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The share of renewable energy in Germany is increasing to meet the climate-neutral targets in 2050. Weather-
driven anomalous in renewable power production thus can pose greater challenges in balancing electricity
supply and demand. This study investigates the seasonal differences in extreme events in photovoltaic (PV) plus
wind power production in Germany for installed capacities for the present and 2050. The results indicate an
increase in such extreme events in the summer half-year, mostly pronounced in May. Extremely low production
with a duration of 14 days in winter is associated with atmospheric blocking, with very low wind power
production anomalies of up to —37%. Summertime extremely low production is associated with stationary
cyclonic weather patterns, with similar reductions in both energy sources of up to —19%. Case studies illustrate
the dependency of the benefits of cross-border electricity transmission lines on the prevailing wind direction.
North-South transmission lines are beneficial when an anticyclone moved from the Northwest to Germany,
whereas West-East transmission lines are beneficial when a cyclone moved from the Southwest to Germany.
The results imply an increased risk of extremely low power production during future summers in Germany
and suggest monitoring sequences of different weather patterns for the energy sector.
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1. Introduction the expected amount for a prolonged period of up to 14 days [7]. Such
low production events can be challenging with the currently available
storage capacities for electricity in Germany, e.g., with 5.6 GW for
battery [8] and 6.7 GW for pump storages [9]. Prolonged low produc-
tion events can be especially problematic when they co-occur with an
increased demand, e.g., for heating during cold spells [10].

Previous studies have primarily focused on anomalously low power
production events occurring in winter [7,11,12], mostly caused by a
reduction in wind power production [13]. However, extreme events in
the energy system can also occur in summer. Summertime irradiance
is larger than in winter making weather-driven extremes in power pro-

European countries are rapidly increasing the share of power pro-
duction from renewable sources to reach the 2050 climate-neutral
targets [1]. As part of this goal, the German government has set its
target to increase the share of renewable sources in electricity gener-
ation to 80% and in gross energy consumption (including electricity,
heating, cooling, and transport) to 60% by 2050 [2,3], compared to
49.6% and 20.4% in 2022 [4]. Wind and solar power are the two
fastest-growing renewable sources in Germany. In 2022, wind and solar

power (mainly photovoltaic) contributed 26% and 12% to electricity
production in Germany [5]. The total installed capacities of onshore
wind power and solar power in Germany have almost doubled over
10 years with 58 GW and 67 GW in 2022, compared to 31 GW and
33GW in 2012. Particularly, German offshore wind power capacities
have strongly increased from 0.3 GW in 2012 to 8 GWM in 2022 [6].
The high shares of renewable power sources make the electricity
system susceptible to adverse weather conditions. One such challenge
arises when both photovoltaic (PV) and wind power produce less than

duction more sensitive to potential reduction in PV power production.
This dependency can increase in the future because the projected ratio
of PV to wind power capacity for Europe is larger than today, e.g., 2:1
in 2050 [14] compared to 0.7:1 in 2019 [15]. Moreover, European PV
power anomalies show a more homogeneous spatial distribution across
seasonal to multidecadal weather variability in comparison to wind
power in various installed capacity scenarios [16]. In consequence, an
event of low PV power production can affect relatively large regions
resulting in little opportunity for cross-border electricity transmission
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of neighboring countries [13]. In addition, climate change leads to
more frequent, intense, and prolonged heatwaves [17,18], which may
increase the future electricity demand for cooling, akin to the demand
for heating during cold spells in winter.

A study by [13] has identified synoptic weather conditions associ-
ated with low PV plus wind power production, hereafter referred to
as total production in Europe, using the weather pattern classification
from [19]. Specifically, using the European installed capacity projected
for 2050, the pattern South-Shifted Westerly is associated with the
lowest 1-day total production, while Anticyclonic South-Easterly is
associated with the lowest 10-day total production event. The number
of such weather patterns lasting for more than 10 days is limited
with 19 events during the period 1995-2017. However, an energy
system assessment points to the importance of sequences of several
different weather patterns for anomalously low power production in
Germany [10]. To what extent events composed of several weather
patterns are more extreme in comparison to prolonged events with the
same prevailing weather pattern has not been systematically studied in
light of future capacities. The present study aims at helping to fill this
knowledge gap.

We examine prolonged extremes in total power production in Ger-
many with a focus on their seasonal differences. By performing PV
and wind power simulations and pairing the results with a synoptic
weather classification, this study provides evidence that there might
be more prolonged low-production events in summer for the 2050
installation. Our study contributes to filling the gap in knowledge of
how summertime low-production events differ from wintertime events,
in terms of how PV and wind power production vary and what weather
patterns drive extremes in production. Such knowledge is important
for electricity system operators to issue warnings when the weather
conditions associated with extreme events are forecasted. Moreover, the
knowledge helps to mitigate potential impacts, e.g., by installing stor-
age and suitable transmission lines for electricity to balance regional
differences in production during extremes.

Detailed descriptions of the data and methods used in the analyses
are provided in Section 2. The results first show the seasonal differences
of events with anomalous PV and wind power production in Germany
(Section 3.1). Section 3.2 compares the cyclonic and anticyclonic char-
acteristics of weather patterns that are associated with extreme events
occurring in winter and summer. To further examine prolonged low
production events, ten low production events of a duration of 14 days
were selected and examined (Section 3.3), and two case studies are
analyzed in detail in Section 3.4. Finally, the discussion and conclusion
of the results are presented in Sections 4 and 5.

