On Convection During Vb-Cyclone Events in Present and Warmer
Climate

Mostafa E. Hamouda!, Christian Czakay', and Bodo Ahrens?

!Goethe University Frankfurt
2IAU, Goethe University Frankfurt am Main

September 11, 2023

Abstract

Summer extreme flooding in Central Europe is often associated with Vb-cyclones which travel through the Mediterranean,
then northwards east of the Alps towards Central Europe. Extreme convective precipitation intensities scale with the Clausius-
Clapeyron relation under global warming. This study quantifies the importance of convective precipitation during Vb-events in
present and in warmer climate by simulating selected Vb-events with convection-permitting grid-spacing. A simple convective
precipitation diagnostic is compared against Lagrangian convective cell tracking. The simple method shows skill identifying
convective precipitation in coarser simulations with parameterized convection. On average, 30\% of precipitation is classified as
convective in reanalysis and historical EC-Earth3 driven simulations. This fraction increases to 52\% in a warmer climate under
SSP5-8.5 scenario. The increase is explained by a frequency increase of the convectively active cut-off low-pressure systems
and a doubling of the convective fraction in the less active trough-like Vb-cyclones, suggesting amplified flood risk in a warmer

climate.
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Key Points:

« Convection during Vb-events can be detected by applying a diagnostic method
on simulations with parameterized convection.

» Around 30% of Vb-cyclone precipitation due to convection in the present climate,
which increases to 52% in the warmer climate SSP5-8.5.

« Convective fraction is larger than the average if the Vb-cyclone is associated with
an upper level cut-off low pressure system.
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Abstract

Summer extreme flooding in Central Europe is often associated with Vb-cyclones which
travel through the Mediterranean, then northwards east of the Alps towards Central Eu-
rope. Extreme convective precipitation intensities scale with the Clausius-Clapeyron re-
lation under global warming. This study quantifies the importance of convective precip-
itation during Vb-events in present and in warmer climate by simulating selected Vb-
events with convection-permitting grid-spacing. A simple convective precipitation diag-
nostic is compared against Lagrangian convective cell tracking. The simple method shows
skill identifying convective precipitation in coarser simulations with parameterized con-
vection. On average, 30% of precipitation is classified as convective in reanalysis and his-
torical EC-Earth3 driven simulations. This fraction increases to 52% in a warmer cli-
mate under SSP5-8.5 scenario. The increase is explained by a frequency increase of the
convectively active cut-off low-pressure systems and a doubling of the convective frac-
tion in the less active trough-like Vb-cyclones, suggesting amplified flood risk in a warmer
climate.

Plain Language Summary

Summer extreme flooding events in central Europe is often associated with a cy-
clone track known as Vb-cyclone, i.e. cyclones travelling through the Mediterranean then
moving northwards on the eastern flank of the Alps towards central Europe. Convective
precipitation (short showery events) results from the high atmospheric instability caus-
ing rapid rising motion and the development of thunderstorms. In this study, we find that
convective precipitation is on average 30% of the total precipitation during Vb-cyclones,
and this fraction increases to 52% in a warmer climate scenario. The consequence of a
larger convective fraction is a tendency to more extreme localized precipitation, poten-
tially leading to more intense flood events during Vb-cyclones.

1 Introduction

Extreme flooding is an important topic for climate research, with numerous stud-
ies concerning the various properties of extreme precipitation events, such as origin, de-
velopment, trends and recurrence (Pendergrass et al., 2015; Tandon et al., 2018; Hamouda
& Pasquero, 2021; Gimeno et al., 2022). An important flood producing process in the
central European region is known as Vb-cyclone event. Such cyclones are first introduced
by van Bebber (1891) are defined as cyclones which travel eastwards over the Mediter-
ranean Sea, then turn northeastwards on the eastern flank of the Alps impacting the river-
rich central European region with heavy amounts of precipitation (Ulbrich et al., 2003;
Rudolf & Rapp, 2002; Stein & Malitz, 2013) (red tracks in figure 1). In the summer half
of the year, Vb-cyclones are more important for flooding, since they can be charged with
moisture and energy from the warm Mediterranean sea, the moist warm FKuropean soil,
and the other marginal seas (Krug et al., 2022; Sodemann et al., 2009; Krug et al., 2021).

