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Abstract

This thesis investigates lightning characteristics along radar-detected potential hail tracks
in Germany and neighboring regions for the period April to September, 2005-2023. Potential
hail tracks were derived using radar data and the TRACE3D algorithm, and lightning strikes
were assigned within a fixed spatial radius of 15km and a temporal window of 15 min
around each track timestep.

The analysis examines lightning activity throughout the lifecycles of potential hail tracks
of different duration, variations in the occurrence of lightning throughout the years, and
differences between clustered and non-clustered potential hail tracks. Additional perspec-
tives include extreme precipitation intensity and pre-convective environmental conditions,
based on convective parameters and aerosols.

The results demonstrate that lightning activity varies substantially throughout the lifetime
of potential hail tracks and increases systematically with potential hail track duration.
Longer potential hail tracks consistently exhibit higher lightning activity, indicating that
these storms are intrinsically more electrically active, rather than simply accumulating
more strikes over time. In contrast, extreme precipitation intensity shows little variation
across track duration.

A pronounced decline in lightning activity along potential hail tracks is observed over the
study period. This decrease persists after normalizing for interannual variability in track
numbers, and is evident across the entire study domain. Conversely, extreme precipitation
intensity shows a tendency towards intensification, suggesting that storm precipitation
characteristics and lightning occurrence do not necessarily evolve in parallel.
Environmental parameters help to explain the observed temporal changes. Higher lightning
intensity is associated with greater instability (greater Convective Available Potential En-
ergy, lower Lifted Index), stronger updrafts and higher low-level relative humidity. Aerosol
variables, particularly sulphate aerosol optical depth, show trends that are consistent with
the observed decline in lightning, which suggests that changes in aerosol concentrations
and the associated cloud microphysical processes may play a key role. Thermodynamic and

kinematic parameters exhibit no comparable long-term temporal trend.






Zusammenfassung

In dieser Arbeit werden die Charakteristiken von Blitzen entlang von potentielle Hagel-
zugbahnen untersucht, die in Deutschland und benachbarten Regionen im Zeitraum von
April bis September der Jahre 2005 bis 2023 mittels Radar erfasst wurden. Die potentiellen
Hagelzugbahnen wurden mit dem TRACE3D-Algorithmus abgeleitet, und die Blitze inner-
halb eines festen raumlichen Radius von 15 km und eines zeitlichen Fensters von 15 min
um jeden Zeitschritt der Zugbahnen herum zugeordnet.

Die Arbeit untersucht die Blitzaktivitat wahrend des gesamten Lebenszyklus von hagelpro-
duzierenden Gewittern unterschiedlicher Dauer, Schwankungen im Auftreten von Blitzen im
Laufe der Jahre sowie Unterschiede zwischen gruppierten und nicht gruppierten hagelpro-
duzierenden Gewittern. Weitere Perspektiven umfassen die extreme Niederschlagsintensitét
und prakonvektive Umgebungsbedingungen, die auf Konvektionsparametern und Aerosolen
basieren.

Die Ergebnisse zeigen, dass die Blitzaktivitat wahrend der gesamten Lebensdauer der hagel-
produzierenden Gewittern erheblich variiert und mit deren Dauer systematisch zunimmt.
Langere hagelproduzierende Gewitter weisen durchweg eine hohere Blitzaktivitat auf. Dies
deutet darauf hin, dass diese Stiirme von Natur aus elektrisch aktiver sind und nicht lediglich
im Laufe der Zeit mehr Blitzeinschldage aufweisen. Im Gegensatz dazu zeigt die maximale
Niederschlagsintensitat nur geringe Schwankungen tiber die Dauer der Gewitter hinweg.
Im Untersuchungszeitraum ist ein deutlicher Riickgang der Blitzaktivitat entlang der hagel-
produzierenden Gewittern zu beobachten. Dieser Riickgang bleibt auch nach Normierung
mit der jahrlichen Variabilitat der Gewitterhaufigkeit bestehen. Er ist im gesamten Untersu-
chungsgebiet erkennbar. Umgekehrt zeigt die extreme Niederschlagsintensitit eine Tendenz
zur Intensivierung, was darauf hindeutet, dass sich die Niederschlagseigenschaften von
Gewittern und das Auftreten von Blitzen nicht unbedingt proportional ist.

Die Parameter der konvektiven Umgebungsbedingungen helfen dabei, die beobachteten
zeitlichen Verdnderungen zu erklaren. Eine hohere Blitzintensitit ist mit einer héheren In-

stabilitat (hohere Convective Available Potential Energy, niedrigerer Lifted Index), starkeren
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Aufwinden und einer hoheren relativen Luftfeuchtigkeit in den unteren Schichten verbun-
den. Die Konzentration von Aerosolen, insbesondere die optische Dicke von Sulfataerosolen,
zeigen Trends, die mit dem beobachteten Riickgang der Blitzaktivitat iibereinstimmen.
Dies deutet darauf hin, dass Verdnderungen der Aerosolkonzentrationen und die damit
verbundenen mikrophysikalischen Prozesse in Wolken eine wichtige Rolle spielen kénn-

ten. Thermodynamische und kinematische Parameter zeigen jedoch keinen vergleichbaren
langfristigen zeitlichen Trend.
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1. Introduction

Severe convective storms (SCS) are among the most spectacular yet hazardous weather
phenomena, with hail and lightning being two of their most prominent characteristics. Both
are intrinsically linked through microphysical processes of deep convection, where charge
separation among liquid and ice particles enables lightning generation while simultaneously
contributing to hail formation. Understanding this interplay is crucial for improving severe
weather prediction, particularly in the context of a changing climate, where shifts in storm
environments and aerosol concentrations may alter storm frequency and intensity. Despite
extensive research on each phenomenon individually, their combined occurrence and the

environmental factors influencing their interaction remain insufficiently explored.

Thunderstorms typically evolve through distinct phases (initiation, mature stage, and
dissipation), each characterized by different levels of convective intensity (see section 2.1.3).
These phases influence storm dynamics and microphysical processes, which in turn affect
lightning occurrence. Wapler (2017) and Wilhelm (2022) have shown that the spatial extent
of thunderstorms in Germany often follows a parabolic pattern over time, reflecting growth
and decay processes.

Furthermore, Wapler (2017) investigated lightning activity during the lifecycle of hail tracks
and identified two local maxima: one prior to hail onset and another during hail.

Such findings indicate that electrical activity is closely linked to the temporal evolution of

convective systems.

Past studies have shown that lightning and hail activity depend on two factors: convective
ingredients (Taszarek et al., 2020), which characterize the atmospheric state, and aerosols
(Fan et al., 2025).

The first approach involves thermodynamic and kinematic parameters derived from nu-
merical weather prediction models or atmospheric in-situ soundings. These enable the
quantification of thunderstorm probability based on the underlying atmospheric conditions

(Kunz, 2007). Several measures have been proposed for different severe thunderstorm



1. Introduction

phenomena, such as large hail, severe wind gusts, and tornadoes (Taszarek et al., 2017).
However, the limited temporal and spatial resolution of soundings constrains the analysis
of convective parameters.

To address this, Taszarek et al. (2020) quantified a large number of convective parameters
based on ERAS5 reanalysis data by considering different atmospheric layers and processes,

providing a more comprehensive approach.

The second approach considers aerosol-related parameters. Several studies have demon-
strated an increase in cloud condensation nuclei (CCN) and cloud droplet numbers near
anthropogenic sources, particularly over shipping lanes (Twomey, 1974; Radke and Hobbs,
1976; Radke et al., 1989). CCN and cloud droplets play a crucial role in the formation of hail
and lightning (Fan et al., 2025; see chapter 2). For instance, the probability of lightning at
a ship location compared to a site 2 or 25km away is 15 or 66 times higher, respectively
(Peterson, 2023).

Wright et al. (2025) reported a decrease in lightning occurrence over shipping lanes in the
Indian Ocean and the South China Sea following the implementation of sulphur regulations
in marine fuels in 2020. They also observed an enhancement in lightning strikes over these
shipping lanes both before and after the regulation. The authors attribute the decrease to
reduced sulphur emissions, as shipping traffic remained unchanged. To investigate this,
they employed CAPE (Convective Available Potential Energy) and precipitation rates to
construct various occurrence schemes based on their combinations, and found a decrease

across almost all combinations.

Augenstein et al. (2024) reported a decrease in lightning density and in the number of days
with at least five lightning strikes per grid box across most parts of France and Germany
from 2001 to 2021. Furthermore, spatio-temporally intense lightning clusters were found to
be smaller in spatial extent and more widely separated. The authors suggest that the North
Atlantic Oscillation (NAO) teleconnection pattern may be a contributing factor for these

changes.

This thesis seeks to offer further insights into the relationship between lightning and hail
and to address open questions raised by previous studies. It aims to provide a combined
perspective by analyzing lightning activity along radar-detected hail tracks and linking
these patterns to environmental and aerosol conditions. A key aspect lies in its long-term
approach, which enables the examination of trends in lightning activity over nearly two
decades. These insights reveal how severe storm characteristics evolve under changing

atmospheric and aerosol influences.



To this end, radar-detected hail tracks based on the TRACE3D algorithm (Handwerker, 2002;
Schmidberger, 2018) and lightning data from EUCLID (European Cooperation for Lightning
Detection) are analyzed to identify lightning characteristics along individual hail tracks in
Germany and surrounding areas from 2005 to 2023. As radar-based hail estimation involves
a certain degree of uncertainty, these tracks are referred to as potential hail tracks (PHTs)
throughout this study. The investigation of environmental conditions prior to the onset of

PHTs seeks to provide insights into the factors influencing lightning activity.
Based on this background, the following three hypotheses are formulated:

« Lightning activity varies during the lifecycle of a PHT and across different hail track

durations.
« Lightning activity along PHT decreases over the period 2005-2023.

« These variations in lightning activity can be explained by convective and atmospheric

aerosol parameters.

This thesis is organized as follows: Chapter 2 outlines the theoretical background of deep con-
vection, hail, and lightning, and examines the influence of aerosols. Chapter 3 introduces the
data sources, including radar-detected PHTs, lightning strikes, convective parameters, and
variables describing atmospheric aerosols under the prevailing environmental conditions.
Subsequently, the algorithms used to identify lightning strikes and assign environmental
conditions along PHTs, as well as cluster PHTs, are described. Chapter 4 presents the
temporal and spatial characteristics of lightning strikes along PHTs, followed by an analysis
of pre-convective environmental conditions and their relationship to lightning intensity.
Finally, chapter 5 summarizes and discusses the findings of this thesis and provides an

outlook for future research.






2. Theoretical background and physical

principles

This chapter presents the key meteorological concepts relevant to hailstorms and their
electrical characteristics. It covers the physical processes of convection, lightning, and hail,
and discusses radar-based hailstorm detection, the link between lightning activity and hail

formation, and approaches to combining radar and lightning data in joint analyses.

2.1. Deep moist convection

This thesis focuses on severe thunderstorms that produce hail. For both lightning and hail
formation, deep moist convection (DMC) is a prerequisite. In meteorology, convection refers
to the vertical movement of air caused by differences in temperature and density, which is
accompanied by an exchange of energy and enthalpy.

According to Johns and Doswell (1992), DMC requires three key factors: sufficient moisture
in the boundary layer, conditional instability within the atmosphere, and a lifting mechanism
to trigger convection. Convection initiation can be driven by either natural buoyancy (free)
or external forcing mechanisms (forced) (Markowski and Richardson, 2010). Free convective
initiation is a thermally direct circulation. When incoming solar radiation warms the Earth’s
surface, the adjacent air layer is heated as well. The resulting decrease in air density causes
an air parcel to rise relative to the surrounding atmosphere. Buoyancy represents a vertical
pressure gradient force arising from density differences within an atmospheric column,
which is not fully counteracted by gravity (Markowski and Richardson, 2010). Forced
convection, on the other hand, is triggered by external forces, resulting from effects such as
flow deviations and resulting convergence zones around mountains, cross-circulation at
fronts, or large-scale pressure gradients (Markowski and Richardson, 2010). The type of

convection relevant here is that in which the lifting and the resulting cooling of the air parcel
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leads to saturation, followed by condensation and cloud formation. When an air parcel rises
dry adiabatically, it cools until it reaches the point of saturation. This altitude is referred to
as the Lifting Condensation Level (LCL) (Markowski and Richardson, 2010). From that level
onward, condensation occurs, releasing latent heat that increases the parcel’s buoyancy and
enables further ascent. Similarly, the Level of Free Convection (LFC) denotes the height
at which the air parcel becomes warmer than its surrounding environment (Markowski
and Richardson, 2010). Associated with the LFC is the Equilibrium Level (EL), the altitude
at which the rising parcel attains the same temperature as its environment and becomes

neutrally buoyant (Markowski and Richardson, 2010).

2.1.1. Atmospheric stability

To assess whether rising air parcels can continue to ascend and potentially form thun-
derstorms, the stability (or stratification) of the atmosphere is crucial. Key measures like
the lapse rate and the (equivalent) potential temperature help describe this stratification
and determine the likelihood of convective development. In general, the temperature and
density of the troposphere decreases with height. Assuming an air parcel experiences no
phase change (condensation of water vapor), no heat exchange with the environment, but
has the same pressure as the environment, its cooling rate during ascent (due to expansion)
and its warming rate during descent (due to compression) can be described by the dry

adiabatic lapse rate, I; ~ 9.8 Kkm™!.
Fd == — (2.1)

with g as the gravitational acceleration and c,, as the specific heat for a constant-pressure
process. Starting from this context, one can derive via integration from the current pressure
level p of the air parcel to an reference level py (in general ground level of 1000 hPa) the

potential temperature 0 :

R

=T (@)5, (2.2)
P

with R; the gas constant for dry air. 6 describes the temperature of an air parcel that

undergoes adiabatic compression without phase changes from pressure level p to po (Trapp,

2013). As the water vapor within air parcels plays an important role in meteorology in

general, and in this thesis in particular, it must be taken into account. Once the air parcel
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reaches the saturation point, the water vapor condenses and latent heat is released. The
assumptions for a dry adiabatic process are therefore violated. Thus, similarly to the
potential temperature 0, the equivalent potential temperature 6, can be introduced from
Bolton (1980) in Equation 2.3. It is defined as the temperature an air parcel would reach
if all the water vapor it contains were to condense at constant pressure and the resulting
latent heat were fully converted into sensible heat (Trapp, 2013). Therefore, the resulting
equivalent potential temperature 6, considers the complete latent heat of condensation of
water vapor during ascent and subsequent dry adiabatic descent from level p to py (here
1000 hPa).

1000 0.2854(1-0.28-107r) 3.376
0.=T(—) eXp[(

5 —0.00254)-r-(1+0.81-10‘3-r) . (23)

TicL

with p as the pressure in hPa, r as the mixing ration in gkg™, and the Ti ¢y, as the tempera-
ture at LCL. When water vapor condenses during ascent, latent heat is released, causing
a saturated air parcel to cool more slowly than a dry one. As a result, the temperature
change during vertical motion depends on the air parcel’s temperature and its moisture
content, due to the temperature-dependent ability of air to hold water vapor as described
by the Clausius-Clapeyron equation (IPCC, 2023a). This influences the amount of latent
heat released during condensation. Therefore, the exact value of the moist adiabatic lapse
rate, I}, is closely tied to the water vapor content of the air. In general, the dry adiabatic
lapse rate I} is greater than the moist adiabatic lapse rate, which typically ranges between
5-9.8 Kkm™.

Thermal stratification, represented by the environmental lapse rate y, = —%, is a key
indicator of atmospheric stability. A distinction is made between three stability regimes: ab-

solutely stable, absolutely unstable, and conditionally unstable atmospheres. The following

conditions apply:
e ¥e <I;y <Ijand ‘3—5 > 0: absolutely stable
e Iy <ye <Ijand 3—§ = 0 : conditionally unstable
e Iy <Iy<yeand ‘3—2 < 0: absolutely unstable

In the middle case, the atmosphere is unstable with respect to saturated vertical motion, but
remains stably stratified for unsaturated (dry) motion. These three regimes can be illustrated

using a common thought experiment: a moist air parcel is displaced vertically from its
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equilibrium position. In absolutely stable conditions, a moist adiabatically ascending air
parcel cools more rapidly than the surrounding environment (since y, < I},,). As a result, it
becomes colder and denser than its surroundings, sinks back, and warms more quickly than
the environment as it descends, eventually returning to its original position. In contrast,
under absolutely unstable conditions, the parcel cools more slowly than the environment (as
Ye > I}), remains warmer than the surrounding air, and thus continues to rise. It becomes
positively buoyant. Under conditional instability, the temperature change and buoyancy
of an air parcel depends on its saturation. If an air parcel reaches saturation during its
ascent, the atmosphere becomes unstable, whereas unsaturated air parcels experience stable
conditions.

