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A statistically significant link is presented between atmospheric blocking located over
the eastern North Atlantic and northern Europe and warm season thunderstorm
activity over western and central Europe. Lightning data from 2001 to 2014 were used to
identify thunderstorm days and blocking events were extracted from the ERA-Interim
reanalysis using an objective identification algorithm. The statistical link between the
two phenomena is established by the odds ratio analysis. Two areas one over the eastern
part of the North Atlantic and one over the Baltic Sea were identified, where blocking
influences the occurrence of deep moist convection in parts of western and central
Europe.

Based on the mean ambient conditions on days with blocking in these two areas,
well-known dynamic and thermodynamic mechanisms supporting or suppressing the
development of thunderstorms were confirmed. The anticyclonic circulation of a block
over the eastern part of the North Atlantic leads to a northerly to northwesterly
advection of dry and stable air masses into Europe on the eastern flank of the block.
In addition, these environmental conditions are on average associated with large-scale
subsidence of air masses (convection-inhibiting conditions). In contrast, the southerly to
southwesterly advection of warm, moist and unstable air masses on the western flank
of a block over the Baltic Sea results in convection-favouring conditions over western
and central Europe. Both blocking situations are on average associated with weak
wind speeds at mid-tropospheric levels and with weak wind shear. As a consequence,
thunderstorms related to atmospheric blocking over the Baltic Sea tend to be on average

less organised.
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Introduction

CCC

During the last decades, various studies have established a link between atmospheric blocking and different

A

weather situations (e.g., Sillmann and Croci-Maspoli 2009; Brunner et al. 2018; Sousa et al. 2018;
Woollings et al. 2018). Atmospheric blocks with a lifetime of several days to weeks are quasi-stationary
persistent flow patterns that modify mid-latitude storm tracks (Rex 1950a,b; Barriopedro et al. 2006;
Woollings et al. 2018). Consequently, blocks influence the intensity and frequency of weather extremes
like cold spells and heat waves in regions upstream or downstream of the blocked area. For example

during the European winter, bllﬁ)lglgrﬂgqu%rrottggtég(%{/t%o‘&/trl&ﬁtt.iﬁ|Isrl|l orts a northeasterly inflow of cold and



dry air masses from high- to mid-latitudes (Sillmann ez al. 2011). In summer, the increase of shortwave

radiation during the day due to clear sky conditions and adiabatic warming (due to large-scale descent)

are important driving factors of surface heating (Bieli et al. 2015). In addition, warm air advection to the

western sector of the block can contribute to warm anomalies within blocks (e.g., the Russian heat wave

2010; Trenberth and Fasullo 2012; Quandt e al. 2017). A relation also exists between blocking and heavy

@cipitation or flood events (including flash floods; e.g., Sousa et al. 2017; Lenggenhager et al. 2018;

ﬂnggenhager and Martius 2019). For example, the central European flood in June 2013 (Schréter ef al.

@lS) was influenced by an Atlantic blocking regime that resulted in cool and unusually wet conditions
g

to repeated Rossby wave-breaking over Europe (Grams et al. 2014). In the case of the 2010 Pakistan

Hoding, the record-breaking event resulted from the interaction between a blocking ridge with associated

I

ssby wave-breaking, monsoon surges, extratropical disturbances, and topography (Hong et al. 2011;

Martius et al. 2013).

irst case studies suggest a relation between blocking and warm season thunderstorms. For example,
er et al. (2016) show that an exceptional sequence of severe thunderstorms causing several flash

oods in May and June 2016 in Germany was fostered by high atmospheric moisture content, enhanced

ed

ermodynamic instability, weak wind speed, and large-scale lifting by surface lows. These convection-
avouring conditions persisted over almost two weeks and were associated first with Scandinavian blocking

ter with European blocking (ctf. Grams et al. 2017). In May 2018 a blocking anticyclone over northern

pt

ope, associated with repeated cut-off lows forming along its southern flank, led to heavy precipitation
aty flash floods in western and central Europe (Mohr et al. 2019). In this case, the flow pattern provided

ingredients of stationary convection: moist air mass being trapped in the block and local-scale ascent

GCE

via a cut-off low. A recent study by Santos and Belo-Pereira (2019) also found a relationship between

blocking and hail events in Portugal.

The synoptic situation creates the environment for the development of thunderstorm (e.g., Doswell
et al. 1996). For example, Wapler and James (2015) identified various circulation types relevant for the
occurrence of thunderstorms in central Europe on the basis of an objective method for classifying synoptic
patterns. In all these pattern, thunderstorms move in a direction from southwest to northeast; thunderstorms
moving from the northwestern, northern or eastern directions are far less common. Piper (2017) and Piper

et al. (2019) also found thatT‘hhe most %rrgg&itrégrbt circula}]t[i_% I]i)gaht[tern in {erms of thunderstorm activity

is article is y COpyrig sreserved.



is a southwesterly mid-tropospheric flow type. The southwesterly flow direction in connection with the
occurrence of thunderstorms (and hail) in western and central Europe has also been observed by other
studies (Bertram and Mayr 2004; Kunz et al. 2009; Kapsch et al. 2012; Mohr 2013; Merino et al. 2014; Nisi
et al. 2016), because this pattern supports the advection of convection-favouring air masses (subtropical,
often conditionally unstable) to Europe by low-pressure systems ahead of the upper-tropospheric trough.
@nospheric blocks may influence the occurrence and persistence of such thunderstorm favouring flow