The general consensus is that the risk of extreme events is increasing due to global
warming, since warmer air temperatures accommodates more moisture content at a rate
of 7%/°C according to Clausius-Clapeyron (CC) relation. In case of extreme precipita-
tion, the scaling follows an even higher rate of 14%/°C at sub-daily time scale, causing
more frequent and intense extreme precipitation (Molnar et al., 2015; Brisson et al., 2016;
Lenderink et al., 2017; Papalexiou & Montanari, 2019; Purr et al., 2021),.

Many case studies are conducted on the influence of Vb-cyclones on extreme Eu-
ropean floods. Flood event of August 2002 is an important event, which was marked by
a total precipitation of 350 mm within 24 hours at Zinnwald (Ulbrich et al., 2003; Rudolf
& Rapp, 2002)), and another case in 2013 with around 405 mm within 96 hours at Aschau-
Stein (Stein & Malitz, 2013).



Case studies provide good understanding of the progression of such extreme events,
though lacking robust statistics, which hinders drawing generalized conclusions. How-
ever, downscaling enough events is computationally very expensive as long as convec-
tive scale is concerned. Therefore, research strives to develop various methods, to iden-
tify precipitation due to convection mechanisms using lower computational costs (Churchill
& Houze, 1984; Tremblay, 2005; Rasp et al., 2016; Poujol et al., 2020).

The aim of the study is to estimate the importance of convective precipitation dur-
ing Vb-cyclone events in the present and in a warmer climate scenario, by providing enough
events for statistical significance. To this end, we use a regional climate model set up
with convective-permitting resolution to simulate different Vb-events. Convective cells
are then tracked using a Lagrangian tracking method. Moreover, a diagnostic method
based on convective precipitation physics to quantify convection is tuned accordingly,
and is employed to provide enough statistics to deduce the role of convection process based
on a multi-decadal climate simulation of the present and a warmer climate scenario.

2 Data and Methods
2.1 Data
2.1.1 Convection-permitting sitmulations

The ECMWF reanalysis ERA-5 (Hersbach et al., 2020) was used as forcing data
for the convection-permitting simulations (CPS) for 9 selected Vb-events. CPS were per-
formed over the Med-CORDEX domain (Ruti et al., 2016) using COSMO-CLM v5.0 (Con-
sortium for Small-scale Modelling in Climate Mode; Rockel et al. (2008)) (dx = 0.0275°; 3km)
laterally nudged towards the ERAS reanalysis with a Davis relaxation scheme and hourly
updates as recommended in Ahrens and Leps (2021). A short spin-up time of two days
is used following Stucki et al. (2020). The parameterization of deep convection was turned
off for the CPS and the shallow convection was parameterized after Tiedtke (1989). More-
over, we applied a one-moment microphysics scheme including graupel, following the rec-
ommendation of Brisson et al. (2016) to improve the representation of deep convection
(Purr et al., 2019, 2021).

2.1.2 ERA-Interim and EC-Earth3 downscaling

The used reanalysis data in this study was ERA-Interim (Dee et al., 2011) dynam-
ically downscaled using COSMO-CLM v5.0 regional climate model (Rockel et al., 2008).
In this part, COSMO-CLM (CCLM) was interactively coupled with the ocean model NEMO
(Nucleus for European Modeling of the Ocean; (Gurvan et al., 2022)) in the Mediter-
ranean Sea. Freshwater inflow of rivers into the Mediterranean Sea (except for the Nile)
was implemented with the river routing model TRIP (Total Runoff Integrating Path-
ways; (Oki & Sud, 1998)). Model data for historical and warm climate scenarios are ob-
tained from EC-EARTH-Veg 3 CMIP6 (the Coupled Model Intercomparison Project phase
6, (Doscher et al., 2022)) realization r12i1p1fl. The historical climate scenario is from
1951 till 2014, and the warm climate simulation follows the Shared Socioeconomic Path-
ways SSP5-8.5 (Riahi et al., 2017) from 2015 till 2099. The domain was is the extended
Euro-CORDEX (Giorgi et al., 2008) using a horizontal grid-spacing of about 12 km (dz =
0.11°). The downscaled ERA-Interim using the coupled system is referred to as CCLM-
ERAI, and the downscaled EC-Earth-Veg 3 is CCLM-EC3 (historical and SSP5-8.5) through-
out the study. More details about the setup of the coupled model system are given in
Primo et al. (2019).

For comparison with the convection-permitting downscaling of single events in sec-
tion 2.1.1, a similar setup of CCLM (i.e. 12 km with parameterized convection) was used,



except that in this case, without coupling to the ocean model. The forcing data is ERA5
reanalysis, for consistency with section 2.1.1.