It should be noted that this assessment of atmospheric stability relies on simplified assump-
tions. For one, the air parcel is treated as a closed system, with no exchange of momentum,
moisture, or heat with the surrounding environment. In reality, this is not the case. En-
trainment, the mixing of environmental air into the parcel, plays a significant role. If the
entrained air is cooler and drier than the parcel, it can inhibit the parcel’s ascent by reducing
its buoyancy. Additionally, the ascent of an air parcel typically induces compensating subsi-
dence in the surrounding air, which can alter the environmental conditions and affect the
stability analysis (Markowski and Richardson, 2010). Finally, the effects of hydrometeors on
the parcel’s buoyancy are usually neglected in this framework, even though they can have
a notable impact (Markowski and Richardson, 2010). These assumptions are summarized

under the term parcel theory.

2.1.2. Convective measures

The concepts of atmospheric stability and convective initiation form the basis for under-
standing and quantifying the potential for convective development. However, convectively
favorable stratification only indicates the possibility of convection. Actual initiation requires
a triggering mechanism, that is as lifting mechanism. To evaluate the convective potential
more precisely, including the amount of energy available for vertical motion and the strength
of possible inhibiting layers, various diagnostic parameters have been introduced based
on parcel theory. The selection here provides a short overview of the conditions in the

atmosphere.
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The convective potential available energy (CAPE) can be expressed as the vertical integral

over height z of the buoyancy B from the LFC to EL:

dw
B=—, 2.4
T (2.4)
EL EL T.. —T
CAPE:/ dezg-/ 2. (2.5)
LFC trc Tye

B can be expressed in terms of the difference between the virtual temperature of the air
parcel T, and that of the surrounding environment T,.. The virtual temperature T, is
defined as the temperature that dry air would need to have to match the density of moist
air at the same pressure. Since water vapor is less dense than dry air, increasing moisture
content leads to a higher virtual temperature. When an air parcel rises from the LFC to
EL, it experiences positive buoyancy. As the pressure decreases with height, the parcel
expands during ascent, performing work on its volume and reducing its internal energy, in
accordance with the first law of thermodynamics. This work can, in theory, be converted
into kinetic energy, which is why CAPE is often used as an indicator of potential updraft
strength. Multiplying the vertical velocity % on both sides of Equation 2.4 and integrating
over the ascent from LFC to EL yields (Markowski and Richardson, 2010):

dw B dz (2.6)
W-e—=B.— )
dt dt
d (w? dz
—(=—)=B.-Z 2.7
dt( 2 ) dt @7
EL EL
& dw® =2 / Bdz (2.8)
LFC LFC
EL
= W%L - WEFC = 2/ Bdz (2.9
[ — LFC
W2 v
max CAPE

& w2, =V2-CAPE . (2.10)

Assuming wyrc = 0, complete conversion of buoyant energy into vertical motion, no energy
losses, and that the maximum vertical velocity wy,y is reached at EL (Wpax = WEL).

In reality, not all of the available potential energy is converted into kinetic energy, as
parts are dissipated through entrainment and other processes. Therefore, the evaluation of
convective parameters is based on parcel theory (see subsection 2.1.1). Moreover, CAPE

represents an upper limit for the kinetic energy and vertical velocity that a rising parcel
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can theoretically reach. High CAPE values represent high possible updraft wind speeds and
high potential for deep convection. (American Meteorological Society, 2024)

In addition to the potential of convective initiation there are also hindering factors for the
free ascent, expressed by the convective inhibition (CIN). It quantifies the amount of energy
required to lift an air parcel from the surface to its LFC against the stratification in the lower
atmosphere (Markowski and Richardson, 2010). The calculation is done analogously to that
of CAPE (see Equation 2.5 from Markowski and Richardson (2010)).

LFC LFCT T,
CIN = dezg-/ L (2.11)
sfc s

The main difference is the integration from the surface to the LFC. Thus, the promoting
and restriction characteristics of each measure become apparent. Similarly to the maximum
vertical updraft velocity wp,,y, a threshold vertical velocity wery can be defined as the

minimum speed required to overcome the CIN barrier (Markowski and Richardson, 2010):
weiN = V2 - CIN . (2.12)

Deep convection requires not only high CAPE values but also sufficiently low CIN to
overcome inhibition. Variations in lapse rates can significantly influence both CAPE and
CIN (Markowski and Richardson, 2010). However, even with constant lapse rates, substantial
changes in low-level moisture can produce similar effects. In general, large-scale ascent
tends to reduce CIN, thereby increasing the likelihood of convective initiation.

In conclusion, Figure 2.1 illustrates the concepts discussed above. It shows a thermodynamic
diagram (skew T - log p) based on a representative atmospheric sounding. The black line
indicates the observed temperature profile from the surface up to the EL. The LFC is
identified where the temperature profile intersects the moist adiabat (dashed orange line),
marking the point of saturation. The equilibrium level (EL) is reached where these two lines
intersect again higher in the troposphere, indicating the end of positive buoyancy. Prior to
saturation, the air parcel follows a dry adiabat (orange line) up to the LCL. The differing
lapse rates under dry and moist conditions are clearly visible by comparing the respective
adiabats. Additionally, the diagram highlights areas of temperature difference between the
parcel and the environment, shaded to represent CAPE and CIN across the relevant vertical

layers.

10
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300mb

500 mb
12 g/kg

1000 mb

&c —30°C

Figure 2.1: Exemplary thermodynamic diagram (skew T - log p) showing a sounding (black line).
CAPE is represented by the positive area (orange) between the LFC and the EL, while CIN corresponds
to the negative area (blue) between the surface and the LFC. The solid orange line is a dry adiabat,
the dashed orange line is a relevant moist adiabat. Shown in Trapp (2013).

As shown in Equation 2.13, the Lifted Index (LI) represents the temperature difference
between an adiabatically lifted air parcel and its surrounding environment at a pressure
level of 500 hPa:

LI = Tsoonpa — parcel - (2.13)

The LI therefore indicates how rapidly an air parcel cools relative to its environment. As
discussed in subsection 2.1.1, thunderstorms develop under unstable conditions, when the
air parcel cools less than the surrounding air and continues to rise to higher altitudes.
Consequently, negative LI values are associated with conditions favorable for thunderstorm
development (Galway, 1956).

One other variable that plays a decisive role in the development of deep moist convective
systems is vertical wind shear S. It describes the change of the horizontal wind component

v, with height z:

-

S=—. 2.14

pe (2.14)
Often the so called 0 — 6 km bulk wind shear, the difference of the wind vector in 0 km and
6 km height, is used as measure for the shear. In general, vertical wind shear (S) supports
storm organization and longevity. However, excessively strong shear can have the opposite

effect by enhancing entrainment and disrupting updrafts.

11
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Since the development of DMC depends on multiple factors, using a combination of convec-
tive parameters is a plausible approach. One example is wmaxshear, which combines the
maximum vertical velocity and wind shear, which are both important ingredients for the
development of DMC (see Equation 2.15).

WMAXSHEAR = Wy - S = V2 - CAPE - S . (2.15)

Taszarek et al. (2017) have shown, that wmaxshear is very well suited for distinguishing
between severe and non-severe thunderstorms.

Another parameter related to shear to describe convective conditions is the storm-relative
helicity (SRH). Helicity is the scalar product of the velocity and vorticity and describes
therefore the alignment of the fluid motion to the vorticity of the fluid (Markowski and
Richardson, 2010). For the development of the rotation of a storm, only horizontal wind

components relative to the storm are relevant. Therefore the SRH is (Pucik et al., 2021):

L. do
SRH = — k- (0= 0sorm) X — dz , (2.16)
0 dz
with (7 — Ugsorm) as the storm-relative wind, and k as the unit vector in z-direction. The
integration is done usually over the lowest 3 km, as this is the region of the inflow of the
storm. SRH values greater than 150 m? s~2 indicate high probabilities for supercells. When
supercells split and two independent cells develop, one moves to the left (left mover, LM)
relative to the direction of the mean wind shear, the other to the right (right mover, RM)

(Markowski and Richardson, 2010).

Precipitable water PRCP_W ATER refers to the total amount of water vapor contained
within a vertical atmospheric column of unit cross-sectional area, typically expressed as
the height of liquid water if all vapor were condensed (American Meteorological Society,
2025). When considering the entire troposphere, this column extends from the Earth’s
surface to the top of troposphere. PRCP_W ATER in a layer bounded by two pressure levels
is calculated using the mixing ratio at each pressure level r(p), accounting for water density

pw (see Equation 2.17).

1 P2
PRCP_WATER = / rdp . (2.17)
g Pw p1

Rainfall amounts during storms often exceed the PRCP_W ATER integrated over the whole

troposphere because convergence transports additional moisture from surrounding areas.

12



2.1. Deep moist convection

single cells

v

multicells

» supercells

llIIIIIIIIIIIH 0-6 km shear

10ms™! 20ms™

A

Figure 2.2: Occurring storm types depending on 0 — 6 km shear. Shown in Markowski and Richardson
(2010).

Nevertheless, there is generally a positive correlation between precipitation in storms and
the precipitable water content of the associated air masses. (American Meteorological
Society, 2025)

As thunderstorms do not originate from a single air parcel, no unique value can be assigned
to the convective parameters. It is therefore essential to specify which air parcel is used for
the calculations. In the following analysis, three options are considered: the surface-based
(SB), mixed-layer (ML), and most unstable (MU) air parcel, allowing for different initial
conditions to be taken into account. The SB parcel is defined as the air parcel initialized at
the surface (Czernecki et al., 2025). The ML parcel is obtained by mixing properties within
the layer from the surface to 500 m above ground level. The MU parcel corresponds to the
parcel with the highest 6, within the layer extending from the surface to 3 km above ground
level (Czernecki et al., 2025).

2.1.3. Convective cells and their organization

So far, the focus has been on the conditions necessary for convection to develop, as well
as the parameters that influence its initiation. Once triggered, convection can organize
into different types of convective system, ranging from isolated, short-lived single-cells to
highly structured systems, such as multicells or supercells, depending on the surrounding
atmospheric environment. Unless otherwise stated, the following section is based on Trapp
(2013) and Markowski and Richardson (2010).

Figure 2.2 illustrates the spectrum of convective systems as a function of the 0 — 6 km shear
(see subsection 2.1.2). The influence of shear on storm longevity becomes evident. Supercells
typically form in environments with strong vertical wind shear, whereas single-cell storms
develop under weak shear conditions. The overlap between different storm types can be

attributed to additional factors, such as the vertical distribution of moisture and buoyancy.
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2. Theoretical background and physical principles

The basic structure of a convective cell is defined by the co-existence of updrafts and down-
drafts, which are localized vertical air motions that drive the storm’s evolution. These
currents are a key element of convection, and their development is influenced by buoyancy,
and in more organized systems, by vertical pressure gradients.

The updraft corresponds to the theoretical concept of rising air parcels discussed in the
previous sections. In contrast, downdrafts can develop for several reasons. One common
cause is precipitation loading. As hydrometeors grow within the updraft, their increasing
weight eventually exceeds the upward force, causing them to fall. This descent initiates a
precipitation-driven downdraft, further enhanced by drag and evaporative cooling. It is
worth noting that large frozen hydrometeors, such as graupel and hail, are more efficient
than their liquid counterparts, not only because of the larger drag, but also because of
cooling by melting or sublimation. On the other hand, dynamically driven downdrafts
can develop as a direct response to the updraft. They can arise from the induced vertical
pressure disturbances and induce negative vertical velocities.

As soon as the downdraft reaches the surface, it spreads out horizontally, referred to as the
outflow. The outflow’s leading edge marks a boundary with ascent ahead and subsidence be-

hind, typically bringing gusty winds near the surface. It is therefore also called the gust front.

Single-cells are deep moist convective systems that consist of only one updraft and one
downdraft. In general, these systems are short-living systems with a lifetime of about
30-60 min. This time can be estimated by adding together the time it takes for an air
parcel to rise from the surface to the EL, based on the mean updraft velocity, and the time
it takes for the resulting precipitation to descend to the surface. Based on this, the life
cycle of a single-cell thunderstorm can be divided into three distinct stages: the towering
cumulus stage, the mature stage, and the dissipating stage (see Figure 2.3). During the initial
stage, only an updraft is present, leading to cloud formation and the vertical growth of the
cumulus cloud. The mature stage begins once precipitation particles become large enough
to fall through the updraft. This stage is also characterized by the development of an anvil
cloud. As precipitation-induced downdrafts intensify and evaporation of hydrometeors
occurs, buoyancy within the updraft decreases. The final dissipating stage begins when the
downdraft dominates the system, effectively cutting off the updraft and preventing further

convective development.

Conversely, multi-cells continuously generate new updrafts along the gust front, where
forced lifting can raise air parcels to the LFC. They are composed of short-lived individual

cells in different stages (see Figure 2.4), but the repeated initiation of new ones enables
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Figure 2.3: Three stages of an convective single-cell. Shown in Markowski and Richardson (2010).

the overall system to persist for several hours. In intense cases, such systems can produce
widespread damaging winds and large hail. The preferred flank of the storm for the devel-
opment of new cells is where the strongest lift occurs at the gust front downshear. At this
position, the vorticity from the cold pool and of the environment have a different rotation
direction, leading to increased ascent in combination. The moderate vertical wind shear
leads to the spatial separation of up- and downdraft, which helps to prevent the cut-off of
the cell complex from the inflow of warm and moist air. The single-cells move with the same
velocity as the mean wind. However, the ongoing formation of new cells on a preferred
flank causes the system’s overall motion to differ from the mean wind, often moving at a

different speed and direction, either faster or slower than the average flow.

Supercells are the least common form of convection, but at the same time related to the
most severe weather, such as large hail (Blair et al., 2017), heavy rainfall, severe wind gusts,
and strong tornadoes (Fischer et al., 2024). As mentioned above, the related strong vertical
wind shear leads to longevity with typical lifetimes of about 3 — 8 hours.

These convective systems consist of isolated cells featuring a rotating updraft region with
strong vertical velocities, known as mesocyclones with a typical diameter of about 3 —
10 km. Vertical pressure gradients can form dynamically through interactions between the
updraft and the vertical wind shear. Together with mesocyclone-related processes, these
gradients can significantly enhance the strength of the updraft. This distinguishes supercells
from ordinary convective cells, which rely primarily on buoyant forces. While supercell
environments typically feature moderate to high CAPE values (e.g., >1000 Jkg ™), extremely
large CAPE is not a prerequisite for their development. As in other convective storms,
precipitation in supercells forms within rising air and is transported to upper levels of the

storm. Strong storm-relative winds at mid and upper levels help remove these hydrometeors
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Figure 2.4: Temporal evolution of a multi-cell. Shown in Markowski and Richardson, 2010.

from the updraft, causing them to fall outside of it rather than through it (see Figure 2.5).
As a result, the updraft region appears as an area of weak radar reflectivity. The descending
precipitation contributes to the development of downdrafts, especially ahead and behind
the updraft. These are referred to as the forward-flank downdraft (FFD) and rear-flank
downdraft (RFD), both of which are intensified by the entrainment of cool, dry mid-level air
that promotes evaporation and sublimation. Furthermore, the development of gust fronts at
the surface is observed once more.

Although supercells do not exhibit new cell formation along a flank, as seen in multi-cell
systems, their propagation still deviates from the mean wind. Depending on the sense
of storm rotation (cyclonic or anticyclonic), their motion includes a right- or leftward
component relative to the mean wind shear. Vertical pressure gradient forces due to vertical
pressure perturbations ans therefore storm rotation result in right-moving (RM) and left-
moving (LM) individual storms (see also subsection 2.1.2) (Trapp, 2013). Therefore, the
rotation of the updraft and the cell propagation are linked to each other (Markowski and
Richardson, 2010).
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Figure 2.5: Schematic representation of a classic supercell, with the top panel illustrating the low-
level radar structure in horizontal cross section and the bottom panel showing the visual appearance
from a southern observer’s perspective. Shown in Markowski and Richardson, 2010.