2. Methods
2.1. Data

Our analysis of extremes in total production (PV plus wind power
production) is based on simulations with the Renewable Energy Model
(REM), which has been described and used in an earlier article [13].
REM was developed to simulate PV and wind power production using
meteorological and power installation data for Europe. In REM, the
meteorological data are from the reanalysis dataset COSMO-REA6 [20]
with a high horizontal resolution of 6km. Validation tests of REM
output against Renewables Ninja [21,22] and CDS data [23] show good
temporal correlations of 0.88-0.98 for PV power and 0.75-0.97 for
wind power onshore, and potential capacity factors in agreement for PV
power (in the range of 12% to 14%) and wind power onshore (around
the value of 24%) for four selected countries in 1995—2017 [13]. The
potential capacity factors (potentials) of PV and wind power production
were calculated based on COSMO-REA6 data using a power-rating
method with effective irradiance, including direct and diffused radia-
tion, on crystalline silicon PV modules [24] with the azimuth angles
facing south and the optimal tilt angles of 21° to 50° for European
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countries [25] multiplied by 0.7 as investors usually opt for lower
tilt angles to reduce the shadow effects [26]. The potentials of wind
power were calculated using a cubic power curve with the cut-in, rated,
and cut-out wind speeds of 3.5, 13, and 25 m/s. Wind speeds were
taken from COSMO-REA6 data at the two model levels 36 and 37 with
average heights of 116 m and 178 m over the European domain.

The potentials were then multiplied by the installed capacities
from CLIMIX to get power production of wind and PV power. The
data on power installation in REM include the spatial distribution and
installed capacity of PV and wind power in Europe at a horizontal
resolution of 11 km from the model CLIMIX (CLImate and energy MIX)
by [14]. CLIMIX allocates the installed capacities of PV and wind power
reported for present-day and planned for 2050 from each country
into a grid of 0.11° based on criteria such as resource availability,
population, and restricted areas. The output of REM is the hourly
production of PV and wind power in every eight grid box, i.e., at a
horizontal resolution of 48 km but with an effective resolution of 6 km
for the meteorological processes. Our study is based on one scenario
of installed capacity projected for 2050 from the CLIMIX model [14].
The results can vary depending on the ratio of PV and wind power and
the future spatial distribution of their installation. CLIMIX is shown
to be conservative for wind power, e.g., 440 GW for Europe in 2050
compared to another projection of 620 GW [27]. A higher ratio of PV
to wind installed capacity, e.g. 5:1, would decrease the total power
anomalies in individual weather patterns but not the overall anomalies
across all patterns [13].

To assess the dependency of power production anomalies on the
installed capacity, we performed and compared the following two
experiments with the same meteorological data for 1995-2017 and
different installed capacities.

» scenario-2050: REM simulation for a future installation using the
scenario for 2050 obtained from the CLIMIX model [14]

» scale-2019: REM simulation for a present-day installation derived
by scaling the scenario-2050 installation to match the European
installed capacity in 2019 [15]

The scaling for obtaining the scale-2019 installation was necessary due
to the lack of a suitable gridded data set covering all of Europe. We
used country-aggregated installations of the year 2019 [15] for the
scaling. The corresponding REM experiment scale-2019 yields a ratio of
the annual PV to wind power production and total installed capacities
for Germany that closely aligns with data reported for 2015 [12].
Moreover, the experiment scale-2019 reproduces the weather pattern
associated with the lowest total power production for Germany [12,13].
See [13] for more details on the methods and underlying data. Note
that the scaling method retains the same spatial distribution of installed
capacities between the two examined scenarios. The future spatial
distribution of PV and wind power installation can differ from scenario-
2050 depending on the countries’ plans and implementation. However,
we perceive scenario-2050 as a plausible future scenario since CLIMIX
has taken into account the resource availability and countries’ plans
for future investments. The scenario 2050 from the CLIMIX model has
been used in several publications before to assess renewable power
production variability [7,28-31]. Validation of CLIMIX model shows
reasonable agreement to past power production records for most coun-
tries [14], albeit with larger values due to the overestimation of the
model simulation [32] and assumptions that all planned power plants
operate and function well at the same time [14]. Maps of PV and wind
power installed capacity in scenario-2050 is shown in [13].

To examine the impact of synoptic weather conditions on PV and
wind power production, we pair each day in the timeseries from
REM output with a weather pattern from the classification compris-
ing 29 patterns [19]. In this classification, the weather patterns are
distinguished based on the position of dominant pressure systems,
their cyclonic or anticyclonic characteristics, and the prevailing wind
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direction over Central Europe [19]. We further assessed the 2m temper-
ature, mean-sea-level pressure, and downward direct and diffuse short-
wave radiation from COSMO-REAG6 to characterize the meteorological
developments during extreme events in total power production.

2.2. Analysis strategy

In this study, we define extreme events based on the time series of
total power production in Germany. These time series are derived by
taking the mean values of PV and wind power production across all
grid cells with available data within Germany from the REM output.
The grid cells were selected using a pre-defined shapefile [33]. We
selected PV power and onshore wind power production in Germany for
the analyses of our experiments. The installed capacities for Germany
are 88.5 (12.2) GW for PV power and 33.1 (12.6) GW for onshore wind
power in scenario-2050 (scale-2019), resulting in a ratio of PV to wind
power installation of about 2.5:1 (1:1). The analysis includes only wind
power onshore in Germany inside the shapefile (Supplementary Fig.
S1). Wind power offshore could reach 45-70 GW in Germany in 2050,
decreasing the ratio of PV to wind power installation to between 1.2:1
and 2.3:1 [34], still within the range of ratio between scale-2019 and
scenario-2050 installations. The lower ratio means the influence of PV
power on total production anomalies would reduce and the influence
of wind power would be further enhanced, the overall effect on the
total production anomalies would be similar to scenario-2050 but with
lower magnitudes.

Wind power has a strong influence on total production in scale-2019
and is higher in winter than in summer [13], while PV power produces
a larger amount during summer than in winter. To account for the
seasonality of production, we calculate normalized power production
anomalies time series to represent deviations from the climatological
mean power production for a given time of year. We first calculated
hourly anomalies of power production against the climatological mean
with the same hour, day and month of every year for the entire period.
Then we summed the hourly data to obtain daily time series to be
comparable with weather pattern data and analyze 1-, 7-, and 14-day
events.

