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Abstract. Atmospheric blocking is linked to extreme weather and climate events like heatwaves, heavy rainfall, and calm
weather. The statistical relationship between blocking and extreme events in Germany is quantified in atmospheric reanalyses
ERAS5, ERA-20C, and 20CRv3, and in historical and future CMIP6 climate simulations. This targets the reliability assessment
of climate projections regarding extreme events in the 21st century. The analysis of the atmospheric reanalyses in the period
1961-2010 indicates that days with blocking see heatwaves 10-11 times and heavy precipitation events or calms 1.5 to 3 times
more often than days without blocking. These empirical relationships are also seen in historical CMIP6 simulations for the
large-scale phenomena heatwaves and calms, but not for heavy precipitation events (with odds only 1-1.5 times higher given a
day with blocking than without). In the simulated future climate, the relationship of blocking with the three extreme event types
changes only moderately. Inconsistent blocking trends in the projections, particularly in summer, obstruct the robust projection
of extreme events in Germany despite the stable relationship between blocking and heatwaves and calms in most of the CMIP6

simulations. Furthermore, the results confirm the need for better representation of precipitation extremes in climate models.

1 Introduction

Weather and climate extremes have a high socio-economic impact. Most of these extremes pertain to three categories: tem-
perature extremes (heatwave/cold spell), hydrological extremes (flood/drought), and wind extremes (storm/calm) (Kron et al.,
2019). In Europe, floods cause the highest economic loss of all natural hazards (Raska, 2015), whereas heatwaves are the dead-
liest events, linked to several thousand fatalities per event (Kovats and Kristie, 2006; Kautz et al., 2022). Prominent examples
of deadly heatwaves in Europe are the 2003 heatwave with 70,000 heat-related fatalities and the 2010 heatwave with 55,000 fa-
talities (Barriopedro et al., 2011). Prominent examples of severe floods with high economical damage are the Central European
floods in 2002 (14.5 billion EUR), 2013 (11 billion EUR) or 2021 (46 billion EUR) (Bloschl et al., 2013; Kron et al., 2019;
Kautz et al., 2022; Tradowsky et al., 2023). Examples for storms in Europe are Daria (1990), Lothar (1999), and Kyrill (2007)
(Kron et al., 2019). Periods of weak winds (hereafter called calms) do not have such a high impact as storms. However, they
have relevance for renewable energy production, especially in winter when energy production by solar power is low (Driicke

et al., 2021; Mockert et al., 2023).
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The commonality of many extreme events is their link to a phenomenon called atmospheric blocking (hereafter: blocking).
Blocking is a mid- to high-latitude phenomenon characterised by a persistent high-pressure system with a lifetime of up to
several weeks (Woollings et al., 2018). A typical feature is the diversion or disruption of the typical westerly flow (i.e. the flow
is more meridional than zonal in and around the area of a high-pressure system) (Rex, 1950; Kautz et al., 2022). The persistence
of these high-pressure systems can cause extreme weather events. Inside the block, subsiding air favours clear sky conditions.
The resulting solar insolation, in combination with adiabatic warming of subsiding air, causes heatwaves in summer (Pfahl and
Wernli, 2012; Pfahl, 2014; Woollings et al., 2018; Kautz et al., 2022). These are intensified by the dry weather condition in
persistent blocks which reduces the soil moisture and increases the Bowen ratio (Fischer et al., 2007; Pfahl and Wernli, 2012;
Pfahl, 2014). In winter, clear sky conditions favour the cooling of the lower troposphere. However, advection of cold air at the
eastern and southern flank of the block is the dominant driver of cold spells (Cattiaux et al., 2010; Sousa et al., 2018; Woollings
et al., 2018; Kautz et al., 2022). Advection of warm air at the northwestern flank of the high-pressure system is the dominant
driver of winter heatwaves (Holmberg et al., 2023). On the other hand, intense precipitation and floods are observed more
frequently at the southwestern and southeastern flank of the block than without blocking (Sousa et al., 2017; Lenggenhager
and Martius, 2019). Furthermore, blocking modifies the occurrence of wind extremes. First, blocking changes the storm tracks,
e.g. southward to the Mediterranean in the case of Greenland blocking. Second, a surface high-pressure system corresponding
to the block in the mid-troposphere increases the surface pressure gradient, if well pronounced, resulting in enhanced winds
between high- and low-pressure system (Pfahl, 2014; Kautz et al., 2022). Concurrently, weak winds dominate in the centre of
the high-pressure system (Grams et al., 2017; Driicke et al., 2021; Mockert et al., 2023).

For the future climate, climate models simulate an increase in the number and intensity of heatwaves and precipitation
extremes (Russo et al., 2014; Bloschl et al., 2020; Lin et al., 2022; Stanley et al., 2023). However, the degree of change is
uncertain, especially for high-emission scenarios (Russo et al., 2014; Huo et al., 2021; Stanley et al., 2023), since the spread
of, e.g., frequency of heatwaves in climate simulations scales with the global warming level (Barriopedro et al., 2023). The
uncertainty in the number and intensity of future extreme events is enhanced by uncertainties in the frequency of future blocking
which are described in Davini and D’ Andrea (2020) and Lohmann et al. (2024).

Further sources of uncertainty are the representation of the links between blocking and extreme events in climate simulations
and a potential change of those links in the future climate. Sillmann and Croci-Maspoli (2009), Sillmann et al. (2011) and
Brunner et al. (2018) compared the results between reanalyses and climate simulations and found reasonable agreements.
However, they investigated only single models (ECHAMS in Sillmann and Croci-Maspoli (2009) and Sillmann et al. (2011),
and CanESM2 in Brunner et al. (2018)). Thus, we investigate the link between blocking and extreme events in Germany
in an ensemble of six climate simulations participating in the Coupled Model Intercomparison Project Phase 6 (CMIP6)
(Eyring et al., 2016) to increase the robustness of the results. The investigation has three steps: First, we quantify the link
between blocking and the weather and climate extremes focusing on heatwaves, heavy precipitation events, and calms in
three atmospheric reanalyses (i.e. in near-observation datasets). Second, we do the same for CMIP6 simulations and compare
the results to the reanalyses. Third, we compare the link between blocking and extreme events between historical and future

periods assuming the highest CMIP6 emission scenario SSP5-8.5. The paper is structured as follows: In section 2, we present
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the applied data and methods, followed by the results in section 3. In section 4, we discuss the results before we end up with

the conclusions in section 5.