ﬂterns.

he goal of this study is to establish a statistical link between blocking and thunderstorm days. The first

C

Y ﬂl of the study is to identify areas where the occurrence of blocking influences the thunderstorm activity

{

er western and central Europe. The second aim is to characterise the relevant atmospheric mechanisms

I

and processes (e.g., air masses, flow regimes) that link convective storms and atmospheric blocks. We

investigate only thunderstorm activity in general and do not distinguish the severity of thunderstorms (e.g.,

A

thunderstorms associated with phenomena such as hail or heavy rain events).

he paper is structured as follows: Section?2 provides a short overview of data sets and statistical

d

ethods used in this study. Section 3 describes the methodological procedure identifying relevant areas,

C

which blocking is frequently observed and which are related to thunderstorms in Europe. In Section 4,

t

we establish the statistical relation between blocking and thunderstorm activity in different parts of Europe.

quently, we assess the relevant environmental conditions during days with blocking by individual case

P

sthdies and anomaly composites (Sect. 5). Finally, Section 6 summarises the results and draws conclusions.

2./ Data sets and methods

CCE

urope, thunderstorms occur predominantly during the summer half year (Finke and Hauf 1996; Wapler
13; Anderson and Klugmann 2014; Poelman et al. 2016; Piper and Kunz 2017; Taszarek et al. 2019).
cause the study area covers western and central Europe, our analyses concentrate on the four warmest
months with the highest thunderstorm activity (May — August; Anderson and Klugmann 2014; Poelman

et al. 2016; Piper and Kunz 2017; Taszarek et al. 2019).

2.1. Lightning data

The correlation between thunderstorm activity and atmospheric blocking is examined using data from

the ground-based low—frequenﬁ}gsliagttllctlgiig%r(gpetaceggg} system BLIDS (BLitz- Informations-Dienst Siemens),

capyrig rig eserved.



which is part of the EUCLID (EUropean Cooperation for LIghtning Detection) network (Driie et al.

2007; Schulz et al. 2016; Poelman et al. 2016). The lightning data were available for a 14-year period

(2001 -2014) and contain a large area in western and central Europe covering France, Benelux (Belgium,

Netherlands, Luxembourg), Germany, Switzerland and Austria. We use an objective definition of the

dichotomous variable thunderstorm day (TD). A TD is defined if at least five cloud-to-ground flashes

@re registered within a detection area of 10 x 10km? between 00:00 to 00:00local time on the next

ﬂy. This threshold was determined by an objective method by Piper and Kunz (2017) for the same

@ection area. The binary measure (TD yes/no) is—in contrast to lightning density—not dominated by

° ﬁgle severe thunderstorms with several tens of thousands of flashes. More details about lighting data and
H thunderstorm day classification method can be found in Piper and Kunz (2017).

igure 1 shows the mean annual number of thunderstorm days from May to August, which is in good

agreement with previous analyses of the spatial distribution of thunderstorm days in European countries

(Wapler 2013; Anderson and Klugmann 2014; Poelman et al. 2016; Piper and Kunz 2017; Taszarek et al.

9). Small differences to other TD probability maps result mainly from varying threshold definitions

o)

a TD, from consideration of other time periods (especially the considered months), and/or the spatial

Qolution (detection area) of the TD map.

t

. ERA-Interim reanalysis data

e use the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis

ee et al. 2011) to identify atmospheric blocking (see Sect.2.3) and to derive environmental conditions

CC

.g., stability measures, deep layer shear) during blocking situations. The blocking data are calculated on a

x 1° longitude-latitude grid every 6 hours, whereas parameters describing the environmental conditions

¢

re available on a 0.75° x 0.75°grid. The period for the statistical analysis (see Sect.2.4) covers 2001
014, for which lightning observations are available. For the climatological analysis including anomaly

investigations, we use the period from 1981 to 2010 in the study.

2.3.  Blocking data

In our study atmospheric blocks are defined as persistent negative upper-level potential vorticity (PV)
anomalies based on the methodology of Schwierz et al. (2004): In the first step, vertically averaged PV

values (between 500 and 150 k}R%)agtrq retrie ggeggm the Etﬁ‘%l’llrl?tﬁtﬁm‘ The(p, the anomalies are calculated

icle IS pro Y COpYyrig ghts reservea.



at each grid point with respect to the multi-year (1979 —2015) 30-day running mean centered at each time

step. After applying a 2-day running mean to these vertically averaged PV anomalies, regions with less

then —1 pvu are defined as blocks if they meet the two criteria: i) a persistence of at least five consecutive

days and ii) a spatial overlap of at least 70 % of the area between two consecutive time steps. In contrast to
Schwierz et al. (2004), a less strict PV anomaly threshold is chosen to avoid an underestimation of summer
@cking (Croci-Maspoli et al. 2007; Villiger 2017). A similar method was chosen by Pfahl and Wernli
ﬂ)lZ), who used an even higher threshold of —0.7 pvu. Figure 2 shows the relative blocking frequency for

thy study period, where the maximum is located over the Atlantic basin (cf. Lenggenhager and Martius

° ﬂl%-
l !4 Statistical methods

th blocking and thunderstorm day data are available as binary time series (yes/no) for every summer

I'11C

day of the 14-year period. From these data, we calculate the odds ratio (OR; Backhaus et al. 2016), which

