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Abstract

This study deals with the impact of wind shear on convective precipitation and
aerosol—cloud interactions based on ICON real-case simulations. Therefore, three
convective active days are simulated with a 1-km ICON grid, two of them from the
Swabian MOSES 2021 field campaign. To study the impact of the vertical wind
shear, the simulations for each day are performed with the reference shear from
the initial and boundary data but also with increased and decreased initial wind
shear. For the aerosol effects, model output for four different concentrations of
cloud condensation nuclei (CCNs) is generated. Besides the simulations, radar data
from the German Weather Service and soundings from the Swabian MOSES field

campaign are used to compare the model output with observations.

For the analysis of the real-case simulations, spatial averages of several atmospheric
variables over Germany and some bordering regions are used to explain precipitation
in this area. For some explanations, also variables averaged over the domain of the
Swabian MOSES campaign are utilized. A higher potential for convection is always
found for stronger wind shear. But nevertheless, no generally valid statement can be
made for the effect of wind shear on convective precipitation. On one simulation day,
the precipitation amount systematically increases with increasing wind shear, and
on the other two days, it decreases. Therefore, many different atmospheric variables
are shown for each day in the present work to give an overview of atmospheric

conditions leading to the individual precipitation response.

The precipitation amount clearly varies less for varying CCN concentration than
for varying wind shear. As for the shear dependency, there is no clear systematic
behavior of the CCN dependency of total precipitation as all different shear real-
izations show an increase in precipitation for increasing CCN concentration on one
day and a decrease on the other day, some an increase and some a decrease on the
third day. The magnitude of the CCN sensitivity is not influenced in a systematic
way by the vertical wind shear. The vertically integrated hydrometeor variables and
microphysical process rates behave more similarly on the three simulation days than
precipitation. They are used together with some similar atmospheric variables as
before and vertical profiles to explain the precipitation response of the different sim-

ulations. At the end of the model output evaluations, the precipitation efficiency, the



relation of precipitation and precipitation generation, is shown. The precipitation
efficiencies behave very similarly on each day with increasing values for increasing
CCN concentration. This CCN sensitivity is stronger the greater the vertical wind
shear is. The thesis closes with an outlook on how further research could look like
following from the mostly individual results for the different simulation days in this

work.
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Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit dem Einfluss der Windscherung auf kon-
vektiven Niederschlag und Aerosol-Wolke-Wechselwirkungen basierend auf realen
Simulationen mit dem Modell ICON. Dafiir werden drei Tage mit konvektiver Ak-
tivitdt mit 1km Auflésung simuliert, wobei zwei der Tage aus dem Zeitraum der
Swabian MOSES Messkampagne von 2021 sind. Um den Einfluss der vertikalen
Windscherung zu untersuchen, werden die Simulationen fiir jeden Tag mit der Ref-
erenzscherung aus den Anfangs- und Randdaten, aber auch mit vergroferter und ver-
ringerter vertikaler Windscherung erzeugt. Fiir die Aerosol Effekte werden Simula-
tionen mit vier verschiedenen Konzentrationen an Kondensationskeimen fiir Wolken
(cloud condensation nuclei: CCNs) erstellt. Neben den Simulationen werden auch
Radardaten vom Deutschen Wetterdienst und Radiosondenaufstiege von der Swabian
MOSES Messkampagne genutzt, um die Ergebnisse der Simulationen mit Beobach-

tungsdaten zu vergleichen.

Fiir die Analyse der realen Simulationen werden verschiedene atmosphérische Vari-
ablen, rdumlich gemittelt iiber Deutschland und angrenzende Regionen, verwendet,
um den Niederschlag in diesem Gebiet zu erkldren. Fiir manche Erklarungen werden
auch iiber das Gebiet der Swabian MOSES Kampagne gemittelte Variablen gezeigt.
Ein hoheres Konvektionspotential tritt an allen Simulationstagen fiir starkere Wind-
scherung auf. Allerdings kann keine generelle Aussage dariiber getroffen werden,
wie sich die Windscherung auf den konvektiven Niederschlag auswirkt. An einem
Simulationstag wéchst die Niederschlagsmenge systematisch fiir ansteigende Wind-
scherung, wohingegen sie an den beiden anderen Tagen systematisch sinkt. In-
folgedessen werden in der vorliegenden Arbeit viele verschiedene atmosphérische
Variablen fiir die einzelnen Tage gezeigt, um einen Uberblick dariiber zu geben,
wie die Atmosphérenbedingungen sind, die zu den einzelnen Niederschlagsmengen

fihren.

Die Niederschlagsmenge verandert sich eindeutig weniger bei sich verindernder CCN-

Konzentration als bei sich verdndernder Windscherung. Wie bei der Abhéangigkeit

il



von der Scherung gibt es keine eindeutige systematische Abhangigkeit des Nieder-
schlags von der CCN-Konzentration, nachdem die verschiedenen Windscherungssim-
ulationen alle mehr Niederschlag fiir mehr CCNs an einem Tag, alle weniger Nieder-
schlag am anderen Tag und manche mehr, manche weniger Niederschlag am dritten
Tag zeigen. Dabei ist die Grofse der CCN-Sensitivitéit nicht systematisch von der ver-
tikalen Windscherung abhéngig. Die vertikal integrierten Hydrometeormengen und
mikrophysikalischen Prozessraten verhalten sich dhnlicher an den drei Simulation-
stagen als der Niederschlag. Zusammen mit dhnlichen atmosphérischen Variablen
wie zuvor und Vertikalprofilen werden Hydrometeormengen und Prozessraten dazu
genutzt, den Niederschlag der verschiedenen Simulationen zu erklédren. Am Ende
der Auswertungen wird die Niederschlagseffizienz, welche sich als das Verhaltnis von
Niederschlag und Erzeugung von Niederschlag berechnet, gezeigt. Diese verhalt sich
an allen drei Tagen sehr dhnlich, wobei die Werte fiir wachsende CCN-Konzentration
zunehmen. Dieser Effekt ist stérker, je grofer die vertikale Windscherung ist. Die
Arbeit schlieftt mit einem Ausblick darauf, wie in Anbetracht der Ergebnisse der

vorliegenden Studie zukiinftige Forschung aussehen koénnte.
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1. Introduction

Convective clouds and storms are not only fascinating in terms of their appearance.
They are often associated with severe weather like hail, heavy rain or severe wind
gusts. Therefore, they pose a risk to human health and often cause large damage to
infrastructure, buildings, vehicles and agriculture. As an example, one very intense
event occurred at the end of July 2013. There was a series of heavy thunderstorms
over Germany, including supercells with hail. One of the cells produced hail with
a diameter of 10cm along a path of 120 km which also hit the densely populated
region of Stuttgart and therefore caused damage of more than EUR 1 billion (Kunz
et al., 2018). The whole event, defined for a period of 72 hours, led to insured loss of
around EUR 2.8 billion and total economic loss of around EUR 3.5 billion (SwissRe,
2014).

During a three-day period around 23 June 2021, severe hailstorms occurred over
southern Germany, France, Switzerland, Austria and Czech Republic. They caused
a total insured loss of around EUR 4 billion as they were associated with hail of
maximum diameters of 4 cm, hail accumulations on the ground of around 30cm
depth in maximum and heavy rainfall, which led to flooding (Kunz et al., 2022).
There were many more severe convective events in the past years, which could be
listed here. However, the point is only to illustrate how large the damage can be,

which is why a successful forecast of such events is of great importance.

Over the past decades, the forecast skill of numerical weather prediction (NWP)
models has largely improved. Nowadays, more observational data are available,
which are assimilated in a better way. Furthermore, a higher computing power is
available. This led to an improvement of the models, and simulations can be done
with a higher resolution and with more appropriate parameterizations of sub-scale
physical processes nowadays (Magnusson and Kéllén, 2013). Also ensemble mod-
eling strategies are often used to get information about the accuracy of the model
forecast (Buizza, 2019). However, the forecast of convective precipitation is still an
ongoing challenge as it is influenced by many different aspects. The orography, het-
erogeneities of the land surface and the synoptic-scale flow determine the triggering
of convection (Kirshbaum et al., 2018; Barthlott et al., 2022a). On the other side,
the complex microphysics in the formation of cloud droplets when interacting with
aerosols (aerosol-cloud interactions: ACI) are also a source of uncertainty for the
prediction of convection (Seifert et al., 2012; Fan et al., 2013).

Therefore, many studies have been done in the past years to get a better under-
standing of how aerosols influence convective clouds and precipitation (e.g., Fan
et al., 2016). Differences in the convection intensities for cleaner and more polluted

conditions were the focus (e.g., Tao et al., 2007), sometimes in combination with
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different variables like soil moisture content (e.g., Barthlott et al., 2022a; Schnei-
der et al., 2019) or vertical wind shear (Fan et al., 2009). In this latter study, the
authors found a dominant impact of the wind shear on the aerosol effects in convec-
tive clouds using idealized simulations. For strong wind shear, more aerosols reduce
the amount of precipitation. However, for weak shear, more aerosols increase the
amount of precipitation up to an optimum concentration. For higher concentrations,
the precipitation amount decreases again. In the present study, this line of inves-
tigation is expanded by real-case simulations. Three days with convective activity
are simulated, and both vertical wind shear and aerosol concentration are varied.
Two of the days are from the Swabian MOSES (Modular Observation Solutions for
Earth Systems) field campaign, which took place in the summer of 2021 in south-
western Germany. Due to the still ongoing challenge of forecasting convection, it is
necessary to get a better insight in the event chain of convective storms, which was
the goal of the measurement campaign together with the study of heat waves (Kunz
et al., 2022). During the severe weather around 23 June 2021 mentioned above,
measurements were taken as part of Swabian MOSES. Therefore, 23 June 2021 is
the first simulation day, 28 June 2021, a day also with a supercell of smaller hail
with a maximum diameter of 3 cm (Kunz et al., 2022), is the second simulation day.
The third day is 22 July 2015, which was found in the data set of Tonn et al. (2023)

as a day with supercells over Germany.

The thesis is structured as follows: In chapter 2, meteorological background infor-
mation concerning deep convection and ACI is presented. First, it is described how
convection can develop, by which measures it can be characterized, and in which
form it can occur. Afterwards, an overview of how cloud droplets form microphys-
ically using aerosols and how they grow into raindrops is given, and how aerosols
affect cloud properties in general and in convective clouds in particular. After some
information about the Swabian MOSES field campaign at the beginning of chapter
3, the model simulations and used observation data are described in this chapter,
with emphasis on the former. In chapter 4, the precipitation observations for the
three simulation days are described, which can give information about how well the
simulations represent the reality. For the simulations in chapter 5, the focus is first
on the effect of wind shear on convective precipitation. Therefore, the three simu-
lation days are presented one after the other. Afterwards, the focus is on how the
aerosol effects change with varying wind shear and how this has an effect again on
the convective precipitation. Also the impact of wind shear and CCN concentration
on precipitation efficiency is presented. The thesis closes with a summary of the

main results and an outlook on future research in chapter 6.



2. Theoretical Background

This chapter deals with meteorological background relevant for the present thesis.
First, the focus is on deep convection. Information about atmospheric stability is
given and how deep convection can develop. Convective measures used in the context
of atmospheric convection are presented, as well as different convective cells and their
characteristics. Afterwards, ACI are introduced. It is presented how cloud droplets
form using aerosols and how the droplets can grow into precipitation particles. The
general effect on cloud albedo and lifetime is explained, as well as how different

aerosol concentrations influence convective clouds.