2 Data and methods

We compared the statistical link between blocking and extreme events between three reanalyses and six CMIP6 simulations
(Eyring et al., 2016). The reanalyses are ERA-20C (Poli et al., 2016), NOAA-CIRES-DOE Twentieth Century Reanalysis v3
(hereafter 20CR) (Slivinski et al., 2019), and ERAS (Hersbach et al., 2019). The climate simulations are a sub-set of CMIP6
simulations (CESM2, CNRM-CM6-1, MIROC-ES2L, MPI-ESM1-2-HR, NorESM2-MM, UKESM1-0-LL) whose seasonal
blocking trends agreed best to the 20CR reanalysis during the period 1900-2014 as described in Lohmann et al. (2024). We
analysed the reanalyses and CMIP6 Simulations for the period 1961-2010. For the future, we considered the period 2051-2100

assuming the highest emission scenario SSP5-8.5.
2.1 Extreme events

In the following paragraphs, we define the extremes which we related to blocking. The definitions of the extremes were based on
percentiles. This minimises the impact of elevation, geographical position, or spatial resolution on the identification of extreme
events. The reference period for the percentile calculation was 1981-2010. The spatial resolution depends on the analysed
dataset. ERA-20C and 20CR data have a spatial resolution of 1°, whereas ERAS data have a spatial resolution of 0.25°. The
horizontal resolution of the climate models differs and is not a multiple of 0.25 or 1°. Therefore, when analysing extremes in
the climate simulations, the closest grid point in the climate simulations to the investigated grid point in the reanalyses was

analysed.
2.1.1 Heatwaves

Following Zampieri et al. (2017) who adapted the method by Russo et al. (2015), heatwaves are periods of at least three subse-
quent days with a daily maximum temperature above the 90th percentile value (7o percentiles were determined using centered
31-day windows). Furthermore, a daily magnitude M considering the temperature anomaly is calculated: The calculation of
the magnitude is based on the 25th and 75th percentiles of the daily maximum temperature using centered 31-day windows
(T25 and T75):

My(T) = (T —Ts5)/(Tr5 — Tos) if T > Too; 0 otherwise. (1)

Zampieri et al. (2017) modified the method by Russo et al. (2015) because Russo et al. (2015) calculated 755 and 175 with
respect to the yearly maximum temperature. The original method by Russo et al. (2015) enables only the calculation of the
daily magnitude of summer heatwaves. The sum of My over all heatwave days is the magnitude of the heatwave (hereafter
called HWMD). We implemented the modification by Zampieri et al. (2017) in the original R code by Russo et al. (2015)
which is available in the extRemes package (R Core Team, 2024).
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As we expected seasonally varying mechanisms behind the occurrence of heatwaves, we investigated the link between block-
ing and heatwaves separately for summer (April-September) and winter (October-March) half-years. We analysed heatwaves
in general and strong heatwaves and defined strong heatwaves as heatwaves with HWMD>15. Heatwaves were determined at

a grid point in Central Germany (51° N, 10° E) representing Germany.
2.1.2 Heavy precipitation

Heavy precipitation events were defined as days with daily precipitation exceeding the 99th percentile value (the percentile
calculation includes dry days). Hofstitter et al. (2018) found differences between weather regime climatologies related to heavy
precipitation in several parts of Central Europe: heavy precipitation in Northern and Western Germany was predominantly
related to Atlantic winter cyclones (no blocking), whereas heavy precipitation over Eastern Germany, Austria and the Czech
Republic was predominantly observed in the summer half-year and related to so-called Vb cyclones (potentially with blocking
(Grams et al., 2014; Hofstitter et al., 2018)). Therefore, we calculated the link between blocking and heavy precipitation
separately for the summer and winter half-year. Furthermore, we distinguished between heavy precipitation at grid points in

Western (51° N, 8° E) and Eastern Germany (51° N, 14° E).
2.1.3 Calms

Calm days (hereafter called calms) were defined as days with a daily mean wind speed below the 5th percentile value at 10
m altitude. The wind speed at 100 m height would be more appropriate for calm consideration, but was not available in the
20CR and CMIP6 datasets. The 10 m 5th percentile is an appropriate reference value because for that the wind speed at 100

m height is typically around 2.5 m s—!

in Central Germany in ERAS. This wind speed is within the range of the cut-in wind
speed (i.e. the minimum wind speed required for wind turbines to produce energy) of many power plants (Enercon, 2025). As
for heatwaves, we analysed calms at a grid point in Central Germany (51° N, 10° E). We quantified the empirical link between
blocking and calms for the summer and winter half-year. The focus was on the latter period because of relatively low solar

energy production and high energy demand (e.g. for heating).
2.2 Blocking

The applied hybrid blocking index evaluates the geopotential height at 500 hPa. This hybrid index combines the gradient
approach by Davini et al. (2012) with an anomaly approach based on Barriopedro et al. (2010) which we adapted as described
in Lohmann et al. (2024): in case of blocking the geopotential height has to exceed the climatological mean by one standard
deviation. The mean value and standard deviation were calculated for each calendar day and grid cell. A 91-day window
centered around the day of interest was applied for the calculation of the mean and standard deviation to smooth the yearly
cycle. The climatological mean of geopotential height refers to a 31-year running window to consider the increase in the mean

geopotential height related to the increase in global mean temperature.
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In the first step, both components of the hybrid index were calculated independently. To combine both, blocked areas were
checked for an overlap of at least 1.5 - 10° km?. If this area was achieved, the full area detected by the anomaly approach was
counted as instantaneous block. Next, a spatio-temporal filtering was applied. The instantaneous block was finally counted as
block if the block persists for at least five days, covers at least 15° in longitude and 1.5-10% km? in space. The advantage of the
hybrid index is that it captures the full spatial extent of the high-pressure system which is favourable for investigating the link
between blocking and extreme events. We calculated the blocking data with the 2D-Blocking Plugin (Richling, 2020) which is
part of the Free Evaluation System Framework (Freva) (Kadow et al., 2021). The geopotential height fields of all datasets were
remapped to a 2.5°x2.5° grid, since this spatial resolution is the default setting of the 2D-Blocking Plugin (Richling, 2020).

2.3 Relating blocking to extreme events

The first step was to identify areas with blocking which are empirically linked to extreme event time series at the selected
locations in Germany. For this purpose, two conditional frequencies were calculated at each blocking grid cell: first, the fre-
quency of blocking during an extreme event fyck|ez¢ Which is the percentage of blocking at a grid cell given an extreme
event at the selected location in Germany. Second, the frequency of an extreme event during blocking fe,¢|piock Which is the
percentage of an extreme event at the selected location in Germany given blocking at a grid cell. The relevant blocking areas
were subjectively identified based on the maxima in the spatial distribution of the two conditional frequencies.

The second step was a deepened analysis of the link between blocking in the identified areas and extreme events. Following
criterion was determined: If more than 50% of the grid cells within the selected area were blocked, the day was counted as a
blocking day. This definition and the daily information about the occurrence of extreme events enable to count the number of
days with/without blocking/extreme event, and to populate a contingency table.

Based on the contingency table, we calculated the frequency of blocking days fy.cr and the frequency of extreme event
days fes:. Following the definitions in Table A1, the two marginal frequencies are calculated by

hits + false alarms — Mpjocking d
Solock = = TS e, 2

Ndays Ndays
hits +misses _ Nextreme event days

fext =

3)

Ndays Ndays
Furthermore, we calculated the frequency of blocking during an extreme event at a selected grid point fock|eat» the frequency

of an extreme event during blocking fe,¢|pi0ck» and the frequency of an extreme event without blocking fe,¢|no biock- Following

the definitions in Table A1, the three conditional frequencies are calculated by

hits hits
fblock\eact =7 - = ) “4)
hits +misses Nextreme event days
hits hits
feact|block =7 = ’ (5)
hits+ false alarms — Npiocking days
misses misses
fewt|no block = = (6)

misses + correct rejections  Mne blocking days '

A further calculated quantity is the odds ratio, OR. The term odds describes the ratio between the probability that an event

will happen and that it will not happen. The OR is the ratio of the odds of an event given a risk factor to the odds of the same
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event without the risk factor (Bland, 2000; Stephenson, 2000). In the context of blocking and extreme events, the OR compares

the odds of an extreme event with blocking with the odds of an extreme event without blocking as

fea:t\block
1—
OR — femt|block )
fe:ct|no block
1- fea:t\no block
which can be rewritten as
hits - correct rejections
OR = J )

false alarms - misses
An OR larger 1 indicates higher odds of an extreme event with blocking than without. An OR smaller or equal 1 indicates
lower or equal odds of an extreme event with blocking than without. Significance of the ORs was tested at the 5% level with a
two-sided Fisher’s exact test by using the R function fisher.test from the stats package (R Core Team, 2024) (which applies the
method by Bailey (1995)) (Ruxton and Neuhiuser, 2010, 2013).
Furthermore, contingency tables with the sum over all reanalyses respectively CMIP6 simulations, were calculated by adding
the entries of the contingency tables of each reanalysis or simulation, here exemplarily for the hits:

N
hitstot = Z h’L.tS»“ (9)

i=1
where N is the number of reanalyses respectively CMIP6 simulations. The other three entries in the contingency table according
to the definitions in Table A1l were calculated analogously. Based on this contingency table, conditional frequencies, ORs and

their significance were calculated for the average of the reanalyses respectively the CMIP6 simulations.