Mesoscale convective systems (MCS) form when multiple single cells merge into a continu-
ous precipitation area spanning at least 100 km, or develop along or ahead of a synoptic-scale
cold front or trough (Trapp, 2013). At this scale, the Coriolis force becomes significant
(Markowski and Richardson, 2010). The continuous nature of the precipitation differentiates
MCSs from clusters or lines of discrete cells. Furthermore, MCSs generally have a much
longer lifetime than the roughly one-hour duration typical of individual cumulonimbus
clouds within the system. Like multicell storms, MCSs comprise multiple individual cells at
varying stages of development.

A specific type of MCS is the squall line, which consists of thunderstorm cells arranged in a
linear pattern (Trapp, 2013). Typically, a broader area of stratiform precipitation follows
the convective precipitation within a squall line, although convective precipitation can also
occur in separate regions. According to Houze (1993), stratiform precipitation develops due
to large-scale, weak upward vertical motions compared to the fall speeds of ice crystals and

SNOw.
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2. Theoretical background and physical principles

2.2. Hail

Hail is defined as falling ice-phase hydrometeors with a diameter of at least 5 mm (Allen
et al., 2020). Smaller ice spheres are referred to as graupel. Hailstones can take on various

shapes, including spherical, conical, or irregular forms (Allen et al., 2020).

2.2.1. Formation

Hail formation begins with a process known as nucleation. In the atmosphere, heterogeneous
nucleation is the more common mechanism, although homogeneous nucleation can occur
under extreme conditions. In both cases, the air must be supersaturated with respect to ice.
Homogeneous nucleation refers to the spontaneous freezing of pure supercooled water
droplets at temperatures around —40 °C and less, without the presence of a solid surface or
aerosol (Lamb and Verlinde, 2011). At this temperature, the thermal energy of the water
molecules is low enough for them to arrange into the crystalline lattice of ice without
needing a nucleating surface (Lamb and Verlinde, 2011).

For heterogeneous freezing specific aerosols, referred to as ice nucleating particles (INPs)
serve as nucleation germs. INPs are in usually insoluble to water (Lamb and Verlinde,
2011) and include natural aerosols such as pollen, mineral dust, sea salt, or bacteria and
anthropogenic aerosols such as soot or sulfate. On the one hand, water vapor can deposit on
solid, hydrophilic aerosols. On the other hand, aerosols can also be soluble in water. Due to
the reaction of water vapor and those aerosols the saturation vapor pressure is reduced and
therefore less oversaturation is necessary (Lamb and Verlinde, 2011). Thus, the occurring
temperatures do not have to be as low as for homogeneous freezing (see Figure 2.6). Usually,

soluble aerosols serve as cloud condensation nuclei (CCN) (Lamb and Verlinde, 2011).

In general, nucleation processes are faster the greater the surface area of an aerosol, as more
water vapor can be included (Lamb and Verlinde, 2011).

Once initial ice particles are formed, they grow through a process called riming, in which
supercooled water droplets collide with and freeze onto the ice particle (Lamb and Verlinde,
2011).

To form graupel and hailstones, these particles must remain in a growth-favorable environ-
ment for an extended period. Strong updrafts in convective systems enable this by keeping

the particles suspended in regions of supercooled water (Lamb and Verlinde, 2011). For
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Figure 2.6: Schematic depiction of the different nucleation processes. From Hoose and Méhler, 2012.

this reason, hail is typically not associated with short-lived single-cell storms, but rather
with multi-cell and supercell systems. In multi-cell storms, it is possible for hailstones
to be transported between cells, extending their time in favorable growth conditions and
allowing them to reach larger sizes. As the ice particle becomes larger, it starts to descend
relative to the surrounding cloud droplets. During its descent, the particle continues to
collect supercooled water and cloud droplets, increasing in both size and fall velocity due to
its growing surface area. However, if the ice particles enter regions where the temperature
exceeds 0 °C, melting begin. Consequently, smaller hailstones and graupel often vanish
before reaching the ground, whereas larger hailstones can survive the descent. Due to
the high kinetic energy of falling hailstones, hail poses a threat to humans, animals, crops
and property. It can cause serious injuries, damage infrastructure and destroy vegetation,
resulting in substantial economic losses. Munich Re (2025) estimates that the total insured
damage caused by severe thunderstorms between 1980 and 2024 amounts to approximately
US$1,000 billion. Notably, the report states that in 2024, the damage caused by regional
thunderstorms in the U.S. was comparable to that of the year’s costliest natural disaster,
Hurricane Helene (Munich Re, 2025).
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2.2.2. Radar detection for characterizing hailstorms

Since the analysis in this thesis is based on PHT identified in Radar (RAdio Detection and
Ranging) data, the basics of weather Radar are briefly explained below.

Weather Radars emit radio waves into the atmosphere, which are scattered, reflected, and
absorbed by hydrometeors along their path. A portion of the backscattered energy returns
to the Radar system. From the time delay between the transmitted and received signal,
the distance to the scatterer can be determined. Additionally, the intensity of the returned
signal can be used to infer the size and type of the scattering particle. Radar systems are
therefore widely used in meteorology, especially for weather observation and forecasting.
The Radar equation (see Equation 2.18) describes the received power P,, which depends
on several system-specific parameters, such as transmitted power P;, antenna gain G,
beamwidth 6, pulse duration 7, and wavelength A, as well as the speed of light c, the
distance to the target r, and the dielectric properties of the target medium (summarized in
K) (Trapp, 2013):

7{3-Pt-G2-0§-c-T-|K|2 7

p, = S 2.18
1024 - In(2) - A2 r2 (2.18)

Here, the radar reflectivity factor Z represents the total backscatter cross-section per unit
volume and is defined as:

1
Z = D¢ (2.19)

17 i
4 i=1

where V is the sampled volume and D; are the diameters of the n considered (spherical)

®m™3, but it is commonly expressed

hydrometeors (Trapp, 2013). The unit of Z is mm
in logarithmic form as reflectivity in decibels: dBZ = 10 - log,,(Z). Generally, larger
hydrometeors result in higher reflectivity values. According to Mason (1971), a threshold of
55 dBZ is often used to distinguish rain from hail. Although the distinction is not always
clear-cut, this value remains a common benchmark in several studies. However, other
quantities are also used, such as Maximum Estimated Size of Hail (MESH) or Probability
Of Severe Hail (POSH) from Witt et al. (1998) (Kunz and Kugel, 2015; Murillo et al., 2021;

Schmid et al., 2025).
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2.2.3. Effect of climate change on hailstorms

Understanding hail in the context of climate change is relevant, as even subtle changes in
atmospheric conditions can affect the frequency, intensity, and impact of hailstorms. In a
warming climate, the Clausius-Clapeyron relation suggests an increase in moisture content,
particularly in the lower troposphere. As described in section 2.1, an increase in low-level
moisture generally results in more favorable conditions for DMC, leading to enhanced
CAPE, stronger updrafts, and thus the potential for larger hailstones. Consequently, both
the likelihood and severity of hailstorms may increase (Radler et al., 2019; Battaglioli et al.,
2023) .

However, warming mainly affects the lower layers leading to increase instability, increasing
CIN and potentially suppressing convective development. Additionally, a warmer atmo-
sphere raises the melting level height (MLH) (see Figure 2.7), resulting in different effects
depending on hailstone size: Small hailstones are more likely to melt completely before
reaching the ground, while larger hailstones, due to faster fall speeds and longer residence
times in growth regions, are less affected by melting and may still reach the surface. (Allen,
2018; Mahoney, 2020)

Moreover, changes in vertical wind shear are expected, possibly showing a decreasing trend,
though the magnitude and implications remain uncertain (Brooks, 2013). Nevertheless, the
projected increase in convective available potential energy is expected to outweigh potential
reductions in shear.

In summary, while the overall frequency of hail events may decrease, those that do occur

are likely to be more intense and damaging. (Raupach et al., 2021)

The Intergovernmental Panel on Climate Change (IPCC, IPCC, 2023b) states that the confi-
dence in projections of future changes in hail occurrence is low, for example due to low
model resolution and inadequate parameterization. However, this does not mean that cli-
mate change will have no impact. Climate models generally indicate environmental changes
conducive to more frequent and intense hail-producing thunderstorms, although there
remains low confidence in the magnitude and regional details of these projected increases.
(IPCC, 2023b)
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Figure 2.7: Projected differences in atmospheric conditions relevant to hail formation between
present-day (panel a) and future (panel b) climate scenarios. With melting level height (MLH). From
Raupach et al. (2021).

2.3. Lightning

Lightning is defined as a transient, high-current electric discharge in the atmosphere, with
path lengths that can span several kilometers. It occurs either within a cloud, between
clouds, or between a cloud and the ground, as a result of charge separation in cumulonimbus
clouds, also known as thunderclouds. (American Meteorological Society, 2022)

Lightning is a defining feature of thunderstorms, with thunder being a direct result of the
heating of the air due to charge separation (Lamb and Verlinde, 2011). Cumulonimbus clouds
are the main source of lightning. However, volcanic eruptions, sandstorms and nuclear

explosions can also lead to electrical discharges resulting in lightning (Rakov, 2021).

2.3.1. Thunderstorm electrification and charge separation

The electric chargers of a thunderstorm are mainly placed on liquid and frozen hydrometeors
with some free ions (Krehbiel, 1986). The exact distribution changes rapidly over space and
time. But in general, an idealized thundercloud can be divided in three parts:

Positive at the top (anvil), negative in the middle, and weak positive at the bottom (see
Figure 2.8). In most thunderstorms, the main negative charge center is located in the mixed-
phase region, typically between —10 and —25 °C, where graupel-ice collisions most efficiently
generate negative charge (Krehbiel, 1986). However, the exact altitude and structure depend
on storm type, stage of development, and environmental conditions. Unless otherwise
stated, the following section is based on Lamb and Verlinde (2011) and Rakov, 2021.
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Figure 2.8: Schematic depiction of vertical thunderstorm structure and charge source regions in
summer storms over Florida and New Mexico, and in winter storms over Japan. From Krehbiel
(1986).

The theory behind the thunderstorm electrification is not yet fully understood and therefore
there exist several explanations. The development of electric charge within thunderstorms
requires two essential processes:

First, a microscopic interaction that separates electric charges on hydrometeors; and second,
a vertical motion differences that distribute and separate these charged particles throughout
the cloud system.

Particularly during the early phases of cloud electrification the graupel-ice mechanism
is dominating. Thereby the electric charge separation in clouds arises from collisions be-
tween falling graupel particles and smaller ice crystals in the presence of supercooled water
droplets. For charge exchange to occur, particles must collide and rebound, rather than
coalesce. Laboratory experiments show that the direction of charge transfer depends on
temperature: below a certain threshold (the reversal temperature, typically between —10
and —20 °C), graupel becomes negatively charged; above it, positively charged. Gravity
causes a vertical separation of charges, contributing to the typical charge structure observed
in thunderclouds, including the development of a lower positive charge region.

Another possible mechanism is the convective charging. The charged particles are trans-
ported upward by strong updrafts within a pre-existing electric field. Initially, ions are
generated by cosmic radiation and later enhanced by corona discharges near sharp objects.
These ions attach to aerosols and cloud particles, which are then lifted through the cloud
base into higher altitudes. This results in a positive charge buildup inside the cloud, which
in turn attracts negative ions from the surrounding air, especially near the cloud edges,
forming a negative screening layer. This redistribution enhances the internal electric field

and can further increase ion production, making the process self-reinforcing. Although the
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Figure 2.9: General classification of lightning discharges from cumulonimbus (thunderstorm clouds).
From Rakov (2021).

available space charge may be limited, convection clearly plays a major role in moving and

separating charge within storms.

It is important to note that this theoretical concept of thunderstorm electrification and
charge separation, and thus the fundamental basis of lightning formation, is closely linked
to the presence of ice particles. This relationship motivates the joint analysis of lightning

activity and radar-detected PHTs in this thesis.

2.3.2. Discharge events

Unless otherwise stated, the following section is based on Lamb and Verlinde (2011), Rakov
(2021) and American Meteorological Society (2022)) The overall discharge of electrically
charged hydrometeors is commonly referred to as a lightning flash or bolt. When such
a discharge reaches the ground, it is specifically termed a lightning strike. Discharges
between cloud and ground are known as cloud-to-ground (CG) lightning. Only about 25 %
of global lightning activity involves the ground; the remaining 75 % consists of intra-cloud,
inter-cloud (also cloud-to-cloud CC), and cloud-to-air discharges (collectively abbreviated
as IC). An schematic overview is given in Figure 2.9. Approximately 90 % of CG lightning
strikes are negative and downward, meaning that negative charge is transferred from higher
regions within the cloud toward the Earth’s surface. Other types of CG lightning, such as
positive, upward-directed, or even bipolar discharges (featuring both positive and negative

channels), are theoretically possible but occur much more rarely. Lightning acts as a natural
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mechanism to balance the electrical charge differences that accumulate in thunderstorms
over time. Through induction, it releases the stored electrical energy of the charged cloud by
channeling it into electrical currents that flow through ionized, highly conductive lightning
channels. The majority of this energy is converted into heat, which causes atmospheric
gases to dissociate, become excited, and then recombine, resulting in intense light emissions
at specific spectral lines. Simultaneously, the rapid heating and expansion of air around the
lightning channel creates a shock wave, which can be heard as thunder. Since sound travels
more slowly than light, the thunder is heard with a noticeable delay after the lightning flash.
This time lag can be used to estimate the distance to the lightning strike. It is important
to note that lightning channels transport charge in steps and may trigger the formation
of secondary branches. As a result, charge is not transported directly to the ground in a
single movement but rather gradually, through a series of steps that begin with the initial
lightning strike known as the stepped leader.

According to the GDV (Gesamtverband Deutscher Versicherer; German Insurance Association)
lightning statistics, around 220,000 lightning and surge damage claims were reported in
2024 and 2023, respectively, resulting in significant financial losses. Household contents
and residential building insurers paid out approximately €350 million in compensation in
2024 (Gesamtverband Deutscher Versicherer, 2025).

2.3.3. Lightning detection

Lightning detection are important observational data for analyzing thunderstorm processes,
validating atmospheric models, and assessing severe weather hazards. There are three
frequency ranges in which measurement systems operate (Guha et al., 2021):

Very high frequencies (VHF; 30-300 MHz), low frequencies (LF; 30-300 kHz), and very low
frequencies (VLF; 3-30 kHz). A distinction can be drawn between ground- and space-based
systems.

The latter are placed on satellites and usually determine the optical transient of lightning.
The spatial coverage is high, but at the same time the resolution is low. Therefore, the total
lightning is determined, rather a distinction between ICs and CGs (Guha et al., 2021).
Lightning detection systems on the ground operate by measuring electromagnetic emissions
across various frequency ranges, with the choice of range affecting accuracy and coverage.
High-resolution detection (on the order of meters) is possible using VHF signals, though it
requires a dense network of sensors. In contrast, using LF or VLF frequencies allows for

broader coverage with fewer sensors, but at the cost of reduced spatial precision—typically
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with localization errors of one to several kilometers.

Lightning location systems commonly rely on three techniques (Guha et al., 2021). The
magnetic direction finding (MDF) technique estimates the direction to a lightning discharge
by measuring the magnetic field with orthogonally arranged loop antennas. Each sensor
determines the azimuth angle between its location and the lightning strike. By intersecting
the directional vectors from at least two sensors, the strike location can be triangulated.
Using more sensors improves positional accuracy and reduces directional ambiguity. Time-
of-arrival (TOA) calculates the location based on the time differences of signal arrivals
at multiple sensors, with different baselines and frequency ranges enabling both high-
resolution mapping and wide-area coverage (Guha et al., 2021). Interferometry estimates
the direction of radiation sources by analyzing phase differences of narrow band signals
received at closely spaced antennas, allowing for precise three-dimensional reconstruction
of lightning channels (Guha et al., 2021).