2.1 Deep convection

According to Emanuel (1994), convection refers to those movements in the atmo-
sphere that are related to the effect of a steady gravitational field upon density
changes in a fluid. In meteorology, the vertical motion of air parcels due to buoyancy,
characterized by vertical transport of mass, heat, water, momentum and vorticity, is
called atmospheric convection (Lin et al., 2022). It is distinguished between shallow
convection, which refers to cumulus clouds, and deep convection, which refers to

thunderstorms in their different manifestations (Section 2.1.5).

The initiation of convection can be free or forced. In the case of free convection, the
initiation occurs due to thermal buoyancy, e.g., as a consequence of strong heating
of the air close to the ground or cold advection of air in higher levels. An air parcel
is lifted dry adiabatically up to the level of free convection (LFC), above saturation
is reached and condensation connected with release of latent heat takes place. The
lifting occurs as long as the air parcel is positively buoyant. The height where
the buoyancy becomes neutral is called the equilibrium level (EL). In the case of
forced convection, an external influence, e.g., orography or near-surface convergence,
forces the air to rise above a height, where lifting takes place due to buoyancy

analogously to the free convection. This height is called lifting condensation level
(LCL) (Markowski and Richardson, 2010).

Independent of the triggering mechanism, the stratification of the atmosphere is of
great importance for the evolution of deep convection. To make a statement about
the stability or instability of the atmospheric stratification, potential and equivalent

potential temperature can be used.

2.1.1 Potential and equivalent potential temperature

For the derivation of these quantities, the first law of thermodynamics

dU = 0Q + oW = Q) — pda (2.1)
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is necessary (Vallis, 2017). This fundamental relation states that in a closed system,
the change of the internal energy dU can be achieved through input of heat 6(Q) or
work done 6, expressed by the pressure p and the specific volume o = p~!. The

preceding d expresses a total, and the § an inexact differential.

For the enthalpy A = U + pa the differential dh becomes
dh = dU + pda + adp = 0Q) + adp. (2.2)

by using equation 2.1. Assuming a dry ideal gas, which is a reasonable assumption
for a dry atmosphere, the internal energy is only influenced by the temperature
(Vallis, 2017). By inserting the ideal gas law

pa = R.,T (2.3)

with the specific gas constant Ry, for dry air (Ry, = 287.05J kg™ K1) in equation 2.2,

it becomes visible that dh is only a function of temperature:
dh = dU(T) + R dT = dh(T). (2.4)
Therefore, it is possible to write

oh
dh= (=) dT" = ¢, dT 2.5
(57) a7 =e. (25)
with the heat capacity at constant pressure c,. From equating the equations 2.2 and

2.5, the first law of thermodynamics results in
0Q) = cp,dT — adp. (2.6)

From this form of the first law of thermodynamics, the potential temperature can
be derived. Dry adiabatic motion is assumed, which means that the process takes
place without the exchange of heat (6Q) = 0). This is a necessary prerequisite as the
potential temperature of an air parcel is defined as the temperature this parcel would
have if it is lifted (and therefore expanded) or lowered (and therefore compressed)
adiabatically to a reference pressure (Markowski and Richardson, 2010). After using
the ideal gas law to replace a and integrating of the modified version of equation 2.6,

the potential temperature 6 can be written as

0= T(@)H. (2.7)

p

with k = Ry, /¢, and the reference pressure pgy, which is usually chosen as 1000 hPa.
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For the relevant convective processes, the assumption of dry adiabatic motion is no
longer valid as the air parcel reaches saturation at the condensation level. Above,
water vapor condenses, and latent heat is released (0Q) # 0). Equivalent potential
temperature is therefore introduced as the temperature an air parcel would have
if the latent heat released during the condensation of all the water vapor inside
the parcel was converted into sensible heat (Trapp, 2013). The water is removed
instantaneously as convection is assumed to be a pseudo-adiabatic process. The

equivalent potential temperature 6, can be written according to Bolton (1980) as

1000 0,2854(1-0,28-10~37) 3.376
ee=T<—> eXpK ’ —0,00254>-r(1+0,81-10—3r) . (2.8)
D Trcrn

In this, the pressure p in hPa and the mixing ratio r in gkg~! must be inserted,
Ticr is the temperature at the LCL in K. By connecting humidity and temperature
in the equivalent potential temperature, this measure can be used as an indicator

for atmospheric stability.

2.1.2 Lapse rate of a lifted air parcel

During the lifting of an air parcel, its temperature and therefore density changes.

When combining the first law of thermodynamics and the hydrostatic approximation

dp _

_ 2.9
P Py (2.9)

where ¢ describes the free fall acceleration due to gravity, the dry adiabatic lapse

rate ['g is computed as the fraction of free fall acceleration and specific heat capacity
(Markowski and Richardson, 2010):

dT" ¢

[g=— =% =0,98K(100m)™". 2.10

d dz Cp ) ( m) ( )

Below the condensation level, the temperature of the air parcel is therefore reduced

by around 1K per 100m. Above the condensation level, the cooling rate of the air

parcel is reduced. This is a consequence of the latent heat release during condensa-

tion. From Clausius—Clapeyron equation, approximately

17.67T

—_— 2.11
T+ 243.5 ( )

es ~ 6.112exp

can be formulated. Herein, e is the saturation vapor pressure and 7" the temperature
in °C. It becomes visible that warm air contains more water vapor at saturation than
cold air (Markowski and Richardson, 2010). Therefore, the moist adiabatic lapse rate

I',, is dependent on the actual air parcel temperature. In warmer air, the lapse rate
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is smaller, and in colder air more similar to the dry adiabatic lapse rate.

2.1.3 Atmospheric stability

The atmospheric stratification can be described with the lapse rate of the environ-
ment around the air parcel 7, or the vertical gradient of potential and equivalent po-
tential temperature. Absolutely stable conditions occur for v, < I'y,. A lifted parcel
would get a lower temperature than the environment, leading to negative buoyancy
independently of saturation. The potential and equivalent potential temperature
increase with height within this type of stratification. In contrast, absolutely unsta-
ble conditions occur for v, > I'y. Even below saturation, the parcel stays warmer
than the environment during lifting, leading to positive buoyancy. Potential and
equivalent potential temperature both decrease with height for absolutely unstable

conditions.

If v, is between I'y, and I'g, the stratification is conditionally unstable. For a satu-
rated air parcel, the atmosphere is unstable, and for an air parcel without saturation,
stable. For conditional instability, the potential temperature increases with height
while the equivalent potential temperature decreases. If the lapse rate of the envi-
ronment is equal to the dry or moist adiabatic lapse rate, the stratification is dry
neutral or saturated neutral, respectively. Dry neutral stratification is also char-
acterized by a constant potential and decreasing equivalent potential temperature
with height. In saturated neutral conditions, the potential temperature increases
with height, and the equivalent potential temperature stays constant (Kraus, 2004;
Trapp, 2013).

If whole layers are lifted, as could be the case in frontal zones, the stability of the air
layer can change. As is visible from Fig. 2.1, the vertical temperature gradient can
be changed during lifting. If the lower end of the layer (A) is more humid than the
higher end (B), saturation and cooling with moist adiabatic temperature gradient
occurs earlier below. The upper part of the layer is cooled stronger, which leads to
a destabilization of the layer (Fig. 2.1(a)). This is known as potential instability. If
the upper part is moister and saturation takes place earlier, the layer AB becomes
stabilized through the lifting. This is called potential stability. As is visualized
in Fig. 2.1(b), even an inversion would be possible after lifting (Iribarne and Cho,
1980).

For all considerations of stability, simplifications are made. In reality, the environ-
ment is disturbed by the uplift of the air parcel. To balance this upward motion, the
air in the environment slowly sinks down for continuity reasons. As a consequence,
the environment is slightly heated, reducing the instability. In addition, entrain-

ment of environmental air into the parcel is neglected. This process also reduces the
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() (b)

Figure 2.1: (a) Destabilization of an air layer in potential instability and (b) stabilization
of an air layer in potential stability. G5 herein indicates the moist adiabatic lapse rate I'y,
and B4 the dry adiabatic lapse rate I'q. A, B and  show the air layer profile before lifting,
A’, B and (' afterwards. Figure from Iribarne and Cho, 1980.

temperature difference between the environment and the lifted parcel and therefore
the instability (Kraus, 2004).

2.1.4 Convective measures

Several measures connected with convection are used in meteorology which represent
the stratification. One of these measures is the convective available potential energy
(CAPE). As the name implies, CAPE expresses how much potential energy is avail-
able in a vertical column to be converted into vertical motion after the triggering of
convection. According to Trapp (2013), it is computed as the vertical integral from
LFC to EL over the buoyancy B:

CAPE — / ™ Baz. (2.12)
ZLFC

Large CAPE indicates a high potential for deep convection. However, as high values

of this measure are a necessary, though not sufficient condition for convection, there

is no guarantee that convection actually will be triggered. Therefore, the convective

inhibition (CIN) plays a role. It is computed in a similar way as CAPE but integrated

from the surface to the LFC:

ZLFC
CIN = / Bdz. (2.13)

Rsfc
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Figure 2.2: Thermodynamic diagram (skew T - In p) with an exemplary sounding (black
line) showing a negative area for CIN (blue) between surface and LFC and a positive one
for CAPE (orange) between LFC and EL. Figure from Trapp (2013).

Large values of CIN can prevent the development of convection even if the CAPE is
sufficient. Low values are favorable for the consumption of CAPE and its conversion
in vertical motion (Trapp, 2013). In the case of free convection, CIN equals 0 Jkg~!.

Via conservation of energy the two velocities weoy and wpax can be calculated:
wen = V2CIN and Wax = V2CAPE. (2.14)

Here, wepy is the vertical velocity a parcel must exceed in the boundary layer to
overcome the CIN barrier and reach the LFC. For further uplift of the parcel, wyax
describes the possible maximum vertical velocity. This value is usually too high due
to limitations in the parcel theory described at the end of section 2.1.3 (Markowski
and Richardson, 2010).

The CAPE and CIN can also be visualized with a thermodynamic diagram (Fig. 2.2).
CAPE is the orange-shaded area between LFC and EL, and CIN is the blue-shaded
area below. It is visible that CAPE would increase if cold air is advected in higher
layers, leading to a shift of the temperature line to the left. Warmer and moister
air near the surface would also lead to a larger CAPE as a consequence of a lower
LFC. CIN is reduced for these conditions and increased for a lower temperature at
the ground and an inversion above. After equivalent potential temperature 6, is a
measure combining humidity and temperature, there is a linear correlation between
CAPE and low-level 6, confirmed in a study by Kohler et al. (2010), starting for
values around 6, = 344 K (Fig. 2.3).
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Figure 2.3: Linear correlation between equivalent potential temperature 6, and CAPE.
Values for 6, are averaged over the lower part of the boundary layer (25hPa). Figure from
Kohler et al. (2010).
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Figure 2.4: Single cells, multicells and supercells dependent on the vertical wind shear.
Figure from Markowski and Richardson (2010).

Besides the energy measures CAPE and CIN, the vertical wind shear is also im-
portant in the context of deep convection as it is responsible for the organization
of convection. Usually, the wind shear is calculated as the difference between the
wind vectors in 6 km and near the surface and is referred to as deep-layer shear
(DLS), even though it is actually a velocity difference and no shear. High values
of DLS tend to support the organization of convection and lead to a longer life-
time of convective cells. However, too strong wind shear can also be obstructive for
the convection as it can dissolve weak updrafts or prevent the initiation by larger
entrainment (Markowski and Richardson, 2010).