3 Results

This section presents the link between blocking and the introduced extreme events in present (1961-2010) and future (2051-
2100).

3.1 Blocking and heatwaves

We present separately summer heatwaves (April to September) and winter heatwaves (October to March). Additionally, we

discriminate between all heatwaves and strong heatwaves (HWMD>15).
3.1.1 Blocking and summer heatwaves

Figure 1 shows the frequency of blocking during heatwaves in Central Germany (at the marked point) and the frequency
of heatwaves in Central Germany during blocking in ERAS in the summer half-year. Blocking occurred at up to 45% of the
heatwave days with a frequency maximum in the southern Baltic Sea. Heatwaves were most frequent during blocking in Central

Europe (during up to 25% of the blocking days).
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Figure 1. Frequency of blocking at a certain grid cell during summer heatwaves (April-September) at the marked point (51° N, 10° E; a);
frequency of summer heatwaves at the marked point if there is blocking at a certain grid cell (b), both in ERAS during the period 1961-2010.

The black box in (a) denotes the area used to count blocking days.

Based on the spatial frequency distributions in Fig. 1, we identified an area from 0° to 25° E and from 45° N to 60° N
as being relevant for heatwaves and calculated the marginal (Eq. 2-3) and conditional frequencies (Eq. 4-6) and ORs (Eq. 8)
for the area averages. Averaged over the three investigated reanalyses, the frequency of heatwave days fryw was 4.0% (4.7%
in the mean of the historical CMIP6 simulations) and the frequency of blocking days fiocx Was 6.9% (6.0% in CMIP6). The
frequency of blocking during heatwaves fyocr rw Was 40% in the mean of the reanalyses (see Table 1) with a good agreement
between the three reanalyses (see Table S1). All historical CMIP6 simulations underestimated all reanalyses (see Table S1)
with on average 33% (Table 1). The frequency of heatwaves during blocking frw |siocr Was approximately 23% in the mean of
the reanalyses with a range of approximately 20 to 25%. On average, the simulations slightly overestimated frw |piock (26%).
The frequency of heatwaves without blocking frw |no biock Was 2.6% in the reanalyses and 3.4% in the CMIP6 simulations on
average. The OR was 11 in the reanalyses and significant (9.9 in the CMIP6 simulations and significant).

In the mean of the reanalyses, the frequency of strong heatwave days with HWMD>15 fry15 was 0.4% (0.8% in the mean
of the CMIP6 simulations), and fyjock did not change. During strong heatwaves, the frequency of blocking fyock|rw1s Was
approximately 68% in the mean of the reanalyses and highest in ERA-20C (see Table S2). All historical CMIP6 simulations
underestimated all reanalyses (Table S2) with on average 41% (Table 1). The frequency of strong heatwaves during blocking
JHW15/block Teduced to 4.2% and the frequency of strong heatwaves without blocking frw 15/no block reduced to 0.1% in the
average of the reanalyses. On average, the CMIP6 simulations overestimated both, frw 1s(piock (5:2%) and frw15ino block

(0.5%). The OR was 30 (with a wide range from approximately 20 to 40 in the individual reanalyses, significant in all reanaly-
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Table 1. Conditional frequencies and odds ratios related to heatwaves (all or with HWMD>15, April-September) in Central Germany (51° N,
10° E) averaged over reanalyses and CMIP6 simulations during the period 1961-2010. Odds ratios in bold are significant at the 5% level.

All HW HWMD>15
Reanalyses CMIP6 Simulations Reanalyses CMIP6 Simulations
Sotock)aw [%] 39.7 32.8 68.4 414
faw biock [%] 229 25.6 4.2 5.2
JHW R0 block [%] 2.6 3.4 0.1 0.5
OR [-] 11.2 9.9 30.4 11.5

Table 2. As Table 1, but for the CMIP6 scenario SSP5-8.5 during the period 2051-2100, considering all heatwaves and heatwaves with
HWMD>15.

All HW HWMD>15
Jotock aw [%] 27.3 34.7
frawsiock [%] 80.4 61.2
fHW\no block [%] 29.6 15.8
OR [-] 9.8 8.4

ses) and significant. All CMIP6 simulations underestimated the OR with on average 12, but the ORs of all CMIP6 simulations
were significant.

For the future period (2051-2100), the models simulated on average an increase of fzy to 36% and an increase of fp;ock to
12%. On average, fyiock|mw decreases to 27%, but fiocx w increases in two simulations (see Table S3). Concurrently, the
projected frwpiock (80% on average) and fryw |no piock (30% on average) increase. The ensemble range increased compared
to simulations of the period 1961-2010 (see Table S3). The ensemble mean’s OR is 9.8 and similar to the historical period, and
significant. The OR increases in three simulations, especially in the UKESM1-0-LL (see Table S3).

On average, frw15 increases to 21%. The frequency of blocking during strong heatwaves decreases to 35% in the ensemble
mean (Table 2), but increases in two simulations (Table S4). Concurrently, frw1ispiock (61%) and frwisino biock (16%)
increase in the mean. The ensemble’s mean OR decreases to 8.4, but is still significant. The OR increases in the CESM2 and

the UKESM1-0-LL and shows, as the three conditional frequencies, a wide range in the ensemble (Table S4).
3.1.2 Blocking and winter heatwaves

Analogue to Fig. 1, but for the winter half-year, Fig. 2 shows the frequency of blocking during heatwaves in Central Germany
and the frequency of heatwaves in Central Germany during blocking. Blocking occurred most frequently over the Alps and

Northern Italy. Approximately 25 to 30% of the heatwave days had blocking in this area. Heatwaves were most frequent if
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Figure 2. As Fig. 1, but for winter heatwaves (October-March).

blocking was over the Western Mediterranean and North Africa. In approximately 25 to 30% of the blocking days there, a
heatwave occurred in Central Germany.

