of φ′

PC150 and "CF31d in the dataset
from the 8.02th percentile (Pinit− 10 = P8.02 = − 119.4 m) to the
28.02th percentile (Pinit+10 = P28.02 = − 53.7 m) to derive the
probabilistic forecast (days in the same season are left out to
prevent artificial skill). Of all the φ′

PC150 –"CF31d pairs between
the 8.02th and 28.02th percentiles, 10.6% of the "CF31d values are
in the lower tercile, 23.1% in the middle tercile and 66.3% in the
upper tercile. Therefore the month-ahead forecast for "CF31d
from 19 January 1986 is a 10.6%/23.1%/66.3% probability of
"CF31d being in the lower/middle/upper tercile. If φ′

PC150 < P10,
we use the φ′

PC150 –"CF31d pairs for φ′
PC150 < Pinit+10 (and

similarly if φ′
PC150 > P90). For each country, these forecasts are

made for each winter (DJF) calendar day from 1985 to 2014 in
a ‘leave-the-current-season-out’ sense, i.e. only φ′

PC150 –"CF31d
pairs of winter seasons different from the current season are
considered, in order to prevent artificially skilful forecasts.

We perform the statistical forecast for each winter (DJF) day
in the dataset for the eight European countries with the highest
installed capacity of wind power (Germany, Spain, UK, France,
Italy, Sweden, Poland and Denmark) for lagged 31 day windows
(lag 0 in Figure 7 shows the RPSS for wind-power forecasts
averaged over 0–30 days ahead, lag 1 the RPSS for 1–31 days ahead

Figure 7. The RPSS of three-categorical statistical forecasts of month-ahead
average wind electricity generation as a function of lead time for eight European
countries. The lead time on the x-axis indicates the start of the forecast 30 day
period. For instance, the RPSS at a lead time of 15 days shows the skill of
forecasts for wind electricity generation averaged over 15–44 days ahead. The
shaded colours show the confidence interval for the RPSS values derived by the
bootstrapping approach described in the text for Sweden (blue), Germany (red)
and Spain (yellow).

and so on). Additionally, we apply a bootstrapping approach
in order to test the sampling sensitivity of the skill scores of
these forecasts. In 200 repetitions, we randomly sample 80%
of the winters and calculate the RPSS of each repetition. The
10% and 90% percentiles among these 200 RPSS values are the
confidence intervals displayed in shaded colours in Figures 7
and 8. Comparing the RPSS for the eight countries mentioned
above (Figure 7) reveals three groups of countries with similar
levels of predictability.

(1) High predictability of "CF31d: Sweden and Denmark (in
blue in Figure 7), RPSS≈ 0.2 for lead time 0.

(2) Moderate predictability of "CF31d: Germany, UK and
Poland (in red in Figure 7), RPSS≈ 0.1 for lead time 0.

(3) No predictability of "CF31d: Spain, France and Italy (in
yellow in Figure 7), RPSS < 0 for lead time 0.

These groups are in line with the findings derived from
Figures 2 and 3. Sweden and Denmark are located in the centre
of the high (low) wind corridor when φ′

PC150 is strongly negative
(positive), which makes it very likely that these countries will
indeed experience above (below) normal CF in the following
30 days. The countries with moderate predictability (Germany,
UK and Poland) are situated at the southern edge of these high
(low) wind corridors, which again makes it likely for them to
experience above (below) normal CF, but this is less certain than
for the Nordic countries –just a subtle change in the synoptic
set-up (which is not constrained by φ′