2.1.5 Convective cells

As mentioned above, vertical wind shear mainly influences the organization of con-
vection and therefore the type of convective cell. From Fig. 2.4, it becomes visible
that single cells usually develop in weak shear environments, multicells in medium
shear environments and supercells in strong shear environments. Some overlap oc-
curs due to secondary factors like the vertical distribution of buoyancy or moisture
(Markowski and Richardson, 2010).
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Figure 2.5: (a) Towering cumulus stage, (b) mature stage and (c) dissipating stage of a
single cell during its lifetime. Figure from Markowski and Richardson (2010), based on
Byers and Braham (1948) and Doswell (1985).

Single cells

The single cells within a weak vertical wind shear environment are characterized
by one updraft and no subsequent organized convection. Severe weather like hail
or severe wind gusts is rare for a single cell during its short lifetime of roughly 30—
60 min. During the lifetime, a single cell goes through three characteristic stages
shown in Fig. 2.5: the first stage is the towering cumulus stage, where only the cell’s
updraft exists. It is most of the time initiated by the diurnal cycle of the boundary
layer, where the maximum heating during daytime increases CAPE and reduces
CIN. After the initiation of the updraft, precipitation particles large enough to fall
through the convective updraft are formed within the mature stage. Because the
hydrometeors fall and partly evaporate, a downdraft is induced, which co-exists close
to the updraft. The downdraft hits the ground with a relatively low temperature,
flows out horizontally to the sides (cold pool) and initiates the gust front at the
leading edge. Due to the small vertical wind shear, the gust front is usually too
weak to initiate new cells. In the dissipating stage, the cold pool cuts off the updraft
from potentially buoyant air from the ground. This leads to a weakening of the
updraft. The downdraft completely dominates and the cell dissipates (Markowski
and Richardson, 2010; Doswell, 1985).

Multicells

As could be seen from Fig. 2.4, multicells occur in an environment of moderate
vertical wind shear. The gust front becomes asymmetrical and is able to initiate

new cells repeatedly, mainly on the downshear flank (Fig. 2.6). The wind shear

10
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Figure 2.6: Lifting by the gust front for a multicell in moderate westerly wind shear. Green
and yellow areas indicate areas of precipitation, the darker blue area the cold pool. With
the black arrows some storm-relative streamlines are indicated and the LFC is depicted.
The white circular arrows show in which sense the cold pools induce horizontal vorticity,
and the purple ones how the wind shear affects the vorticity. Figure from Markowski and
Richardson (2010).

induces an anticyclonic! horizontal vorticity. On the downshear flank of the cells,
the cold outflow of the cells produces cyclonic horizontal vorticity, which can add
up with the anticyclonic one from the wind shear along the gust front. Lifting of air
parcels from the ground up to the LFC and the development of new cells, mainly
on the downshear flank, are the consequences. Thus, a multicell consists of several
ordinary cells in different stages of their life cycle. The movement of the system is
then determined by the advection of the cells with the mean wind and a propagation
component due to the lifting along the gust front. Multicells live longer and severe
weather is more likely than in single cells, which increases the risk of damage along
their path (Markowski and Richardson, 2010).

Supercells

Supercells are the rarest storm type, but as they are connected with strong updrafts
with high vertical velocities, severe weather like large hail or heavy precipitation can
be formed. As a consequence, supercells produce large damage like in the case of the
events at the end of July 2013 and June 2021 mentioned in the introduction, or like
in the case of the Munich hailstorm in June 2019, which was responsible alone for a
loss of almost EUR 1 billion (Munich Re, 2020, Wilhelm et al., 2020). As mentioned
above, supercells form in an environment of strong vertical wind shear, therefore, a
lot of horizontal vorticity is available. From the linearized vorticity equation of the

vertical component (

ot

<a_<) =—(0—=0) Vil + S x V' - k, (2.15)

advection tilting

In the present work, cyclonic and anticyclonic are defined as on the northern hemisphere, which
means that cyclonic describes a counterclockwise and anticyclonic a clockwise rotation.

11



2. Theoretical Background

=]
F W —

. o S

Figure 2.7: Vortex pair in the updraft of the supercell after tilting horizontal in vertical
vorticity. Figure from Markowski and Richardson (2010).

with the storm-relative wind (¢ — ¢) and the shear vector S, it follows that the
horizontal vorticity can be tilted into vertical vorticity. A vortex pair with an an-
ticyclonic rotation on the left side and a cyclonic rotation on the right side of the
updraft is generated (Fig. 2.7). For an environment with directional shear and
therefore streamwise vorticity?, the cyclonic vortex is advected into the center of
the updraft, and the anticyclonic vortex is shifted into the downdraft region and
dissipates. This way, deep and persistent rotation within the updraft region, which
is called a mesocyclone, can be generated. This mesocyclone is the defining criterion
for supercells. It is usually 3-8km wide and has a rotation of 1072s~!. For the

time an air parcel rises through the entire updraft, the mesocyclone should persist
(~ 20min) (Markowski and Richardson, 2010).

As well as in the other storm types, precipitation particles form within the updraft
and rise high into the atmosphere. In supercells, the strong storm-relative winds
in middle and high levels lead to transport of the hydrometeors and therefore a
spatial displacement of the updraft and the forming downdrafts (Fig. 2.8). The
downdrafts are especially located forward and rearward from the updraft (Trapp,
2013). The spatial displacement of updrafts and downdrafts enables a longer lifetime
of a supercell compared to ordinary cells (1-4h common, even longer is possible)
(Markowski and Richardson, 2010).

During their lifetime, supercells are subject to nonlinear and linear pressure pertur-
bations. The nonlinear pressure perturbations lead to an upward directed pressure
gradient force within each of the vortices at the side of the updraft that were shown
in Fig. 2.7. The updraft splits into two cells, right and left of the original updraft.

The new cells are called right-mover and left-mover, which refers to the position

2Streamwise vorticity means that the storm-relative wind points in the same direction as the
vorticity gradient. In contrast, crosswise vorticity indicates that storm-relative wind and vorticity
gradient are perpendicular.
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2.1 Deep convection

Figure 2.8: Plan-view schematic of a supercell at low levels. Arrows indicate streamlines,
red shading regions the updraft and blue shading regions the downdrafts, which are named
as forward-flank downdraft (FFD) and rear-flank downdraft (RFD). Figure from Trapp
(2013), adapted from Lemon and Doswell (1979).

relative to the vector of the vertical wind shear. Precipitation can support the split-
ting, which, however, is not a necessary requirement. The splitting can take place
several times as long as there is enough crosswise vorticity. The linear pressure per-
turbations lead to high pressure upshear and low pressure downshear. If the shear
vector veers with height like in the situation of a clockwise hodograph, this induces
an upward-directed pressure gradient force on the right side of the updraft and a
downward force on the left side. The right-mover would strengthen, and the left-
mover weaken in that situation. It is the other way round for a counterclockwise
hodograph (Markowski and Richardson, 2010).

Thus, supercells not only have an advective component from the mean wind but also
a propagation to the right for right-movers or to the left for left-movers. A widely

used parameterization for the motion of supercells

Tom = s + D [17|ﬁ><’k] T = T — D VS a k} (2.16)
was set up by Bunkers et al. (2000), where the first summand @, represents the
advection by the mean wind of the lowest 6 km, and the second one the deviation
perpendicular to the right (left) of the shear vector v, computed with a mean wind
between 5.5 and 6 km as upper tail and between 0.5 and 0 km as lower tail. Bunkers
et al. (2000) showed that D = 7.5ms™! works best to represent the deviation from

the mean wind for a dataset of supercells over the United States. However, Tonn
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2. Theoretical Background

et al. (2023) found that the deviation from the mean wind is smaller for supercells

1

over Germany and D = 4.0ms™" works best.

Mesoscale convective systems

A mesoscale convective system (MCS) is an ensemble of several thunderstorm cells.
This ensemble extends over a large area with contiguous precipitation (100km or
more in at least one direction) so that the Coriolis acceleration becomes significant
(Markowski and Richardson, 2010). According to Trapp (2013), they have a much
longer lifetime than the isolated cells of often nine hours up to one day. One subset
of MCS is the mesoscale convective cluster (MCC), which is defined over several
conditions for its cloud anvil (Maddox, 1980). Another form of MCS is the squall
line with a large extent in only one direction. The squall line is usually characterized
by the arrangement of the convective cells along a line in the front part and a large

area behind with stratiform precipitation.

2.2 Aerosol—cloud interactions

For all convection types described above, microphysical processes take place, which
are responsible for the formation of clouds and rain. In the following, the focus
is on these processes to create an understanding of how cloud droplets form using
aerosols and how they become precipitation particles. Afterwards, some general ACI
are presented. At the end of the chapter, the focus is on convective clouds and how

they are affected by aerosols.

2.2.1 Formation of cloud droplets

Cloud droplets are formed via nucleation, which is the process where a liquid or solid
phase of water is initiated from water vapor. A solid ice phase in cold clouds can
form from the gas phase either directly via deposition or via the freezing of previously
created liquid droplets. Even if convective clouds spread vertically far, and thus the
ice phase also plays a role, the focus in this section is on the processes in warm
clouds where liquid droplets are formed. There is homogeneous nucleation where
the condensed phase directly forms from the vapor. In this case, the atmosphere
has to be extremely supersaturated. The vapor saturation ratio S = e/es with the
water partial pressure e and the equilibrium vapor pressure eg has to exceed values

of four, which is unrealistic high for atmospheric clouds (Lamb and Verlinde, 2011).

In heterogeneous nucleation, some aerosols in the atmosphere facilitate the formation
of the condensed phase by lowering the free energy of germ formation. These aerosols

are termed cloud condensation nuclei (CCNs) or ice nucleating particles (INPs) if
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2.2 Aerosol-cloud interactions

ice particles are formed directly from the vapor. In the atmosphere, there are very
different aerosols in different sizes, shapes, compositions, concentrations, etc., also
dependent on the location of the earth. There are insoluble aerosol particles that
can serve as CCNs. The heterogeneous nucleation is then a function of the contact
angle with the aerosol’s surface and the size of the particle. Large particles with
small contact angles serve as better CCNs (Lamb and Verlinde, 2011).

Much more effective is the formation of a liquid droplet with a water-soluble aerosol
particle. This procedure starts with the deliquescence how the dissolving of a solid
particle into a liquid solution is called. As the entropy increases during the process,
the deliquescence is actually not a nucleation but an equilibrium transformation. At
the deliquescence point, which is below 100% relative humidity but different for the
different soluble substances in the atmosphere, dissolution takes place. A further
increase of humidity beyond the deliquescence point leads to further growth of the
solution particle (Lamb and Verlinde, 2011).

For the formation of a cloud droplet from the solution droplet, the so called activation

is necessary. For the activation, a critical supersaturation must be reached. The

supersaturation (Sx — 1) can be calculated via the Kohler saturation ratio
A BiNg

Sk —1="— "%
Ta ’f‘d

(2.17)

with the droplet radius of the solution rq, the slightly temperature dependent pa-
rameters A and B, the van’t Hoff factor i and Ny expressing the solute content. The
first summand on the right-hand side of equation 2.17 represents the curvature effect
of the droplets, showing that the saturation ratio is increased in comparison to a
flat surface especially for small droplets. The second summand is the solution effect
lowering the saturation ratio. In combination, these two terms result in the Kéhler
curve shown in Fig. 2.9 where for small radii the solution effect dominates until the
supersaturation is high enough to reach the critical radius r.. Above this size, no

further supersaturation is necessary for further growth (Lamb and Verlinde, 2011).