We statistically analyze prolonged anomalously high and low pro-
duction events associated with weather patterns. Our selection of the
50 most extreme total production events for each category, i.e., for the
lowest and highest total production, and each duration of 1, 7, and
14 days. We defined prolonged low production events with a duration
of 14 days because German energy deficits increase monotonically up
to 14 days [35]. The time windows of 1 and 7 days were selected to
represent the short and medium length of events, as used in a previous
study for Europe [7]. Tests of other time windows in the context of
power production anomalies associated with weather patterns show
similar results amongst events with duration differences of up to two
days [13]. For instance, to define the 50 lowest total production events
with a 14-day duration, we used the time series of daily anomalies
for the period 1995-2017 to first calculate the moving average over
14-day time windows. Then, we select the 50 dates with the lowest
moving average. These 50 dates are assigned as the central dates of
the 14-day events with extremely low production. When two events
have their central dates closer than 14 days to each other, one of
the events was removed before further analyses to avoid counting the
same event more than once. During 7- and 14-day events the sequences
of weather patterns can contain a mix of cyclonic and anticyclonic
patterns depending on how the weather conditions develop.

Monthly statistics are calculated based on the central dates of the
events for each event duration, namely the first, fourth, and eighth
days of the duration 1-, 7-, and 14-day, respectively. The statistics for
the weather patterns were computed per event, i.e., considering all
dates during the duration of the events. For each category of highest or
lowest power production, we selected the 50 most extreme events per
duration, with 50 days for 1-day events, 350 days for 7-day events, and
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700 days for 14-day events, resulting in 2200 days in total. To account
for a higher frequency of occurrence of some weather patterns, the
frequencies of patterns for extreme production events were normalized
by the climatological mean of the frequency of occurrence of the
weather patterns (1995-2017) separately for winter and summer. For
the seasonal division, we adopted the same two half-year seasons to
be consistent with the weather pattern classification as in [19], namely
summer from April 16th to October 15th and winter from October 16th
to April 15th.

We aim to better understand the seasonal differences in the power
production anomalies in Germany from a meteorological perspective.
To that end, we first investigate the anomalies in total power produc-
tion associated with different weather patterns separated into cyclonic
and anticyclonic characteristics. Out of 29 weather patterns, 16 are
cyclonic patterns denoted by the letter z for zyklonal in German or T
for Trough or Tief (low) in German, and 13 are anticyclonic patterns
denoted by the letter a or H for high pressure [19]. Fig. 3 shows the
frequency of occurrence of cyclonic and anticyclonic patterns associ-
ated with the 50 most extreme production events for each duration of
1, 7, and 14 days. To further examine the seasonal differences between
prolonged low production events in winter and summer, we also select
the two most extreme 14-day events to perform two case studies, based
on the weather in December 2007 and May 2016 to analyze in detail
the co-development of power anomalies and weather conditions.

3. Results
3.1. Seasonal differences

The experiment scenario-2050 shows four times more summer
events with extremely low total power production over Germany com-
pared to scale-2019. Namely, out of all 150 lowest production events
with 1-, 7-, and 14-day durations, 22% occurred in summer compared
to 5% in scale-2019 (Fig. 1a,c). The largest difference is seen for the
14-day lowest production events in summer, with 25% (5%) of the 50
lowest production events in scenario-2050 (scale-2019). None of the
50 lowest production events with 1-day duration occurs in summer for
scale-2019, but 14% are seen in summer in scenario-2050. For 7-day
lowest production events, the occurrence more than doubles with the
future installed capacities with 6% in scale-2019 to 15% in scenario-
2050. Nevertheless, the most extreme low production events occur
more frequently in winter (Fig. 1), consistent with previous studies with
various durations of events for Germany [12] and Europe [7]. Most
extreme production anomalies are seen around December and January
for both installations (Fig. 1c), which is two months later than in [7].
The difference might be due to their assessment of Western Europe,
whereas we focus here on Germany.

May has of all months the largest increase of extremely low power
production events in scenario-2050 for all durations with 2-3.3% of
the 150 most extreme events falling into this month, in comparison
to no extreme events in scale-2019 (Fig. 1la,c). This increase in the
occurrence of extremes in May is due to its higher frequencies of
weather patterns with anomalously low irradiance and thus low PV
power production, e.g., Cyclonic North-Easterly (NEz), Icelandic High,
Trough Central Europe (HNz), and Low Cut-Off over Central Europe
(TM) (Fig. 2). The full list of names of the weather patterns is given
in Supplementary Table S1. One example is the 14-day event on 8-21
May 1996, of which eight days had the pattern NEz. A strong extra-
tropical cyclone with a center over the south of Italy and a core pressure
of 998 hPa (Supplementary Fig. S2) led to anomalously high cloud
cover over Germany reducing irradiance at the surface. As a result, an
extremely low PV power production was simulated with up to —36% on
11 May which was very low compared to the composite mean for the
NEz pattern of —2% for Germany [13]. The extremely low PV power
production has a higher influence on total production in scenario-2050
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Highest total production
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Fig. 1. Monthly distribution of the most extreme power production events. Shown are the 50 most extreme events color-coded for each duration of 1, 7, and 14 days for the
lowest total power production (left) and the highest total power production (right) aggregated for Germany, simulated with scale-2019 (top) and scenario-2050 (bottom) installed
capacities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

May with scenario-2050 installation

10-’ * ¢ Allyear
May
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Fig. 2. Frequency of co-occurring weather patterns and lowest power production events in May. Shown are the relative frequency of weather patterns occurring in May (gray
bars) and the whole year (black diamonds) over the period 1995-2017. Included in the gray bars are the percentages of days with extremely low total production events in May
co-occurring with the weather patterns (5,3, and 4 events with the duration 1, 7, and 14 days, respectively) simulated in scenario-2050. Weather patterns written in blue have
cyclonic characteristics, while weather patterns written in red have anticyclonic characteristics. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

due to a higher share of PV power installations compared to scale-
2019. Consequently, this event had the sixth lowest total production in
scenario-2050 in summer but was not in the top 50 lowest production
events in scale-2019.