A

quantifies the statistical relation or non-independence between two binary time series. Mathematically, the
s are calculated as the quotient of the probability (p) that an event will occur and the probability that

ill not occur (1 — p). The OR can hence be computed from two probabilities p(A) (blocking supports

ed

nderstorm activity, pgjock(TD)) and p(B) (blocking suppresses thunderstorm activity, pgjeck (TD)):

{

Q _odds(A) _ %5t _ p(A)- (1 p(B))
Oft = odds(B) 2B - p(B)-(1—p(4)) W

gistic regression is one way of calculating the OR. In order to take into account the dependence between
uccessive events, we used an autoregressive logistic regression model of the following form (following

¢ procedure of Mahlstein et al. 2012):

logit (p(t)) = Bo + B y(t — 1) + Bay(t — 2) + B Block(t) . @)

Aoc;e

where y(.) is a binary time series indicating whether or not a TD occurred at the considered grid point;
Block(t) is also a binary time series indicating if there was blocking at time ¢. Mahlstein ef al. (2012, see
also auxiliary material) found that an increase in the autoregressive part to a higher order than 2 does not
improve the model. Thus, the OR corresponds in the case of Equation (2) to exp(33), which can be seen as

a multlpllcatlve factor: This article is protected by copyright. All rights reserved.



OR>1: The odds of the first group A is larger. This means for example if there is blocking, the odds of a TD
increase.

OR<1: The odds of the first group A is smaller. This means for example if there is blocking, the odds for a
TD decease or if there is no blocking, the odds of a TD increase.

No difference between both groups.

@)
C?

o0 assess the statistical significance of the anomalous environmental conditions associated with blocking
ect. 5.2), we conduct a bootstrap test with replacement of the investigated meteorological values on each

1d point in the investigated area (following the methodology of Scherrer ef al. 2006). Thus, depending

on, the number of blocks n that are observed between 2001 and 2014 (cf. Table 1), 1,000 new samples

ticl

M‘h length n are created randomly with replacement from all event days in the 14-year period. Based on
1,000 samples, we get a distribution function (here of the mean value), which we then compare to the
erved anomaly during blocking. The null hypothesis is rejected for a specific grid point if the anomalous

environmental condition in the blocking case is smaller than the 2.5 % or greater than the 97.5 % quantile

he distribution.

ed

| 3.) Methodological approach

mrst aim is to identify regions over the North Atlantic and European sector, where blocking is related

@hunderstorm activity (TDs) over Europe. For this purpose, all binary TD time series with a horizontal

@olution of 10 x 10km? from 2001 to 2014 (May to August) are converted to the coarser resolution of

w blocking data of 1° x 1° (= one grid point, GP) resulting in 197 GPs. Subsequently, only GPs, where

convective activity is frequently observed between May and August, are considered. We chose a threshold

4:& least five TDs per year per GP resulting in 132 GPs. This procedure excludes areas that tend to an
overinterpretation of OR values due to low thunderstorm activity.

In a second step, the OR (see Sect.2.4) is computed for each of these 132 GPs between binary TD

time series and all grid points with binary blocking data (between 30°N and 70°N and 40°W and 40°E;

cf. examples in Fig. 3) by using an autoregressive logistic regression model (see Eq.2). The continuous

investigated area of the 132 GPs is in the following referred to as FOCREG (focus region; black line in

Fig. 1). This procedure allowsus to identify areas where the (Atﬁc%qgr}ggegvfelalocking significantly increases

is article is protected by copyrig



or decreases the odds of a TD in the FOCREG. Figure 3 shows examples of two cases (only OR with p-
value of at least 95 % significance level are shown): (a) 48°N 4°E in northeastern France and (b) 52°N 11°E
in central Germany (reference area in orange in Fig. 3). Both figures show an area over the eastern North
Atlantic (blue colours), where the blocking occurrence leads to a reduction of the odds of TDs. In addition,
an area over Northern Europe (mainly Baltic Sea) is indicated, where blocking occurrence increases the

@Js of TDs. For example, blocking over the Baltic Sea increases the odds of a TD in central Germany by

ﬂactor of at least three (Fig. 3a).

On the next step, the results of all 132 GPs (such as Fig. 3) are aggregated for each GP and we quantify how
) ﬁen OR > 1 (blocking supports TDs; red in Fig. 3) or OR < 1 (blocking suppresses TDs; blue in Fig. 3).
His results in two areas (Fig.4), where the occurrence of blocking has an important influence—whether
supportive or suppressive—on the thunderstorm occurrence in western and central Europe. The first one,
where the occurrence of blocking decreases TD probability, is found over the eastern North Atlantic (Celtic
Sea, Ireland Wales, England and northwest France). The second area, where blocking increases the TD
@bability, is located over Northern Europe—mainly over southern Sweden, the Baltic Sea and adjacent
egion and the northern parts of Poland. This relation is observed in up to 70 to 80 % of the 132 cases for

e grid points (see Fig. 4).

~—

To objectively delimit the two areas, we use only GPs, where at least 40 % (threshold;) of the cases (53 of
QPS from FOCREG:; Fig. 4 black lines), show a (significant) relation between blocking and TDs. This
@ults in 125 GPs for the area over the eastern North Atlantic (NA) with 62 GPs (1 =West) and 63 GPs
& East) and 130 GPs for the area over the Baltic Sea (BS) with 68 GPs (3 = West) and 62 GPs (4 = East;

yc. 4). The two areas are divided for further investigations. Referring back to the mean annual blocking

frgquency (see Fig. 2) shows that on average a block occurs in 10 to 20 % of the days in these two regions.