Based on the spatial frequency distributions in Fig. 2, we selected an area from 10° W to 25° E and from 30° N to 50° N
(see Fig. 2a) and calculated the marginal and conditional frequencies and the ORs for the area averages. Note that this region
is more in the south than the selected area for summer heatwaves. Averaged over the three reanalyses, fgw was 3.7% (3.8%
in the mean of the CMIP6 simulations) and fp;ock Was 2.9% (2.7% in CMIP6). In the mean of the three reanalyses, fblock| HW
was 19% (only approximately 50% of the summer frequency, Table 3). On average, the CMIP6 simulations underestimated
Totock|Hw (13%). frw biock Was 24% in the reanalyses (Table 3) and underestimated by the CMIP6 simulations (18%). Both
conditional frequencies show a wide range between the three reanalyses (with the highest values in ERAS5) and in the CMIP6
ensemble (see Table S5). Similarly to the summer half-year, frw|no biock Was low (3.1% in the average of the reanalyses). On
average, frw|no block Was slightly higher in the CMIP6 simulations (3.4%). The OR was 9.8 (similar to the summer OR) and
significant in the reanalyses, but with a large spread (see Table S5). The CMIP6 simulations underestimated the OR (6.4, but
mean OR of CMIP6 simulations was significant).

In the mean of the reanalyses, fyw 15 was 0.4% (0.4% in CMIP6). During strong heatwaves, the frequency of blocking
Jolock|Hw1s Was 15% in the mean of the reanalyses (Table 3) and highest in ERA-20C (Table S6). On average, fyiock|mw 15
agreed between the historical CMIP6 simulations and the reanalyses, but fyo.x| w15 has a wide range in the CMIP6 ensemble
(Table S6). In the mean of the reanalyses, frw15|pi0ck Te€duced to 2.3%. The CMIP6 agreed with the reanalyses on average
(2.4%), but the CMIP6 ensemble shows a wide range (Table S6). In the mean of both, reanalyses and CMIP6 simulations,
JHW 150 block Teduced to 0.4%. The OR reduced to 6.1 in the reanalyses (only approximately 20% of the summer OR) and

was again 6.4 in the CMIP6 simulations. The OR was significant in both, reanalyses and CMIP6 simulations. However, the
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Table 3. As Table 1, but for winter heatwaves (October-March).

All HW HWMD>15
Reanalyses CMIP6 Simulations Reanalyses CMIP6 Simulations
Jotock|aw [%] 18.8 132 15.1 15.0
faw stock [%] 24.2 182 2.3 2.4
fHW\no block [%] 3.1 3.4 0.4 04
OR [-] 9.8 6.4 6.1 6.4

Table 4. As Table 3, but for the CMIP6 scenario SSP5-8.5 during the period 2051-2100, considering all heatwaves and heatwaves with
HWMD>15.

All HW HWMD>15
Forock mw [%] 10.2 13.5
fraw block [%] 63.5 425
fHW\no block [%] 254 12.4
OR [-] 5.1 5.2

CMIP6 ensemble shows a wide range and the NorESM2-MM did not simulate any strong heatwave related to blocking in the
winter half-year (Table S6).

For the future period (2051-2100), the models simulated on average an increase of fryy to 27% and an increase of fyock tO
4.3%. In the ensemble mean, fyjock|mw reduces to 10% (see Table 4). The spread of fyocx) rw in the ensemble is small (Table
S7). In the ensemble mean, fryy |piock increases to 64% and fryw |no block increases to 25%. In the ensemble, the spread of
Jrw block and fEW no block increases compared to the historical period (Table S7). The ensemble’s mean OR reduces to 5.1,
but is still significant.

The frequency of strong heatwaves increases to 14% and the frequency of blocking during strong heatwaves reduces to
14% in the ensemble mean (see Table 4), but fy,cx| 71w 15 increases in three simulations (Table S8). The frequency of strong
heatwaves during blocking increases on average to 43%, and the frequency of strong heatwaves without blocking increases on

average to 12%. The ensemble’s mean OR is 5.2 and significant, but lower than in the historical period.
3.2 Blocking and heavy precipitation

Figure 3 shows the frequencies of blocking during heavy precipitation and of heavy precipitation during blocking in Western
and Eastern Germany respectively in the annual mean. During heavy precipitation in Western Germany, blocking was most
frequent over Scandinavia with a frequency of 10-15% (Fig. 3a). Heavy precipitation in Western Germany was most frequent

(up to 3%) if the block was over the Atlantic close to the Azores (Fig. 3b). The frequency of heavy precipitation in Western

10
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Germany was below 1% if the block was in Northern or Eastern Europe. The low frequencies of heavy precipitation during
blocking were related to the definition of heavy precipitation: since the threshold is the 99th percentile, only approximately 1%
of all days were heavy precipitation days.

During heavy precipitation in Eastern Germany, the frequency of blocking was 20-25% over Scandinavia and approximately
15% over Eastern Europe (Fig. 3c). The frequency of heavy precipitation in Eastern Germany during blocking in Eastern or
Northern Europe was approximately 2% (Fig. 3d).

Based on the spatial frequency distributions in Fig. 3, we selected two areas, one in Scandinavia (from 0° to 40° E and from
60° N to 75° N) and one in Eastern Europe (from 30° E to 60° E and from 40° N to 60° N) and calculated the marginal and
conditional frequencies and the ORs for the area averages. As for heatwaves, the investigation was done separately for the
summer (April-September) and winter half-year (October-March) because of different synoptic patterns in winter and summer
(Hofstitter et al., 2018). In the summer half-year, the frequency of heavy precipitation days in Western Germany fp,w was
0.7% in the mean of the reanalyses (1.1% in the mean of the CMIP6 simulations), and the frequencies of blocking days over
Scandinavia fyjock,5can and over Eastern Europe fyock, r Were 11% respectively 5.0% (9.6% respectively 4.1% in CMIP6).
The frequency of blocking over Scandinavia during heavy precipitation in Western Germany fyock, Scan|Pr,w Was 17% and
the frequency of blocking over Eastern Europe during heavy precipitation in Western Germany fy1ock, £ pr,w Was 9.6% in
the mean of the reanalyses (Table 5). All historical CMIP6 simulations underestimated the reanalyses with on average 11%
(foiock,Scan|Pr,w) and 4.5% (fyiock, EE|Pr,w) (Table S9). In the mean of the reanalyses, the frequency of heavy precipitation in
Western Germany during blocking over Scandinavia fp,. w |piock,scan and the frequency of heavy precipitation in Western Ger-
many during blocking over Eastern Europe fp,w biock, B Were 1.1% respectively 1.4%. On average, the CMIP6 simulations
slightly overestimated fp, w|biock,Scan (1.3%) and slightly underestimated fp,. w |piock, 2 (1.2%) (Table 5). In the mean of the
reanalyses, the frequencies of heavy precipitation in Western Germany without blocking over Scandinavia fp;. wno biock,Scan
and without blocking over Eastern Europe fp,. wno biock,zE Were 0.7%. On average, the CMIP6 simulations overestimated
JPr.Wino block,Scan @04 [P W no block, EE (1.1% each). The ORs were 1.7 (Scandinavian blocking) and 2.1 (Eastern European
blocking) in the reanalyses, and both significant. In the mean of the CMIP6 simulations, the ORs were 1.1 (Scandinavia) and
1.2 (Eastern Europe), and both not significant and with ORs<1 in the ensemble (Table S9).