Most of the highest production events also occur in winter in the
experiment scale-2019, with 82% of 150 events with high extremes
compared to 95% of the low extremes (Fig. 1a,b). For the high extremes
in power production, changes in the seasonal differences are moderate
between the two installations, with percentages of events occurring in
summer increasing up to 3% for each duration (Supplementary Table
S2). For both installations, the 7- and 14-day high extremes occur most
frequently in January due to winter cyclones associated with strong
winds. For 1-day high extremes, the simulations show later maxima in
the occurrence of extremes, with a shift of the maximum from March to

April when we go from scale-2019 to scenario-2050 (Fig. 1b,d). Again,
this is due to the higher share of PV in scenario-2050 such that the
influence of the stronger irradiance towards spring has a larger effect
on the total power production.

3.2. Cyclonic and anticyclonic characteristics

Most events with low extremes are associated with anticyclonic
weather patterns for all durations in scale-2019 explaining 60%-66%
of all events (Fig. 3a-c). In scenario-2050, anticyclonic patterns also
explain 52%-54% of events with a duration of 7 and 14 days, but less
than half (42%) of the 1-day extreme events (Fig. 3a). Consequently,
cyclonic patterns show an increase in association with 1-day lowest
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Fig. 3. Frequency of co-occurrence of power production extremes with cyclonic and anticylonic weather patterns in winter and summer. Shown are the number of cyclonic (blue)
and anticyclonic (red) weather patterns associated with the 50 lowest (a—c) and highest (d-f) total power production events in summer (S) and winter (W) half-years for each
duration 1, 7, and 14 days, calculated in percentage of day for scale-2019 and scenario-2050 installations with weather data of 1995-2017 in Germany. Quantitative statistics are
listed in Supplementary Table S2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

production events from scale-2019 to scenario-2050, both in winter
(from 40% to 48%) and summer (from O to 10%). The higher frequency
of cyclonic patterns on the lowest production events in scenario-2050
is due to their low irradiance and the higher influence of low PV
power anomalies on total production, particularly in summer (Fig. 3a).
Similar increases in the frequencies of cyclonic patterns are also seen
in summer for 7-day events from 0 to 11% and for 14-day from 1% to
17% (Fig. 3b,c, Supplementary Table S2). However, weather patterns
leading to the largest number of extremely low production events show
cyclonic characteristics, specifically the pattern Cyclonic South-Easterly
(SEz) for all three durations 1,7, and 14 days (Supplementary Table
S1 and Fig. S3). The weather pattern SEz is known as Dark doldrum
pattern for Europe, associated with simultaneously low production in
PV and wind power [13].

In contrast to the prevalence of anticyclonic patterns in the 50
lowest power production events, the highest power production events
are predominantly associated with cyclonic patterns independent of the
event durations and season, explaining namely 72%-94% of the ex-
treme events in scale-2019 and 63%-82% in scenario-2050 (Fig. 3d-f,
Supplementary Table S2). In particular, the events with the highest 1-
day production coincide mostly with cyclonic weather patterns, namely
94% (82%) of the cases in scale-2019 (scenario-2050), and have rel-
atively less pronounced seasonal differences than the longer events
(Fig. 3d). High production events are characterized by westerly winds
over Central Europe and the North Sea, e.g., Wz, SWz, and NWz
(Supplementary Fig. S4), consistent with findings for Europe [13]. No-
ticeably, the pattern Scandinavia-Iceland (HNFa), which is not related
to high production events in scale-2019, sees a substantial increase in
the number of extreme events in scenario-2050 (Supplementary Fig.
S4), primarily in winter. The pattern shows a ridge over Central Europe

that leads to anomalously high irradiance and therefore amplifies the
impact of the higher future PV power share in Germany.

3.3. Prolonged low production events

We compare the meteorological conditions during the 14-day lowest
production events between winter and summer using ten events for
each half-year season (Fig. 4). Overall, 14-day lowest production events
in winter are associated with anticyclonic patterns (59% of days), while
those in summer are more likely associated with cyclonic patterns (66%
of days). There are no particularly repeating weather pattern sequences
during these lowest production events, but rather the low production
comes from combinations of several weather patterns with low PV
and/or wind power production.

In certain years, such as 1996, 2007, and 2016, extremely low
power production events occurred in both winter and summer. No-
ticeably, three out of the five lowest total production 14-day events
occurred for the weather of summer 2016. This might be linked to the
anomalous activity of the Rossby waves in 2016 [36]. Under certain
conditions, Rossby waves favor blocking which is linked to the devel-
opment of heat waves and cold spells [37], e.g., the unusual heatwaves
across Western Europe in 2016 [36]. This blocking in summer 2016 also
resulted in prolonged periods of anomalously low wind speeds which
caused the reduction in wind power production in Germany in May,
June, and July 2016 (Fig. 4).