*( Relationship between blocking and European thunderstorm activity

In the next step, we calculate the OR between each of the areas (NA, NA West, NA East, BS, BS West, BS
East) and the TD time series (now at the original resolution of the 10 x 10 km?; cf. Fig. 1). This provides
findings about the influence of blocking in each of these six regions on thunderstorm activity in western
and central Europe. For this, time series for each identified area are created, where a day is indicated as a

blocking day (block = yes) if a-hlock covers at least 20 % &%r’gﬁh&l%gpegg {the defined area in Figure 5. Both

iSpro y COpyri ri



thresholds (threshold;, threshold,) above are tested by sensitivity studies, which show very similar results

or signals regarding relevant areas and OR values.

This procedure leads on average to 23 —27 blocking days per summer season (19-22 %). The annual
number of blocking days varies between 11 and 47 (Table 1 left). Blocking over the North Atlantic is most
frequent in May and June, while blocking over the Baltic Sea occurs almost twice as often in July compared

@\Aay and August (Table 1 right). The latter is in accordance with Lenggenhager and Martius (2019), who
ﬁo found a high summer blocking frequency in a similar region. Note that July is also the month with
@ highest thunderstorm activity in central Europe (e.g., Anderson and Klugmann 2014; Piper and Kunz
) ﬁﬂ). Both blocking and thunderstorm activity (Mohr et al. 2015a; Piper and Kunz 2017; Madonna et al.

Hl& Merino et al. 2019) show a high year-to-year variability.

he presence of a block in all areas (NA/BS) is significantly linked to the thunderstorm activity in almost
the entire investigation area (Figure 5). Note that only GPs (lightning grid: 10 x 10km?) with an average
of at least three TDs per year (cf. Fig. 1) are taken into account for calculating OR values. Here, we applied

wer TD threshold of three TDs due to the higher spatial resolution of 10 x 10km? to exclude similar

d

eas with low thunderstorm activity as with the analyses on the 1° x 1° grid (five TDs). While blocking

C,

the NA area (Fig. 5 left) is primarily related to a reduction of TD frequency in central and northeastern

rance, Benelux, Switzerland, and the western part of Germany (exceptions exist near the Maritime Alps in

pt

and the Cantabrian Mountains in Spain; red in Fig. 5 left), blocking in the BS area is associated with

reased TD frequency throughout the investigation area (Fig. 5 right). For blocking over the NA, most of

thy OR values are between 0.27 and 0.46 (25 to 75 % quantile of values in Fig. 5a-c) indicating a strong

CC

roduction of the odds. The effect is strongest over central and northeastern France and along the North Sea

G

coastline. Here, we find values below 0.28. For blocking in the BS area, the OR values are between 1.83

and 2.47 (25 to 75 % quantile of values in Fig. 5d-f), which corresponds approximately to a doubling of

A\

the odds of TDs. The relation is strongest over eastern Germany (especially for BS East) and lowest over
the middle of Southern France (Massif Central; especially for BS East), southern Germany and Austria
(specially for BS and BS West).

A slight shift of the areas, where a relationship exits, from west to east is evident with the division of
the areas into west and east. Thus, in the case of both blocking in the NA area (Fig. 5b,c) and BS area

(Fig. Se,f), the high OR value .Fﬁltsr(%la%lg(lasr%er%?&?éld) bsyhégtpsyrflgrggplAﬁrr%%ggrgs)egvggnany—in particular to eastern



Germany. In Figure 5f, OR values of up to 6 are reached in eastern Germany, which corresponds to a six-
fold increase of the odds of a TD. A significant correlation can also be seen in the eastern part of Austria.
In contrast, blocking in the NA East area results in a substantial reduction of the probability for a TD over
the German coast to the Baltic Sea (Fig. 5c). Note that the splitting of the two areas into a western and
an eastern part in general does not change the sign of the odds signal (only for values close to zero). The
@dency at each grid point is the same for Figure Sb—c and 5d—f. The splitting only influence the values
ﬂength) and the statistical significance at each grid point. Furthermore, note that studies of OR analyses
@A/BS) carried out separately for each of the four months show similar results (robust signal; not shown).

P ﬂe to a substantially reduced sample size, the results are, however, less significant.

Hn addition, it should be pointed out that there are also cases with blocking located over both areas (NA

I

and BS) at the same time (so-called crossover cases). This means that the blocked area is large enough to

cover both Great Britain and the Baltic Sea. This applies to 6 % of all days in the 14-year period or about

A

a quarter of all blocks. A calculation of the OR for the crossover cases shows—due to the small sample
e—only statistically significance in a small region on the Mediterranean coast in south-eastern France

rovence-Alpes-Cote d’Azur) and over the Pyrenees, a mountain range between Spain and France, with

ed

increased probability of thunderstorm development (equivalent to BS events; see Fig. 6b). The pure OR

t

values (even those that are not significant; see Fig. 6a) indicate a tendency particularly over Benelux and

rn France (Hauts-de-France) to suppress thunderstorms (equivalent to NA events).

“p

Environmental conditions during blocking

ecause the OR only provides knowledge on the co-occurrence between blocking and thunderstorm
tivity and not on the causality of related atmospheric processes, the following section explores prevailing

environmental conditions during days with blocking in both areas (NA, BS). The aim is to identify large-

A

scale mechanisms that support or suppress local-scale thunderstorm activity. The hypothesis is that similar
conditions like certain flow situations, associated moisture transports, or synoptic lifting mechanisms
prevail during blocking episodes, which are convection-favouring or convection-inhibiting. The following

meteorological parameters are investigated:

(a) mid- and upper-troposphere flow and deep layer shear (9549, PV, DLS),

(b) atmospheric Stabﬂity (S%ig aéllgﬁe:’lsL plr{gt’ected by copyright. All rights reserved.