The frequency of heavy precipitation days in Eastern Germany fp, r was 1.5% in the mean of the reanalyses (1.4% in
CMIP6), and fpiock,Scan and fyiock, £ Were identical to the previous paragraph. Averaged over the three investigated reanaly-
ses, the frequency of blocking over Scandinavia during heavy precipitation in Eastern Germany fyock,Scan|pr,z Was 18% and
the frequency of blocking over Eastern Europe during heavy precipitation in Eastern Germany fyjock, scan|Pr,z Was 9.7%. On
average, the historical CMIP6 simulations underestimated fyock,Scan|pr,e (13%) and fyock, eE|pr.E (6.6%). The frequency
of heavy precipitation in Eastern Germany during blocking over Scandinavia fp;. gjpiock,Scan Was 2.4% and the frequency of
heavy precipitation in Eastern Germany during blocking over Eastern Europe fp,. g|iock, e Was 2.9%, both in the mean of
the reanalyses. On average, the CMIP6 simulations underestimated fp,. jpiock,Scan (1.4%) and fp,. giyiock, pE (2.3%). The
frequencies of heavy precipitation in Eastern Germany without blocking over Scandinavia fp,. g|no block,5can @nd Eastern

Europe fp,. £no biock, e Were both 1.4% in the mean of the reanalyses. The CMIP6 simulations agreed on average with the
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Figure 3. Frequencies of blocking at a certain grid cell during heavy precipitation at the marked point (a,c); frequencies of heavy precipitation
at the marked point if there is blocking at a certain grid cell (b,d). (a,b): Heavy precipitation in Western Germany (51° N, 8° E); (c,d): Heavy
precipitation in Eastern Germany. (51° N, 14° E). All subplots refer to ERA5 during the period 1961-2010. The boxes in (a) denote the areas

used to count blocking days. Note the different scales between the two conditional frequencies.

reanalyses (Table 5). The ORs were 1.7 (Scandinavian blocking) and 2.1 (Eastern European blocking) in the reanalyses, and

280 both significant. The CMIP6 ensemble’s mean ORs were 1.4 (Scandinavia) and 1.7 (Eastern Europe) and significant.
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Table 5. Conditional frequencies related to heavy precipitation (April-September) in Western (51° N, 8° E, top) and Eastern Germany (51° N,
14° E, bottom) averaged over reanalyses and CMIP6 simulations during the period 1961-2010. The abbreviation “EE” denotes blocking over
Eastern Europe and “Scan” blocking over Scandinavia. The abbreviation “Pr” in the index of the conditional frequencies denotes heavy

precipitation. Odds ratios in bold are significant at the 5% level.

Reanalyses CMIP6 Simulations

Western Germany

EE Scan EE Scan

Sorock| pr [%] 9.6 17.2 45 11.3
fPr|block [%] 1.4 1.1 1.2 1.3
fPr|no block [%] 0.7 0.7 1.1 1.1
OR [-] 2.1 1.7 1.1 1.2

Eastern Germany

EE Scan EE Scan

Sorock| pr [%] 9.7 17.8 6.6 13.0
fPrivlock [%] 2.9 24 2.3 1.4
fPr|no block [%] 1.4 1.4 1.4 1.4
OR [-] 2.1 1.7 1.7 14

In the winter half-year (October-March), fp, w was 0.9% in the mean of the reanalyses (0.8% in CMIP6), and fyock,Scan
and fprock, EE Were 11.3% respectively 4.7% (11.1% respectively 4.6% in CMIP6). In the average of the three reanalyses,
Totock,Scan|Pr,w @0d fyiock, £ 2| Prw reduced to less than 1% (Table 6). The historical CMIP6 simulations overestimated on av-
erage both fy,ck | pr,w (Table 6). In the mean of the reanalyses, fp,.w |biock,Scan T€duced t0 0.03% and fp,. w |biock, £ Teduced
t0 0.2%. The CMIP6 simulations overestimated on average both fp,. v |piock- In the mean of the reanalyses, fp,. wno biock,Scan
and fp,. wno block, £E increased to 1.0%, and the CMIP6 simulations slightly underestimated the frequency of heavy precip-
itation without blocking. The ORs were 0.03 (Scandinavian blocking) and 0.2 (Eastern European blocking) in the reanalyses
and significant. The ORs in the CMIP6 simulations were 0.25 (Scandinavia) and 0.4 (Eastern Europe), and both ORs were
significant.

In the mean of the three reanalyses, fp, g was 0.5% (0.5% in CMIP6 ), and fyock,Scan and foiock, zE Were identical to
the previous paragraph. In the mean of the reanalyses, fyock,scan|Pr,E @0d fyiock, EE|Pr,E Were 4-5% (Table 6). On aver-
age, the historical CMIP6 simulations overestimated fyock,Scan|pr,e (5:6%) and fyjock, £ Pr,E (7.1%). In the mean of the
reanalyses, fp;, g|biock,Scan Teduced to 0.2% and fp,. wpiock, pE Teduced to 0.4%. In the CMIP6 mean, fp, gipiock,pE Was
overestimated (0.7%), but fp,. g(piock,Scan agreed with the reanalyses. In the mean of the reanalyses, fp,. £jno block,Scan and

IPr.Elno block, 5 Were 0.5% and the CMIP6 simulations agreed on average with the reanalyses (Table 6). The ORs were 0.4
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Table 6. As Table 5, but for the winter half-year (October-March).

Reanalyses CMIP6 Simulations

Western Germany

EE Scan EE Scan

Jolock|Pr [%] 0.8 0.4 1.9 3.1
fP'r|block [%] 0.2 0.03 0.3 0.2
fPrino biock [%] 1.0 1.0 0.8 0.9
OR [-] 0.2 0.03 0.4 0.25

Eastern Germany

EE Scan EE Scan
Forock| pr [%] 4.0 48 7.1 5.6
frriviock [%] 0.4 0.2 0.7 0.2
fPrino biock [%] 0.5 0.5 0.4 0.5
OR [-] 0.9 0.4 1.6 0.5

(Scandinavian blocking) and 0.9 (Eastern European blocking) in the reanalyses and only the OR of Scandinavian blocking was
significant. The ORs in the CMIP6 mean were 0.5 (Scandinavia) and 1.6 (Eastern Europe) and consequently overestimated,
but only the OR of Scandinavian blocking was significant. The ORs of Eastern European blocking have a wide range from 0.0
to 3.7 in the ensemble (Table S10).

In the summer half-year of the future period, fp, increases to 1.4% in the mean of the CMIP6 SSP5-8.5 scenario
simulations, and fyiock,5can and fpiock, EE increase to 15% respectively 11%. In the ensemble mean, fbloch Scan|Pr,W and
folock, EE|Pr,w increase to 18% respectively 12% (Table 7) with the most pronounced increases in the CESM2 and NorESM2-
MM (see Table S11). In the ensemble mean, fp,. w |piock,Scan increases to 1.7% and fp, w|piock, £ increases to 1.5%. Further-
more, fp, wino block,Scan 304 fpr. W no block, EE InCrease to 1.4% (both blocking regions). The projected OR of Scandinavian
blocking is 1.2 (significant) and the OR of Eastern European blocking is 1.1 (not significant) (Table 7).

In the CMIP6 ensemble mean, fp, g increases to 1.8%, and fiiock,Scan a0d foiock, g are identical to the previous paragraph.
Furthermore, fyiock,Scan|Pr.e @04 foiock, EE|Pr,E increase to 18% respectively 11% (Table 7). Again, the increase is most
pronounced in the CESM2 and NorESM2-MM (Table S11). In the CMIP6 ensemble mean, fp,. g(piock,Scan inCreases to 2.1%
and fp, g|piock, pE Teduces to 1.7%. fp, gino biock,Scan @04 fpr, Ejno block, EE increase to 1.7% respectively 1.8%. The ORs
reduce to 1.2 (significant, Scandinavian blocking) and 0.9 (not significant, Eastern European blocking).