Stationary weather patterns play a substantial role in prolonged
low-production events, e.g., a blocking high-pressure system like during
2016. Here we define stationary weather patterns when the same
pattern occurs for at least five consecutive days, following the criteria
for an atmospheric blocking [38]. Specifically, 13 of the 20 lowest
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Date Anomaly [%]
Weather pattern sequence 14 days
Begin End Total PV Wind
2013-01-05 2013-01-18 ' -21.57 -2.95 NWa NWa NWa NwWz Nwz Nwz HFa HFa HFa ™M ™M TrM  HNFa HNFa
1996-12-05 1996-12-18 -21.00 -0.32 Sz SEa SEa SEa SEa SEa SEa Ws Ws Ws NWa NWwa HNa HNa
2007-12-11 2007-12-24  -20.82 NEz NEz HM HM HM HM HM HM HM HM HM SWa SWa SWa
N 2008-04-03 2008-04-16 ' -20.78 -9.16 -19.12 ™M M ™M HNz HNz HNz Ws Ws W TrwW TrwW W NEz NEz
-g 2016-10-18 2016-10-31  -20.43 -5.16 -24.83 Ww HNFz HNFz HNFz HNFz SEz SEz BM BM BM NWwa Nwa NWa NWa
E 2011-01-18 2011-01-31 -19.75 _ Na Na Na Na HB HB Nwz Nwz HB HB HB HB HB BM
2015-10-16 2015-10-29 -19.74 -4.64 -24.52 ™ NEz NEz NEz BM BM Wa Wa Wa Wa SEa SEa SEa Sa
2013-02-15 2013-02-28 -19.70 -4.49 -24.69 HFz BM BM BM HNFa HNFa HNFz HNFz HNFz ™ ™ HB HB HB
2008-12-05 2008-12-18 -18.80 -1.33 -28.19 TB  NwWz Nwz Nwz W W W W SEz SEZ SEZ SEz BM BM
2004-12-01 2004-12-14 -18.71 - SEa BM BM BM BM HM HM HM HM HM HM HM HM SWwa
2016-05-23 2016-06-05 -19.69 -14.78 -8.58 HFz HFz HFz HNFz HNFz HNFz ™ ™ ™ ™ ™ ™ HNa HNa
2002-04-12 2002-04-25 -19.60 -9.15 -17.23 SEz ™ ™ TM HNFz HNFz HNFz BM BM BM BM BM BM BM
2010-05-01 2010-05-14 -19.54 -15.06 -7.90 HNz HNz HNz NEz NEz NEz NEz NEz HNz HNz W W TrW ™M
5 2016-07-21 2016-08-03 -16.91 -11.52 -9.20 Sa NEa NEa NEa BM BM BM BM Wz Wz Wz Wz Wz  Swz
E 2016-06-12 2016-06-25 -16.01 -10.27 -9.70 Ws Ws Ws W W Trw BM BM BM BM Sa Sa TrW Trw
U:'; 1996-05-08 1996-05-21 -15.96 -11.94 -7.01 NEz NEz NEz NEz NEz NEz NEz NEz HNz HNz HNz HFz HFz ™M
1996-10-05 1996-10-18 -15.75 - -25.85 BM BM BM BM BM BM Swa SWa Sz Sz Sz SEz SEz SEz
2010-08-02 2010-08-15 -15.43 -9.48 -10.02 W ™ ™M ™M ™M ™ ™ BM BM W TW W ™ ™
2007-09-30 2007-10-13 -15.23 - -25.74 BM BM BM BM BM HB HB HB HB BM BM BM BM HM
2007-05-24 2007-06-06 -14.27 -7.90 -10.61 BM Sz Sz ™ ™ ™ M TIM  HNFz HNFz HNFz HNFz HNFz HNFz

Anomaly up to [%]

-30 -20 -10

Weather pattern

cyclonic  anticyclonic

Fig. 4. Weather patterns in 20 lowest 14-day power production events in Germany, including 10 events in winter and 10 events in summer. The beginning and ending dates
(inclusive) and anomalies (moving average 14 days). Half-year winter is 16 Oct-15 Apr, and half-year summer is 16 Apr-15 Oct. Anomalies are as deviations from their climatological
means (see Methods). The color denotes anomalies in intervals of 10%. Weather patterns colored in blue (red) have cyclonic (anticyclonic) characteristics. Sequences with stationary

weather patterns that last at least five days are highlighted in bright yellow rectangles. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

power production events of a duration of 14 days are characterized by
a stationary weather pattern for five or more consecutive days, marked
by yellow rectangles in Fig. 4. The characteristics of the stationary
weather patterns depend on the season of the event. Nine of ten events
in summer contain a stationary weather pattern, six among which
are associated with cyclonic patterns, e.g., TM, NEz, Wz, TrM, HNFz
(Fig. 4). These events are characterized by relatively low production in
both PV and wind power, simultaneously contributing to the anoma-
lously low total production, e.g., events in May 2016, May 1996, August
2010, and April 2002 with anomalies in PV and wind power production
of up to —11.7% and —17.2%.

Four of ten lowest production events in winter (December 1996,
December 2007, January 2011, December 2004) are associated with
stationary anticyclonic weather patterns, e.g., SEa, HM, HB, identi-
fied as atmospheric blocking with a known link to weather extremes,
e.g., cold spells, heat waves, and droughts [39]. These events involve
stationary high-pressure systems, resulting in low wind speeds and
cloud covers ranging from 60% to 72% over Germany, close to the
climatological winter mean for 1995-2017 (65%). The PV power pro-
duction was therefore close to the seasonal average (—0.3 to 2.5%).
Anomalously low total production is explained by the low wind speeds
which led to extremely low wind power production during these block-
ing events, with anomalies an order of magnitude lower than that of
PV power (up to —37%) (Fig. 4). High pressure over Central Europe
(HM) occurred as two blocking events in December 2007 and December
2004, consistent with the role of HM in low production for events
with a duration 120 h (5 days) in Germany as reported in a previ-
ous study [12]. Additionally, Anticyclonic South-Easterly (SEa) was
a stationary weather pattern in the December 1996 event, a pattern
known for 10-day low production events for both present-day and
future installations in Europe [13].

Some events occurring during the transitional times between the
winter and summer half-year exhibited the characteristics of events

in the other season. The transitional times are typically two weeks
around the dates of seasonal division, i.e. 15 April and 15 October [19].
For example, one event in late winter (April 2008) shares similar
characteristics with summer events with relatively low production in
both PV and wind power (—9% and —19%, respectively), whereas two
events in late summer (October 1996 and October 2007) share similar
characteristics with winter events with very low wind power produc-
tion (up to —26%) and slightly above average PV power production (up
to 1%) (Fig. 4).