PC150) may change the
CF outcome. Hence the skill of the statistical forecast for these
countries is notably lower than for the Nordic countries. For
the Southern European countries (Spain, Italy and France), the
RPSS is even negative, which means that the predictions based
on the state of the lower stratosphere are worse than simply
forecasting the climatological distribution of "CF31d. These
countries are situated well outside the areas with significantly
positive or negative wind-speed anomalies shown in Figures 2
and 3. Therefore, there is no sufficiently strong signal related to the
stratospheric circulation, which could be exploited to issue skilful
forecasts. If the lead time for the forecasts of "CF31d is increased,
the skill levels get gradually lower but, for both high and moderate
predictability countries, the statistical forecasts 15–45 days ahead
are also better than the climatological reference forecast. The skill
that we find here for month-ahead wind electricity generation is
slightly higher than the skill levels found by Karpechko (2015)
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Figure 8. (a) The RPSS of three-categorical statistical forecasts for wind electricity generation averaged over 0–30 days ahead for forecasts initialized with a φ′
PC150

value in the bins indicated on the x-axis. (b) Same as (a), but for forecasts 5–35 days ahead. (c) Same as (a), but for 10–40 days ahead. The shaded colours show the
confidence interval for the RPSS values derived by the bootstrapping approach described in the text.

(their figure 7) for month-ahead temperature forecasts for selected
cities of Europe. For instance, our RPSS for month-ahead wind
electricity generation in Sweden is about 0.04 higher than for the
temperature forecast of Stockholm by Karpechko (2015).

The results presented so far suggest that a statistical forecast
based on φ′

PC150 might have different skill depending on whether it
is initialized during normal or very anomalous φ′

PC150. Therefore
we recalculated the RPSS for four countries (Sweden, Germany,
Spain and France) representative of different subregions of
Europe, stratified according to the 12 φ′

PC150 bins used earlier
in this study (Figure 8(a)).

For many countries, the skill of "CF31d forecasts differs
strongly among the bins (Figure 8(a)). For Sweden, highly
anomalous states of the lower stratosphere (Bin2

0, Bin10
0 , Bin20

10,
Bin90

80, Bin100
90 and Bin100

98 ) exhibit high skill for month-ahead wind
electricity generation (> 0.7 for Bin2

0). As expected, the RPSS
drops close to zero for the middle bins of φ′

PC150. Germany has
its peak predictability in Bin20

10, with a RPSS of just below 0.3,
but predictability drops for bins with more negative φ′

PC150. This
is consistent with a further northward position of the NAO+
dipole and the high surface wind corridor associated with Bin2

0
and Bin10

0 , which makes it uncertain to what degree Germany
is affected by the high surface winds connected to the NAO+
configuration (Figures 2 and 3). There is a similar tendency for
the positive φ′

PC150 bins, but the skill is only reduced for Bin100
98 .

Although there is an overall negative RPSS for Spain (Figure 7),
forecasts are quite strongly skilful for extremely negative φ′

PC150,
reaching above 0.4 for Bin2

0, when Spain is under the influence
of a strong ridge, leading to predominantly calm conditions. This
ridge is part of the strong NAO+ dipole located far north during
strongly negative φ′

PC150. As a contrast, the skill for strongly
positive φ′

PC150 is clearly lower than that of the climatological
forecast, almost reaching an RPSS of − 0.2, which is due to
the two distinct clusters of "CF31d in Bin100

98 discussed above
(Figure 1(b)). It may be the case that these two clusters are a
product of the small sample size of extremely positive φ′

PC150 and
this strongly negative RPSS may not reflect the fact that φ′

PC150
in Bin100

98 indeed leads to a particularly unpredictable situation
for wind in Spain. A longer dataset would clearly be helpful to
address this further. For France, the skill is close to climatological
values and even falls well below for extremely positive/negative
φ′

PC150. France is located in between any significant surface wind
signals associated with φ′

PC150 anomalies (see Figures 2– 5) and
therefore the statistical forecasts cannot exploit any clear signals
for France. The overall shape of the forecast skill as a function
of φ′

PC150 is in all countries quite similar for "CF31d 5–35 days
and 10–40 days ahead (Figures 8(b) and (c)), but with gradually
decreasing skill values as the lead time increases. An interesting
exception is Germany, where the RPSS is highest in Bin100

90 for
10–40 days ahead.

Overall, the results presented in this section suggest that
anomalous flow conditions in the lower stratosphere offer
subseasonal-range predictability for month-ahead wind electricity
generation in Europe. This predictability is strongest in the Nordic
countries, but is also present in Germany/UK and to a lesser extent
in Iberia. It is also highly dependent on the state of the lower
stratosphere. When the lower stratospheric circulation is far from
its climatological mean, the predictability is particularly high for
selected countries (especially for the Nordics).