2.3.4. Climate Change impact on lightning

Lightning has an impact on climate, but it is also influenced by climate change. Light-
ning initiates chemical reactions in the atmosphere that produce the ozone precursor NOx
(Franzblau and Popp, 1989), and it is a major cause of wildfires (Veraverbeke et al., 2017),
which in turn release large amounts of greenhouse gases. As a result, lightning contributes
to climate change. On the other hand, climate change and the associated warming of the
atmosphere also alter lightning activity. However, current studies show differing results
when projecting future lightning trends. These discrepancies primarily arise from differ-
ences in model parameterization and uncertainties in microphysical processes.

Romps et al. (2014) proposed that lightning flash rates are proportional to both precipitation
rates and CAPE. Based on this relationship, an increase in lightning activity in the USA is
expected due to climate change.

Clark et al. (2017) found that simulations using different lightning parameterization schemes
in the Community Atmospheric Model (CAMS5), such as those based on cloud-top height
and cold-cloud depth, produced varying results in lightning flash density under the Repre-
sentative Concentration Pathway 8.5 (RCP8.5) scenario. Depending on the parameterization
scheme, lightning activity either increased strongly, increased moderately, or even decreased.
The authors argue that results showing a decrease in lightning flash density are less reliable,
as the corresponding parameterizations perform poorly when compared with current ob-

servations. The increase in lightning activity may be related to a shift in the 0 °C isotherm
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due to warming tropospheric temperatures (Clark et al., 2017).

In contrast, Finney et al. (2018) employed a different approach by incorporating cloud-ice
fluxes rather than cloud-top height into their lightning parameterizations. Their simulations
showed a decrease of approximately 15 % in total lightning flash rate by the end of the
century under strong global warming conditions. They argue that this method is more
closely related to the physical processes of cloud electrification and is therefore more reliable
than approaches based on cloud-top height, which tend to project an increase in global
lightning activity.

Similarly, Whaley et al. (2024) implemented a lightning parameterization scheme into the
Canadian Atmospheric Model (CanAMS5.1) and found little change in the global mean light-
ning flash rate, but notable regional variations: A decrease in the tropics and an increase
in the northern mid-latitudes. Additionally, in the northern mid-latitudes, simulations
with interactive, evolving lightning produced three times more burned area than runs with
unchanging, climatological lightning, demonstrating that the choice of lightning parameter-
ization strongly influences projections of future fire activity.

Despite advances in lightning parameterization and observational datasets, there are still
significant uncertainties in modeling schemes and lightning detection. This makes it difficult
to identify reliable trends in future lightning activity. Therefore, one of the objectives of
this thesis is to improve our understanding of the relationship between environmental
conditions and lightning activity, with the aim of providing a more accurate explanation of

trends in lightning activity.

2.4. Aerosol effects

Aerosols can influence thunderstorm development through both microphysical and radiative
effects, affecting cloud formation, precipitation processes, and storm electrification.

The radiative effect refers to the direct influence of aerosols on radiation. Aerosols can
stabilize the boundary layer by warming the aerosol layer aloft while reducing surface
heating through scattering and absorption of solar radiation. This shading effect weakens
convection and suppresses boundary layer cloud formation (Koren et al., 2004). Micro-
physical effects describe processes on smaller scales that directly affect cloud and lightning
formation. Increasing aerosol concentrations generally lead to more cloud droplets, but
this relationship is not linear. At moderate aerosol loadings, droplet concentrations rise
until a saturation point is reached. At very high concentrations, large particles may limit

supersaturation and inhibit the activation of smaller droplets, or intense competition for
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water vapor can cause evaporation of the smallest droplets. Additionally, droplet activation
strongly depends on aerosol size, composition, and local supersaturation, so aerosol optical
depth (AOD) alone is not always a reliable indicator of the indirect effect (Feingold et al.,
2001). The AOD quantifies the total extinction of incoming solar radiation due to aerosol
scattering and absorption within the atmospheric column. It is a dimensionless quantity,
expressed on a logarithmic attenuation scale. Since this effect depends on the wavelength,
AOD is typically reported for specific spectral bands rather than as a broadband quantity.
High concentrations of CCN tend to delay precipitation and glaciation to higher altitudes in
convective clouds (Rosenfeld et al., 2014). Smaller cloud droplets collide and coalesced less
efficiently, slowing the development of large drops and delaying downdrafts and warm-rain
processes (Koren et al., 2005).

These effects prolong cloud lifetime and allows lighter droplets to rise higher, potentially
enhancing conditions favorable for lightning (Dayeh et al., 2021). Accordingly, Westcott
(1995) observed a 40-85% increase in lightning frequency near urban areas in the USA.
Consistent with Feingold et al. (2001), Wang et al. (2018) reported a non-linear relationship
between lightning flash rate and AOD, showing an initial increase with rising AOD, followed
by saturation and a subsequent leveling off or slight decrease at higher values. Under low
aerosol loading, microphysical effects dominate, enhancing deep convection, whereas at
high aerosol loading, radiative effects become more pronounced and can suppress cloud de-
velopment (Wang et al., 2018). However, Jiang et al. (2018) found convection to be enhanced
(polluted continental aerosol) or suppressed (smoke) depending on the aerosol amount and
type and the region (dust). Moreover, according to them, the aerosol-induced inhibition or
enhancement effects do not change monotonically with AOD and are strongly dependent
on aerosol type.

Atmospheric aerosols can be described using several observational variables, with the AOD
being a key one. Additionally, Particulate Matter (PM) provides a complementary descrip-
tion of the aerosol composition, classified according to particle aerodynamic diameter. PM;,
includes particles up to 10 pm, while PM; 5 and PM; include particles up to 2.5 pm and 1 pm,
respectively Finally, the total column represents the vertically integrated mass of a specific
aerosol species within an atmospheric column. Together, these variables allow for a de-
tailed description of the atmospheric aerosol load relevant to convective and electrification
processes.

However, the overall influence of aerosols on storm electrification remains uncertain, with
reported effects varying according to type, concentration and region. The aim of this study is
therefore to investigate these interactions by examining the relationship between lightning

activity and atmospheric aerosols along PHT.
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This chapter outlines the data sources and methods used to analyze lightning characteristics
along radar-detected PHTs. First, the lightning data from EUCLID are presented, followed
by a description of the radar-based PHTs derived with the TRACE3D algorithm and other
related variables. To improve the understanding of the environmental conditions influencing
lightning activity, the convective parameters from Taszarek et al. (2020) and the atmospheric
aerosol variables (Copernicus Atmosphere Monitoring Service, 2020, Inness et al., 2019)
are introduced. Subsequently, the methods used to combine lightning data with PHTs
are described, including an additional analysis of spatially clustered tracks. Finally, the

methodology for linking these datasets to the environmental conditions is described.

3.1. Data

The analysis in this thesis covers the months from April to September for the years 2005 to
2023, representing the main thunderstorm season in the mid-latitudes. The radar-derived
PHTs are available only for Germany and adjacent regions. Therefore, the spatial domain is
restricted to the following coordinate limits: 53.8° N; 16° E; 47° N; 3° E (see Figure 3.1).
Although the original dataset extends further north to approximately 54.9°N, this north-
ernmost band was excluded from the analysis because it contained an unrealistically high
number of PHTs without any corresponding lightning activity. This discrepancy was identi-
fied during quality control and discussed before removing the affected region.

To provide an overview of the datasets, Figure 3.1 displays all detected lightning strikes and
radar-detected PHTs for 13 July 2016. It shows that lightning occurs in the vicinity of PHTs,
but also independently of them.
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Figure 3.1: Example of lightning strikes (red) and radar-detected PHTs (black) combined for one day
(13 July 2016). The blue box marks the study region.

3.1.1. Lightning

The ground-based European Cooperation for Lightning Detection (EUCLID) is a network
formed in 2001 through the integration of several national lightning detection systems
across Europe (Schulz et al., 2016; Poelman et al., 2016; Poelman and Schulz, 2020). The aim
of this cooperation is to provide a homogeneous and consistent lightning dataset. EUCLID
benefits from greater redundancy, since lightning strokes are detected by sensors both
within and beyond national borders (Schulz et al., 2016).

EUCLID detects and locates CG and IC discharges using a combination of TOA and direction-
finding (DF) methods in the LF range (see subsection 2.3.3; Poelman and Schulz, 2020).

In recent years, the performance of the EUCLID network has continuously improved as a
result of various software and hardware upgrades (Schulz et al., 2016). A validation study
based on ground-truth data from direct lightning current measurements at the Gaisberg

Tower, as well as E-field and video recordings from Austria, Belgium, and France, con-
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firmed significant progress in location accuracy and detection efficiency (Schulz et al., 2016).
Currently, the median location accuracy reaches about 100 m in the network’s center and
remains below 500 m across most regions. Detection efficiency is comparable in Austria and
Belgium, while slightly lower values were observed in parts of France due to temporary
sensor issues. The estimation of peak current for subsequent strokes was found to be
reasonable, considering that it is derived from radiated electromagnetic fields under the
assumption of a constant return stroke speed (Schulz et al., 2016).

From this dataset, the geographical coordinates, timestamp with an millisecond resolution,
type, peak current, and polarity of each lightning stroke are available. In this thesis, the
analysis primarily focuses on the spatial and temporal characteristics of the lightning data
in order to combine them with the PHTs. Unless stated otherwise, only CG lightning strikes
are considered. While total lightning strike counts are available, the CG-only dataset is
homogeneous in both time and space, allowing consistent assessment of trends (Augenstein
et al., 2024, Augenstein, 2025).

3.1.2. Radar-detected PHTs

The PHTs were derived from radar data and identified using the TRACE3D algorithm, origi-
nally developed by Handwerker (2002) and later adapted by Schmidberger (2018), which is
applied in this study.

Data basis

The cell tracking algorithm is applied to the data from the radar network of the German
Weather Service (Deutscher Wetterdienst, DWD). In total, there are 17 radar devices in
Germany (Memmingen since 2015, before 16 devices), each covering a radius of 125 km
at the beginning of the study period, increasing to 150 km from 2015 onward. The radars
are operated in two different modes: with a volume scan and one precipitation scan (see
Figure 3.2).

The first mode is the basis for the cell tracking algorithm, whereas the second is used to
derive reflectivity core-related variables, which are described later in this section. During
the volume scan, the antenna covers 18 elevation angles between 0.5° and 37° every 15
minutes, reaching altitudes of up to 12km (Bartels et al., 2005). This scan includes an
intensive mode for lower elevations (0.5° - 4°, range up to 230 km) and a Doppler mode for
higher elevations (range up to 120 km). A single-elevation precipitation scan is performed

every five minutes between two volume scans to quantify the precipitation that reaches the

31



3. Data and methods

height [km]

na. or typs
enlenna elevation

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
range [km]

Figure 3.2: Schematic illustration of the scanning strategy of the weather radar systems of the DWD
radar network. It shows the individual elevation angles, each representing a full azimuthal antenna
rotation (indicated by color shading). Light blue shading indicates the precipitation scan, while other
colors indicate the volume scan. The radar system is located at the origin of the coordinate system.
From Helmert et al., 2014.

ground (see also: Intensity variables). After the radar network upgrade to dual-polarization
systems between 2011 and 2015, the scanning strategy has been revised (Helmert et al.,
2014). It now begins with the precipitation scan, followed by the multi-elevation volume
scan, with horizontal range decreasing as elevation increases.

During the study period, several radar outages occurred, due to maintenance, system
modernization, and partly as a result of technical malfunctions. However, the spatial
configuration of the network ensures that most regions are covered by at least two radar
stations, with the exception of the southern and southeastern edges of Germany, where
coverage, especially before the Memmingen station became operational, was comparatively
weaker (Schmidberger, 2018). Overlapping scan areas and the use of fail-safe radars help to
minimize data gaps in these regions.

The data is provided in polar stereographic projection (¢, ;; RADOLAN format) and must

be converted to a common Cartesian grid (x,y) using the following equations:

x=R-M(p) - cos(p) -sin(A - A) , (3.1)
y=—R-M(p) - cos(@) - cos(A — Ay) (3.2)

with the stereographic scaling factor M(¢p) = 13?&;};) , o = 60° N, the latitude where the
projection plane intersects the Earth’s surface, and Ay = 10° E, the meridian to which the
Cartesian coordinate system is aligned. (Bartels et al., 2005; Helmert et al., 2014; DWD,

2025)
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TRACE3D algorithm

Unless otherwise stated, the following description of the algorithm is based on Handwerker
(2002).

The TRACE3D algorithm identifies and tracks convective cells in space and time in spherical
coordinates from the radar data of the C-band Doppler radar from the Institute of Mete-
orology and Climate Research Troposphere Research (IMKTRO) of Karlsruhe Institute of
Technology (KIT)(former: Forschungszentrum Karlsruhe). It is important to note that the
identified regions do not represent actual convective cells but are rather approximations.
Therefore, the term reflectivity core (RC) is used in the following, since the only input is
radar reflectivity data. Although TRACE3D assumes that the radar data have already been
corrected for major artifacts, it still applies several simple adjustments to reduce typical
radar errors. These include removing ground clutter by excluding data below a certain
height and compensating for attenuation effects by slightly increasing reflectivity with
distance from the radar. Furthermore, nearby small RCs are merged into larger ones, while
very small RCs likely caused by noise or non-meteorological echoes are discarded. Finally,
the algorithm minimizes false detections of bright bands as convective cells by requiring that
RCs appear across multiple elevation angles. A bright band is a narrow zone of enhanced
radar reflectivity near the melting layer, caused by partially melted snowflakes with water
coatings that strongly reflect microwave energy (Markowski and Richardson, 2010). These
wet flakes often clump together into large aggregates, further increasing reflectivity. Below
the melting layer, as the flakes fully melt into smaller raindrops, reflectivity decreases.

To identify RCs correctly, TRACE3D combines several simplified approaches, shown in
Figure 3.3. The first approach identifies each radar volume element exceeding a given re-
flectivity threshold (dBZar) as part of a RC. However, this often results in unrealistically
large RCs that may actually consist of multiple smaller cells. A second approach identifies
relative maxima in the reflectivity field and defines a RC as all surrounding elements whose
reflectivity values are no more than dBZp;rr below the local maximum. While this method
better distinguishes individual cells, it can still create artifacts when adjacent maxima merge
incorrectly. Therefore, TRACE3D applies a combined method. In a first step, Regions of
Intense Precipitation (ROIPs) are identified where reflectivity exceeds dBZ 7. For each
ROIP, the maximum reflectivity value is determined. Within this region, a RC is then de-
fined as the contiguous area where reflectivity values exceed this maximum minus dBZp;pr.
In contrast to the second approach, the lower threshold is thus determined by the ROIP

maximum rather than by individual local maxima.
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Figure 3.3: Illustration of different approaches to identify reflectivity cores (RCs): (a) All radar volume
elements exceeding a fixed reflectivity threshold (35 dBZ) are grouped into RCs. (b) RCs are defined
as the upper 10 dBZ (dBZp;rr) around local maxima. (c) TRACE3D first identifies contiguous regions
above 35 dBZ and then defines RCs within each region as areas where the reflectivity remains within
10 dBZ of the local maximum. From Handwerker, 2002.

The basic principle of cell tracking is based on estimating the movement of an identified
RC between two time steps. Given the position s — As of a RC at the previous scan t — At
("parent RC") and the time interval At between radar scans, the expected new position s
can be predicted using the estimated advection velocity. TRACE3D then checks whether a
RC detected near this predicted location ("child RC") corresponds to the parent RC and, if
so, establishes a linkage between them. If no suitable match is found, this may indicate a
merger of multiple cells into one. Or conversely, a split of the parent RC into several child
RCs with different or similar structures may lead to several matches.

For the tracking four scenarios are possible:
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(1) When the RC existed already for one timestep, the velocity from ¢ — 2At to t — At can be
used to estimate its position s at ¢.

(2) When the RC existed longer than one timestep, the previous velocities can be used for
the next estimation as weighted by their distance of time.

(3) When the RC exists for the first time, its velocity is assumed to be the average velocities
of its nearby, longer existing RCs. In case of no other RCs, the velocity is estimated by the
Volume Velocity Processing (VVP) algorithm from Waldteufel and Corbin (1979).

(4) When even the VVP algorithm is not available, the RC of the next timestep closest to the
RC is assumed to be the child RC, as long as the velocity is smaller than 15ms™".

Based on this estimated advection velocity, a new position of each RC can be predicted. All
RCs located within a defined search radius around this estimated position are considered as
potential child RCs. The size of the search radius depends on the estimated displacement
distance of the RC and the distance to the nearest neighboring RC in the previous volume
scan.