The larger N of a solution is, the lower the required supersaturation is due to a
stronger solution effect. As the solute content is proportional to the size of the
diluted aerosols, for larger aerosols, a lower supersaturation is needed for the acti-
vation. Therefore, only the larger aerosols become activated as CCNs. The actual
activation size that separates not-activated aerosols from CCNs depends on the ac-
tual conditions in a cloud, but as the maximum supersaturations in atmospheric
clouds are below 10%, particles smaller than about 0.01 pm cannot become CCNs
(Lamb and Verlinde, 2011).
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2. Theoretical Background

Figure 2.9: Schematic illustration of the Koéhler function in equation 2.17. Figure from
Lamb and Verlinde (2011).

2.2.2 Formation of raindrops

Once a cloud droplet is formed, it can grow by condensation of water vapor. From
the growth rate in Lamb and Verlinde (2011), the following proportionality can be

seen for the condensational droplet growth:

de _
o~ Tyt (2.18)

The smaller the droplets are, the faster the growth is. For droplets in the order
of 20 pm, the condensational growth becomes very small and inefficient in forming
raindrops of typical diameters in excess of a millimeter. Therefore, collection must
take place by which relatively large droplets collide and coalesce with each other. To
get collisions of droplets in a cloud, significant relative motions between the droplets
are necessary. First, similar-sized droplets can collide in a stochastic collection
process through turbulence. For this turbulent physical process, the model used in
this work employs a parameterization referred to as autoconversion. Afterwards, a
few larger droplets exist among many smaller cloud droplets. Due to the different
masses, different gravitational speeds occur for the larger and smaller droplets. The
continuous collection, which is also called accretion, takes place where the large
droplets collect many of the small droplets within their pathway. This droplet growth
is efficient in forming raindrops as the increase of the droplet radius is exponential
with time (Lamb and Verlinde, 2011).

If the ice phase coexists within a cloud, the droplet growth can take place via
deposition or riming. The depositional growth of ice crystals is analogous to the
condensational growth of liquid droplets and therefore more relevant for the small
ice crystals. It occurs, for example, in the Wegener-Bergeron-Findeisen process,
where a gas-phase diffusion transfers water vapor from an evaporating droplet to

a growing ice crystal in a very specific range of supersaturation. After reaching a
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2.2 Aerosol-cloud interactions

critical size, the ice crystals grow via riming, in which analogously to the collision—
coalescence for liquid droplets, the falling ice crystals collect many small supercooled
cloud droplets. There is the possibility for the ice crystals to grow to graupel or even
hail and remain in the solid state as they continue falling, or to return to the liquid

state as ambient conditions change (Lamb and Verlinde, 2011).

2.2.3 Albedo and lifetime effect

The actual microphysics and macrophysics of a cloud can highly differ dependent
on the aerosol concentrations. There are regions with less aerosols, like over the sea
and regions with more aerosols, like urban areas over land. In polluted areas, more
CCNs can be activated, leading to more but smaller cloud droplets than in cleaner
conditions. These differences have an impact on the earth’s radiant energy balance

as the size of the droplets determines the optical thickness 7. From Twomey (1977),
T~ (2.19)

with the droplet diameter rq follows, meaning that the optical thickness is larger in
clouds with smaller droplets. As albedo and cloud optical thickness are connected,
more radiation is reflected by the clouds in case of polluted conditions and less in
clean conditions. This is reffered to as the albedo or Twomey effect (Twomey, 1974;
Lamb and Verlinde, 2011).

Besides the albedo, aerosol concentrations also determine the lifetime of a cloud. As
there are bigger cloud droplets in clean conditions, the coalescence is more active
than in polluted conditions where the coalescence is inhibited. Therefore, efficient
rain can occur in clean conditions. Afterwards, a lot of the cloud water is removed,
and the remaining part of the cloud can evaporate in relatively dry air. The cloud
dissolves. In contrast, the air stays relatively moist in polluted conditions as only
little rain may occur. Therefore, the cloud persists for a longer time, which is referred
to as the lifetime effect (Lamb and Verlinde, 2011).

2.2.4 Aerosol-cloud interactions in convective clouds

How aerosols affect convective clouds is of special interest for the present work.
Rosenfeld et al. (2008) states the theory of cold-phase convective invigoration, which
is visualized in Fig. 2.10. In the case of clean conditions, less but larger cloud droplets
exist, which can grow as a consequence of coalescence. Therefore, rain falls out before
reaching the 0°C isotherm. In contrast, this is not possible for the smaller droplets
in polluted conditions. The droplets reach higher atmospheric layers, where they

freeze onto ice precipitation that falls and melts in lower layers. The freezing above

17



2. Theoretical Background

L L}
& -I . ¥ g
- E .
l.l.i' L .|I".
. - : _'II =T i e
|} ‘.-.-I-IIJ '..\'-:-;I- f 8
- L I'-._-. Mreq & 3 "-|:'.,_
5 bt |I:| 'I.I i J 8 i |'.II.'. f
L '.I. i % ._:l."..- o - |- § L i
3 1 - " ‘*ll I|. -" . ¥ . . 'y
= i
B ol e
S 1 EeE tEn
L= = i T Pl I"-I'| e
T e R i e Wall s § ogr
T 5 il il 1= E g
- — e i T i
3 o——— e ol s |l
Li e i a Ll
[ [ - | [ b R s - I | L] ]
y i |I '.:.I k L
II L] | I o WO |Ill':' .-.
' i i . | :"..‘.n'_'-. .l'l:. i i
i~ " ¥ e L L] - , [] By, L | "
| ¥ B # ' ‘ ."r I.- # I ¥
-
I v SRR e Y TGERS,
- [ S| [ ]

Figure 2.10: Evolution of a deep convective cell with its hydrometeors in pristine (top
pannel) and polluted conditions (bottom pannel). Figure from Rosenfeld et al. (2008).

is connected with energy release and the melting below with energy consumption.
This leads to an enhanced upward energy transport in polluted conditions. In this
theory, the larger consumption of CAPE leads to a greater amount of released kinetic
energy that could invigorate the convection and lead to greater overturning and
more precipitation. However, there is also the radiative aerosol effect influencing the
convection: more pollution means higher albedo and more absorbed radiation by the
aerosols in the atmosphere resulting in a more stable atmosphere and less energy
at the surface for the initiation of convection. Therefore, Rosenfeld et al. (2008)
showed a maximum in convective invigoration for moderate CCN concentrations
(1200 CCNs em ™2 for supersaturations of 0.4%). For more CCNs the energy release

is again lower.

Besides this theory by Rosenfeld et al. (2008), there is also the theory of warm-phase
convective invigoration. The theory states that in environments with higher pollu-
tion, a greater net surface area is available for condensation. Therefore, the latent
heat release by condensation is increased leading to stronger convection (Cotton and
Walko, 2021). However, there are recent studies that can not confirm this theory
(e.g., Oktem et al., 2023). Another theory posits that more CCNs can increase the
humidity of the environment as a consequence of stronger moisture detrainment.

This leads to a higher temperature and therefore large-scale ascent and stronger
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2.2 Aerosol-cloud interactions

convection (Abbott and Cronin, 2021). Independent of the physical process lead-
ing to a convection invigoration, several studies in the past years were not able to
provide evidence for the invigoration hypothesis as certain environmental conditions
can lead to differences between the real cloud and the idealized invigoration scenario
(Altaratz et al., 2014).

In reality, there are many more atmospheric parameters that influence the aerosol
effects on clouds. Relative humidity, vertical wind shear and CAPE mainly deter-
mine the aerosol impact on convection intensity and precipitation (Fan et al., 2016).
A dominant role of vertical wind shear was found by Fan et al. (2009) where the
aerosol effects for isolated deep convective clouds were assessed systematically with
idealized cloud-resolving model simulations. For strong wind shear, increasing CCN
concentration reduces the amount of convective precipitation systematically. For
weak wind shear, the effect is as stated in Rosenfeld et al. (2008), with an invigora-
tion up to an optimum CCN concentration and a decrease for even more CCNs. Also
the influence of humidity was seen in Fan et al. (2009) with a stronger decreasing

rate of convective strength in humid air.

In other studies, simulations of real weather events were classified by their synoptic
situations (e.g., Barthlott and Hoose, 2018; Barthlott et al., 2022b). In Barthlott
et al. (2022b), also a decrease of convective precipitation for increasing aerosol load-
ing was shown. For the cases with weak synoptic-scale forcing, the response of con-
vective precipitation was stronger than for the strongly forced cases. In Barthlott
and Hoose (2018), the response was also stronger for the weakly forced cases, even

if it was not as systematic as the decrease for the strongly forced cases.

Thus, there are studies that do not necessarily support the theory of convective in-
vigoration or identify specific conditions under which increasing CCN concentrations
negatively affect precipitation. Especially the study by Fan et al. (2009) mentioned
above is of great interest for the present work as a strong impact of the vertical wind
shear on the convection was elaborated. Therefore, this work is intended to give
new and generally valid statements about the impact of the wind shear by using

real-case simulations.
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3. Data basis and processing

This chapter lists which model simulations and observation data are used in the
present thesis. First, an overview of the Swabian MOSES campaign is given because
two days of this field campaign are simulated in the present work. The grid used
for the real case simulations is described afterwards, and what parameters of the
simulations are modified to study the impact of the wind shear on ACI and convective
precipitation. Also sounding and radar data used to compare the model output with

observations are presented in this chapter.

3.1 Swabian MOSES 2021 field campaign

Swabian MOSES was a field campaign coordinated by the Karlsruhe Institute of
Technology (KIT) and conducted by five Helmholtz research centers, three univer-
sities and the German Weather Service (DWD) (Kunz et al., 2022). It took place
between May and September 2021. The measuring area was southwestern Germany,
including the Neckar Valley and Swabian Jura (red dashed box in Fig. 3.1). In
this area, highly flexible and mobile observation modules like the KITcube (Kalthoff
et al., 2013) or radio soundings were used to study hydro-meteorological extremes.
The extremes include large-scale heat waves with associated droughts that are not
part of the present work but also local-scale thunderstorms with associated hail and
heavy precipitation. These hydro-meteorological extreme events occur more often
in the measuring area and cause tens of millions of euros in damage per year (Kunz
et al., 2022), which is why this area was chosen. The research goal of the field
campaign was to capture and explore the whole event chain of an extreme. For a
convective cell, this means to cover the whole life cycle of the cell, including the first
initiation, the further development with associated impacts like hail development,
including also consideration of possible damage, and the dissipation of the cell (The
ATMO Hub of KIT, 2023). In the summer of 2023, a follow-up campaign with a

modified measurement strategy took place.

3.2 ICON simulations

To study the impact of wind shear on ACI and convective precipitation, three days
with convective activity were chosen for which simulations with the ICOsahedral
Non-hydrostatic (ICON) model were done. As mentioned above, two of the days,
23 June 2021 and 28 June 2021, are days from the Swabian MOSES campaign. The
third simulation day, 22 July 2015, was found in the data set of Tonn et al. (2023)

as a day with strong convective activity, even with supercells over Germany. In
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Figure 3.1: Map of the ICON-D2 model area. Black framed domain inside indicates the
model area for the simulations performed for the present study. The red dashed box shows
the location of the Swabian MOSES field campaign.

all simulation days, there is a diurnal cycle of the convection developing within the

simulation area, which makes the days suitable for this work.