(c) moisture content (PW) and

(d) vertical winds (OMEGA).

The used acronyms stand for the geopotential in 500 hPa (®5), PV on the isentrope of § = 335K (useful
during summertime, cf. Rothlisberger et al. 2018), deep layer wind shear between 950 hPa and 500 hPa
(DLS), surface-based Lifted Index (SLI), convective available potential energy (CAPE), lapse rate between
hPa and 500 Pa (LR), precipitable water (PW) and vertical motion at 500 hPa (OMEGA). On the one
ﬁd, we examine parameters that capture large-scale conditions (@509, PV, OMEGA) and, on the other
Und, parameters that have already shown a significant relationship to (severe) thunderstorms and their
N assSociated perils in numerous studies (SLI, CAPE, LR, DLS, PW e.g. Haklander and van Delden 2003;
Hanato 2003; Kaltenbock et al. 2009; Sanchez et al. 2009; Mohr 2013; Westermayer et al. 2016; Taszarek

1. 2017).
n the following, only @549, DLS, SLI, PW and OMEGA are considered and discussed in detail for
two case studies (one NA & one BS case) and for all blocking events over NA and BS using anomaly
@nposites. All variables are composited at 12 UTC, which is frequently used for investigating prevailing

ambient conditions of severe thunderstorms in central Europe (Haklander and van Delden 2003; Kapsch

l ebal. 2012; Mohr and Kunz 2013; Mohr et al. 2015b; Piper et al. 2019), which typically peak during late

moon (Wapler 2013; Poelman et al. 2016; Piper and Kunz 2017).

@ Case studies

@st, we examine several meteorological parameters using the example of blocking in the BS area
0 10July 2002 and in the NA area on 19June2001 (Fig.7 and 8). On 10July 2002 the upper- and
id-tropospheric circulation was dominated by a broad trough located over the northwestern part of

the continent, which was associated with low-level southwesterly to southerly flow bringing warm and
moist air masses from the Iberian Peninsula towards central Europe. Already early in the morning,
first thunderstorms formed over northeast France (Fig.7b). During the morning, the thunderstorms
moved northeastward and reached the southwestern part of Germany. Additional deep moist convection
formed during the day—first over the western part of Central Germany (Saarland and the Rhineland
Palatinate), later also in southern Germany (Baden-Wuerttemberg and Bavaria). In the afternoon, scattered

thunderstorms merged into a squall elr|lsepFo at. tg&%\;/e(% p%%;%?ﬁlpr%ﬁger%%te during the afternoon. The squall



line was a derecho associated with very high lightning frequency especially in eastern Germany (Fig. 7b)
and which caused major damage by heavy rainfall, hail and in particular wind gusts up to hurricane force
(Gatzen 2004). A maximum gust of 42 ms~! was observed in Germany’s capital, Berlin, where four people

died and numerous others were injured (more details see Gatzen 2004).

On that day, blocking was present over Scandinavian and the Baltic Sea region (BS case; Fig.7a
ey contour), which went concurrently with a southwesterly to southerly mid-tropospheric flow over
e investigation area. This flow direction is a typical situation in central Europe, which supports the

evelopment of thunderstorms, as this pattern favours the advection of convection-favouring air masses

1cle

l tgcentral Europe (Kapsch ef al. 2012; Merino et al. 2014; Wapler and James 2015; Nisi ef al. 2016; Trefalt
Mal. 2018; Piper et al. 2019). Air masses characterised by high values of equivalent potential temperature
up to 320K (not shown) were advected from southeastern Europe into eastern Germany resulting in

table conditions (SLI values between —2 and —6 K; Fig. 8a) and high atmospheric moisture content

(PW values between 25 and 40 kg m~2; Fig. 8b), which are both conducive to widespread thunderstorm
mation (cf. Greene and Clark 1972; Manzato 2003; Kunz 2007; Mohr 2013). Additionally, the squall

lifle developed in front of a cold front approaching from the west (not shown) in a region with strong lifting

ed

HMEGA values up to 40 hPa/h at 12 UTC in northwestern Germany; Fig. 8c). These conditions favoured
promoted the formation of deep moist convection. Several studies have already demonstrated the role

cold fronts for the initiation of severe convection mainly due to lifting and wind shear (Heymsfield and

chotz 1985; Doswell 1987; Schemm et al. 2016; Kunz et al. 2019). Thus, the three major requirements

the formation of deep moist convection, ie., (1) a high moisture content in the lower troposphere, (2)

urmal instability of the atmosphere and (3) a trigger mechanism were fulfilled (Doswell 1987).

This contrasts with the conditions prevailing on 19 June 2001 for blocking in the NA area (Fig. 7 bottom),
where no thunderstorms occured (Fig.7d). On that day, a northerly mid-tropospheric flow was present
over the investigation area due to an upper-level ridge over the eastern North Atlantic and the blocking
anticyclone (not shown). This situation resulted in dry (PW < 20kgm~?2; Fig. 8¢) and stable (SLI > 0K;
Fig. 8d) and, thus, convection-inhibiting conditions over western and central Europe (cf. Doswell 1987;

Piper et al. 2019). Furthermore, the large-scale subsidence was present over most parts of the investigation

area (OMEGA < 15hPa/h; Flghlgsfg'rticle is protected by copyright. All rights reserved.