Not only the position of a RC evolves over time, but also the spatial extent. The cases
where the area of a RC changes drastically are splitting of cells in two or more smaller ones
and the opposite, a merging of cells. As this changes the trajectory of RC in relevant way,
TRACE3D has to consider this feature. In order to identify splitting, the whole parent RC
from timestep t — At is moved to the position of the found child RC at timestep t. When
the area of the child RC is significantly smaller than the area from its parent RC, splitting
is very likely, otherwise not. TRACE3D identifies regions of the parent RC that are not
covered by the child RC and evaluates whether additional RCs are present nearby. Only
RCs whose centers lie within a defined distance relative to these uncovered regions and the
parent displacement are considered. These RCs are then treated as additional child RCs,
representing a potential splitting of the parent RC. An example is shown in Figure 3.4. The

merging of RCs in consecutive timesteps is determined in the same way, but in reverse.

The assignment procedure between parent and child RCs is initially permissive, allowing
multiple potential matches. To identify unlikely assignments, TRACE3D calculates which
connections would result in a crossing of RC trajectories, assuming linear motion within a
timestep. All RCs involved in potential crossings are grouped, and the average velocity for
the group is determined. Assignments that best match this average velocity are accepted,
while conflicting connections causing crossings are rejected. This process is repeated itera-
tively until all remaining assignments are consistent and no trajectory crossings remain.

In most cases, the assignments between parent and child RCs are reliable. However, tracking

becomes difficult when multiple RCs are in close proximity, such as within a squall line,
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Figure 3.4: Schematic illustration of RC splitting in TRACE3D. The parent RC at timestep t — At (solid
red line) is shifted to the estimated position of the identified child RC at timestep ¢ (solid green line;
parent position indicated by dashed red line). The areas of the parent and child RCs are compared. If
parts of the parent RC are not covered by the child, additional nearby RCs (dashed green line) are
considered as potential child cores. From Handwerker (2002).

because rapid growth, decay, splitting, and merging can occur between scans. TRACE3D
identifies these situations by grouping interconnected RCs and designating any group with
three or more parent and child RCs as a "heap of RCs". Within a heap, each parent is
assigned to only one child and vice versa, and splitting or merging is not allowed. The
average velocity of all assignments within the heap is calculated, and assignments are
accepted according to their consistency with this velocity, while preserving information to

reconstruct the heap if needed.

Adjustment of TRACE3D

Since TRACE3D was originally developed for the KIT radar system, Schmidberger (2018)
implemented several modifications to enable its application to multi-radar networks and
radar data in cartesian coordinates. The following description is therefore, unless otherwise
stated, based on Schmidberger (2018).

The PZ product of each radar station from the DWD network covers an area of 400 x 400 km?
with a horizontal resolution of 2 X 2km? and 12 vertical levels spaced 1km apart, starting
1km above ground. Radar reflectivity is classified into six discrete categories ((7, 19]; (19,
28]; (28,37]; (37, 46]; (46, 55]; and (55, o) dBZ), which introduces some uncertainty in
hail detection, but still provides advantages over 2D projections. This discretization limits
precise adjustment of the thresholds dBZyr and dBZppr for distinguishing neighboring

cells. Since only the two highest reflectivity classes are relevant for identifying convective
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events, RCs must be defined based on the highest reflectivity class, corresponding to a
threshold of 55 dBZ. The next lower class serves as the lower boundary; otherwise, dBZprr
would become too large, merging individual convective cells, and including areas without
convection. This is in alignment with the Mason criterion from Mason (1971) (see also
subsection 2.2.2). To create a composite, the individual radar datasets are merged into the
900 x 900 km* DWD grid with 1km resolution, where overlapping areas are resolved by
assigning the maximum reflectivity value at each grid point. To ensure reliable detection, a
RC must exceed the highest class (55, ) at least at two elevation levels, while also including
the second-highest class (49, 55]. Additionally, the threshold exceedance must occur across
at least four contiguous radar pixels to exclude artificial values. In practice, this defines
a potential hail cell as a RC with reflectivities above 55 dBZ extending over at least 1km
vertically, surrounded by reflectivities above 46 dBZ. Using this approach, TRACE3D is able
to robustly identify strong convective events and track their signatures across consecutive
timesteps, allowing successful cell tracking even with the coarse resolution of the DWD

radar composite

The projected 2D horizontal area of each identified RC is referred to as its footprint. For
every RC, two footprints are considered: one representing the area with reflectivity values of
at least 55 dBZ, and one for values of at least 46 dBZ. In the following, variables associated
with each footprint are labeled with 55 or 46 to indicate the corresponding threshold.

From the resulting TRACE3D dataset, both the start and end times of every PHT, as well as
the geographical coordinates of the RC center with reflectivity of 55 dBZ at each timestep,
are available. The latter describe the center of the RCss at every timestep, determined
as the midpoint between the northernmost and southernmost points (y-coordinate) and
the westernmost and easternmost points (x-coordinate) of its footprint. Given the 15 min
temporal resolution of the DWD radar data, the timestamp of each RC throughout the

lifetime of a PHT is therefore known.

Reflectivity core attribution

The PHTs generated by the TRACE3D algorithm, based on the volume scan of the DWD
radar system, contain only basic spatial and temporal information. To obtain additional de-
tails and descriptive variables regarding the precipitation intensity of thunderstorms, radar
data from the precipitation scan are used (RX; Bartels et al. (2004)). As shown in Figure 3.2,
this scan is near-surface and approximately follows the orography, with a range of about
150 km. It should be noted that the procedure used by the DWD to derive precipitation
intensity (RX) changed in 2012. Prior to this, the reflectivity value was taken from the
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closest grid point. Afterwards, it is calculated as the mean of the surrounding grid points.
The temporal resolution is 5 min. To match the resolution of the PHTs, the nearest rounded
time step is selected.

The variables are based on the RC footprints introduced above, represented by RCy4s and
RCss, respectively. The variable RXMax3 represents the mean of the three highest reflectiv-
ities within the footprint of RCy4 at a given time step. The variable LSinA46 denotes the
number of lightning strikes within the footprint of RCy at that time step, and analogously,
LSinAS55 refers to the strikes within RCss. The data source for the lightning strikes is the
same as described in subsection 3.1.1. However, the temporal window for selecting lightning
strikes is set to 2.5 min before and after the timestamp of the respective RC, due to the
temporal resolution of the precipitation scan. It should be noted that these two variables are
conceptually similar to those used elsewhere in this thesis. But the approach presented here
applies a constant selection area A for assigning lightning to PHTs (see section 3.2), whereas
A46 and A55 vary not only between each other but also from one time step and RC to
another. Lightning strikes occurring outside hail storms are also captured by this approach
due to the use of a constant selection radius. The intensity variables are derived for each RC
and are available in the same temporal and spatial resolution as the radar-detected PHTs.
The geographical coordinates describe the center of RCss at each time step, analogous to the
definition used for the PHTs. The processing of radar data and the derivation of intensity
variables were carried out by M. Augenstein. In this thesis, only the resulting data are used

for further analysis (M. Augenstein, personal communication, 17.09.2025).

3.1.3. Environmental conditions associated with PHTs

As discussed in chapter 2, the initiation of convection, and thus the occurrence of light-
ning and hail, is strongly influenced by the prevailing atmospheric conditions. To better
understand the relationship between lightning and hail, it is therefore essential to further

investigate the environmental parameters that favor convective development.

Convective parameters

A common approach to characterize convective environments is through the use of ther-
modynamic and kinematic parameters, as described by Taszarek et al. (2020). In their
study, the fifth-generation ECMWF reanalysis (ERA5) dataset (Hersbach et al., 2020) was
employed, featuring a horizontal resolution of 0.25°, hourly temporal resolution, and 137

terrain-following hybrid-sigma levels. For the derivation of convective parameters, ERA5
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profiles were generated by vertically interpolating key meteorological variables, including
temperature, humidity, pressure, geopotential, and horizontal wind components. In parcel-
based calculations, virtual temperature corrections were applied to account for moisture
effects, and the mixed layer (ML) was defined as the layer extending from the surface up to
500 m above ground level. The CAPE and CIN parameters are derived from the integration
of positive and negative buoyancy, respectively, for each parcel: between the LFC and EL
for CAPE, and between the parcel’s initialization height and the LFC for CIN.

The convective parameters used in this study were derived by Mateusz Taszarek using the
R package thunder for the computation and visualization of atmospheric convective param-
eters (Czernecki et al., 2025). The theoretical background of these convective parameters is
presented in subsection 2.1.2.

In addition to the convective parameters described by Taszarek et al. (2020), convective
precipitation data from ERA5 (Copernicus Climate Change Service, 2023; Hersbach et al.,
2023) are used here to better assess whether convection has already occurred. This variable
represents the accumulated amount of precipitation generated by the convective scheme of
the ECMWF Integrated Forecasting System (IFS) within a single grid cell over one hour. It is
expressed as the water depth (in meters) that would result if the accumulated precipitation
were evenly distributed across the grid cell. The temporal and spatial resolution is identical

to that of the convective parameters described above.

Reanalysis of aerosols

In addition to thermodynamic and kinematic parameters, aerosols also plays an important
role in thunderstorm development. They can serve as nuclei for cloud and ice particle
formation, increasing the number of INPs and CCNs and thereby influencing thunderstorm
electrification (see section 2.4). In general, soluble aerosols serve as CCNs and insoluble as
INPs (Ross and Lasher-Trapp, 2025), combinations are also possible.

To investigate these effects, the fourth-generation ECMWF Atmospheric Composition Re-
analysis (EAC4) is used, providing data with a spatial resolution of 0.75° and a temporal
resolution of 3 h (Copernicus Atmosphere Monitoring Service, 2020). The variables consid-
ered in this study and their corresponding units are summarized in Table 3.1 and defined in
section 2.4. The parameters were selected to provide a broad overview of different aerosol
types in terms of sources and particle sizes.

AOD describes the column-integrated effect of aerosols on the attenuation of incoming
solar radiation through scattering and absorption. In addition, PM offers a complementary
perspective on aerosol properties by categorizing particles according to their aerodynamic

diameter. The total column quantity describes the vertically integrated mass of a given
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aerosol species across the entire atmospheric column. Black carbon (BC) can serve as INP
(Hoose and Mohler, 2012) and is a directly emitted aerosol originating from incomplete com-
bustion of fossil fuels, biofuels, and biomass. Its typical lifetime in the troposphere is about
seven to ten days (Seinfeld and Pandis, 2016). Mineral dust is released naturally through
wind erosion of soil particles and anthropogenically through traffic and industrial activities.
Due to its typical lifetime of about two weeks, it can be transported over thousands of
kilometers (Seinfeld and Pandis, 2016). It can also serve as INP (Hoose and Mdéhler, 2012).
Combustion of fossil fuels and biomass also produces a complex aerosol mixture known
as organic matter, which spans a wide range of particle sizes. Sulfate aerosols originate
from both natural and anthropogenic sources. They can be emitted directly through marine
and volcanic activity or form secondarily via oxidation of sulfur compounds released by
industrial processes, fossil fuel combustion, biomass burning, and other biogenic sources
(Seinfeld and Pandis, 2016; Bozzo et al., 2017). Sulfur dioxide (SO,), which is oxidized to form
sulfate, originates predominantly from anthropogenic processes and volcanic eruptions.
Sea salt aerosols are mainly produced by wind-driven processes at the ocean surface. When
waves break, bubbles burst and release particles into the atmosphere, and at higher wind
speeds spume generation adds larger droplets. Their typical lifetime ranges from one day
to one week (Seinfeld and Pandis, 2016).

Table 3.1: Overview of variables from the fourth-generation ECMWF Atmospheric Composition
Reanalysis (EAC4) describing atmospheric aerosols, including Aerosol Optical Depth (AOD), Partic-
ulate Matter (PM), and total column amount for various aerosol species (Copernicus Atmosphere
Monitoring Service, 2020, Inness et al., 2019).

variable description unit
bcaod550 | black carbon AOD at 550 nm []
duaod550 dust AOD at 550 nm []
omaod550 | organic matter AOD at 550 nm []
PM; PM with diameter < 1 pm kgm™3
PM, 5 PM with diameter < 2.5 ym kgm™>
PM; PM with diameter < 10 pm kgm™>
ssaod550 sea salt AOD at 550 nm []
suaod550 sulfate AOD at 550 nm []
aod550 total AOD at 550 nm []
tcso2 total column sulfur dioxide | kgm™
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3.2. Methods

3.2.1. Assignment of lightning strikes to PHTs

To investigate the relationship between hail occurrence, lightning activity, and the sur-
rounding environmental conditions, the datasets described above were combined through a
spatial and temporal assignment procedure.

Because the PHTs have a temporal resolution of 15 min, while the lightning data provide
timestamps in milliseconds, the lightning selection was based on 15 min intervals. To ac-
count for the fact that, due to the radar scanning process, individual track points do not
occur exactly 15 min apart and that the RC moves within a single time step, all lightning
strikes occurring within 7.5 min before and after the timestamp of each track point were
included. Subsequently, a spatial filtering was applied by selecting all lightning strikes
within a 15 km radius around each track point.

In Figure 3.5, the small colored dots represent all lightning strikes occurring in temporal
proximity to the PHT, based on the applied time filter of 7.5 min before and after the times-
tamp of each track point. The green dots indicate the strikes selected after the additional
spatial filtering within a 15 km radius, forming the final sample for the subsequent analysis.
As illustrated by the different highlighted selection radii in the panels of Figure 3.5, these
steps are repeated for each track point.

This specific selection radius is chosen to ensure that lightning strikes associated with PHTs
are captured comprehensively. It accounts for the mean PHT width of 5.8 km (Schmidberger,
2018) and the average distance between consecutive track points of 9.3 km. Furthermore,
previous studies (e.g., Changnon, 1992) have shown that lightning often occurs outside
the immediate hailstreak, in adjacent regions of the storm. The same radius has also been
applied in other studies (Wapler, 2017). A radius of 15 km therefore provides a balance
between including relevant lightning activity and avoiding excessive spatial overlap with
unrelated convective systems.

The resulting dataset contains, for each track point, the number of associated lightning

strikes as well as detailed parameters from the original lightning dataset described above.

3.2.2. Clustering of PHTs

The analysis in this thesis focuses on the consideration of radar-detected PHTs as individual

entities. However, lightning characteristics are also determined for categorized PHTs. For

41



3. Data and methods

g

Latitude

Longitude

Latitude

Longitude

Figure 3.5: Example of the assignment of lightning strokes to radar-detected PHTs. (a) shows the first
time step of the track, (b) the second. The bold dots (blue and gray) represent the consecutive track
points forming the PHT. Circles (blue and gray) indicate the selection areas with a radius of 15 km.
The currently considered track point and its selection area are highlighted in blue. The smaller
colored dots denote lightning strokes detected in the spatial and temporal vicinity of the respective
track point. Green dots mark lightning strikes that occur within the 15 min interval around the track
point timestamp (7.5 min before and after) but at distances greater than 15 km. Pink dots represent
the lightning strikes actually assigned to the track. This procedure is applied analogously to each
track point.
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this purpose, individual PHTs are classified into single, clustered, and long PHTs using the
ST-DBSCAN algorithm from Birant and Kut (2007).

The ST-DBSCAN algorithm is a modification of the DBSCAN (Density-Based Spatial Clus-
tering of Applications with Noise) algorithm from Ester et al. (1996), specifically designed
for spatio-temporal data. Clustering is a common data mining technique used to identify
patterns and relationships within large datasets by grouping similar data points. While
traditional clustering methods are designed for non-spatial and non-temporal data, spatio-
temporal clustering must additionally consider both the spatial and temporal neighborhood
of objects, making the process considerably more complex. Density-based clustering algo-
rithms detect clusters by identifying regions of high data point density within a dataset,
while areas of lower density act as boundaries between clusters.

This algorithm is also commonly used for convection analysis (Augenstein et al., 2024, Kopp
et al., 2024, Augenstein, 2025, Schmid et al., 2025)

The ST-DBSCAN algorithm is based on three input parameters (Birant and Kut, 2007). The
first, €pace, describes the maximum spatial distance that points can have to still belong to
the same cluster. Analogously, the parameter €, defines the maximum temporal distance
allowed for points to be clustered together. The last parameter, MinPts, specifies the mini-
mum number of points required for a region to be considered dense.