In the winter half-year of the future period, fp, w increases on average to 1.5 %, and fyiock,Scan and fpiock, EE increase
to 11.8% respectively 6.9%. fyiock,Scan|Pr,w @0d foiock, EE|Pr,w INCrease on average to approximately 3% (Table 7). In the

ensemble mean, fp,. wpiock,Scan iNCreases to 0.4% and fp,. wlock, zE increases to 0.7%. Furthermore, fp,. wno block,Scan
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Table 7. Conditional frequencies related to heavy precipitation in summer (April-September) and winter (October-March) in Western (51° N,
8° E) and Eastern Germany (51° N, 14° E) averaged over CMIP6 simulations during the period 2051-2100 assuming the CMIP6 scenario
SSP5-8.5. The abbreviation “EE” denotes blocking over Eastern Europe and “Scan” blocking over Scandinavia. The abbreviation “Pr” in the

index of the conditional frequencies denotes heavy precipitation. Odds ratios in bold are significant at the 5% level.

Summer Winter

Western Germany

EE Scan EE Scan

Sorock| pr [%] 11.9 17.6 3.3 3.2
fPr|block [%] 1.5 1.7 0.7 0.4
fPr|no block [%] 1.4 1.4 1.6 1.6
OR [-] 1.1 1.2 0.5 0.2

Eastern Germany

EE Scan EE Scan
foiock|Pr [%] 10.7 17.6 8.4 94
T Priblock [%] 1.7 2.1 1.0 0.6
fPr|no block [%] 1.8 1.7 0.8 0.8
OR [-] 0.9 1.2 1.2 0.8

and fp,wno block, £E increase to 1.6%. The ORs are 0.2 (Scandinavian blocking) and 0.5 (Eastern European blocking) and
both significant.

In the ensemble mean, fp, g increases to 0.8% (fyiock,Scan and foiock, EE are identical to the previous paragraph) whereas
Jotock,Scan|Pr,e a0 fyiock, EE|Pr, E InCrease to 8-9% (Table 7). fp,. gjpiock,Scan iNCreases to 0.6% and fp,. gyiock, £E INCreases
to 1.0%. Furthermore, fp,. gjno block,Scan a4 fpr, Ejno block, EE increase to 0.8%.The ORs are 0.8 (Scandinavian blocking)
and 1.2 (Eastern European blocking) and are not significant. The Eastern European ORs have a wide range from 0.4 to 2.1 in

the ensemble (see Table S12).
3.3 Blocking and calms

Figure 4 shows the frequency of blocking during calms and the frequency of calms during blocking. During calms in Central
Germany, blocking was most frequent over Northern Central Europe and the North Sea with 20-25% of the calm days. Calms
were most frequent (at approximately 10% of the days) if the block was over Central Europe.

Based on the spatial frequency distributions in Fig. 4, we selected an area from 10° W to 25° E and from 50° N to 65° N
(see Fig. 4a) and calculated the conditional and marginal frequencies and the ORs for the area averages. The period of interest

was the winter half-year (October-March), since periods of low solar and wind energy production occurred only during this
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Figure 4. Frequency of blocking at a certain grid cell during calms at the marked point (51° N, 10° E; a); frequency of calms at the marked
point if there is blocking at a certain grid cell (b). Both subplots refer to calms in ERAS during the period 1961-2010. The box in (a) denotes

the area used to count blocking days. Note the different scales between the two conditional frequencies.

time of the year (Driicke et al., 2021). During the winter half-year, the frequency of calm days f.q;,, was 4.1% in the mean of
the three reanalyses (2.9% in the mean of the CMIP6 simulations) and the frequency of blocking days fpiocr Was 10% (10%
in CMIP6). The frequency of blocking during calms fyock|caim Was 21% averaged over the reanalyses (Table 8). On average,
the CMIP6 simulations overestimated fyock|catm (26%), including a wide range (Table S14). The frequency of calms during
blocking feqim|piock Was 8.2% in the reanalyses. The CMIP6 simulations slightly underestimated fcqim|piock: With on average
7.4%, showing a wide range. The frequency of calms without blocking feqim|no block Was 3.7% in the reanalyses and 2.4% in
the CMIP6 simulations. The OR was 2.4 in the reanalyses and 3.3 in the CMIP6 simulations. Both ORs were significant. The
link between blocking and calms was strongest in ERAS and weakest in ERA-20C (Table S14).

During the summer half-year (April-September), the OR was 1.1 and not significant in the mean of the reanalyses with good
agreement between the reanalyses (Table S13). The CMIP6 simulations overestimated the OR with on average 1.6 and the OR
was significant (Table 8).

In the mean of the SSP5-8.5 scenario simulations of the future winter half-year, f.qi, and fpock increase to 3.8% respec-
tively 11%. fyiock|calm increases to on average 30% (Table 9) with a wide range (see Table S16). In the mean of the CMIP6
simulations, feqim|siock increases to 10% and feqim|no biock 10 3.0% (Table 9). The OR is 3.6 and significant.

During the summer half-year, the OR decreases to on average 1.3, but the OR is significant. The conditional frequencies

have a wide range in the ensemble (Table S15).
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Table 8. Conditional frequencies related to calms in Central Germany (51° N, 10° E) averaged over reanalyses and CMIP6 simulations
during the period 1961-2010, considering the summer (April-September) and the winter half-year (October-March). Odds ratios in bold are
significant at the 5% level.

Summer Winter
Reanalyses CMIP6 Simulations Reanalyses CMIP6 Simulations
Folock|caim [%] 10.4 11.8 20.6 26.2
fcalm\block [%] 6.6 10.1 8.2 7.4
fcalm\no block [%] 59 6.5 3.7 2.4
OR [-] 1.1 1.6 24 33

Table 9. Conditional frequencies related to calms in Central Germany (51° N, 10° E) averaged over CMIP6 simulations during the period
2051-2100 assuming the CMIP6 scenario SSP5-8.5, considering the summer (April-September) and the winter half-year (October-March).

Odds ratios in bold are significant at the 5% level.

Summer Winter
fblock\calm [%] 16.6 30.2
fcalm|block [%] 10.1 10.0
fcalm|no block [%] 7.7 3.0
OR [-] 1.3 3.6

4 Discussion

This study figured out the spatial distribution of blocking linked to extreme events and quantified the occurrence of the extreme
events with and without blocking. After that, it compared the findings of the reanalyses to CMIP6 simulations and investigated
future projections.

Figure 5 summarises the ORs in reanalyses and climate simulations. Heatwaves were the extreme events of the three
analysed types (heatwave, heavy precipitation and calm events) with the highest ORs. In the summer half-year, the location of
the block over Central Europe suggests that solar insolation and subsidence are the main drivers of heatwaves which supports
previous research (Pfahl and Wernli, 2012; Pfahl, 2014; Zschenderlein et al., 2019; Kautz et al., 2022). Advection of warm air
plays only a secondary role (Zschenderlein et al., 2019). Strong heatwaves (HWMD>15) had a strong link to blocking: their
OR was higher than the OR of all heatwaves (see Table 1 and Fig. 5). Blocking forces soil desiccation and strong boundary
layer growth in the wake of entrainment processes which were identified as key contributors to the extreme heatwaves of 2003
and 2010 in Europe (Miralles et al., 2014).