3.4. Case studies

Two case studies were selected for further analysis of how the
meteorological development influenced the power production of PV
and wind power over time in Germany: (1) The event in December 2007
represents the third lowest 14-day total production event in winter
with a significant impact in the simulation of Germany’s electricity
system [10]; (2) the event in May 2016 was selected because of its
representative meteorological conditions during summer events with
the lowest anomaly of total production (19.7%, Fig. 4). Figs. 5 and 7
show the sequences of weather patterns, the development of the meteo-
rological variables 2m-temperature, mean sea level pressure, 10m-wind
speed, and surface irradiance, and the associated anomalies in the
power production. We show the development for seven days before and
seven days after the central date of the events, resulting in a total of 28
days. It allows us to assess the weather conditions ahead of the extreme
events and the subsequent recovery of the production. To explore the
possibility of importing electricity during shortages in Germany, we
include time series of the corresponding power production anomalies
in the neighboring countries France and Denmark, two of the countries
trading energy with Germany most frequently [8]. Similar figures for
the ten lowest production events for each season (as in Fig. 4) are
shown in Supplementary Figs. S5 and S6.
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3.4.1. Winter event: December 2007

On December 8, 2007, a low-pressure system formed in the North
Atlantic, resulting in increased Westerly wind and cloud cover (72%)
over Germany, leading to higher wind power (44%) and slightly lower
PV power production (—3%, Fig. 5). The system moved southeast-
ward with the center located over Germany, decreasing wind power
production in Germany (—13%), initiating the 14-day low production
event on December 10 (Fig. 6¢). This system formed a cyclonic flow
with Northeasterly wind (NEz) over the eastern coast of Great Britain,
increasing wind power production in the southwestern tip of Germany,
France, and the northern part of Spain (Fig. 6d). Additionally, from
December 12 the Northeasterly wind directed cold air from the Arctic
to Germany, increasing the energy demand for heating [10] (Fig. 5a).
Simultaneously, a ridge formed in the south of Europe, with an axis
extending from the west coast of Spain to Iceland (Fig. 6¢). A stationary
high-pressure system formed over Central Europe (HM) lasting from
December 13 to 22. The high-pressure system was associated with
slightly higher PV power production up to 10% on December 15 due
to less cloudiness (cloud cover of 63%). However, the seasonally lower
irradiance in winter did not compensate for the very low wind power
production of up to —54% on December 14, resulting in an overall very
low total production of up to —25% on December 14.

In the middle of the event, on December 17, 2017, a small cy-
clonic system formed in the Mediterranean. At its intersection with the
existing high pressure over Central Europe, wind speeds increased in
southwest Germany, while low wind power production persisted in the
northeast of the country (Fig. 6g). A temporary increase in wind power
in southern Germany alleviated the power shortage on the 17th but this
recovery was short. Given that southern Germany currently has a lower
number of batteries and pumped storage compared to the north [40],
this brief recovery might not have been sufficient to replenish storage
during the prolonged low production event. By December 18, the
cyclonic system in the Mediterranean weakened and the influence of
the high-pressure system dominated in Central Europe, reducing wind
power production again on the 19th (Fig. 5).

The high-pressure system had a core pressure of more than 1025 hPa
and had the core over Central and Southern Europe. It weakened on
the 21st (Fig. 5) when a low-pressure system formed near Iceland. It
resulted in strong Southwesterly winds over the North Sea (Fig. 6k),
increasing wind power production in Germany on the 25th. This in-
creased wind power production spread from the northwestern coast
(Fig. 61) to the rest of the country the following days, reaching the most
positive anomalies of total production on the 29th (37%, Fig. 5) before
decreasing again with the new weather condition (BM). The Southwest-
erly wind brings milder temperatures above zero degrees Celcius from
the south of Europe to Germany. The higher temperatures would have
also reduced the energy demand for heating, further alleviate the stress
on the German electricity provision.

3.4.2. Summer event: May 2016

The meteorological development of the summer event in May 2016
was characterized by cyclonic weather patterns with a surface low-
pressure system over Central Europe, including a stationary Cut-Off
Low over Central Europe (TM) for six days from May 29 to June 3,
along with Scandinavian High, Trough Central Europe (HFz) and High
Scandinavian-Iceland, Trough Central Europe (HNFz) (Fig. 7).

On May 21, a low-pressure system north of Great Britain moved
southeastward, weakened, and formed a trough over Germany on May
22. At the same time, a high-pressure system located in Eastern Europe
(Fig. 8c). The pressure gradient between the two pressure systems
increased the wind speeds, leading to higher wind power production in
the north and west of Germany. The regional above-average production
balanced the low wind power production in eastern Germany (Fig. 8d),
resulting in a German wind power production close to the climato-
logical mean on May 22 (Fig. 7e). Also along the pressure gradient
between two pressure systems, increased cloud cover led to reduced
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Fig. 5. Meteorological development during the 14-day low production event in
Germany in the winter 11-24 December 2007. Shown are meteorological variables
including 2-m temperature (a), mean sea level pressure (MSLP) (b), wind speed at 10m
and 100m (c), and irradiance (downward short-wave direct and diffused radiation) (d),
and normalized anomalies of energy variables including PV, wind power onshore (e),
total production for scale-2019 and scenario-2050 installations (f), and total production
of Germany and two neighboring countries Denmark and France (g). The figures
are shown with moving averages of 24 h to smooth the diurnal variation. Vertical
dotted lines mark three selected times to show the spatial variations of meteorological
conditions and power production anomalies in Fig. 6. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

surface irradiance and hence below-average PV power production in
France on May 22 (Fig. 8a,b). In the following days, the area between
two pressure systems moved eastward, affecting Germany, leading to a
very low PV power production with daily anomalies of up to —48%
on May 25. The positive anomaly of wind power production (20%)
did not balance the very low PV power production, resulting in a very
low total production anomaly of —73% on May 24. By May 26, the
trough dissolved with a higher pressure area arriving from the west of
Germany, and PV power returned closer to the climatological mean at
—~11% (Fig. 7).