2.2 Methods
2.2.1 Vb-cyclone detection and tracking

The method for cyclone tracking used in this study is based on Hofstétter and Chi-
mani (2012) and Hofstédtter et al. (2016) and was adapted by Krug et al. (2020). The
first step: low pressure systems are detected using the sea level pressure (SLP). Addi-
tionally a discrete cosine filter (Denis et al., 2002) was applied to remove spurious min-
ima. The second step: the horizontal wind fields on the SLP and the 700 hPa pressure
levels are used to predict the location of the cyclone center for the next time step as a
first guess. The third step: the cyclone center closest to the position of the first guess
is assigned to the cyclone path. For further details about the tracking algorithm refer
to Hofstéatter and Chimani (2012) and Hofstétter et al. (2016).

Here, the tracking algorithm is applied with the configuration in Krug et al. (2020).
For the tracking the CCLM-ERAI and CCLM-EC3 were remapped to a 0.25° longitude-
latitude grid. The tracking was performed within —5° E to 35° E and 26° N to 70° N
using a 3-hourly temporal resolution. Cyclones with a lifetime shorter than 24 h were
discarded. Following the definition of Hofstétter and Bléschl (2019) all cyclones that crossed
the 47° N latitude between 12° E and 22° E while propagating to the northeast were cat-
egorized as Vb-cyclones.

2.2.2 Convective precipitation fraction

Two methods are used to detect convective precipitation. The first is following Purr
et al. (2019), which is Convective Cell Tracking (CCT) using Lagrangian dynamics. Con-
tiguous precipitation areas with precipitation rate > 8.5mm/h within 5 minutes time
step, are considered a potential convective cell. Wind data is used to predict the posi-
tion of the convective cell at the subsequent time step using a “cone of detection” for
each grid point. If a new cell is present in the cone, a probability value is assigned to the
origin pixel of the cone, which links this pixel to the new cell.

The second method is following Poujol et al. (2020). This diagnostic method (POJ)
is based on vertical velocity and mid-tropospheric vorticity created by convective plumes.
This method is adopted here as it shows skill detecting convection, most importantly in
mountainous regions, which is an important criteria for our domain and purpose of study.
The thresholds are following Poujol et al. (2020) with slight changes given the different
horizontal grid-spacing of our simulation. The lower limit of vertical velocity at 500 hPa
is 0.05 cm/s, and the upper limit (before lifting is considered topographic) is 0.12 cm/s
(0.2 cm/s in Poujol et al. (2020)). The mid-tropospheric vorticity is unchanged (1.7x
10~* s71). A change of the velocity thresholds by +0.02 m/s does not influence the re-
sults substantially. The CPSs are regridded to a 12-km grid similar to that of the pa-
rameterized convection simulation before applying POJ method, to tune the thresholds
for the decadal-climate simulation. More details about the method and validation are
provided in Poujol et al. (2020)

2.3 Hierarchical clustering

To group similar synoptic patterns based on GPH anomalies at 500 hPa, hierar-
chical clustering approach is adopted similar to Totz et al. (2017). For Vb-cyclone event,
500 hPa GPH anomalies at lag -2 days are recorded as a single vector data point. The
algorithm generates a hierarchy of clusters by merging one pair of nearest data points
or clusters of points at each step (Wilks, 2011). Clustering is stopped when the distance



between different clusters does not change significantly (nearly constant distance as the
number of clusters increase).

3 Results and Discussion
3.1 Convective precipitation during Vb-cyclones

Figure 1a shows the average precipitation associated with Vb-cyclones and the de-
tected tracks in CCLM-ERAI from 1979 till 2014 during the summer half of the year from
April till September (AMJJAS).

Studying this particular cyclone track is important as it is associated with extreme
precipitation events. The top 5% of extreme precipitation rates are ranked in figure 1b
for precipitation within the dashed black box in panel a, demonstrating the occurrence
of extreme precipitation in association with Vb-cyclones (red circles). A sample of 9 ex-
treme Vb-cyclone events are selected for convective-permitting scale (CPS) downscal-
ing using CCLM at 3 km (section 2.1.1), and are downscaled using parameterized con-
vection (section 2.1.2). To detect convective precipitation, CCT following Purr et al. (2019)
and a diagnostic method (POJ) following Poujol et al. (2020) are used (section 2.2.2).