The classification of the PHTs starts with the distinction between long and short tracks.
Long tracks are tracks with more than seven time steps, which is about 1h45min. All
the other tracks are preliminary classified as short. For the clustering of the short PHTs
the following parameter values are chosen: €pqce = 40 km; €ime = 25 min; MinPts = 3.
This means that if more than three PHTs occur within 40 km in 25 min, they are classified
as clustered, otherwise as single. A sensitivity analysis was conducted by testing several
parameter configurations and combinations, which yielded consistent and robust results,
indicating that the chosen values provide a stable representation of clustering behavior.
The final chosen values are similar to those from Augenstein et al. (2024). A cluster is
defined here as a group of at least three PHTs. An example of PHTs representing the three
categories single, clustered, and long is shown in Figure 3.6 for the period 22-29 July 2016.
It illustrates that single PHTs are the most frequent category, while long PHTs occur least

often, consistent with the results presented in subsection 4.1.4.
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Figure 3.6: Example of a single PHT (blue), a clustered PHT (red; more than three PHTs), and a long
PHT (black; longer than seven time steps), categorized using ST-DBSCAN, for the period 22-29 July
2016.

3.2.3. Assignment of environmental conditions to PHTs

The analysis focuses on the pre-convective environment to assess the environmental condi-
tions associated with radar-detected PHTs, as this stage strongly influences storm initiation
and intensity. For each PHT, the timestamp and coordinates of the first track point are used
to identify the nearest grid point in the ERA5 dataset and the corresponding model timestep.
To avoid contamination by conditions during active convection, two additional steps are
performed: the timestep is rounded down to the previous full hour, and convective precipi-

tation is checked for. If more than 1 mm of convective precipitation had already occurred
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within the preceding hour, the previous timestep is selected instead. These adjustments
ensure that the chosen parameters represent the environment prior to storm development
rather than during its mature phase. A similar procedure is applied to the atmospheric
aerosol data, which has a coarser temporal resolution of three hours. In this case, the
rounded-down timestep is used in all instances because it provides the best approximation
of pre-convective conditions given the available data. The resulting datasets contain one
representative value for each parameter group (convective conditions and aerosols) for each
PHT. These values serve as proxies for the thermodynamic and microphysical environments
that influence hail and lightning formation.

To determine if the differences between the lightning intensity classes are statistically
significant, two hypothesis tests are performed at a significance level of & = 0.05. The first
test compares the low- and high-intensity classes. Hypothesis testing provides a formal
framework for determining whether observed differences are likely due to random variation
or represent a true effect. First, Student’s t-test (see Student, 1908) is employed; this test
assumes a Gaussian sampling distribution. Second, the Mann-Whitney U test (Mann and
Whitney, 1947), which makes no assumptions about the underlying distribution, is used.
Since the exact distribution of the dataset is unknown, variables are selected such that both

tests consistently indicate statistical significance.
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4. Results

This chapter presents the results of the analysis of lightning characteristics along radar-
detected PHTs over Germany and adjacent regions. In the first part, the spatial and temporal
distribution of lightning occurrences along PHTs is examined, with a focus on differences
related to track lifetime, year, and region, as well as the clustering behavior of the tracks. The
second part explores the environmental conditions associated with these PHTs, described
by convective and atmospheric aerosol parameters, to identify potential explanations for
the patterns observed in the first part.

In the following analysis, all lightning-related results refer exclusively to lightning strikes

associated with radar-detected PHTs.

4.1. Spatial and temporal distribution of lightning along PHTs

In total, 17,099 PHTs were identified using the TRACE3D algorithm (see section 3.1.2).
Between 2005 and 2023, the number of PHTs within the study area ranged from 605 to 1224
per year (Figure 4.1). Despite interannual variability, there is no trend in the occurrence of
PHTs. Related to the PHTs 2,357,789 lightning strikes are detected. As expected from the
theoretical considerations in section 2.3.2, the majority of lightning strikes are negatively
charged (92.7%), with the remainder being positively charged (not shown).

Figure 4.2 shows the monthly distribution of lightning related to PHTs for the different
years in the study period. The monthly sum in 4.2(a) generally shows maximums of different
magnitudes of lightning strikes in June and July, which aligns with the results of Punge
and Kunz (2016). Later years in the study period tend to have fewer total lightning per
month, with less pronounced peaks and a more even seasonal distribution. The seasonal
spread is defined as the difference between the months with the highest and lowest lightning
strike counts. In this context, 2022 shows the smallest seasonal spread with 17,408 strikes,
whereas 2015 exhibits the largest with 100,565 strikes. Overall, the years 2022, 2023, 2019,
and 2018 display the least variability, while 2015, 2006, 2007, and 2009 show the greatest
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seasonal spread. The following sections discuss possible reasons for the decrease in detail.
Figure 4.2(b) shows the monthly mean of the average lightning strike amount per PHT.
This average is calculated by dividing the total lightning some of the track by the track
duration (see also subsection 4.1.2). Similar patterns are evident again, and the low seasonal
variability at the end of the study period is clearer. The high lightning strike amounts in
April and September may be due to the averaging over a low overall number of PHTs, in

which individual extreme events may strongly influence the results.
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Figure 4.1: Annual number of radar-detected PHTs.
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4.1.1. Lightning during lifecycle of PHTs

Based on the design of the TRACE3D algorithm, the minimum PHT duration is three time
steps, corresponding to approximately 45 min. There is no upper limit for track duration,
the longest track comprises 36 time steps. Tracks comprising three time steps are most
frequent (8091 cases), while the number of longer tracks decreases exponentially as duration

increases (Figure 4.3).

To analyze lightning occurrence in relation to PHT lifetimes, the tracks are grouped by
their duration. For each group, the average number of lightning strikes per time step is
calculated. The number of lightning strikes in each of the time steps is averaged across all

tracks of a specific group.
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Figure 4.2: Monthly distribution of lightning related to PHTs per year. (a) Monthly sum and (b)
monthly mean of average lightning strike amounts per PHT (total amount of lightning strikes divided
by track duration; see also subsection 4.1.2).

Selected results are shown in Figure 4.4, while the full distribution of PHT lifetimes and
their corresponding lightning occurrence is presented in the Appendix A Figure A.1. The
left panel shows results for PHTs with a duration of five time steps, which are representative
of shorter PHTs. Conversely, the right panel displays results for tracks with a duration of
ten time steps, illustrating the behavior of longer-lived PHTs. However, as track duration
increases, such events become less frequent, and the corresponding statistical analyses

become less reliable.
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Figure 4.3: Distribution of PHTSs by duration for the analyzed dataset. The minimum duration is three
time steps (45 min), and the longest PHT comprises 36 time steps. The right end of the distribution
(tracks longer than 20 time steps) was omitted for clarity.

In general, the number of lightning strikes increases during the lifetime of PHTs, reaching
a peak before decreasing again towards the end. Shorter PHTs, as represented on the
left, exhibit a single peak in lightning activity, whereas longer tracks tend to show two
distinct peaks. Although the uncertainties, expressed as the 16th—84th percentile range
(this corresponds to the standard deviation in case of a normal distribution), are relatively
large, they generally follow the same pattern as the median values. Additionally, longer

PHTs are associated with higher average lightning counts per time step.

4.1.2. Annual behavior of lightning along PHTs

Despite interannual variability, a negative trend in lightning activity is apparent, with
generally higher strike counts in the early years compared to later years (Figure 4.5). This

trend is quantified using a linear regression (see Figure 4.5):
F(t) = —6260.55 - t +12,732,850.69 , (4.1)

where the slope indicates an average decrease of 6,260.55 lightning strikes per year t. The

intercept has no physical meaning, as it corresponds to a mathematical extrapolation to
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Figure 4.4: Average number of lightning strikes per time step along radar-detected PHTs of different
lifetimes. Shown are two representative examples for shorter and longer tracks. The solid lines
indicate the median number of lightning strikes per time step, while the shaded areas represent the
16th-84th percentile range across all tracks within each group. Numbers in parentheses denote the
total number of PHTs within this specific group.

year t = 0, which lies far outside the observational period. The 95% confidence interval (CI)
quantifies the uncertainty of the estimated trend and indicates the range within which the
true underlying trend would be expected to fall in 95% of repeated samples.

A pronounced peak occurred in 2015 with 208,422 lightning strikes, whereas 2022 recorded
the lowest total with only 47,629 strikes. The years with the fewest strikes are 2022, 2023,
2019, and 2020, while 2006, 2008, 2007, and 2015 represent the years with the highest strike
counts.

This raises the question of whether this trend is caused by a decrease in the number of

convective storms, or by a reduced number of lightning strikes per PHT.

To further analyze this trend, the average number of lightning strikes per PHT is calculated.
For this, the total amount of lightning strikes during the whole lifetime of the PHT is
divided by the number of time steps of this PHT. PHTs are then grouped into categories
based on their average lightning activity, ranging from no lightning to extreme lightning
intensity. The grouping is performed using percentile intervals of 15. To ensure that the
first category includes all PHTs with an average lightning strike amount below 1, it covers
percentiles below 5. A constant percentile step of 15 is applied to facilitate comparison
across categories. To align with the lowest category, the highest lightning intensity class
includes all PHTs with a percentile of 95 or above. The corresponding percentile groups,
their associated lightning strike counts, and the number of PHTs within each group are

presented in Table 4.1.
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Figure 4.5: Annual total number of lightning strikes associated with radar-detected PHTs. The red
dashed line shows a linear regression over the period 2005-2023 The dashed line indicates the linear
trend, shading denotes the 95% confidence interval (CI), indicating an average decrease of 6,261
lightning strikes per year.

For example, a PHT that recorded a total of 21 lightning strikes over three time steps would
be classified in the 20-35% percentile group, corresponding to an average of 7 strikes per

timestep (see Table 4.1).

Table 4.1: Overview of identified percentile groups of the average number of lightning strikes per

PHT.
percentile group | lightning strikes | number of PHTs

<5% 0-0.65 795
5-20% 0.66 - 3.60 2567
20-35% 3.66 -7.73 2603
35-50% 7.75 - 13.60 2533
50-65% 13.67 - 23.63 2598
65-80% 23.66 - 43.25 2570
80-95% 43.33 - 111.08 2576
>95% 111.25 - 882.33 857

For each year, the number of PHTs within each lightning intensity group is determined
and then normalized by the total number of PHTs that year. Figure 4.6 shows the resulting
distribution of PHTs by average lightning number per track, with the (a) cumulative plot
and (b) the line plot highlighting different aspects of the data. The percentile colorbar in this
plot is applied throughout the thesis to maintain consistency. By definition, each lightning
intensity category should have a frequency of 15%, with the extreme categories (<5% and

>95%) having a frequency of 5%, respectively.
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4.1. Spatial and temporal distribution of lightning along PHTs

Figure 4.6 indicate, despite some interannual variability, different trend directions over
the study period. The proportion of lightning-intense PHTs (high percentile groups) has
decreased, while the fraction of tracks with low lightning activity has increased. PHTs of
medium lightning intensity show no distinct trend. Additionally, the extreme categories
of both low and high lightning intensities, show a opposite behavior, an increase in one
results in a decrease of the other. This trend is quantified using linear regression for the

5-20% and 80-95% percentile groups (see Figure 4.6):

F()5-20% = 0.0069 - t — 13.69 , (4.2)
f()g0-05% = —0.0095 - ¢ +19.32 , (4.3)

where the slope indicates an average increase in frequency of 0.0069 per year ¢ for the 5-20%
percentile group and an average decrease of -0.0095 per year for the 80-95% percentile group.
The intercept has no physical meaning, as it corresponds to a mathematical extrapolation
to year t = 0, which lies far outside the observational period.

The peak in the >95% percentile for 2015 is clearly visible in both plots.

One possible reason for this trend may be the reduction in storm intensity due to less

favorable environmental conditions for convection at the end of the study period.

4.1.3. Spatial differences

This section focuses on the spatial analysis of lightning occurrence with the aim of detecting
potential differences. Therefore, the study area is divided into a grid of 36 X 36 points
(0.19° X 0.33°) to enable a more detailed analysis of the spatial distribution of lightning
occurrence. For each grid point the total number of tracks are calculated and shown in
Figure 4.7. At first glance, the maximum in the southern part of Germany in the pre-alpine

region and the Swabian Alb is visible.

The proportion of PHTs within specific lightning intensity categories (percentile groups)
is calculated for each grid point. This analysis reveals whether certain grid points tend to
feature, for example, predominantly lightning-intensive PHTs. Overall, the proportional
distribution appears relatively homogeneous across the study period for all lightning in-
tensity categories, except in peripheral regions (Figure 4.8). In these areas, radar coverage
is less comprehensive compared to the core region over Germany. Consequently, only a
few PHTs are detected there, which leads to disproportionately high shares of individual

lightning intensity categories.
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Figure 4.6: Normalized distribution of radar-detected PHTs by their average number of lightning
strikes per track per year. Tracks are grouped into percentile categories based on their average
lightning activity and counted per year within each group. Percentile categories use 15% intervals,
with the extremes (<5% and >95%) set to 5%. Results are normalized by the total number of tracks
per year. (a) Cumulative plot; (b) line plot. The colorbar indicates the percentile groups, applied
consistently throughout the analysis. Dashed lines show linear regressions over 2005-2023 for
the 5-20% and 80-95% percentile groups. Shaded areas denote the corresponding 95% confidence
intervals (CIs). The estimated trends indicate an average increase of 0.0069 per year for the 5-20%
%ﬁoup and a decrease of 0.0095 per year for the 80-95% group.
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Figure 4.7: Spatial distribution of radar-detected PHTs per grid point accumulated over the 18-year
period.

To further investigate potential trends and spatial variations in lightning frequency as-
sociated with PHTs, the study area was divided into four equally sized regions, while
maintaining a statistically reliable sample size for each region. The regions are defined
by their geographical position: North-West (NW), North-East (NE), South-East (SE), and
South-West (SW). For each region, the annual number of PHTs within each percentile group
(based on the average number of lightning strikes per track) is determined. The distribution
of PHTs across regions is uneven (NE: 3764 tracks; NW: 2448; SE: 5894; SW: 4993). At first
glance, the southern part of the study area appears considerably more convectively active
than the northern part (Figure 4.9). These findings align with those from other studies, such
as (Puskeiler et al.,, 2016). Years with a generally high number of tracks are indicated by
reddish colors across all percentile groups. Moreover, the regions show a clear shift over
time: from more lightning-intense PHTs at the beginning of the study period (upper right

corner) toward less lightning-active tracks toward the end (lower left corner).
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Figure 4.8: Spatial distribution of radar-detected PHTs by average lightning activity per grid point.
PHTs are classified into lightning intensity categories based on their average number of lightning
strikes per track. For each grid point, the proportion of PHTs within each lightning intensity category
is shown. The colorbar indicates the percentile groups, which are applied consistently throughout
the analysis.

4.1.4. Clustered PHTs

Previous analyses considered each PHT individually. Here, classifying PHTs as clustered,
individual, and long enables the identification of spatial and temporal patterns in severe
convective storms. This reveals differences in the organization, lifecycle, and intensity of
storms that cannot be captured by analyzing individual PHTs. To enable a comparison

between short and long tracks, as well as between single and clustered PHTs, the ST-
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Figure 4.9: Annual distribution of radar-detected PHTs by average lightning activity, separated
into four equally sized geographical regions (NW, NE, SE, SW). Tracks are grouped into lightning
intensity categories based on their average number of lightning strikes per track. The colorbar of
the x-axis indicates the percentile groups, which are applied consistently throughout the analysis.

DBSCAN algorithm was applied to the dataset. In total, 1227 PHTs were classified as
long, 2347 as clustered, and 13525 as single. Figure 4.10 (a) shows the average number of
lightning strikes per PHT for these three categories. The median values are 12.75 for the
single category, 16.0 for the clustered category, and 22.4 for long PHTs. A clear difference
between short (single and clustered) and long PHTs is evident. Differences between single
and clustered PHTs are less pronounced, although clustered tracks tend to exhibit slightly
higher lightning activity. Figure 4.10 (b) illustrates the differences of percentiles between
single and clustered PHTs compared to long PHTs. For example, a value of seven average
lightning strikes per PHT corresponds to the 35th percentile in the single category, but to the
16.3rd percentile in the long category, resulting in a percentile difference of —18.7. Similar
to the previous observation, the difference between short and long tracks becomes evident,
particularly in the medium percentile ranges. Extreme values show smaller differences.
Differences between single and clustered tracks are also apparent, although they are less
pronounced than those between short and long PHTs.