In the middle of this 14-day low production event, the German
total production temporarily increased on May 30. This was caused
by a cut-off low-pressure system over Central Europe (TM) on May
29 (Fig. 8b). This low-pressure system remained stationary until June
4. Its strong pressure gradients led to high wind speeds and therefore
high wind power production along the North Sea and the border of
Germany near France, balancing the low wind power production in
the southern parts of Germany (Fig. 8g,h) and leading to an above
average wind power production in Germany on May 30 (Fig. 7). Cloudy
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Fig. 6. Meteorological conditions in three selected times during the winter event December 2007 marked by dotted lines in Fig. 5. Four columns show (left to right) surface
irradiance (%, shaded), anomalies of PV power production (%), wind speed at 10m (shaded) with mean sea level pressure (contour), and anomalies of wind power onshore
production (%). The numbers shown on top of the first-column panels are mean cloud cover (%) for Germany. The other numbers show the corresponding mean values for
Germany. The title for each row shows the weather patterns and the anomalies of total power production of Germany at 12:00 on that day. (For interpretation of the references

to colour in this figure legend, the reader is referred to the web version of this article.)

conditions associated with the low-pressure system reduced the PV
power production across Germany below average and dampened the
effect of increased wind power production on May 30, thus the total
production was still below average in scenario-2050. In the following
days, the low-pressure system moved westward and dissolved on June
4, again reducing the wind power production in Germany leading to
the continuation of the prolonged low production event (Fig. 7).

The extreme event ended on June 4, when a high-pressure system
formed over Iceland with a ridge extending over Central Europe (HNa),
resulting in reduced cloudiness (53%) and increased surface irradiance.
PV power increased accordingly, starting from northern Germany on
June 5 (Fig. 8j) and affecting the entire country until June 10. Wind
power production remained nevertheless relatively low during this
period with anomalies of up to —22% on June 7.

4. Discussion

The regional differences in power production anomalies have im-
plications for the future possibility of the transmission and storage of
electricity. The direction of a pressure system development influences
the spatial distribution of power production anomalies in Germany and
the neighboring countries, here shown with the example of France and
Denmark. The winter event in December 2007 (and the start of the May
2016 event) began with a high (low) pressure system forming over the

North Atlantic in the northwest of Germany. In both cases, the pressure
systems moved southeastward to Germany before continuing eastward
over land and eventually dissolved. Following these developments, the
negative anomalies of wind (PV) power production initiated in the
northwest of Germany first, then expanding to Denmark, while France
maintained an average power production in these cases (Fig. 5g and
7b). The tempo-spatial development of the power production anomalies
poses a challenge since the west of Germany has industrial areas with
high electricity demand and storage [40]. The North-South electricity
transmission would be less useful in this case, particularly when wind
power production in the North Sea and Denmark is simultaneously
below average (Fig. 5g, 6d,h). Instead, the West-East electricity trans-
mission line between France and Germany would be more helpful in
balancing the extremes in power production.

In contrast, the Cut-off low-pressure system (TM) from May 29
to June 3, 2016, moved from the southwest to Germany. Negative
anomalies of PV power production initiated in the south of Germany
and France, while wind speeds increased in Denmark in the north
of the Cut-off Low. Consequently, from May 29 to June 5, Germany
and France had similar negative anomalies in total production, while
Denmark had positive anomalies due to high wind power production on
May 30 before returning to the climatological mean. In such situations,
the North-South electricity transmission lines in Germany could be
beneficial by importing surplus electricity from Denmark to the regions
with electricity shortages in the south.
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Fig. 7. Meteorological progression during a low production event in May 2016. Similar
to Fig. 5 but for 14-day low production event in the summer, May 2016 (May 23 to
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is referred to the web version of this article.)

Interestingly, amongst 20 extreme events in Fig. 4, the winter event
in Dec 2004 characterized the pattern HM from Dec 4-6, similar to
the event in Dec 2007, but the low pressure system north of Great
Britain moved southeastward made the North-South transmission lines
from Denmark to Germany more beneficial (Supplementary Fig. S7a—
d). On the contrary, the summer event in May 2007 characterized
TM on May 30 to June 1, similar to the event in May 2016, but the
low pressure system formed in France moved northeastward made the
West-East transmission line from France to Germany more beneficial
(Supplementary Fig. S7e-h). Nevertheless, the other 16 events did not
include similar weather development and therefore, it is difficult to
draw a definite conclusion. More studies with a larger number of events
and weather conditions are thus required to understand the relationship
between weather development and the role of transmission lines.

The total production in scenario-2050 may experience an alleviation
of extremely low power production intensity during winter events but
an exacerbation during summer events, relative to scale-2019. Over
the 14 days of the winter event in December 2007, the anomalies
of total production in scenario-2050 were moderate (closer to zero)
compared to scale-2019 (Fig. 5). This stands in contrast to the summer
event May 2016, where the total production in scenario-2050 has lower
anomalous values than in scale-2019 due to the stronger impact from
reduced PV power production on May 25 and 30 (Fig. 7). The need
for battery storage during low production events in summer therefore
increases in the future, as inflow for pumped storage is projected to
decrease in summer due to reduced Alpine snow melt in future climate
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change [41]. This may be especially critical for the electricity provision
since blocking high-pressure systems in summer may coincide with the
development of heat waves. Heat waves can lead to an increase in
the electricity demand for cooling during such low-power production
episodes, and both the frequency and intensity of heat waves are
projected to further increase with future global warming [18].