Figure 2a shows the time evolution of total precipitation, convective precipitation
and convection fraction using CCT for July 2008, area-averaged over the Danube catch-
ment (dashed magenta box in figure 1a). Figure 2b is similar to panel (a), except that
convective precipitation is detected using POJ method. The two methods exhibit sim-
ilar patterns of convective fraction with a correlation coefficient CC(a,b)=0.76. It is noted
that the timing of the maximum convective rainfall shows a predominant daily cycle, with
a main peak during the afternoon, as deep convection is initiated by solar radiation heat-
ing the surface, destabilizing the atmospheric boundary layer (Purr et al., 2021). The
first peak of convection is particularly high, coinciding with surface air temperature peak
(red line in figure 2a), which is attenuated as the event evolves by cloud radiative cool-
ing.

Another lower resolution CCLM simulation with parameterized convection at 12
km is carried out for the same event (figure 2c). The detection of convection was done
similarly as in figure 2b using POJ method. Some differences in the total precipitation
pattern with respect to the CPS simulation are expected, since different simulation setup
was utilized. However, the convective fraction shows similar patterns as indicated by CCT.
The other events are shown in the supplementary materials (Figures S1-9).

Comparing POJ method, which does not require high computational power, with
the computationally expensive CPS simulations with Lagrangian CCT, shows that it can
be applied widely to as many events as possible in our data sets. Furthermore, it is im-
portant to highlight that only using the output of model’s convection parameterization
can lead to overestimation of convection fraction as displayed in Figure S10, while POJ
method shows a better representation, even at 12 km resolution.

In closing this section, it is worth mentioning that a counterexample is also car-
ried out, to test the methods ability during seasons where convection is not expected to
be as important. Figure S9 shows a Vb-cyclone event in November 2019, just around the
beginning of winter, during which convection is not a dominant mechanism for precip-
itation. The method was able to indicate the absence of convection during this event,
which further supports the validity of the method.

3.2 The synoptic setup of strong and weak convective events

Studies show that the frequency of Vb-cyclone events varies between 3-5 cyclones
per year (cf. Hofstitter and Chimani (2012); Messmer et al. (2015)), and a more frequent
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Figure 1. Mean precipitation rate during Vb-cyclones (shading mm/6hr), and detected
tracks of pressure minima during the event (red transparent lines) using CCLM-ERAI in the
summer half of the year (AMJJAS) from 1979 till 2014. Red line at 47° N marks the onset of
Vb-cyclone (day 0). Dashed boxes are: Green: Elbe catchment, yellow: Ore catchment, magenta:
Danube catchment and black: central Europe. b) Ranking of the top 5% ranked daily precipita-
tion for the central European domain (black dashed box in panel a). Black circles are events not
associated with Vb-cyclones, red circles are events associated with Vb-cyclones. Ratio of red to
black is 0.11 within the top 100-ranked events.
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Figure 2. Time series of July 2008 Vb-cyclone as downscaled by COSMO-CLM using ERAS
in the Danube catchment (dashed magenta box in figure 1). a) Downscaled to 3 km (convective
permitting simulation; CPS) and tracking convection using CCT. b) Downscaled as in (a), how-
ever convection is detected by POJ. ¢) Downscaled to 12 km (parameterized convection), and
convection is detected similar to panel (b). Red line is the time series of surface temperature

(arbitrarily scaled).



rate of around 10 cyclones per year in Hofstétter and Bléschl (2019), depending on the
quality of the used data set and the rigidity of the definition of the cyclone path. In this
study, as described in section 2.2.1, we found 91 cyclones within the period 1979-2014
from April to September (AMJJAS), using the CCLM-ERAI dataset. In this section,

we pose the question of how Vb-cyclones differ from the synoptic point of view in the
associated convective precipitation, potentially leading to flooding events. Similar to Messmer
et al. (2015), where Vb-cyclones are differentiated based on the total amount of asso-
ciated precipitation. Here our differentiation is based on convection fraction. POJ is em-
ployed for the 91 events, and for each event convection fraction is calculated within the
dashed black box in figure la. The highest and lowest 10% of convection fraction among
these events are found to have the thresholds of 0.4 and 0.14 respectively, forming two
composites of the synoptic conditions that are associated with strong/weak convective
activity during different Vb-cyclones.

Figure 3 shows composites of 500 hPa geopotential height (GPH) anomalies and
surface air temperature anomalies 3 days before a Vb-cyclone crosses northwards of 47°N.
High convective activity is associated with Vb-cyclones that are characterized by a cut-
off low (COL) pressure system east of the Iberian peninsula, which travels eastwards and
then northeastwards to central Europe, while weak convection activity is found during
Vb-cyclones moving as a North Atlantic/European trough, extending southwards, pos-
sibly becoming cut-off at a later stage. Figures S(11,12) show similar composites for (-
2,0) lags.