5.2.  Anomaly composites during blocking

In the next step, the environmental conditions during blocking in BS and NA areas are analysed statistically
to examine whether the mechanisms described in the previous Section are representative for a larger sample.
In doing so, we investigate 371 (BS) and 373 (NA) blocking days/events during the investigation period
ween 2001 and 2014. Anomaly composites (Fig. 9) are prepared for these two event sets by calculating

the mean deviation from the climatology of the considered variable (reference period: 1981 -2010, May to

cle

gust) including its statistical significance (cf. Sec. 2.4). Because anomaly composites of ®5qy (and PV)

t1

marily reflect the block position (not shown), these are not explicitly presented.

I

or cases of blocking in the BS area (Fig. 9 left), the results of the case study above are confirmed with

egards to lower stability and increased moisture of the air masses in the investigation area than on average

A

g.9a,b). SLI anomaly values between —0.5 and —1.5 K and higher PW values between 1 and 4 kg m—2

observed in the investigation area, with the deviation from the climatological mean is also statistically

d

nificant (Fig. 9 black dots). For both parameters the anomalies are not only evident on the regional scale,

also representative and significant for a large area of western and central Europe. Regarding large-

fe

le vertical wind, however, the signals from OMEGA are on average not conspicuous or differentiating

).

P

urthermore, it appears that during blocking in the BS area the air masses in the lower troposphere (850

C

tg§700 hPa) relevant to the thunderstorm development are mainly transported from the North Atlantic and

©

@ng the Iberian Peninsula from the Mediterranean Sea and sometimes and also from the East (not shown).
Trhnsport from the East is observed in particular in connection with thunderstorms in Germany, but less
in France. Similar results are reported by Busch (2013) for selected (large) hail events and by Graf et al.
(2011) for tornadoes in Europe. For example, Busch (2013) found with a Lagrangian method based on
backward trajectories that mainly air mass transport from the North Atlantic takes place. Especially in
central Europe, air masses leading to hail mainly originate from western regions (Atlantic origin) or from
the continental regions of Eastern Europe. In addition, isolated trajectories also started in the Mediterranean
region and flowed around the Alps. With the same method Graf et al. (2011) observed that most low-level

backward trajectories of Eurqpean mtéfgllnsag%?esctsétélgtyego F())y\ﬁ%l;ﬂﬂﬁ r"%ﬁlt%%lsce Qcgan, whereas some events are



also related with Mediterranean air. Trefalt et al. (2018) also studied moisture sources for a hailstorm in
northern Switzerland and identify the Mediterranean and local sources as main moisture sources.

During blocking in the NA area, large-scale subsidence occurs on average over most of the investigation
area. This applies in particular to France, Switzerland, Benelux and southern and northwestern Germany
(significant in Fig. 9f). Furthermore, air masses are more stable (significant anomalies up to 2 K; Fig. 9d)
h SLI values on average between 0 and 4 K on those days. Moreover, the air masses are drier compared to

climatological average (Fig. 9e). These results are in turn statistically significant for a spatially extended

e

cle

® ﬂdditionally, we investigate DLS during both blocking situations because high DLS values are often

‘ related to severe convective weather like (large) hail, severe wind gusts, or tornado in Europe (Brooks

I

et,al. 2003; Pucik et al. 2015; Ridler et al. 2018; Kunz et al. 2019). Strong vertical wind shear enables

longer storm lifetime, supports organised convective systems, and, thus, storm severity (Markowski and

A

Richardson 2010). During both blocking situations, DLS values over the investigation area are lower by up
m s~ than in the climatological mean (blue in Fig. 10). For comparison, the values of the climatological

ean are between 6 and 11 ms~! for the investigation area (not shown). The standard deviation of 6 to

ed

s~1 is relatively large and indicates a high temporal variability (not shown). Most of the blocks in the

t

S area are associated with lower DLS values in the investigation area (e.g., DLS <15 ms~! around 80 %).
Zar wind conditions were also observed in two studies investigating heavy precipitation in Germany in
6 and 2018 accompanied by atmospheric blocking over Northern Europe (Piper et al. 2016; Mohr et al.

2(8319). Note, however, that ERA-Interim (and reanalyses overall) may have a tendency to underestimate

CC

tical wind shear (Taszarek et al. 2018). In addition, we observe individual days, during which high DLS

G

values between 20 and 30 m s ! are found (around 10 % of the blocking days in BS area). An example is the
case presented in Figure 7 (cf. Sec. 5.1), where high DLS between 17 and 30 ms~! over France supported
the occurrence of an organised squall line (not shown).

The reason for the different signals related to DLS during blocking is due to the synoptic scale flow: the
varying location of the western flank of the blocking ridge associated with troughs and fronts upstream.
For example, Rossby wave breaking is one relevant process for the blocking occurrence and, thus, for the
position of blocking and the resulting mid-tropospheric flow (Masato et al. 2012; Quinting and Vitart 2019).