The ICON model is the global and regional NWP model at DWD, which replaced
the former operational global model GME in January 2015. There is the capability
to run global simulations with so called nests, domains of special interest where the
resolution is increased inside. This is done for the operational ICON over Europe
(ICON-EU) since June 2015, which replaced the former model COSMO-EU (COn-
sortium for Small-scale MOdeling). The special feature of the ICON model is that
the horizontal grid is constructed from an icosahedron projected onto a sphere. The
grid consists of 20 equilateral spherical triangles that span the whole sphere. An
ICON grid (RnBk) with a special resolution is created from these 20 triangles by an
initial root division of the edges into n equal sections followed by k bisection steps.
A set of vertical layers with height-based vertical coordinates is used as a vertical
grid. All of the vertical layers have the same horizontal triangular grid structure.
From that, the ICON 3D-grid results. The vertical layers are terrain following in
the lower atmosphere. In higher layers, the terrain signal is smoothed out. As the
ICON model utilizes the smooth level vertical (SLEVE) coordinate (Leuenberger
et al., 2010), a faster transition to a smoothed signal in the upper troposphere is
possible. As a regional model, the convection-permitting ICON-D2 model (R19B07)
is used operationally with a horizontal resolution of 2km by DWD. This model re-
placed the former COSMO-D2 model, which was used until February 2021 (Reinert
et al., 2023).
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3.2 ICON simulations

Table 3.1: Parameterizations in the ICON model used in the present thesis.

Model aspect Setting

Heterogeneous ice  Based on mineral dust concentrations (Hande et al., 2015)
nucleation

Homogeneous ice  Physically based cirrus nucleation scheme (Kércher and

nucleation Lohmann, 2002; Kércher et al., 2006)

Convection Shallow and deep convection: explicitly resolved
parameterization

Land-surface Multi-layer land surface scheme TERRA (Heise et al., 2006)
model

Turbulence Scheme based on prognostic equation for turbulent kinetic
scheme energy (Raschendorfer, 2001)

Radiation scheme  Rapid radiative transfer model (Mlawer et al., 1997)

In the present work, a regional model extending over the black framed area within the
ICON-D2 domain visualized in Fig. 3.1 is used for the simulations. The used model
has a horizontal resolution of 1km (R19B08) and covers nearly whole Germany as
well as some bordering regions. 101 half levels extending from the surface up to
22km above ground level, in intervals that increase with altitude, are used in the
vertical. The half levels are the boundaries of the vertical layers, and the vertical
velocities and the turbulent kinetic energy are defined at these levels. All other
prognostic variables are defined at the 100 full levels, which are the centers of the

layers.

The model simulations are initialized at 0 UTC, and the model output is generated
half-hourly for an integration time of 24 hours. A two-time-level predictor-corrector
scheme, explicit except for the terms that describe the vertical sound-wave propa-
gation, is used for the time integration (Zéngl et al., 2015). For 23 June 2021 and
28 June 2021, ICON-EU operational analysis (R03B08) with a horizontal resolution
of 6.5km are used as initial and boundary data, which are mapped on the regional
1-km limited-area grid. For the third simulation day, 22 July 2015, the initial and
boundary data are from the Integrated Forecasting System (IFS) of the European
Center for Medium-Range Weather Forecasts (ECMWEF') because an index to de-
scribe the soil moisture was implemented only in 2018 in the ICON data. As well as
on the other days, the data are mapped on the R19B08 ICON grid to have analogous

simulations for the three days.
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Figure 3.2: (a) Factors that are multiplied with the wind speed of the initial and boundary
data in the corresponding height to change the vertical wind shear of the simulations on
23 June 2021 and 28 June 2021. For the IFS data on 22 July 2015, the level heights
are slightly different. (b) Resulting vertical profile of horizontal wind speed in the model
simulations with continental CCN concentration at the grid point closest to the Swabian
MOSES sounding location in Stuttgart at 23 June 2021, 0 UTC.
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Aerosol effects on the microphysics of mixed-phase clouds are considered in the
model simulations via the two-moment bulk microphysics scheme of Seifert and
Beheng (2006). This scheme predicts the mass and number concentrations of the
liquid hydrometeors cloud droplets and raindrops as well as of the solid hydrom-
eteors cloud ice, snow, graupel and hail. With that scheme, it is possible to cre-
ate four reference simulations (in the following also sometimes named REF in the
figures) per day with a different CCN concentration Noon in each run by using
the CCN activation of Segal and Khain (2006). The simulations are performed
with maritime (Ngen = 100 cm™?), intermediate (Noon = 250 cm™?), continental
(Ncen = 1700 cm™2) and continental polluted conditions (Ncen = 3200 cm™3). Fur-
ther physics parameterizations of the model underlying the simulations shown in the

present thesis can be looked up in Table 3.1.

After generating the reference simulations, the wind shear is changed in the ini-
tial data in order to consider the effect of the wind shear on ACI and convective
precipitation before repeating the four runs for the different CCN concentrations.
However, the wind shear can be changed in several ways and magnitudes. It was
decided to multiply only the wind speed of the initial data with a factor changing
with height (Fig. 3.2a). The direction of the wind is the same in the initial data of

all simulations.

For the ICON-EU initial data, the wind speed in the lowest 1.15km (IFS: 1.092km)
above ground level is kept constant. Above, the factor is increased (decreased) lin-

early with height up (down) to a constant factor used in a height of 5.23km (IFS:
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3.2 ICON simulations

5.18 km) and above. Although the boundary layer height varies and can also be
higher than 1.15km, the setup described above is chosen to get no strong distur-
bances of the boundary layer but also a relevant wind shear difference for the storm
inflow layer (1-3km commonly assumed according to Markowski and Richardson
(2010)). The layer with the linear increased (decreased) factor is important to have
not an abrupt rise (fall) of the wind speed above the boundary layer. On the other
side, it is important to choose the upper end of this layer not too high to have al-
ready large (small) factors in lower atmospheric layers, which are responsible for the

storm organization and not only in the upper troposphere.

As can be seen from Fig. 3.2a, four different shear cases are considered apart from the
reference simulation, two of them with a decreased and two with an increased vertical
wind shear. The wind speed above 5.23km is increased and reduced by 25% and
50% according to which the simulations are named in the following. The different
cases cover a wide range of different vertical wind shear as can be seen for one grid
point near Stuttgart on 23 June 2021, 0 UTC in Fig. 3.2b. The modification of the
vertical wind shear in the way described above leads to differences in the DLS, which
makes organized convection favorable at some grid points in the simulations with
increased shear, while it is not the case for the same grid points in the simulations
with decreased shear. An even stronger increase and decrease than 50% would lead
to even larger upper tropospheric differences in the different simulations. As they
are already large for the performed simulations (Fig. 3.2b), no further increase and

decrease of the initial wind speed profile is done.

Even if the wind direction is not changed in the initial data, the horizontal wind
in the vertical layers can vary in the simulations with different shear. This is due
to the fact that the wind field is connected with the pressure field. After changing
the wind speed in the free atmosphere, the pressure field initially adjusts. A higher
wind speed is connected with a larger pressure gradient (Fig. 3.3a). As the pressure
is also related to the temperature, all variables that influence the thermodynam-
ics in the simulations can lead to some changes in the pressure field, which then
has again an effect on the wind. In geostrophic balance, which is a good approxi-
mation for the free atmosphere, the wind is parallel to the isobars. This explains
the differences that occur exemplary on 23 June 2021, 12 UTC, between the +50%-
simulation with southwesterly winds over whole Germany and the —50%-simulation
with mainly southerly winds, even with a slight easterly component, in northern
Germany (Fig. 3.3). These differences can lead to a propagation of the cells in

different directions even if the wind direction of the initial data is kept constant.

25



3. Data basis and processing

5ms~! -

5900
53.5 5880
5860
52.5 5840 §
5820 2
- 5L5 5800 =
= 5780 2
3 05 5760 8
3 405 5740 8
5 5720 &,
s 5700 &
: 5680 <
5660 S
475 vea0
465 5620
—— T e 5600
3 4 5 6 7 8 9 10 11 12 13 14
longitude (° E)
(a)
-1
5ms - 5900
53.5 5880
5860 _
52.5 5840 5
5820 2
51.54 5800 =
= ©
5 5780 =
b 50.5 A 5760 %
:'é 495 5740 &
=R 5720 &,
" 4854 5700 &
: 5680 <
5660 S
47.5 4 ceao
5620
46.5
— 3 A e O 5600
3 4 5 6 7 8 9 10 11 12 13 14
longitude (° E)
(b)

Figure 3.3: Field of 500 hPa geopotential and 500 hPa horizontal wind for the whole ICON
simulation domain on 23 June 2021, 12UTC in the (a) +50%-simulation and (b) —50%-
simulation.

3.3 Data for comparison of model output with reality

For the comparison of the simulations with atmospheric observations, radiosoundings
of the Swabian MOSES field campaign on 23 and 28 June 2021 and RADOLAN
precipitation data from DWD are used. The radiosondes were launched in Stuttgart,
Rottenburg and at the Campus North of KIT several times per day during the days
with convective activity. Therefore, vertical profiles of atmospheric variables are
known for the launching times. The wind profile of the model output in the reference
simulation can be compared with the one measured by the sounding. They should be
similar in order to produce reasonable results for convective activity with the model.
In the first hours of the day, there are still some discrepancies in the wind direction
of the lowest layers. The wind speed is already represented well by the model. After
a few hours, wind speed and wind direction are fairly similar in the sounding and
model, as is shown exemplary for one location and time step in Fig. 3.4. Some

discrepancies can occur also during the day because the model profile is taken from
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Figure 3.4: Comparison of (a) wind speed and (b) wind direction from the model simu-
lation with continental CCN concentration and the radiosounding of the Swabian MOSES
campaign in Stuttgart on 23 June 2021, 11:30 UTC.

one grid point closest to the launching point of the sonde, whereas the sonde does
not stay at the same coordinate during lifting. Also lifting up to the tropopause
needs around 45 minutes, whereas the model output in the different heights is taken
at the same time point. In the evening, after the convection occurred, there are again
larger differences between the model and sounding at some locations dependent on

how the convection evolved in the model.

The RADOLAN precipitation data are compared with the model precipitation to see
if the model produces reasonable precipitation amounts and most of the convective
cells. The RADOLAN data are based on radar data. However, as a radar does not
measure surface precipitation directly but only signals reflected by hydrometeors in
atmospheric layers, radar data do not give an exact amount of surface precipitation.
Therefore, the spatial distribution of precipitation is taken from the radar and com-
bined with the amount of surface precipitation measured by classical ombrometers
on the ground, named RADOLAN data (DWD, 2023). The RADOLAN data are

available in hourly resolution.
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Figure 4.1: Accumulated surface precipitation over Germany and some bordering regions
on 23 June 2021 according to RADOLAN data. The domain of the Swabian MOSES
campaign is indicated by the black box.

4. Observed precipitation on simulation
days

For an overview of the surface precipitation, the RADOLAN data described in sec-
tion 3.3 are used. The resulting surface precipitation in its diurnal development as
well as in its accumulated feature on the three simulation days is described in the

following sections.

4.1 23 June 2021

On the first simulation day of the Swabian MOSES field campaign, 23 June 2021,
the precipitation mainly occurs over southern Germany (Fig. 4.1). Some less intense
precipitation features occur also in northeastern Germany and in the northwestern
part on the Dutch border. Some isolated cells also occur over western central Ger-
many. In the first hours of the day, some precipitation cells already exist over Baden
Wiirttemberg and more intense over Bavaria. The precipitation features intensify
while the cells move towards the northeast. Around 10 UTC, there are only some
low intense remnants over northeastern Germany from the former precipitation cells
over Bavaria. Around 12 UTC, the first smaller-scale but more intense cells develop
inside the Swabian MOSES area and north of it. The first cells dissipate fast, but
in the afternoon, there is a supercell with high rain intensity over Baden Wiirttem-

berg, which can be tracked for several hours and whose storm track is also visible in
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Figure 4.2: Same as in Fig. 4.1, but for the second simulation day of the Swabian MOSES
field campaign, 28 June 2021.