A high convective event is preceded by ridging (possibly blocking) over central Eu-
rope, causing the transport of southeasterly warm continental winds, warming up the
central European region of interest as shown in figure 3c. The persistence of such warm
anomalies (amplified at lag -2 days in figure S11c) allows the development of a sharp tem-
perature gradients at the frontal zone during the onset of the Vb-cyclone (figure S12c).
This result complements the analysis done by Ruff and Pfahl (2023); Ferreira (2021) in
which it was shown that extreme total precipitation is associated with upper level COLs.
With the transport of moisture from various sources around the cyclone (Krug et al., 2022),
such a synoptic setup permits the advection of cold air that is associated with the cy-
clone, availing significant amounts of convective potential energy.

In contrast, low convection events start by North European troughing (figure 3b),
gradually transporting cool northerly air superimposed by the radiative cooling by cloud
cover as shown in figure 3d. Further cooling is evident as the trough expands southwards
as shown in figures S(11,12)d. This synoptic setting differs with respect to that of a strong
convection in that the preceding cooling down of central Europe before the onset of Vb-
cyclone significantly dampens the availability of convective energy. The two patterns po-
tentially allow the prediction of whether the Vb-cyclone is set up for a strong or weak
convective precipitation.

A caveat of this analysis is the low number of events (highest and lowest 10% of
91 events). However, a similar composite is analysed for a longer data set of CCLM-EC3
in the historical scenario in the period 1951 to 2014 (More details in section 2.1.2). In
this dataset, more Vb-cyclones are detected (282 events), and the composites are shown
for the highest and lowest 10% of the events (28 events) in figure S13, which confirmed
the results.

3.3 Stronger convection in a warmer climate

Extreme precipitation due to convection is particularly important in the context
of a warming climate since extreme sub-daily precipitation scales with the CC relation
(Lenderink et al., 2017; Purr et al., 2021). The aim of this section is to show the change
of convection process within Vb-event under global warming.
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Figure 3. Composites of 500 hPa geopotential height and wind anomalies (shading in me-
ters, and quivers; left column), and surface air temperature anomalies (°C’; right column) 3 days
before the onset. Composites are averaged over events with the highest and lowest 10% of con-
vection fraction in CCLM-ERALI as detected by POJ within the dashed black box in central
Europe. High convection events with a threshold > 0.4 are in the top row. Low convection events
with threshold < 0.14 are in the bottom row.
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Figure 4. a) The relative frequency distribution for convection fraction within the dashed
black box in figure 1 for CCLM-ERAI and CCLM-EC3 (Hist,SSP585). b) similar to panel a,
however after clustering to Troughs and COLs in historical and SSP5-8.5.

Figure 4a shows the relative frequency distribution of convection fraction during
Vb-events. The fraction is calculated as the average convective precipitation rate as in-
dicated by POJ method divided by the average total precipitation rate during a window
of 3 days centered around the peak of maximum precipitation within the dashed black
box in figure la. The results of CCLM-ERAI and the historical data of CCLM-EC3, show
that the convection fraction with the highest relative frequency is around 0.3. In a warmer
climate under SSP5-8.5 scenario, the maximum frequency shifts to a higher convection
fraction of 0.52, indicating that convection becomes a more dominant precipitation mech-
anism. This is consistent with the shift in rainfall type from large scale to convective rain-
fall under warmer temperatures (Lenderink & Meijgaard, 2008; Hérter & Berg, 2009).

It is useful to further deduce whether the increasing convection fraction in a warmer
climate results from the thermodynamical consequences of CC-relation or due to changes
in large scale dynamics such as increasing COL frequency. To distinguish between the
two mechanisms, clustering analysis is performed on the spatial pattern of Vb-cyclones
in historical and SSP5-8.5 periods, to divide Vb-cyclones into trough and COL events
(further details in sec. 2.3).

The outcome of clustering is showing in figure S14, which indicates similar features
of troughs and COLs shown in figure 3. In the historical scenario of CCLM-EC3, clus-
tering shows that trough-like Vb-cyclones cover 63% of the events, while the rest are COL-
like structure. These percentages change in the warmer climate scenario of SSP5-8.5 to
roughly 50-50%.