These results indicate that long PHTs are associated with higher lightning intensities,
regardless of their duration, and that clustered PHTs tend to be more intense than single

PHTs. Consequently, extensive regions with convectively favorable conditions appear to
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promote not only a spatial increase in lightning occurrence but also an increase in its

intensity.
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Figure 4.10: a) Distribution of average number of lightning strikes per PHT categorized into single,
clustered and long PHTs with ST-DBSCAN. b) Differences of lightning strike percentiles between
single and clustered PHTs compared to long PHTs.
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4.1.5. Reflectivity core attribution

To gain additional insights into the characteristics of individual PHTs, particularly their
intensity, rather than focusing solely on their temporal and spatial occurrence, this analysis
considers variables related to the reflectivity cores of the PHTs.

Therefore, a similar analysis to that conducted for the PHTs is applied to the reflectivity
core variables, which are related to the intensity of the hailstorm (Figure 4.11). The full
distribution of RC lifetimes and their corresponding RX Max3 occurrence is presented in the
Appendix A Figure A.2. In contrast to lightning activity, RX Max3 remains nearly constant
over the course of the track lifecycle. This pattern is observed across all analyzed track
durations, with no substantial variation between shorter and longer tracks. The relatively
sharp uncertainty range of the 16th and 84th percentiles is in stark contrast to the wide

uncertainty range of the average lightning strikes per time step (see Figure 4.4).
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Figure 4.11: Average amount of RX Max3 per time step along radar-detected reflectivity cores (RCs)
of different lifetimes. Shown are two representative examples for shorter and longer tracks. The solid
lines indicate the median of RXMax3 per time step, while the shaded areas represent the 16th-84th
percentile range across all RCs within each group. Numbers in parentheses denote the total number
of RCs within each group.

Analogous to the normalized distribution of annual PHTs by lightning intensity class,
Figure 4.12 presents the corresponding distribution for the RXMax3 intensity categories.
The figure reveals alternating periods characterized by a high proportion of PHTs with
strong RX Max3 intensity and a low proportion of weak intensity, and vice versa. In recent

years, PHTs with high RXMax3 intensity have been particularly dominant, despite overall
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interannual variability. This trend is quantified using linear regression for the 5-20% and

80-95% percentile groups (see Figure 4.6):

f(t)5_20% = —-0.0078 - t +15.94 , (4.4)
f(t)go_gs% =0.0111-¢t - 22.23, (4_5)

where the slope indicates an average decrease in frequency of -0.0078 per year ¢ for the 5-20%
percentile group and an average increase of 0.0111 per year for the 80-95% percentile group.
The intercept has no physical meaning, as it corresponds to a mathematical extrapolation

to year t = 0, which lies far outside the observational period.

To describe the relationship between the lightning intensity categories and the RXMax3
intensity classes further, Figure 4.13 shows the number of PHTs corresponding to each
combined percentile group. The highest frequencies occur in the 5-20% lightning intensity
class combined with precipitation intensities of 5-20% and 20-35%, with counts of 447 and
471 tracks, respectively. Enhanced counts are also observed for moderate precipitation
intensities (20-65%) paired with low to moderate lightning intensities (5-35%). In contrast,
combinations involving extreme percentiles (>95%) for either variable are rare, as indicated

by the lighter shading and lower counts in these bins.

Additionally, lightning strikes are not only considered within a fixed selection radius
of 15km, but also within the dynamic areas defined by RCss and RCss. As described in
section 3.1.2, these areas vary from time step to time step and from PHT to PHT. On
average, the selection areas are as follows: Ay = 114.6 km?, Ass = 24.8km?, and A5, =
706.9 km?. Figure 4.14 shows the average number of lightning strikes per time step within
RCy6 (LSinA46) and RCss (LSinA55) for PHTs of different durations. The results are similar
to those shown in Figure 4.4, although the total number of lightning strikes is lower. Among
the three selection areas, RCss yields the lowest average lightning counts.

These results align with the findings of Changnon (1992), which indicate that lightning
tends to occur in regions adjacent to hail streaks. This also supports the use of a constant

selection radius, regardless of the spatial extent of the PHT.

As mentioned in section 3.1.1, the considered lightning strikes are CG only. Despite the
carefully defined spatial and temporal selection of lightning strikes along radar-detected
PHTs, 440 PHTs in the dataset exhibit an average of fewer than one lightning strike per
track. Their spatial distribution is shown in Figure 4.8, represented as the lightning intensity

category < 5%. As previously described, no specific region shows a notably high frequency
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Figure 4.12: Normalized distribution of radar-detected reflectivity cores by their average number of
lightning strikes per track per year. Reflectivity cores are grouped into percentile categories based
on their average lightning activity and counted per year within each group. Percentile categories
use 15% intervals, with the extremes (<5% and >95%) set to 5%. Results are normalized by the total
number of reflectivity cores per year. (a) Cumulative plot; (b) line plot. The colorbar indicates the
percentile groups, applied consistently throughout the analysis. Dashed lines show linear regressions
over 2005-2023 for the 5-20% and 80-95% percentile groups. Shaded areas denote the corresponding
95% confidence intervals (CIs). The estimated trends indicate an average decrease of -0.0078 per year
for the 5-20% group and an increase of 0.0111 per year for the 80-95% group.
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Figure 4.13: Cross-tabulation of lightning and precipitation intensity classes (based on RXMax3).
The ten most frequent combinations are indicated by white numbers within the corresponding cells.

of such cases. Figure 4.15 displays the annual number of PHTs without lightning strikes
for the fixed 15 km radius as well as for RC,¢ and RCs5. The RCy4-based selection includes a
total of 2123 radar cells without any lightning strikes, whereas the RCss-based selection
comprises 5580 such cases. The maximum proportion of PHTs without lightning strikes
was observed for the 15 km selection radius in 2005 (13.2%), for RCy4 in 2021 (16.2%), and for
RCss in 2022 (37.8%). While no clear trend is observed in absolute numbers, the number of
PHTs without lightning is closely related to the total number of PHTs per year, particularly
in the RC-based results. The normalized values indicate an increase in the proportion of
lightning-free PHTs when using the RC-based selection areas. In contrast, the analysis
using the fixed 15 km radius shows no such trend and results in significantly fewer PHTs
without associated lightning strikes for each year, except 2005.

However, to analyze this further, CC and IC lightning strikes were included exemplarily
for the year 2016 (not shown). This addition reduced the number of PHTs without any
associated lightning from 54 to 17. In general, the total number of lightning strikes associated
to PHTs increased by 583.6% to 552533.
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Figure 4.14: Average amount of lightning strikes per time step along radar-detected reflectivity cores
(RCs) of different lifetimes and different reflectivities. (a) and (b): RCys; (c) and (d): RCss. Shown
are two representative examples for shorter and longer tracks. The solid lines indicate the median
number of lightning strikes per time step, while the shaded areas represent the 16th—-84th percentile
range across all RCs within each group. Numbers in parentheses denote the total number of RCs
within each group.

4.2. Environmental conditions associated with PHTs

In order to explain the variability in hail and lightning occurrence, it is essential to un-
derstand the pre-convective environment. Convective parameters offer insight into the
thermodynamic and dynamic conditions that affect storm development and electrification.
Similarly, aerosol concentrations influence cloud microphysics and charge separation pro-
cesses, which can alter lightning activity. Investigating these factors helps identify the
drivers behind observed trends, improving the ability to predict severe convective storms in

a changing climate.
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Figure 4.15: Annual distribution of radar-detected PHTs with an average lightning count below
one, shown for three datasets: (i) selection within a 15 km radius, (ii) selection based on reflectivity
exceeding 46 dBZ (RCy), and (iii) selection based on reflectivity exceeding 55 dBZ (RCss). Panel (a)
shows the annual sum, while panel (b) presents the annual sum normalized by the total number of
PHT:s per year.

4.2.1. Convective parameters

The selection of convective parameters is based on Taszarek et al. (2020) and aims to provide
a comprehensive overview of thermodynamic, moisture-related, dynamic, and combined
influences on convective environments relevant to the formation of lightning and hail. For
theoretical background and definitions, refer to section 2.1.2. PHTs are categorized into
percentile groups according to their lightning intensity, as described above. The correspond-
ing pre-convective conditions, represented by the selected parameters for each lightning
intensity category, are shown in Figure 4.16. The parameters selected here exhibit the most
distinct signals, while additional parameters are presented in Figure A.3. The parameters
analyzed include storm-relative helicity (SRH) between 0 and 3 km for left movers (LM) and
right movers (RM), denoted as SRH_03km_LM and SRH_03km_RM, respectively. Relative
humidity (RH) is considered for two layers: 0-2km (RH_02) and 2-5km (RH_25). Bulk
shear between 0 and 10 km is labeled as BS_010km, and precipitable water (PRCP_W ATER)
is given in mm.

Significant differences are observed between the 5-20% (low lightning intensity) and
80-95% (high lightning intensity) percentile groups, confirmed by both the t-test and the
Mann-Whitney U test. Percentage-based MU_CIN and ML_CAPE show the greatest dif-
ferences in medians between the two groups (96.2% and 71.7%, respectively), whereas
RH_25 exhibit the smallest differences (4.1%). Parameters such as ML_CAPE, RH_25,
ML WMAXSHEAR, SRH 03km_LM, and PRCP. WATER and SRH 03km_RM increase
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4.2. Environmental conditions associated with PHTs

with lightning intensity, while MU_CIN, MU_LI, RH_02, and BS_010km decrease.
ML_CAPE and RH_25 show strong variability within each percentile group. That said, the
distributions of all parameters overlap considerably with changing lightning intensity. For
example, the value of 1500 Jkg™' ML_CAPE can be found near all PHTs, regardless of the
related amount of lightning strikes.

However, the median value patterns correspond to expectations based on the theoretical

concepts presented in subsection 2.1.2.

Looking specifically at the pre-convective environmental parameters related to PHTs over
the last 18 years, there is considerable interannual variability but no consistent long-term
trend (see Figure 4.17 and Figure A.4). The median of ML_CAPE ranges between 552.0 and
818.9J kg™ !, with whisker limits extending up to 3660.1Jkg . MU_CIN distributions are
skewed towards values close to zero, with minimums down to —549.4 ] kg_l. SRH _03km_RM
shows the greatest annual variation, with a 126.2% difference between the lowest median in
2012 (-166.0 m? s~2) and the highest in 2007 (911.0 m? s~2). The smallest differences occur for
RH_02 (10.1%) and MU _LI (-18.5%). For PRCP_W ATER, the absolute difference between
the highest and lowest median is only 4.5 mm, with interquartile ranges from 6.4 mm (2007)
to 10.5 mm (2015). RH tends to be higher in the lowest layer (0-2 km), with median values
between 0.73 and 0.76 (see Figure A.3), compared to 0.64-0.69 in the 2-5km layer. LM
exhibits negative SRH medians (—60.1 to —32.8m? s™2), RM tends to have positive median
values (62.3 to 78.6 m? s™2).

Therefore, the convective parameters do not mirror the temporal behavior of lightning
strike frequency within the study period.

The analysis of convective parameters confirms their strong influence on lightning occur-
rence along PHTs. However, the absence of a clear long-term trend in these parameters
suggests that changes in lightning occurrence over the study period are less likely driven

by thermodynamic or dynamic factors.
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Figure 4.16: Distribution of selected convective parameters by average lightning activity. Tracks
are grouped into lightning intensity categories based on their average number of lightning strikes
per track. The colors of the violins indicate the percentile groups, which are applied consistently
throughout the analysis. Statistical tests confirm that the light-blue and orange percentile groups
differ significantly.
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Figure 4.17: Annual distribution of selected convective parameters.
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4.2.2. Atmospheric Aerosols

The atmospheric aerosols are analyzed across lightning intensity classes and years to
identify potential links between aerosol conditions and convective strength. As in the
convective parameter analysis, PHTs are categorized by lightning intensity. Figure 4.18
shows the distribution of atmospheric aerosol parameters for each lightning intensity
category. The parameters selected here exhibit the most distinct signals, while additional
parameters are presented in Figure A.5. Significant differences between the 5-20% (low
intensity) and 80-95% (high intensity) percentile groups are confirmed by both the t-test
and the Mann-Whitney U test. Except for sea salt AOD ssaod550, all variables increase with
lightning intensity, although to varying degrees. Dust AOD duaod550 shows the largest
increase in medians (113.6%), while organic matter AOD omaod550 shows the smallest
(7.6%) (Figure A.5). Sea salt AOD ssaod550 decreases with lightning intensity by -28.2%.
Median values also increase with particle size: PM;, ranges from 2.33 to 3.05 x 10" * kgm >,
PM, 5 from 1.66 to 2.21 X 10"® kgm™>, and PM; from 1.20 to 1.61 X 108 kg m™.

However, as for the convective parameters, the distributions of all parameters overlap
considerably with changing lightning intensity. For example, the value of 0.2 x 10~ kgm™>
in PM can be found near all PHTs for all PM parameters, regardless of the related amount

of lightning strikes.

To summarize these findings, Figure 4.19 illustrates the relationship between atmospheric
aerosol parameters (excluding sulfate AOD ssoad550) and the average number of lightning
strikes per track. To enable comparison, parameter ranges are normalized and plotted on
the same axis. The normalized range is divided into 30 equally sized bins. For each bin, all
track-based lightning counts falling within the corresponding normalized variable interval
are extracted, and the average lightning count per track is computed. This procedure
is repeated for every CAMS variable, resulting in one binned mean curve per variable.
To obtain a generalized relationship across all aerosol variables, the binned mean curves
from all variables were averaged. This produces a composite curve representing the overall
dependency of lightning activity on the normalized aerosol magnitude. In general, parameter
values increase with lightning strikes, reach a maximum, and then decrease, although the
trend becomes less clear at higher values due to fewer observations. As the y-axis is
normalized, the number of data points decreases towards 1, resulting in higher uncertainty
in the mean, visible as fluctuations.

These results are consistent with the theory discussed in section 2.4, which suggests that the
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Figure 4.18: Distribution of selected aerosol parameters by average lightning activity. Tracks are
grouped into lightning intensity categories based on their average number of lightning strikes
per track. The colors of the violins indicate the percentile groups, which are applied consistently
throughout the analysis. Statistical tests confirm that the light-blue and orange percentile groups
differ significantly.
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relationship between lightning occurrence and aerosol concentration is nonlinear. Excessive

aerosol loading can inhibit lightning formation.

Annual distributions are shown in Figure 4.20 and Figure A.6. Overall, parameters that
increase with lightning intensity exhibit a negative trend over the study period, whereas sea
salt AOD ssaod550 shows a positive trend. Dust AOD duaod550 again displays the largest
annual variation, with a 455.5% difference between the lowest median (2005) and the highest
(2006), organic matter AOD omaod550 shows the smallest variation (10.8%). The three PM
parameters vary similarly, with differences between 68.4% and 69.5%. For total AOD aod550,
the lowest medians occur in 2020, 2023, and 2022, while the highest are in 2006, 2009, 2007,
and 2015. Similar patterns apply to sulfate AOD suaod550, organic matter AOD omaod550,
black carbon AOD bcaod550 and the PM parameters.

These results suggest an association between aerosol concentrations and CG lightning
strikes in terms of both intensity and annual frequency. Further, the analysis of aerosol
parameters suggests that microphysical processes, particularly those influenced by aerosol

loading, play a significant role in modulating lightning occurrence along PHTs.
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Figure 4.20: Annual distribution of selected aerosol parameters.
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5. Conclusion and discussion

This thesis examined lightning characteristics along radar-detected PHTs in Germany and
adjacent regions for the period April to September, 2005-2023. PHTs were derived using
the TRACE3D algorithm (Handwerker, 2002; Schmidberger, 2018), and lightning strikes
were analyzed within a 15 km radius and a 15 min time window around each track time
step. The study assessed lightning behavior throughout PHT lifecycles of varying durations,
annual variability, and differences between clustered and non-clustered tracks. Additional
analyses considered extreme precipitation values (RXMax3) and lightning strikes within
radar cells exceeding reflectivity thresholds of 46 dBZ and 55 dBZ, respectively, as well as
pre-convective environmental conditions based on selected convective and atmospheric
parameters (Taszarek et al., 2020; Copernicus Atmosphere Monitoring Service, 2020). The

following discussion evaluates these findings in relation to the research questions.