Visual analyses identify two different Bri%:f&gteeg[ gdobvgi/ g%%{/%tgiﬁ){li?hlé‘%}tlsg_blocklang in the BS area: The first one

IS a eserved.



is a typical Omega block (usual situation), where the investigation area is below the block associated with a
ridge, where typically low DLS values are found. Piper et al. (2019, their Fig. 2) also observed convective
cases, where regions located below a ridge are frequently characterised by a lack of large-scale lifting. In
the second situation, the identified block has a smaller wavelength and is connected to a cyclonically tilted
ridge, so that the investigation area may be influenced by an upstream trough with higher wind speeds in
@ mid-troposphere. Overall, this finding confirms that blocking in the BS area leads on average to less

ﬂanised thunderstorms, but can also be associated with high shear conditions in individual cases assisting

c t? formation of severe (organised) convective storms.

o inally, we carry out our analyses for the sub-areas defined in Figure 4. By a shift of the blocking area
‘ from west to east for both the NA and BS area, the flow situation and the resulting air mass transport are
also shifted, which in turn leads, for example in the case of atmospheric stability (SLI), to a shift of the

regions with unstable (or stable) air masses from west to east (not shown). The same relationship are found

for the other investigated meteorological parameters. This result explains the shift of the high OR values

@m west to east in Figure 5.

| ;] Summary and conclusions

Qtudy examines the link between atmospheric blocking over the eastern North Atlantic and northern
@rope and thunderstorm activity in western and central Europe. In addition, we show how blocking
@dulates relevant atmospheric mechanisms that support or suppress the development of convective
rms. We used the ERA-Interim reanalysis to identify blocking systems (following the method of
Q wierz et al. 2004) and to study atmospheric conditions prevailing during days with blocking for the time
period between 2001 and 2014. First, the location of relevant areas, where blocking influences thunderstorm
activity (based on lightning data) were identified. Second, the link between blocking at these locations
and thunderstorm days was determined using logistic regression models (odds ratio). Third, anomaly
composites of several meteorological parameters describing, for example, prevailing atmospheric stability,
flow situation, or moisture content of the air masses were constructed to study the physical mechanisms

behind the statistical links.

The following major findings and conclusions are inferred Hpr%]h@?eggrtvaeiéled results:
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4.

Two regimes were identified, where blocking significantly affects the probability of thunderstorm
days over western and central Europe. One is located over the eastern part of the North Atlantic
(convection-inhibiting conditions) and one over the Baltic Sea (convection-favouring conditions).
Blocking in the North Atlantic area mainly affects thunderstorm frequency in the central and
northeastern part of France, while blocking over the Baltic Sea mainly affects thunderstorm activity

in northern Germany.

. For both areas, approximately 22 % of the days between May and August are identified as blocking

days (20 % of the defined area has to be covered by a block signal). In the North Atlantic area, blocking
is most frequent in May and June, whereas blocking over the Baltic Sea peaks in July. Furthermore,
blocking in both areas exhibits a high year-to-year variability, which could explain part of the high
annual variability of thunderstorms or hail days in Europe.

Based on the mean environmental conditions during days with blocking, some relevant dynamic
and thermodynamic mechanisms can be confirmed that support or suppress the development of
thunderstorm activity. The anticyclonic circulation of a blocking ridge over the eastern part of the
North Atlantic leads in northerly to northwesterly advection of dry and stable air masses on the eastern
flank of the block. In addition, the large-scale environmental conditions are on average associated with
a large-scale subsidence of air masses (convection-inhibiting conditions). In contrast, the southerly to
outhwesterly advection of warm, moist and unstable air masses (mainly from Atlantic, but sometimes
also from the Mediterranean or Eastern region) on the western flank of a blocking system over the
Baltic Sea results in preferably convection-favouring conditions.

The two blocking situations are on average connected with weak wind speeds at mid-troposphere
levels and hence weak wind shear over the investigation area. As a consequence, thunderstorms during
atmospheric blocking over the Baltic Sea might be on average less organised. However, days with high

wind shear values between 20 and 30 ms™*

are also observed during blocking over the Baltic Sea
(around 10 %). The shape of the blocking systems and the different position of the upstream trough in

relation to the area where thunderstorms occur explain the two different shear situations.

In summary, our study demonstrates that atmospheric blocking over the North Atlantic and the Baltic Sea

has remote effects on deep moist convection in western and central Europe. This supports the statement of

Piper et al. (2019) that convecﬁ%}éeagrqdis o§it(i:%1a 1S decisiﬁ:lxniﬁl

fluenced by the state of mid-tropospheric
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flow steering the large-scale thermodynamic and dynamic conditions relevant for convection. Flow patterns,
for example, associated with advection of warm air masses at low levels from southwesterly regions from
Spain to France and central Europe in combination with an elevated mixed layer (Carlson et al. 1983;
Lanicci and Warner 1991) and a Spanish plume event (Morris 1986; van Delden 2001; Piper 2017) often

produce a conducive environment for the development of (severe) thunderstorms (Kunz et al. 2018; Piper

@l. 2019).

ﬁ’vith respect to blocking over the Baltic Sea, the correlation to thunderstorm occurrence seems to be
@re relevant in regions where convection is often related to synoptic forcing like cold fronts such as in the

o Hddle of France, northern Germany, or south of the Alps in Switzerland (Schemm et al. 2016; Kunz et al.
H19) compared to regions with local-scale forcing dominated by orographic effects (Morel and Senesi

2; Barthlott et al. 2011) such as southern Germany or eastern Austria.