In the winter half-year, heatwaves were also linked to blocking, but in a different way. The blocks were located over the

Alps and Southern Europe. In this case, Germany was on the northern flank of the block in a (south)western flow. This results
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Figure 5. Odds ratios of the different extreme event types in reanalyses and CMIP6 climate simulations (historical and future) in summer
(a) and winter half-year (b). The numbers along the x axis denote following extreme events: 1: heatwaves; 2: heatwaves with HWMD>15;
3: Scandinavian blocking and heavy precipitation in Western Germany; 4: Eastern European blocking and heavy precipitation in Western
Germany; 5: Scandinavian blocking and heavy precipitation in Eastern Germany; 6: Eastern European blocking and heavy precipitation in
Eastern Germany; 7: calms. The horizontal line denotes an odds ratio of 1. The vertical lines separate the three types of extreme events
(heatwaves, heavy precipitation and calm events). Note that odds ratios equal to 0 were set to 0.01 to avoid values equal to minus infinity in

the logarithmic scale.

in advection of warm air from the Atlantic (Holmberg et al., 2023; Tuel and Martius, 2024). Blocking was less frequent during
winter heatwaves than during summer heatwaves and the OR was slightly lower than in summer. This indicates a weaker link
between blocking and winter heatwaves than summer heatwaves. Heatwaves with HWMD>15 had a weakened link to blocking:
their OR was lower than the OR of all heatwaves (see Table 3 and Fig. 5). This is a fundamental difference to summer heatwaves
and emphasises different mechanisms between summer and winter heatwaves. In winter, positive temperature anomalies in
Central and Northern Europe were related to positive anomalies of eddy kinetic energy (i.e. high storm track activity) whereas
positive temperature anomalies in summer were related to negative anomalies of eddy kinetic energy (i.e. low storm track
activity and more blocking) (Lehmann and Coumou, 2015).

Overall, the CMIP6 simulations could simulate the link between blocking and heatwaves in the summer half-year which

confirms Schaller et al. (2018). Heatwaves are large-scale phenomena that are resolved by climate models with low resolution.
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However, the climate simulations underestimated the link between blocking and strong heatwaves (expressed by the OR) as
shown in Table 1. One reason might be the underestimation of the persistence of the blocks: the lifetime of the blocks was
underestimated by the simulations (Lohmann et al., 2024). Furthermore, the ORs of strong heatwaves have a wide range in the
historical simulations (Fig.5).

The CMIP6 simulations underestimated the link between blocking and winter heatwaves. One potential reason is the un-
derestimation of winter blocking over Europe in the climate simulations: if less blocking is simulated, fyjocr W tends to be
reduced. Furthermore, a too strong jetstream (Davini and D’ Andrea, 2020) and a bias of storm tracks in CMIP6 (Priestley
et al., 2020) might result in an increased fraction of cyclonic weather patterns related to heatwaves compared to the reanalyses.
In this case, strong cyclones advect warm air from the Atlantic towards Central Europe without the occurrence of blocking.
Interestingly, the CMIP6 simulations slightly overestimated the link between blocking and strong winter heatwaves, whereas
the simulations underestimated the link between blocking and strong summer heatwaves. Again, the OR had a wide range in
the ensemble (Fig.5).

For the future, the climate models simulated less blocking during heatwaves. This decrease is caused by the projected in-
crease in heatwave days which is large compared to changes in blocking days. Thus, the relative fraction of blocking decreases.
The ensemble mean’s OR is similar to the historical period (see Table 1 and 2), but the OR of the UKESM1-0-LL is 22 and
a strong outlier. Furthermore, this model projected a more pronounced increase in heatwave days (summer and winter) than
the other models. The UKESM1-0-LL has a high climate sensitivity (Andrews et al., 2019; Dong et al., 2020), which could
explain the pronounced increase in heatwave days. The other five simulations show on average a slightly decreased OR. The
on average reduced OR in the other simulations is the result of changes in thermodynamics like increased mean temperature
(Schaller et al., 2018) or reduced soil moisture (Suarez-Gutierrez et al., 2020). If the reference period for heatwave calculation
was adapted to the future (e.g. 2070-2099), the link between blocking and heatwaves did not change (Schaller et al., 2018).

The comparison between fp, - and fp, g between the summer and the winter half-year shows that days with heavy pre-
cipitation are more frequent in Eastern than in Western Germany in the summer half-year and vice versa in the winter half-year
which agrees with Lenggenhager and Martius (2019). Furthermore, the seasonal cycle of heavy precipitation days was more
pronounced in Eastern Germany. The occurrence of heavy precipitation in Germany in the summer half-year was weakly linked
to blocking over Eastern Europe and Scandinavia. This synoptic pattern slows down the eastward propagation of troughs or can
cause the formation of cut-off lows over Central or Southern Europe which move only slowly resulting in high precipitation
amounts (Kautz et al., 2022). However, the OR was approximately only 2 and therefore, the link between blocking and heavy
precipitation was much weaker than the link to heatwaves, but still significant. Eastern European blocking had a slightly higher
OR than Scandinavian blocking. Thus, blocking over Eastern Europe is more often linked to heavy precipitation than blocking
over Scandinavia. The ORs of heavy precipitation in Western and Eastern Germany agree. This is surprising because the results
of Hofstitter et al. (2018) suggest higher ORs in Eastern than in Western Germany. However, days with heavy precipitation
are less frequent in Western than in Eastern Germany during the summer half-year. Averaged over the year, the OR of heavy
precipitation is higher in Eastern than in Western Germany (not shown) which confirms Hofstitter et al. (2018). In the winter

half-year, blocking over Northern and Eastern Europe reduces the odds of heavy precipitation which confirms the results by
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Yao and De-Hai (2014). Heavy precipitation in winter is typically linked to cyclones which propagate eastward and advect
moist air from the Atlantic to the continent (Hofstitter et al., 2018). In summer, blocking over Eastern Europe advects warm
and moist air masses to Central Europe (Mohr et al., 2019). If these air masses are lifted by a trough upstream of the block, the
risk of heavy precipitation increases (Lenggenhager and Martius, 2019).

The CMIP6 simulations could simulate the seasonality of heavy precipitation days in Eastern Germany, but overestimated
the number of heavy precipitation days during summer in Western Germany. Furthermore, the CMIP6 simulations did not sim-
ulate the regional and seasonal differences in the link between blocking and heavy precipitation found in the reanalyses (see
Table 5 and Table 6). This is potentially related to the coarse resolution of the models. Mahajan et al. (2015) found an improved
representation of stationary (i.e. potentially linked to blocking) heavy precipitation events over the US in climate models with
increased spatial resolution. Bador et al. (2020) found increased precipitation amounts in simulations with increased resolu-
tion, but resulting in an overestimation of precipitation extremes. They claimed that resolution is not the only key to improve
representation of heavy precipitation in climate models. Additionally, the dynamical core and physical parametrisations are
reasons for mis-representation of heavy precipitation in climate models which must be improved (Bador et al., 2020). Further-
more, the climate models do not provide hourly precipitation data. Consequently, an analysis based on daily precipitation data
was necessary, and it was not possible to distinguish between hourly (i.e. convective) and daily (i.e. large-scale) precipitation
events.