Lightning activity varies during the lifecycle of a PHT and across different PHT
durations.

The analysis indicates that longer PHTs generally exhibit higher lightning activity com-
pared to shorter ones. This finding is consistent across both the time step analysis of PHTs
of varying durations and the cluster analysis differentiating between shorter and longer
PHTs. In the latter case, the average number of lightning strikes per PHT was calculated by
dividing the total number of strikes for each track by its duration. This approach rules out
the possibility that longer tracks simply accumulate more strikes due to a longer duration.
Instead, it suggests that longer PHTs are, on average, more lightning-intensive.
Conversely, the average extreme precipitation measure, RXMax3, used as an indicator of
storm intensity, shows minimal variation across time steps and between PHTs of different
lifetimes. The wide uncertainty range for lightning strike analysis indicates substantial
variability among PHTs of the same duration. This variability may arise from local storm
dynamics or microphysical processes, highlighting the heterogeneous nature of lightning

activity within PHTs. In contrast, the smaller uncertainty range for RXMax3 indicates more
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consistent precipitation intensity across PHTs.

It could be expected that the onset of intense precipitation would occur later than the start
of the PHT, due to differences in radar scan elevation and the descent of hailstones, which
are detected at higher altitudes before reaching the surface. This hypothesis could not be
confirmed in the present analysis. A likely reason is the temporal resolution of the PHTs
(15 min), which may be too coarse to capture such timing differences.

It should also be noted that the radar-detected PHTs are based solely on high reflectivity
values. Consequently, the start and end points of the PHTs used here correspond to the
occurrence of hail, although the overall storm may persist for longer. As discussed in chapter
2, lightning and hail formation are closely related, which underpins the motivation for this
analysis. However, lightning characteristics, and particularly reflectivity attribution, repre-
sented here by RXMax3, may differ when considering the entire storm lifecycle, before and
after hail formation. Changnon (1992) reported that lightning typically occurs about 10 min
before hail and, in most cases, around 7 min after hail. This limitation is partly addressed by
including a 7.5 min interval before and after the hail occurrence in the analysis. Additionally,
the results are consistent with the analysis of Wapler (2017) regarding lightning during the

observed hail period.

Lightning activity along PHTs decreases over the period 2005-2023.

Across the entire study area and the sub-tiles, a shift is evident from lightning-intensive
years at the beginning of the study period towards less intense years towards its end. The
annual sum of lightning strikes decreases over time. However, as this metric depends on
the number of PHTs per year, the results were normalized to remove this effect. Even after
normalization, the findings reveal a declining proportion of lightning-intensive PHTs and a
corresponding increase in tracks with weak lightning activity.

In contrast, the RC attribution RX Max3, which reflects PHT intensity, exhibits the opposite
behavior. Here, the proportion of PHTs with high extreme precipitation has increased over
the study period, while the proportion of weak tracks has decreased. This pattern suggests
a tendency for lightning-intensive PHTs to be associated with weaker extreme precipitation
and vice versa. However, detailed correlation analysis could not confirm this hypothesis.
One possible explanation is that more intense thunderstorms with stronger updrafts pro-
duce more hail and lightning strikes. However, this effect might be counteracted by the
opposing influence of microphysical processes, as demonstrated in this study. Consequently,
no clear relationship emerges between RXMax3 and lightning strike frequency. Instead,

it indicates that precipitation intensity is distributed relatively evenly within and across
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different lightning intensity classes.

The analysis of PHTs with an average lightning strike count below one, based on different
selection approaches, reveals a strong dependency on the chosen selection area and time
window. Using a constant selection radius of 15km and a 15 min time window results in
the fewest PHTs without CG lightning strikes compared to approaches that rely on the
footprint of RCs with varying reflectivity thresholds. Therefore, CG lightning strikes do
not occur exclusively near regions of high reflectivity within a thunderstorm but are more
widely distributed. This outcome supports the validity of the approach applied in this study
and aligns with the findings of Changnon (1992), who reported that lightning most often

occurs in areas adjacent to hail streaks.

These variations in lightning activity can be explained by convective and atmo-
spheric aerosol parameters.

To investigate possible reasons for the observed negative trend in lightning strike occurrence
along PHTs, pre-convective environmental conditions were examined using convective
parameters from ERA5 and atmospheric composition parameters. Both datasets proved mod-
erately suitable for distinguishing between lightning-intensive and less lightning-intensive
PHTs, supporting the findings of Taszarek et al. (2017) and Taszarek et al. (2020). However,
the significant variation across all parameters should be noted. In general, parameter values
occur throughout all lightning intensity classes, which does not allow for a clear distinction
between them. This may be a consequence of the methodological approach, which consid-
ers pre-convective environmental conditions while recording lightning strikes during the
convective phase.

As expected, ML_CAPE has increased with higher lightning intensity, accompanied by an
increase in ML WMAXSHEAR, which is derived from CAPE. Likewise, MU LI has become
more negative with increasing lightning intensity, consistent with its role as an indicator of
atmospheric instability. Relative humidity in the lowest layer (RH_02) tends to be higher
than in the mid-level layer (RH_25), which aligns with the theoretical understanding that
moisture from lower levels is lifted to support deep convection. It should be noted that
Taszarek et al. (2021) reported an underestimation of CAPE values and low-level moisture,
as well as an overestimation of mid-tropospheric moisture in ERA5 data compared to in-situ
soundings. Additionally, ML parcel representations tend to be more accurate than MU
representations (Taszarek et al., 2021).

The observed sulfate patterns are consistent with findings by Wright et al. (2025), who

reported elevated concentrations along major shipping lanes. In contrast, sea salt aerosol
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5. Conclusion and discussion

shows a more localized behavior, occurring primarily near coastal areas, and therefore
cannot be considered representative for the entire study region.

However, when considering the annual distribution, only the atmospheric composition
parameters broadly align with the negative trend in lightning strikes. The decrease of
suaod550 from the beginning of the study period towards the end, aligns with the light-
ning strike decrease. Additionally, the median aod550 fits the general behavior of the
annual lightning amount, which emphasizes the hypothesis of aerosol impacts to lightning
occurrence. This suggests that the decline in lightning activity is more likely linked to
microphysical processes, such as aerosol concentrations or cloud microphysics, rather than
thermodynamic, dynamic, or moisture-related factors.

Overall, the results align with the general observation that most lightning activity occurs
over land (Christian et al., 2003), where aerosol concentrations are higher and sea salt
contributions are minimal.

As shown in sections 2.2.3 and 2.3.4 the effect of climate change on hail storms and lightning
is highly uncertain, leading to contradictory hypotheses. The analysis found no trend in
the number of PHTs, but an intensification, represented by RXMax3, in line with some of
the theoretical concepts. The decrease in lightning occurrence generally aligns with the

cloud microphysics-based modeling approach of Finney et al. (2018).

Ultimately, the overall conclusion is that hailstorms in Germany have become more intense
in recent years, as indicated by increasing radar reflectivity. However, this intensification is
not reflected in lightning occurrence, where negative trends in microphysical processes,

particularly aerosol concentrations, appear to dominate.

It should be noted that the radar-detected PHTs used in this analysis are subject to limita-
tions arising from the temporal and spatial coverage of the underlying radar data, as well
as the tracking algorithm. Similar applies to the reanalysis data. Consequently, the results
cannot represent reality with complete accuracy, and the hail tracks should be regarded as
potential rather than definitive hail tracks.

It should be acknowledged that the 18-year study period may be relatively short for estab-
lishing robust long-term trends. In addition, the annual sample size within each percentile
group could introduce uncertainty and potential bias, which should be considered when
interpreting the results.

Furthermore, for reasons of data homogeneity, only CG lightning strikes were considered
in this study. The analysis could be extended to include CC and IC strikes over the entire
study period, rather than being limited to a short time frame as in this thesis. As described

in section 2.3.2, CG strikes represent only a fraction of total lightning activity, excluding CC
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and IC may underestimate storm electrification. Therefore, such an extension would very
likely reduce the number of lightning-free PHTs and provide a more complete representation
of storm electrification. In addition, it would enable a more comprehensive analysis of
lightning behavior and offer deeper insights into the differences between strikes that reach
the ground and those that remain within the cloud.

Further work is needed to improve hail tracking in the northern part of the study area,
particularly in maritime regions such as the Baltic Sea and North Sea. In this thesis, these
regions were excluded due to the non-physical high number of PHTs without associated
lightning.

Future studies should broaden the study area to increase sample size and investigate regional
differences, for example between Germany and Europe as a whole, or between Europe and
the United States. These studies could identify whether observed trends are region-specific
or reflect broader atmospheric changes. Moreover, increasing the temporal resolution of
PHTs and environmental parameters would allow for more precise results. This improve-
ment would likely make the PHTs more realistic and enable a clearer assignment of lightning
strikes and environmental conditions to individual PHTs.

Finally, the findings of this study, especially regarding environmental conditions as poten-
tial drivers of the negative trend in lightning strike occurrence, are not yet conclusive and
require further investigation.

In summary, this thesis offers new insights into the relationship between PHTs and light-
ning activity. It highlights the role of environmental and microphysical factors in storm
electrification. These findings contribute to a deeper understanding of severe convective
storms in Central Europe and provide a valuable foundation for enhancing forecasting
methods and risk assessments. Further research is needed to refine hail tracking and expand
the analysis to include all lightning types. However, the results presented here underscore
the potential of integrating radar and lightning data to advance severe weather monitoring.
This work contributes to the foundation of future studies that aim to understand the com-
plex interactions between atmospheric dynamics, aerosols, and convective processes in a

changing climate.
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Figure A.1: Average number of lightning strikes per time step along radar-detected hail tracks of
different lifetimes. The solid lines indicate the mean number of lightning strikes per time step,
while the shaded areas represent the 16th-84th percentile range across all tracks within each group.

track duration 3 (8091)

track duration 4 (3941)

track duration 5 (2044)

track duration 6 (1131)

100 100 100
—e— median —e— median —e— median —e— median
16-84% 80 16-84% 80 16-84% 80 16-84%
» w o
i i i
5 60 E 60 5 60
2 g 2
€ 40 § 40 £ 40
£ £ b=
2 2 2
2 o 2 ’/._—4—0\_. 20 ././4-——0—0\.
0 0 0
1.0 15 2.0 25 3.0 1 2 3 4 1 2 3 4 5 1 2 3 4 5 6
time step time step time step time step
track duration 7 (665) 100 track duration 8 (402) 100 track duration 9 (263) 100 track duration 10 (168)
—o— median —e— median —e— median
16-84% 80 16-84% 80 16-84% 80
» w o
i i i
g % e § % e~ median
£ £ £ 16-84%
£ 40 £ 40 £ 40
£ = b=
2 2 2
P — 20 ././.__./k.._.\ 20 ./.’.A_,/o—o\‘\‘ 20 ._./,/ko—r—"‘\.\.
0 0 0
2 4 6 2 4 6 8 2 4 6 8 2 4 6 8 10
time step time step time step time step
track duration 11 (113) 100 track duration 12 (76) 100 track duration 13 (63) 100 track duration 14 (37)
80 80 80
» w o
< < <
—e— median @ 60 —e— median @ 60 —e— median @ 60 —e— median
16-84% £ 16-84% £ 16-84% £ 16-84%
€ 40 € 40 S 40
£ £ b=
M 20 20 20 M
0 0 0
2 4 6 8 10 25 5.0 7.5 10.0 12. 25 5.0 7.5 10.0 125 25 5.0 75 100 125
time step time step time step time step
track duration 15 (26) 100 track duration 16 (20) 100 track duration 17 (15) 100 track duration 18 (14)
—e— median —e— median —e— median
16-84% 80 80 16-84% 80 16-84%
w w o
2 4 2
7 60 —e— median 7 60 7 60
2 16-84% 2 2
£ 40 £ 40 S 40
£ £ £
M * ® ®
™ T 0 0 T 0
5 10 15 5 10 15 5 10 15 5 10 15
time step time step time step time step
track duration 19 (5) 100 track duration 20 (6) 100 track duration 21 (7) 100 track duration 22 (3)
—e— median —e— median —e— median
16-84% 80 80 16-84% 80 16-84%
» w o
2 4 2
B 607 o median 3 60 7 60
2 16-84% 2 2
£ 40 £ 40 £ 40
£ £ b=
2 2 2
20 20 M 20
0 0 0
5 10 15 5 10 15 20 0 5 10 15 20 0 5 10 15 20
time step time step time step time step
track duration 23 (3) 100 track duration 26 (3) 100 track duration 28 (1) 100 track duration 29 (1)
—o— median —o— median y —e— median
16-84% 80 16-84% 80 80 16-84%
» w o
¢ ¢ 8
= = =
E 60 5 60 5 60
2 2 2
£ 40 £ 40 £ 40
£ £ b=
20 20 —e— median 20
16-84% ;
0 0 0
0 5 10 15 20 0 5 10 15 20 25 0 5 10 15 20 25 0 10 20 30
time step time step time step time step
track duration 36 (1)
0 10 20 30
time step

Numbers in parentheses denote the total number of hail tracks within each group.
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Figure A.2: Average amount of RXMax3 per time step along radar-detected reflectivity cores (RCs)
of different lifetimes. The solid lines indicate the mean of RXMax3 per time step, while the shaded
areas represent the 16th-84th percentile range across all tracks within each group. Numbers in
parentheses denote the total number of hail tracks within each group.

99



A. Appendix

ML_WMAXSHEAR

2500

2000 T

=

u

o

o
1

=

o

o

o
1

ML WMAXSHEAR

500 - 1 _:) 1
01

‘f;‘P qsg‘P 9‘;'\0 66-\0 5\" o\° o\
4,4 0‘ 90 ‘?! 4, 04 .7
P » © ®
Intensity Class

(a) combination of maximum vertical velocity and wind shear for mixed-layer air parcel in [m? s~2]

RH_02km
1.0 _ T
0.9 ‘ \
0.8 '
£ C'.?‘E T T T T T
4 ]
Slaﬁé
T ]
o 0.5
0.4 ‘
0.3 L + —+ 1 s
0.2
4;\0 S° g\" g\° 4;\0 S° &5 4;\0
£ o » ) [ P k) K
S K § & S

Intensity Class

(b) relative humidity between 2 and 5km in [ ]

100



SRH_03km_LM

BS 010km

SRH_03km_LM

400
300
200 ]

100‘5

o
Ll

|
[y
o
o
|

—200‘5

~300 |

~400

(c) storm-relative helicity between 0 and 3 km for left mover cells in [m? s™2]

ol ole ole o\e
N

AR SR S

Intensity Class

BS_010km

[=)] =~
o o
! N

un
o
P RN R

= rJ w P~
o o o o
| I S S TN T T N T TR S N W1

o
AT

el 8]
el e {
Intensity Class

(d) bulk shear between 0 and 10km in [ms™]

101



A. Appendix

PRCP_WATER

50 . + L . —+ T

40 )'
i
Eo ] 1 e 1 4
< 30 1 L
n_l ]
g
o 20 ]

10 - = -+

ol ole ol o\e ole oo ol ol
5 4,:»" 5 $ & 63,0 09" o
P P Y < &

Intensity Class
(e) precipitable water in [mm]

Figure A.3: Distribution of selected convective parameters by average lightning activity. Tracks
are grouped into lightning intensity categories based on their average number of lightning strikes
per track. The colors of the violins indicate the percentile groups, which are applied consistently
throughout the analysis. Statistical tests confirm that the light-blue and orange percentile groups
differ significantly.
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Figure A.4: Annual distribution of selected convective parameters.
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Figure A.5: Distribution of selected atmospheric aerosol parameters by average lightning activity.
Tracks are grouped into lightning intensity categories based on their average number of lightning
strikes per track. The colors of the violins indicate the percentile groups, which are applied consis-
tently throughout the analysis. Statistical tests confirm that the light-blue and orange percentile
groups differ significantly.
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Figure A.6: Annual distribution of selected atmospheric aerosol parameters.
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