Fig. 4.1. This cell existed for 7.5 hours and along a path of around 190 km (Barthlott
et al., 2023). South of it, some small-scale cells merge to a larger precipitation fea-
ture. Over Bavaria, also a longer-lived cell and a merged larger precipitation feature

can be seen in the accumulated surface precipitation.

4.2 28 June 2021

The second simulation day, 28 June 2021, is characterized by large precipitation fea-
tures within the domain of the Swabian MOSES campaign and north of it in central
Germany (Fig. 4.2). There is some precipitation over Bavaria, but less compared
to the first simulation day. Some smaller-scale cells with relatively high intensities
occur over the western and northwestern part of the area shown in Fig. 4.2. In the
first hours of the day, there are only some light precipitating features, mostly inside
the MOSES-domain. In the following hours, some precipitation is advected from
regions west of the displayed domain. In the afternoon around 14 UTC, the first
intense convective cells develop over the Black Forest mountains but also in western
Germany. During the following hours, some quite intense cells develop close to each
other in the MOSES-domain and north of it, resulting in a large contiguous area
with accumulated large precipitation amounts. In the last hours of the day, there
is nearly no precipitation over the MOSES-domain anymore, but over Bavaria, cells
develop and move towards the northeast. Some cells also occur in central Germany

during the last hours of the day.
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4.3 22 July 2015
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Figure 4.3: Same as in Fig. 4.1 and Fig. 4.2, but for the third simulation day, 22 July
2015.

4.3 22 July 2015

On 22 July 2015, the most intense cells develop within the area where the Swabian
MOSES campaign takes place six years later (Fig. 4.3). Quite large precipitation
amounts also occur in a larger feature extending from southwest to northeast in
the central eastern part of Germany. Some very intense cells are embedded in this
feature. In the Alps, along the Austria-Germany border, intense cells develop as
well. On this day, no precipitation occurs in the first hours of the day. The first
cells appear around noon. They mainly develop over the Alps, one cell also west
of the MOSES area. Due to the propagation of this cell and some new developing
convection in southwestern Germany, intense precipitation occurs inside the MOSES
area in the following hours. Most of the cells along the Alps dissipate until the
evening. The cells from the MOSES-domain move towards northeast, where also
new cells develop. This leads in accumulation to quite intense precipitation over
eastern Germany in Fig. 4.3. Around 22 UTC, new convective cells develop inside

the MOSES area after a few hours of no convective activity.
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5. Impact of wind shear on convective

precipitation and ACI

In the first part of this chapter, the focus is solely on the influence of the wind shear
on convective precipitation. Discrepancies in thermodynamic and dynamic variables
are presented to explain differences in the simulations of the five shear realizations.
In the second part, CCN concentration is introduced as an additional variable. The
effect of the aerosols on the convective precipitation is shown, as well as how the
aerosol effects change with varying wind shear. For the investigations in this chapter,
mostly spatial averages and sums over a domain named DE-domain extending from
5.8°E to 14.59°E and from 47.3°N to 54.0°N are used, sometimes also results of the
MOSES-domain (Fig. 3.1) when convection mostly takes place in this area. At the

end of this chapter, the precipitation efficiencies of the simulations are presented.

5.1 Effect on convective precipitation

To investigate the impact of wind shear on convective precipitation without consid-
ering CCN dependency, only the simulations with continental CCN concentration
are considered. This condition is closest to the reality over a continental region like
the DE-domain. In the following, different variables in five simulations with the
same CCN concentration but different wind shear are therefore compared for each

of the three simulation days.

5.1.1 Case of 23 June 2021

The model simulations with reference, decreased and increased vertical wind shear
all show, on average, a similar diurnal cycle for the DLS with a maximum between
15 and 18 UTC (Fig. 5.1). As could be seen from Fig. 2.4, a value of around 20 ms™!
and more for the DLS is a favorable condition for the development of supercells. In
the reference run, the maximum DLS value is only around 15ms™! and not favorable
for supercell development. However, this is an averaged value over a larger domain
and locally higher values exist in regions where the supercell formed. Looking at
the share of grid points that exceed a special threshold (not shown), around 25%
of all grid points have values above 20ms~! in the afternoon, and some grid points

have even higher values than 25ms~!.

When lowering the vertical wind shear in
the initial conditions, the DLS gets also smaller not only on average but also for
the single grid points in that way that nearly no grid points fulfill the threshold
of 20ms~! in the ~50%-simulation. In contrast, nearly half of all grid points have

larger DLS than 20ms~! in the +50%-simulation.
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Figure 5.1: DLS averaged over the DE-domain on 23 June 2021; different colors indicate
different vertical wind shear (reference and modified) in the initial ICON-EU data.
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Figure 5.2: Distribution of total precipitation over the DE-domain on 23 June 2021 for
the reference shear simulation; black box indicates the area of the Swabian MOSES field
campaign.

After DLS affects what type of convective cells occur, the model output of precipita-
tion varies greatly depending on the shear case. For the reference run, there is most
of the precipitation over the southern German federal states of Baden-Wiirttemberg

and Bavaria (Fig. 5.2). The accumulated precipitation in these areas results mostly
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Figure 5.3: Distribution of total precipitation over the DE-domain on 23 June 2021 for
(a) the —=50%-simulation and (b) the +50%-simulation; black box indicates the area of the
Swabian MOSES field campaign.

from longer-lived cells, which can be tracked with the 30 min precipitation data.
In addition, there are some short-lived cells over central western Germany. In the

northern part of Germany, there is no precipitation in the simulation.

When comparing the model output with the precipitation data from RADOLAN
(Fig. 4.1), it is visible that the most intense convective features are well captured
by the simulation. This includes the intense cells embedded in the larger regions
with much precipitation within the Swabian MOSES area and Bavaria. However,
it is noticeable that there is no precipitation in southeastern Bavaria in the simu-
lation, where some takes place in reality. Also the positions of the convective cells
are slightly shifted. This is also the case for the smaller-scale cells in the France—
Germany border region or in central western Germany, which are well represented
by the model. Even if the diurnal cycle of the precipitation is also well captured by
the simulations, there are some representation problems for the low intense precip-
itation in the first hours of the simulation. This also explains why no precipitation
can be seen in northwestern Germany in the model output. However, such weak and

already existing precipitation is not of interest for the present thesis.

For simulations with changed wind shear in the initial and boundary data, differ-
ences to the reference simulation and also the RADOLAN data are expected. The
smaller the DLS, the less organized is the convection on 23 June 2021 (Fig. 5.3a).
In the case of the —-50%-simulation, the accumulated precipitation results from cells
with a shorter lifetime. Most of the cells occur over southern Germany. Also cells
during the morning which reached further north into eastern Germany in the ref-
erence run have a more eastward movement in the reduced wind shear simulation,

leading to less precipitation northeast of Bavaria. In contrast, the convection is
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more organized for increased vertical wind shear, resulting in a large feature of large
precipitation amounts (Fig. 5.3b). The system in the morning hours has a more
northerly component. Also later in the day, the cells embedded in larger precipita-
tion systems reach further northeast in Germany. Because both times the cells and
their propagation area have a similar location, a band of accumulated precipitation
reaching from southwest to northeast with the largest amounts further northeast
than in the reference simulation is visible. Note here, that the different accumu-
lated precipitation distributions are also a consequence of a direction change of cell
propagation even if only the wind speed is changed in the initial conditions, as it is
explained in section 3.2 and Fig. 3.3. Considering the major damage on that day
mentioned above, it is of interest to see that in the case of increased shear, larger

but also different areas would be affected by very heavy rainfall.

Longer-lived and more organized convection in the increased shear cases leads not
only to a different spatial distribution of the precipitation but also to differences in
the amount of fallen precipitation. The five different shear case simulations on 23
June 2021 performed for this work show that an increase in the vertical shear leads
to a systematical increase of the precipitation amounts over Germany (Fig. 5.4a).
This is due to more organized convective cells, whose tracks can be followed in the
half-hourly precipitation rates and become visible in the accumulated precipitation
as a coherent feature. The amount of precipitation is more than 30% larger in the
+50%-simulation than in the reference simulation. A decrease of shear leads to
a systematical decrease of the precipitation sum with a maximum decrease in the
~50%-simulation of around —28%.

The temporal distribution of precipitation among the day is similar for the different
simulations (Fig. 5.4b). In all cases, there are already cells early in the course
of the day. After a minimum of precipitation rate around 12 to 15UTC, larger
values occur in the late afternoon and evening in all cases, with a maximum around
22UTC. Only the intensity of the precipitation is strongly differing between the

different shear cases.

The main reason for the higher precipitation intensities in the stronger wind shear
cases is the different evolution of mixed-layer CAPE. The CAPE is larger, the greater
the wind shear (Fig. 5.5a), leading to the possibility of more intense convection when
the CAPE is consumed. For all simulations, the diurnal cycle is nearly the same.
In the —50%-simulation, it is only weakly pronounced. But for the CAPE values,
there is a maximum difference of more than 400 J kg~! between the +50%- and —50%-
simulation even if the variable is averaged over the whole DE-domain. Locally, there
are much larger differences between the simulations, which favor intense convection

with cloud and precipitation development in the increased shear cases compared to
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Figure 5.4: (a) Deviation of the total precipitation sum in the different shear case sim-
ulations from the reference shear simulation and (b) half-hourly precipitation rate with
different colors indicating the initial vertical wind shear, both inside the DE-domain on 23
June 2021.

the decreased ones.

The differences in CAPE are mainly due to the different evolution of clouds in the
different runs (Fig. 5.5b). The reason for the different cloud cover remains unclear
even if considering several variables of the model output. During the day, when
the incoming shortwave radiation is greatest, the cloud cover is smaller the stronger
the wind shear is. This holds for low-level, mid-level and high-level clouds (not
shown). Note that this is already the case before noon, even if the precipitation rate
is clearly highest at this time for the +50%-simulation. As the share of grid points
with precipitation (not shown) behaves similarly to the precipitation rate, there are
more non-precipitating clouds in the weaker shear simulations. In the late afternoon,
the behavior of the total cloud cover is not that systematic anymore, especially due

to an increase in high-level clouds in the simulations with increased shear.

Nevertheless, the different cloud cover in the different simulations leads to differ-
ences in the averaged net radiation on the surface of maximum 44 W m~2 between
the -50%-and the +50%-simulation (Fig. 5.5¢). After more radiation is available on
the surface for stronger shear cases, a stronger sensible and latent heat flux leads
to a higher 2-m temperature and 2-m humidity for those cases. Temperature and
humidity together result in the equivalent potential temperature .. As it is de-
picted in Fig. 5.5d, large differences occur in the averaged 2-m equivalent potential
temperature between the different shear case simulations over the whole course of

the day. In the afternoon, the +50%-simulation has more than 6 K higher values

37



5. Impact of wind shear on convective precipitation and ACI

+50% 95.0 -
-~ >00 +25%
9 —— REF {925
= 4004 — -25% -
a — -50% 2 90.0
h S
©
5 300 5875
> =
3 = 85.0
ki g
X 200 - 2
€ g 82.5
9 o
© ()
5 100 2 80.0
>
©
77.5
0- T T T T T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
time (UTC) time (UTC)
(a) R (b)
Y
_ L 54+
D 0 L
£ 2 i
z g 2
S £
2-100 A g 507
o -
=] ©
© 2 481
8-200 2
v S 461
& ]
3-300 T 447
(] 3
e g 42
o ]
2-400 8
S 40
0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
time (UTC) time (UTC)
(c) (d)

Figure 5.5: (a) Mixed-layer CAPE, b) total cloud cover, (c) net radiation on the surface

and (d) 2-m equivalent potential temperature averaged over the DE-domain on 23 June
2021.

than the —50%-simulation.