4. Summary and conclusions

We discussed the relationship between the lower stratospheric cir-
culation and month-ahead wind electricity generation in different
countries of Europe. As an indicator for the circulation in the
lower stratosphere, we used φ′

PC150, i.e. the 150 hPa geopotential
height anomaly averaged from 60◦N to the North Pole. The shape
of this relationship differs between countries. Scandinavian coun-
tries generally show above normal month-ahead wind electricity
generation for anomalously strong stratospheric circulation (i.e.
negative φ′

PC150) and vice versa for a weak stratospheric circula-
tion. Germany shows a similar dependence on φ′

PC150, but with
decreasing wind electricity generation for an extremely strong
stratospheric circulation. In Iberia, wind electricity generation
is reduced during anomalously strong stratospheric circulation,
but there is no clear impact if the stratospheric flow is weak.

We showed that periods of coupling between the stratospheric
and tropospheric circulation, which lead to persistent phases of
strong NAO+ and NAO− , are the reason for these relationships.
Such prolonged NAO phases lead to strong anomalies in
near-surface wind, in particular in the northern half of Europe.
The exact position of the 500 hPa geopotential height anomaly
dipole associated with these prolonged NAO periods is critical
for wind electricity generation, in particular in Central Europe.
Its position depends on the strength of the stratospheric
geopotential height anomalies, consistent with the mechanism
proposed by Ambaum and Hoskins (2002), which involves
large-scale adjustment to a stratospheric PV anomaly. This
mechanism favours a more northern position of the NAO+
500 hPa geopotential height anomaly dipole for very strong
stratospheric polar vortices, as observed in our study, which then
also explains why wind electricity generation in Germany drops
towards normal levels for extremely negative φ′

PC150.
For the reasons outlined above, the lower stratosphere is

a source of predictability for month-ahead wind electricity
generation in many countries in Europe. The predictability
gained from the lower stratosphere alone is highest in the
Nordic countries and weakest in Southern Europe. This has
been confirmed with simple statistical forecasts using φ′

PC150 as
predictor for categorical (terciles) month-ahead wind electricity
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How does this mechanism influence skill of subseasonal numerical 
weather models? à 2nd research question 
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Subseasonal ECMWF model (S2S prediction project database): 
  2 reforecasts / week with lead time 46 d 
  1995 – 2015 (20 years), DJF 
  Total: 994 reforecasts 
  11 ensemble members (1 control, 10 perturbed forecasts) 

  Used fields (both from the model and ERA-Interim for verification): 

Data | 2nd research question 

  Strength of stratospheric polar vortex = (ΔZ @ 100hPa) 60°-90°N 
  Daily 

 
  Surface wind = (ΔUV @ 10m) European Countries 
  Surface temperature = (ΔT @ 2m) European Countries  
  Precipitation = (ΔTOT_PREC) European Countries  
  Daily month-ahead average 
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Results | Statistical vs. model forecast (10m wind) 

0 – 30 days ahead 

Stronger 
polar vortex 

Weaker 
polar vortex 
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Results | Statistical vs. model forecast (all variables) 
10m wind 2m temperature Precipitation 

(ΔX) 31d strongest 10% PV events  –  (ΔX) 31d weakest 10% PV events (in model) 

Δ 10m wind speed anomaly [m s-1] Δ 2m temperature anomaly [K] Δ daily precipitation anomaly [kg m-2] 
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  Increase of S2S model skill through anomalous strength 
of stratospheric polar vortex depends on variable and 
European region 

 
  Reason: anomaly patterns following anomalous polar 
vortex events have different spatial characteristics for 
different surface variables 
à a country is particularly influenced if located in regions 
of strong anomalies 

  Implication for energy meteorologists: considering 
strength of stratospheric polar vortex and knowing about its 
representation in S2S models is beneficial 

  Implication for modeling community: proper 
representation of stratosphere-troposphere coupling in S2S 
models is important 
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Conclusions | Part II 