For the future, the models simulated only slight changes in the link between blocking and heavy precipitation, but an increase
in the total number of heavy precipitation days in both, the summer and the winter half-year. The increase is in accordance
with the Clausius-Clapeyron equation which describes an increase of 7% water vapour capacity in the atmosphere per Kelvin
resulting in higher potential for heavy precipitation. As described in the results section, the increase in fyjock| pr is related to an
increased fyock|pr Of the CESM2 and NorESM2-MM. In these projections, the blocking frequency increases (Lohmann et al.,
2024) which could foster the increase in fy,c| pr- Changes in the link between blocking and heavy precipitation are hard to
estimate because future blocking projections are uncertain (Davini and D’ Andrea, 2020; Lohmann et al., 2024) and the ORs
have a wide range in the ensemble in the future scenario (Table S11, Table S12, and Fig. 5). Furthermore, the number of heavy
precipitation days is small compared to the blocking days. Thus, the statistic is not robust against small changes in the number
of blocking or heavy precipitation days.

Calms in Germany were linked to blocking over Central Europe and the North Sea. This location corresponds to the weather
pattern “High over Central Europe” which is the most frequent weather pattern during periods with low wind and solar energy
production (Driicke et al., 2021). In the winter half-year, the OR was higher than in the summer half-year. The link between
blocking and calms during the winter half-year was stronger than with heavy precipitation, but weaker than with heatwaves.
The location close to the centre of the block causes weak winds (Grams et al., 2017; Driicke et al., 2021; Mockert et al., 2023).
However, weak winds have different sources. One possibility are high-pressure systems which are not stable enough to be
counted as blocking, but with the same effect on the wind speed as blocking. Furthermore, calms can occur in low pressure
systems or troughs over Central Europe with weak pressure gradients (Driicke et al., 2021), or in saddle points between several

pressure systems with weak pressure gradients (Mockert et al., 2023). Weather patterns with weak pressure gradients without

20



440

445

450

455

460

465

470

https://doi.org/10.5194/egusphere-2025-3670
Preprint. Discussion started: 19 September 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

blocking are common in summer resulting in reduced wind energy production during that time of the year (Driicke et al., 2021).
This might explain the stronger link between blocking and calms in the winter than in the summer half-year.

The CMIP6 simulations slightly overestimated the link between blocking and calms, but were close to the reanalyses. This
indicates that the climate models could simulate the mechanism between blocking and calms in principle. Climate models with
low resolution can simulate synoptic-scale winds properly, except over complex terrain like the Alps (Carvalho et al., 2021).
During the winter half-year, the simulations underestimated the total number of calm days. Thus, the climate simulations have
a seasonal shift in the occurrence of calm days. Despite the underestimation in the total number of calm days in the winter
half-year, the climate simulations overestimated the link between blocking and calms.

For the future, the simulations show an increase in the number of calm days and the OR during the winter half-year. The
increase in calm days agrees with the projected decrease in the number of days with wind speeds usable for wind turbines (i.e.
above the cut-in wind speed and below the cut-off speed, i.e. the speed where the turbine is shut down) (Carvalho et al., 2021).
The increase in the OR indicates an increase in the link between blocking and calms, but is not robust, since the ensemble
range of the scenario is close to the ensemble range of the historical period (Fig. 5). Unlike temperature and precipitation
trends which are influenced by thermodynamics (more heatwaves in a warmer climate and more heavy precipitation due to the
Clausius-Clapeyron equation) quite obviously, the occurrence of calms is influenced by weather regimes (Mockert et al., 2023)

whose changes are less obvious than changes in thermodynamics.

5 Conclusions

This study investigated the statistical link between blocking and extreme heatwave, heavy precipitation, and calm events in
Germany in three reanalyses and six CMIP6 climate simulations using the odds ratio (OR). The study confirms a statistical
link between blocking and all three types of extremes found in previous studies (Grams et al., 2017; Kautz et al., 2022). New
is the increased robustness of the results as a consequence of the large dataset of three reanalyses and six CMIP6 simulations
and the usage of an index which detects the spatial extent of the blocking.

Comparing the ORs of blocking and the three different types of extremes revealed the highest ORs for heatwaves (summer
and winter half-year) which were significant at the 5% level. The blocking location differed between summer and winter half-
year: in the former time of the year, the blocking centre was Central Europe and in the latter Southern Europe. The different
geographical locations between summer and winter are related to different processes driving heatwaves: subsidence and solar
insolation in summer, advection of warm air masses in winter. Compared to all heatwaves, the OR of strong heatwaves increased
in the summer half-year, but reduced in the winter half-year. The ORs of blocking and heavy precipitation were significant at
the 5% level in the summer half-year and blocking locations were Scandinavia and Eastern Europe. In the winter half-year,
blocking hampered the occurrence of heavy precipitation (OR<1). Calms were, as heatwaves, linked to blocking over Central
Europe. Compared to heatwaves, the average position of the blocks was shifted slightly northward, and the OR was significant
only during the winter half-year. Thus, the study shows the statistical significance of blocking on extreme events, especially on

heatwaves.
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The realisation of the statistical link between blocking and extremes in the CMIP6 simulations depended on the type of ex-
tremes. The statistical links between blocking and large-scale events (heatwaves and calms) agreed overall with the reanalyses,
but the link between blocking and strong summer heatwaves was underestimated. Furthermore, the ORs of strong heatwaves
(summer and winter) have a wide range in the historical simulations. The climate models simulated the seasonality of extremes
and the link between blocking and extremes roughly. For example, the seasonality of heavy precipitation events in Eastern
Germany was simulated, but not in Western Germany and the link between blocking and heavy precipitation events was un-
derestimated. Low spatial resolution and deficits in the dynamical core and physical parametrisations of the model hamper
an accurate representation of heavy precipitation events in climate simulations (Bador et al., 2020). Thus, models have to be
improved to have a more reliable representation of heavy precipitation events.

In a future climate assuming the SSP5-8.5 scenario, the number of days with all three types of extremes is projected to
increase. Heatwaves are the extreme type with the most pronounced increase in the number of days. Regarding the statistical
link between blocking and the three types of extremes, the largest changes were simulated for the link between blocking
and heatwaves. The models simulated a robust decrease in fyock|rw and a robust increase in frw |piock and frw|no block-
However, the changes in the ORs of heatwaves are not robust except for all winter heatwaves because the ORs of the scenario
simulations are in the historical ensemble range. The projected changes in links between blocking and calms respectively
heavy precipitation are moderate and not robust, since the ensemble range of their ORs in the scenario is close to the ensemble
range of their ORs in the historical period. Hence, no robust conclusions about changes in the future link between blocking
and extreme events are possible. Note that the projected changes in the occurrence of extremes are uncertain. For example, the
increase in future summer heatwaves will be damped if blocking decreases. If future blocking increases, the projected increase
in heatwaves might be too conservative. Thus, a better representation of blocking in global climate models is necessary to get

more robust results regarding future extreme events.

Appendix A: Contingency table

Table A1 shows the four entries in a 2x2 contingency table with respect to the occurrence of extreme events and blocking.

Table A1. Schematic depiction of a contingency table.

Blocking
yes no
yes hits misses
Extreme event o
no false alarms correct rejection

22



https://doi.org/10.5194/egusphere-2025-3670
Preprint. Discussion started: 19 September 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Data availability. CMIP6 data are available through https://esgf-data.dkrz.de/search/cmip6-dkrz/, ERAS data are available through https:
495 //climate.copernicus.eu/climate-reanalysis and 20CR are available through https://psl.noaa.gov/data/20thC_Rean/. ERA-20C were down-
loaded from https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-20th-century-using-surface-observations-only, but cannot be down-

loaded from this URL since ECMWEF closed the download service on 1st June 2023.
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