As mentioned in section 2.1.4, there is a correlation between equivalent potential
temperature and CAPE. Since the values of . are averaged in this work over the
whole DE-domain, the values in Fig. 5.5d are below the range shown in Fig. 2.3, but
there are grid points with clearly higher .. Differences of several Kelvin between the
stronger and weaker wind shear simulations can explain why the mixed-layer CAPE,
and as a consequence of this, the precipitation are that different in the simulations
with different wind shear on 23 June 2021.

5.1.2 Case of 28 June 2021

On 28 June 2021, the time of the day when the highest values of DLS occur is a bit
shifted compared to 23 June, especially for the weak shear simulations in which the

maximum already takes place in the morning (Fig. 5.6a). However, considering the
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Figure 5.6: (a) DLS, (b) mixed-layer CAPE, (¢) 2-m equivalent potential temperature, all
three averaged over the DE-domain and (d) lapse-rate between 500 and 700 hPa averaged
over the MOSES-domain on 28 June 2021.

average values for DLS and the share of grid points above different thresholds (the
latter one not shown), the two simulation days, 23 June and 28 June, can be classified
as similar in terms of vertical wind shear. As on the first simulation day, the potential
for convection indicated by the mixed-layer CAPE is higher for the strong shear than
for the weak shear cases during the day (Fig. 5.6b). The differences between the
shear cases mainly have two reasons: as above, differences in the equivalent potential
temperature play a role (Fig. 5.6¢). Second, earlier triggering of convection in the
weaker shear cases, also visible in an earlier onset of precipitation (Fig. 5.7b), is
responsible. The earlier convection at some places increases the stability locally
and therefore leads to a weaker development of CAPE in the daily cycle. The
stabilization can be seen from the lapse rate between 500 and 700 hPa, averaged
over the MOSES-domain where most of the early convection takes place in the

—50%-simulation (Fig. 5.6d). In this area, differences of around 1Kkm™! result
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Figure 5.7: (a) Deviation of the total precipitation sum in the different shear case simu-
lations from the reference shear simulation and (b) accumulated total precipitation, both
over the DE-domain on 28 June.

after stabilization. However, in comparison with 23 June, the differences in CAPE
between the different shear cases are not that large as a consequence of much smaller

differences in equivalent potential temperature of maximum 2.5 K.

Even if the CAPE differs less between the shear cases on 28 June, the two variables
DLS and CAPE suggest that convection could develop similarly to that on the first
simulation day in section 5.1.1. However, the precipitation output of the simulations
shows an exactly opposite systematic behavior than on 23 June: the weaker the
vertical wind shear in the initial data, the larger the precipitation amount (Fig. 5.7a).
The relative differences between the different shear cases are smaller than on 23 June,
reaching from +20% in the —50%-simulation to —15% in the +50%-simulation. The
absolute differences are also smaller (not shown here but visible in Fig. 5.17b and
Fig. 5.19b in section 5.2).

The earlier onset of precipitation contributes to the overall higher precipitation val-
ues in simulations with weaker shear. Partly cells formed by local-scale uplift mech-
anisms over the Alps in Switzerland during the first hours of the day move inside
the DE-domain in the weak shear cases a few hours later. Those cells cannot be
seen in the other simulations. Regardless of these cells, the precipitation rate is
higher in weak shear cases also in the morning hours up to noon when the cells are
initiated within the DE-domain. The reason for that and for less precipitation in
the increased shear cases is the CIN. As mentioned in section 2.1.4, the convective
potential in the atmosphere expressed by the CAPE can only be exploited if the

CIN can be overcome. Therefore, the combination of both variables is important
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Figure 5.8: Share of grid points with (a) a mixed-layer CAPE larger than 600 Jkg~! and
a mixed-layer CIN smaller than 5Jkg~! and (b) a higher vertical velocity within the lowest
2km than is necessary to overcome the energy barrier of the CIN (named as waiftpos) in
the DE-domain on 28 June 2021.

for the triggering of convection. Fig. 5.8a shows that the lowest share of grid points
in the DE-domain fulfills the criterion of exemplary values for the CAPE of more
than 600Jkg™! (can be much larger) and for the CIN of less than 5Jkg™' in the
+50%-simulation even if the CAPE is larger in these cases. However, a greater CIN

ensures that convection cannot be triggered at some places with large CAPE.

Also a variable called wg;g is calculated:

Wyiff = Wmax,2km — Wein- (51)

This variable contains the difference of actual maximum vertical velocities within
the lowest 2km (Wmax2km) and the vertical velocity necessary to overcome the CIN
energy barrier (wey), the latter one known from equation 2.14. Positive values
for wgig indicate that convection can be triggered and the CAPE can be released
(Schneider et al., 2018). From looking at how many grid points show positive values
for that variable (named as waispos), it is visible that clearly less grid points can
overcome the energy barrier of CIN in the stronger shear cases than in the reference
and weaker shear cases (Fig. 5.8b). For the —50%-simulation, the amount of grid
points that fulfill the CAPE and CIN threshold criterion is not largest during the

day, which is related to the earlier onset of precipitation in those simulations.

With the same variable as in Fig. 5.8 but for a domain only in the southwestern
region of the model area reaching further southwest than the DE-domain where

convection is triggered over the Alps, the difference between the —50%-simulation
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Figure 5.9: Spatial distribution of total precipitation on 28 June 2021 in the DE-domain
for (a) the —50%-shear simulation, (b) the reference shear simulation and (c) the +50%-
shear simulation; black box indicates the area of the Swabian MOSES field campaign.

and the others becomes even clearer (not shown). This indicates and confirms that
favorable convective conditions are reached earlier in the ~50%-simulation. Even if
the averaged values are not that large during the morning, the CAPE is in general
greater in this simulation at this time as a consequence of clearly more mid-level
and low-level clouds, therefore less outgoing radiation and therefore slightly higher
f.. CIN is also smaller, which is a consequence of higher specific humidity in the
surface layer and therefore on average lower altitude of the LFC (not shown). The
combination of CAPE and CIN leads to an earlier triggering of convection at some

locations in the southwestern model area, including the MOSES-domain.

The spatial distributions of accumulated precipitation differ on this day (Fig. 5.9)
compared to the first simulation day, as it was also in reality (Fig. 4.2). As on 23
June, the distribution is characterized by many small cells for decreased shear. The
greater the shear gets, the more contiguous the precipitation feature looks like. This

similarity to 23 June fits with the condition of somehow similar wind shear.
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In principle, the most intense precipitation accumulation in the reference simulation
takes place in southwestern Germany within the area of the Swabian MOSES field
campaign (Fig. 5.9b). Some rain also occurs over Bavaria and many smaller cells
over a larger domain in northern and northwestern Germany. Compared to the
RADOLAN data (Fig. 4.2), the model produces less precipitation in central Germany
and more precipitation over northern Germany. A good representation of the cells
over Bavaria and the northwestern DE-domain is possible with the model, as well
as the temporal evolution of the cells within the MOSES-domain, even if they are

slightly spatially displaced.

In the increased shear case in Fig. 5.9c, the main precipitation field is shifted further
northwards, mainly outside of the MOSES-domain. Less single cells occur over the
northwestern part of Germany, and the precipitation is focused more on one smaller
region in central to northern Germany. In the decreased shear cases, different regions
with precipitation occur (Fig. 5.9a). Eyecatching are the large precipitation amounts
over northwestern Germany and over the Alps along the Austria-Germany border,
which are much greater than in the other shear cases. North of the MOSES-domain,
where most of the precipitation takes place in the +50%-simulation, there is no

precipitation, but over northern Bavaria instead.

These spatial differences reflect the previously elaborated results on CAPE and
CIN. Higher values for the CAPE can be seen over the Alps for the increased shear
simulations (not shown). The problem is that CIN is also too large to trigger convec-
tion in this stronger shear simulation. However, there is some CAPE in the —50%-
simulation, and the CIN is very small, which ensures that cells are formed, which
contribute to a large part to the large precipitation amounts in the —50%-simulation.

The same also applies to the northwestern region with strong precipitation.

5.1.3 Case of 22 July 2015

The third simulation day, 22 July 2015, is characterized by larger DLS on average
than the other two simulation days (Fig. 5.10a). The diurnal cycle is different as
well and dependent on the shear in the initial data. However, these high average
values are strongly influenced by very large DLS in northern Germany, where nearly
no CAPE and no precipitation occur on that day. When considering the Swabian
MOSES area, which represents an area where a large part of the precipitating cells
are initiated on that day, the shear averaged over that area is actually well below

the other days (not shown).

The diurnal cycles of the mixed-layer CAPE in the different simulations (Fig. 5.10b)
are similar to the ones from 28 June 2021 (Fig. 5.6b). The differences between the

CAPE in the weakest and strongest shear simulations are even smaller on 22 July
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Figure 5.10: (a) DLS and (b) mixed-layer CAPE averaged over the DE-domain on 22
July 2015.

2015. The reason for that is that precipitation starts at the same time in the different
simulations on the third simulation day (Fig. 5.11a) because there is not a region
with a clearly earlier evolution of favorable convective conditions as on the second
simulation day. Therefore, no earlier stabilization, which reduces the CAPE, takes
place in the weak shear simulation. The difference in CAPE is then determined by
the different equivalent potential temperature alone, which is fairly similar to that
variable on 28 June 2021 (Fig. 5.11b). Different equivalent potential temperatures
follow from different 2-m humidity and 2-m temperature as a consequence of different

low and medium cloud cover (not shown).

In contrast to 28 June, the CIN combined with CAPE (Fig. 5.12a) and also the
variable waigpos (Fig. 5.12b) indicate less favorable convective conditions for the
simulations with reduced wind shear. The most favorable conditions occur in the
+25%-simulation, the least favorable ones in the —25%-simulation. From the shown
averaged variables, it has to be expected that the higher convective potential and
the possibility to overcome the CIN leads to more convective precipitation in the
stronger wind shear cases. However, this is not the case. For the decreased shear
simulations, the amounts of precipitation are larger and for increased shear, the
amounts of precipitation become strongly smaller with around —60% for the +50%-
simulation (Fig. 5.13d).

As mentioned in section 2.1.4, strong shear could also dissolve weak updrafts or
prevent the initiation of convection. However, this can not explain the precipitation
amounts of Fig. 5.13 because most of the convection develops in southern Germany

on this day, where DLS is smaller than on the other days. The explanation for the
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Figure 5.11: (a) Half-hourly precipitation rate and (b) averaged 2-m equivalent potential
temperature inside the DE-domain on 22 July 2015.

large amounts of rainfall in the weaker shear case simulations can be found in regional
differences in the decisive variables. On 22 July 2015, the cells mainly form over
southwestern Germany in all simulations. Favorable conditions for convection in the
weaker shear simulations occur in this region. CAPE has a completely opposite CCN
dependency compared to the DE-domain, which follows from a different evolution
of the vertical temperature profile already in the first hours of the day (not shown).
Until the afternoon, higher maximum values for CAPE occur the smaller the shear is.
CIN combined with CAPE and wgifrpes inside the MOSES-domain (Fig. 5.12¢ and d)
also suggest that stronger cells can develop in the weaker shear cases in southwestern

Germany. This leads to the different precipitation amounts in Fig. 5.13.