A notable observation is that the anomalies of total production did
not remain consistently low throughout the entire 14-day low power
production events. There were instances where wind speeds recovered
to near or slightly above the climatological mean in the middle of
the assessed events, such as around December 18, 2007, and May
30, 2016 (Fig. 5, 7). Similarly short increases in total production can
be seen in other 14-day low production events for each season in
Supplementary Fig. S5 and S6. However, these temporary increases in
total production anomalies rarely exceed 10% above the climatological
means, indicating that electricity shortages could be alleviated but not
fully recovered. Two exceptions are in December 1996 and May 2007
with positive anomalies of up to 20%. The variations in total production
during these events underscore the need to monitor weather conditions
to prepare electricity storage for an extended period of low power
production, even when the total production appears to recover briefly.
Including more offshore wind power would enhance the effect of wind
power. Therefore during these short recovery time from low wind
speeds, the total production might more quickly increase and reach
regional values that exceed the average total production values, which
would allow to store or transmit the surplus electricity to alleviate low
production days elsewhere.

5. Conclusion

We present a comprehensive comparison of extreme events for PV
and wind power production in winter and summer in Germany. To
that end, we simulated PV and wind power using present-day and
future installations, defined with an increased ratio of PV to wind
power installed capacity from 0.7:1 for the present-day installation
(scaled-2019) to 2:1 for the future installation (scenario-2050) in Eu-
rope, which corresponds to an increase from 1:1 to 2.5:1 in Germany.
We identified extreme anomalies in power production and compared
the meteorological conditions associated with these extreme events
using synoptic weather pattern classification with 29 patterns [19] for
Germany.

The results show distinct characteristics in weather patterns as-
sociated with the lowest and highest total production events. High
production events are predominantly associated with cyclonic weather
patterns with 77% and 68% for present-day and 2050 installations,
respectively. In particular, Cylonic Westerly (Wz) and Cyclonic North-
Westerly (NWz) account for half of the days with high production
events with a total of 51% in present-day installation. The seasonal
differences in high-production events show no clear dependence on
the installations, suggesting that conclusions for future high-production
events can be drawn from results with present-day installations. In
contrast, low production events are mainly associated with anticyclonic
weather patterns with 63% in the present-day installation and are
more influenced by an increased share of PV power installation. With
the simulated future installation, low production events occur almost
equally frequently with anticyclonic (53%) and cyclonic weather pat-
terns (47%). This is due to the increase in the frequency of low
production events occurring in summer associated with cyclonic pat-
terns, driven by the higher influence of anomalously low PV power
production on the total production.

Our analysis indicates an increased likelihood of extremely low
production occurring in summer, rising from 5% to 25% of the total
of 150 extreme events when we go from the present-day to the 2050
installation. In addition, the 14-day summer event in May 2016 shows
lower anomalies in total production in the future installation compared
to the present-day installation, indicating a potential exacerbation of
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Fig. 8. Meteorological conditions in three selected times during low production event in May 2016. Similar to Fig. 6 but for the summer event May 2016 at three times marked
in dotted lines in Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

extremely low production events in summer in the future. With climate
change, the peak demand for cooling in summer will define the annual
maximum load in Germany by 2100 [41]. The combination of low
power production and high electricity demand in summer can therefore
pose extra stress on the energy supply system.

There are distinct differences between the 14-day low-production
events in winter and summer. In terms of the magnitude of anomalies,
summer events have relatively low PV and wind power production,
with a lowest PV power anomaly of —15% and a lowest wind power
anomaly of —19%. In contrast, during winter events, PV power pro-
duces slightly below the climatological mean up to —9%, while wind
power produces much lower amounts with anomalies up to —37%.
In terms of meteorological conditions, the majority (13 of 20) of 14-
day lowest production events are associated with stationary weather
patterns that lasted at least five days, with stationary anticyclonic
patterns being more prevalent in winter events, while stationary cy-
clonic patterns being more prevalent in summer events. There are
no repeating sequences of weather patterns during these prolonged
low production events; rather, the extremely negative anomalies come
from combinations of several patterns with low PV and/or low wind
power production. There are great uncertainties on how stationary
cyclonic and anticyclonic conditions vary with climate change in terms
of frequency, intensity, and duration [42,43]. How future changes in
stationary weather patterns can affect prolonged low-production events
can be explored in future studies. There is an increased persistence
of weather patterns compared in the 20th century (since 1881), espe-
cially in the 1970s-80s [44]. However, for climate projections in the

10

future, studies show high uncertainty on how atmospheric blockings
might change due to differences in definition and in representation in
numerical weather prediction models [43]. While the frequency and
duration of atmospheric blockings might decrease [42,43], rare but
high impact blockings such as those with extremely high intensity
(strong pressure gradient) and long duration are possible [43]. The
implication thus differs for the statistical 20 most extreme events and
for the most extreme events, i.e., the overall number of low-power
production events might decrease, but the most extreme low-wind
power production events would be intensified in terms of duration and
severity.

How these weather systems move during these events influences
which transmission lines between Germany and neighboring countries
Germany could be more helpful in electricity shortage. Our case studies
indicate that both North-South and West-East transmission lines are
needed during production shortfalls in Germany due to the differ-
ent propagation directions of the production anomalies during the
developments of different weather conditions.

Our findings highlighted that extreme events in PV and wind power
production, especially low power production events, may become more
frequent and more severe in summer for a plausible future power
installations in Germany. The results provide first insights for planning
the future energy system. To support the energy transition, future
studies need to explore extreme events in renewable power production
with additional simulations of the electricity demand and storage, such
as from hydropower and batteries, and the electricity transmission
from neighboring countries in Europe and elsewhere. To do so, more
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plausible future projections for PV and wind power production sites are
needed, since gridded data for installations are scarce and currently
hinder the advancement of the understanding of weather impacts on
renewable power systems.
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