A comparison of our results with a study regarding an extended definition of seven North Atlantic-
Edropean weather regimes (Grams et al. 2017) shows that a block in the NA area is similar to the weather
ime called Atlantic ridge and a block in the Baltic Sea areas to the regime Scandinavian blocking.
he weather regime European blocking of that study represents the crossover cases, where blocking exists
ultaneously in both areas. These three regimes are observed during the summer on 30— 35 % of all days

N

ee supplementary of Grams et al. 2017).

ontrast to other approaches such as considering teleconnection patterns (cf. Allen ef al. 2015;
@)pett et al. 2015; Piper and Kunz 2017; Trapp and Hoogewind 2018; Piper et al. 2019), regions with
@cking establish direct links to dynamic and thermodynamic mechanisms and processes influencing the
wnderstorm formation. The location of the relevant (influencing) areas was determined in this study itself,

ereas teleconnection patterns are already defined for a predefined area. In contrast to teleconnection
patterns, which capture the annual variability, atmospheric blocking affects the prevailing (stationary)
environmental conditions such as atmospheric stability and moisture content of air masses. Nevertheless,
blocking is not suitable as a single predictor for convection; here, other approaches should be pursued
(cf. Doswell et al. 1996; Sanchez et al. 2009; Mohr et al. 2015b; Pucik et al. 2015; Radler et al. 2018).
Due to its persistence, blocking might contribute to improved thunderstorm potential predictability on
sub-seasonal time scales beyond the classical weather forecast time scale of a few days and complement

current activities that investigae, g}é%%%nlg%%}g&e%ftxy%g%ry NARORK %%l?sspe%lét -on the sub-seasonal predictability



of extremes (e.g., Lavers et al. 2016a,b; Pasquier et al. 2018). It is important, however, that—especially in
connection with local-sacle phenomena such as deep moist convection—the blocking position is correctly
predicted, which is currently still a challenge in state-of-the-art global numerical weather prediction models

(Quinting and Vitart 2019).
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Captions

Table 1: Annual number per year (left) and annual mean per month including standard deviation (right) of

blocking events in the two areas NA and BS (cf. Fig. 5) during the investigation period.
ig. 1: Mean annual number of thunderstorm days during May to August between 2001 and 2014 (FR

= rrance, BE = Belgium, NE = Netherlands, LU = Luxembourg, GE = Germany, CH = Switzerland, AT =

-

Fig. 2: Relative blocking frequency between 2001 and 2014 (May — August).

stria,); the black line indicates the contiguous area of the 132 GPs referred to as FOCREG (see Chap. 3).

!

ig. 3: Two examples of identified areas with statistically significant (p-value at 95 % significance level)

°N 4°E and (b) 52°N 11°E (illustrated as orange grid point). The blue colours indicate a reduction of

@nges in the odds ratio, where blocking affects the thunderstorm activity in two reference regions: (a)
S

nderstorm days by blocking (e.g., a value of 0.5 means a decrease of the odds by 50 %) and red colours

wﬁc te an increase (e.g., a value of 2 means a doubling of the odds).

Fig. 4: Relative frequency of the 132 OR calculations quantifying how often (a) OR < 1 (blocking
Q presses TDs; blue in Fig.3) or (b) OR > 1 (blocking supports TDs; red in Fig.3). The black lines
indicate the threshold; with 40 %. The numbers define the sub-areas over the North Atlantic (1 = West and

East) and the Baltic Sea (3 = West and 4 = East) for further investigations.

Fig. 5: Same as Fig. 3; but for the six areas (defined in Fig. 4): (a-c) North Atlantic (NA) and (d-f) Baltic
Sea (BS) with their respective sub-areas (b) NA West & (c¢) NA East and (e) BS West & (f) BS East. Note

only values with a OR with p-value of at least 95 % significance level are shown.
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Fig. 6: Same as Fig. 3; but for the crossover cases. Shown are (a) changes in the odds ratio at every grid

point and (b) only grid points with statistically significant values (p-value at 95 % significance level).
Fig. 7 Examples of blocking events on 10 July 2002 over the NA (top) and on 19 June 2001 over the BS
(bottom): (a,c) P5pp in gpdm with blocks (grey contour) and (b,d) thunderstorm day (yes in beige).
on 19June 2001 (right) concerning different meteorological parameters: (a,d) SLI in K, (b,e) PW in

ﬁig. 8: Same examples as in Fig. 7: Blocking over the BS on 10 July 2002 (left) and blocking over the

S ﬂm_Q and (c,f) OMEGA in hPah!.

It

ig. 9: Anomaly composites during blocking over the BS (left) and over the NA (right) for (a,d) SLI in
K, (b,e) PW in kgm~2 and (c,f) OMEGA in hPah~! with respect to the reference period (1981 —2010).

Black dots indicate statistically significant values.

ig. 10: Same as Fig.9, but for DLS in ms™*.
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able 1. Annual number per year (left) and annual mean per month including standard deviation (right) of blocking events in the two areas NA and BS (cf. Fig. 5)
during the investigation period.

Article

Year NA BS | Month NA BS

2001 26 22 May 77+25 49437
2002 17 38 June 71+50 66+46
2003 31 27 July 544+3.1 95457
2004 26 16 August 64 +£52 55+£29

2005 44 29
2006 47 @ 32
2007 24 25
2008 25 22
2009 26 27
2010 36 38
2011 18 31
2012 16 26
2013 11 24
2014 26 14
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Figure 8. Same examples as in Fig. 7: Blocking over the BS on 10 July 2002 (left) and blocking over the NA on 19 June 2001 (right) concerning different meteorological
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respect to the reference period (1981 —-2010). Black dots indicate statistically significant values.
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