Figure 4a is reproduced in panel b for each cluster in different scenarios to isolate
the thermodynamical and dynamical effects. Figure 4b shows that if the increase of the
frequency of COLs is isolated by analyzing only trough-like Vb-cyclones, the most fre-
quent of convection fraction doubles from 0.21 presently to 0.45 in the warmer climate.
On the other hand, the most frequent convection fraction of COL-like Vb-cyclones in-
creases from 0.43 up to 0.52. The results suggest that the thermodynamical contribu-
tion following CC-relation plays an important role, ruling out the dynamical effect of the
increasing COL frequency (summary in table 1).
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Table 1. Summary of changes in cluster sizes and convection fraction in CCLM-EC3 historical
and SSP5-8.5 scenarios.

Cluster Size  Convection Fraction
COL Trough COL Trough

Historical 37% 63% 0.43 0.21
SSP5-8.5 50% 50% 0.52 0.45

4 Conclusion

Dynamical downscaling is used to investigate the importance of convection dur-
ing one of the most important cyclones for central Europe, known as Vb-cyclones. First,
we evaluate with convection-permitting simulations a diagnostic for convective precip-
itation presented by Poujol et al. (2020), which is applicable to computationally less ex-
pensive simulations with parameterized convection. Second, multidecadal simulations
are investigated.

The results show that, on average 30% of Vbs’ precipitation is diagnosed as con-
vective in present climate. This percentage increases to 52% in a simulated warmer cli-
mate. Thus, precipitation in the warmer climate is more localized and intense during Vb-
events. A positive fraction change is expected from the thermodynamical CC relation.

Furthermore, strong convection is associated with cut-off Vb-cyclones travelling over
the Mediterranean, setting up sharp surface temperature gradients in central Europe.
Weakly convective Vb-cyclones result from Northern Europe troughs. In the warmer cli-
mate simulation, cut-off lows were 35% more frequent. Thus, not only the thermodynam-
ical CC process but also the change in large-scale dynamics are important for the change
of the convective precipitation fraction.

Our results suggest higher flood risk through more convective precipitation dur-
ing Vb-cyclone events but are based on one climate realization only. It is therefore en-
couraged to diagnose an ensemble of climate simulations to improve the robustness of
our results.

Open Research ERAD reanalysis is available on https://cds.climate.copernicus.eu/cdsapp#!/dataset /reanalysi
erab-single-levels?tab=form. CMIP6 data is available on https://esgf-node.llnl.gov/search/cmip6/.
Namelists for Downscaling ERA5 to CPS and CMIP6, clustering function, Vb-tracks and
Poujol method are provided in the zenodo repository with DOI https://doi.org/10.5281/zenodo.8283417.
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Figure S7. Similar to figure 3 in main text, except for July 2014. CC(a,b)



a) Elbe Vb 07/2000 - ERAS5 CPS CCT

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

3 T
o Total Precip Convective Fraction
< — — — Convective Precip
EoL
£
c
9
St
2
LAY WA
T o L MAMAN-W AV WAL AN J
™ O (o)) N Ln
— — — AN N
= = = = =
L) L} L} L} L}
2000
3 b) Elbe Vb 07/2000 - ERA5 CPS POJ
=
EoL
= 2
c
0
St
2
o
g
o O ”{\_ h T 1 A
™ © o N o
— — — AN AN
= = = = =
L) L) Law) L) L)
2000
3 c) Elbe Vb 07/2000 - ERA5 12km POJ
<
E -l
E 2
c
5]
g1
2 ‘
o
g
S ‘AA
™ © o N Te)
— — i AN AN
= = = = =
- - - - -
2000
Figure S8. Similar to figure 3 in main text, except for July 2000. CC(a,b)=0.74.
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Similar to figure 3 in main text, except for November 2019.
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Figure S10. Time series of convection fraction during Vb-cyclone event of July 2008 down-
scaled from ERADB reanalysis using CCLM. Black: convection detected by convective cell tracking
at 3 km. Blue: convection detected by POJ method at 12 km. Red: convection detected by

model’s convection parameterization scheme at 12 km.
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Figure S11. Similar to figure 5, except for lag 2 days before the onset.
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Similar to figure 5, except for lag 0 (the day of the onset).
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Figure S13. Similar to figure 5, except for lag 0 (the day of the onset) in CCLM-EC3

Historical scenario.
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Figure S14. Two clusters (Cut-off and Trough; top and bottom rows) of 500 hPa GPH anoma-
lies in CCLM-EC3 Historical and SSP5-8.5 scenarios (left and right columns). The percentage

of each cluster is indicated on top of each panel.
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