In the reference simulation, the cells move towards northeast, some of them inten-
sify in regions of large CAPE in eastern Germany and merge into bigger systems.
The accumulated precipitation feature reaching from southwest to northeast reflects
the actual precipitation from the RADOLAN data well (Fig. 4.3). In the +50%-
simulation, the cells do not intensify that much as in the reference simulation because
most of them move a bit further south in a region of smaller CAPE than the cells
in the reference simulations do. In the —~50%-simulations, more cells are generated
in the southwestern part of Germany, which fits with the better conditions of large
CAPE and small CIN in the Swabian MOSES region (Fig. 5.12c and d). These cells
move mainly towards the north, where convergence in a region of large CAPE helps

to regenerate new cells or to keep them alive.
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Figure 5.12: Share of grid points with (a) a mixed-layer CAPE larger than 600 Jkg~! and
a mixed-layer CIN smaller than 5Jkg~! and (b) a larger vertical velocity within the lowest
2km than is necessary to overcome the energy barrier of the CIN (named as wqiftpos) in
the DE-domain on 22 July 2015; (c) is analogous to (a) and (d) to (b), but for the domain
of the Swabian MOSES field campaign.

5.1.4 General conclusions

From the three days with real-case simulations, it is not possible to state how vertical
wind shear affects convective precipitation in general. For the first simulation day, a
systematic increase in the amount of precipitation in the DE-domain was found for
increasing wind shear, on the other two simulation days, a systematic decrease. The
potential for convection expressed by the mixed-layer CAPE averaged over the DE-
domain was always higher for the greater wind shear cases. This could be mainly
attributed to the surface-near equivalent potential temperature, and on 28 June
2021 also to an earlier onset of convection in the weak shear cases accompanied
by stabilization. On the first simulation day, 23 June 2021, the higher convective
potential in the strong shear cases was released, resulting in stronger convection

with more precipitation than in the small shear cases. In contrast, on the second
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Figure 5.13: Spatial distribution of total precipitation on 22 July 2015 in the DE-domain
for (a) the —50%-shear simulation, (b) the reference shear simulation and (c) the +50%-
shear simulation with the black box indicating the domain of the Swabian MOSES field
campaign; (d) deviation of the total precipitation sum in the different shear case simulations
from the reference shear simulation over the DE-domain on 22 July 2015.

simulation day, 28 June 2021, the larger mixed-layer CAPE in the strong shear cases
could not be released as the CIN was also greater on that day. A combination of
both variables showed more favorable conditions for convection in the weak shear
cases, resulting in the decreasing precipitation amounts with increasing vertical wind
shear. From the third simulation day, 22 July 2015, it could be seen that a more local
approach might be valuable if the cell development is mostly in a smaller domain.
Favorable convective conditions in the smaller shear cases in the MOSES-domain
representing southwestern Germany explained the decreasing precipitation amounts

for increasing wind shear, which was not possible with the values averaged over the
DE-domain.

5.2 Effect on ACI

In the following, all 20 simulations for each day consisting of the five shear cases from

above and the four CCN concentrations maritime (m), intermediate (i), continental
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(c) and continental polluted (p) are considered. Dynamic and thermodynamic vari-
ables are shown as well as hydrometeor contents and microphysical process rates to
explain how varying wind shear affects the ACI and how this has an effect on the

convective precipitation.

5.2.1 Case of 23 June 2021

There is a clear systematic increase for the total column integrated cloud water
with increasing CCN concentration, in a similar way for the different shear cases
(Fig. 5.14a). This increase is connected with the increasing amount of CCNs on
which nucleation can take place. In contrast, the integrated rainwater decreases with
increasing pollution. This is the consequence of a more efficient collision—coalescence
for fewer but larger cloud droplets in low CCN concentrations, which is reflected in
the systematical decrease with increasing CCN concentration in autoconversion and
accretion (Fig. 5.14b). The CCN dependency for the warm rain processes is stronger
for the stronger shear cases. However, this stronger dependency is not visible in the
rainwater where a higher sensitivity occurs for the weaker shear cases, as also phase

changes of frozen hydrometeors and evaporation can vary the amount of rainwater.

For the frozen hydrometeors ice and snow, an increase with increasing CCN concen-
tration occurs in the simulations. The sensitivity is higher for snow. In the case of
graupel, it is the other way around, and more CCNs lead to less graupel. The CCN
dependency is stronger for the stronger shear cases than for the weaker ones. Hail is
the least systematic variable but mainly increasing for increasing CCN concentration
(Fig. 5.14a).

The development of cloud ice and snow is mainly dominated by the deposition of
water vapor in the Wegener-Bergeron-Findeisen process. The increasing deposition
rate with increasing CCN concentration explains the CCN sensitivity of snow and of
cloud ice at least between maritime and continental CCN concentrations. However,
as there are also some different processes that can determine the cloud ice content
like freezing of liquid water droplets or raindrops, riming or melting of cloud ice, the
exact same relationship as for deposition can not be expected for the cloud ice. The
smaller sensitivity in deposition for weaker wind shear results in a smaller sensitivity
at least in tgs for these conditions. The deposition shown in Fig. 5.14b is combined
of all frozen hydrometeors. When looking at the individual deposition rates (not
shown), the CCN dependency is stronger for the deposition on snow than on cloud

ice, explaining the higher sensitivity in tqs compared to tqi.

For the larger hydrometeors graupel and hail, the deposition can only slightly influ-
ence the results because riming is much stronger and more dominant. The riming

rate decreases systematically for increasing CCN amounts in all shear cases. This is
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Figure 5.14: Percentage deviations from continental CCN concentration of spatiotemporal
averages of (a) total cloud water (tqc), graupel (tqg), hail (tqh), ice (tqi), rainwater (tqr)
and snow (tgs) and of (b) the vertically integrated microphysical process rates rainwater
evaporation (EVAP), melting (MELT), riming (RIM), deposition (DEP) and warm rain
formation processes accretion (ACC) and autoconversion (AC) together where the latter
one is the smaller contributor. Different colors indicate the different wind shear cases. All
shown simulations are for 23 June 2021 and the variables are averaged over the DE-domain.

a consequence of a smaller graupel-drop collision kernel in more polluted conditions
(Cui et al., 2011). The decrease of the riming rate, also with the different CCN
sensitivities for the different simulations, explains the behavior of tqg shown above.

As the riming rates of graupel and hail are connected in the model output, it is not
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possible to give an answer why the response of tqh is contrary to tqg and as would
be expected from the decreasing riming rate. Overall, from riming and deposition,
but also accretion and autoconversion, it can be seen that all precipitation formation

processes are more CCN-dependent in the stronger shear cases.

As more rainwater occurs in lower CCN concentrations, a larger amount of it can
evaporate. Therefore, the evaporation is decreasing with increasing CCN concentra-
tion, and the CCN sensitivity for the different shear cases is similar in evaporation
and tqr. An additional reason for the decrease in evaporation could be that, due
to more but smaller cloud droplets, the raindrops can grow to larger diameters by
collision—coalescence in polluted conditions (Altaratz et al., 2008). The larger the
surface of the raindrop is in comparison to its volume, the easier evaporation can
take place. Therefore, smaller raindrops in maritime conditions can evaporate more
easily than larger drops in polluted conditions. The melting can be influenced by
the size and amount of frozen hydrometeors. As there are frozen hydrometeors of
increasing and decreasing amounts with increasing aerosol loading, the CCN depen-

dency of the melting is not systematic and generally small.

The results for the CCN dependency of hydrometeor variables and microphysical
process rates in Fig. 5.14 mainly fit with the results found in Barthlott et al. (2022b).
In the cited study, graupel and rainwater also show a systematic decrease, and ice,
snow and cloud water also a systematic increase for increasing CCN concentration.
Only the percentage deviations differ in some cases. In contrast to the present
study, hail amount decreases for increasing CCN amount in their simulations. The
microphysical process rates are also similar, only for melting they found mainly a
larger sensitivity, with a decrease for more CCNs. However, also in Barthlott et al.

(2022b) there are cases which barely show any systematic for melting.

As rain is the main contributor to total precipitation, more vertically integrated
rainwater (tqr) in maritime conditions could indicate more total precipitation on
the ground compared to more polluted conditions. However, the melting of frozen
hydrometeors as well as the evaporation of rain can vary the rainwater content of a
specific atmospheric layer and therefore be decisive for how much rain reaches the
ground. For 23 June 2021, it can be seen that over the whole height with relevant
amounts of rainwater (about 8 km above ground level) highest values occur for mar-
itime, lowest for continental polluted conditions (exemplary for reference simulations
in Fig. 5.15a). This holds also for the lowest layers relevant for the surface precipi-
tation. The rainwater evaporation is stronger for lower CCN concentrations as well
(Fig. 5.15b). As a consequence of this, the lines are slightly closer together in the
lowest layers. However, they do not intersect. Hail is less relevant as its contribution

to the total precipitation is much smaller, but from the vertical profile, also larger
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Figure 5.15: Spatiotemporal averages over the DE-domain for the vertical profiles of (a)
rainwater (qr) and (b) evaporation rate of rainwater (EVAP) exemplary for the reference
simulations on 23 June 2021. Different colors indicate different CCN concentrations.

hail amount in the lowest layers follows for less pollution (not shown).

Over the course of the day, the reference simulations with less aerosols produce
more precipitation until 15 UTC (Fig. 5.16a). Later, the cases with higher pollu-
tion have similar or even slightly higher values. In accumulation, there is a larger
surface precipitation sum for less aerosols, largest in the intermediate conditions
(Fig. 5.16b). As a consequence of the stronger convection with more precipitation
in the low CCN cases earlier in the day, a larger amount of the mixed-layer CAPE
is consumed. On average, slightly lower values are therefore reached for CAPE in
maximum (Fig. 5.16¢). The differences are much smaller than between the different

wind shear simulations (Fig. 5.5d).

The behavior of total precipitation and CAPE is similar to above also in the other
shear cases. For all of them, a larger precipitation amount can be seen for the lower
CCN concentrations (Fig. 5.17) similar to the results in Fan et al. (2009). Only
in the reference simulations, a slight increase between maritime and intermediate
CCN concentrations takes place as it was the case for the weak shear cases in the
cited study. However, in the decreased shear cases in the present thesis as well
as in the increased shear cases, there is a steady decrease of precipitation with
increasing CCN concentration. Note that simulations are done with four different

CCN concentrations only, making it difficult to resolve a potential maximum.

With that, 23 June 2021 is very systematic, with increasing precipitation amount for
increasing wind shear and decreasing CCN concentration. Only how strong the pre-

cipitation varies with changing CCN concentration is not systematically dependent
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Figure 5.16: (a) Half-hourly precipitation rate, (b) total precipitation amount and (c)
averaged mixed-layer CAPE inside the DE-domain for the reference simulations on 23
June 2021.

on the vertical wind shear. Overall, the wind shear dependency is much stronger
than the CCN dependency. This is also visible from the spatial distributions of the
daily precipitation where similar precipitation features occur for the different CCN
concentrations (not shown) while large differences could be seen before for different

shear cases (e.g., Fig. 5.3).

5.2.2 Case of 28 June 2021

On 28 June 2021, the liquid hydrometeors cloud water and rainwater show a sim-
ilar decrease with increasing CCN concentration as on the first simulation day
(Fig. 5.18a). The same is valid for the warm rain production processes autoconver-
sion and accretion (Fig. 5.18b). The CCN dependency of the collision—coalescence is
slightly lower than on 23 June, which is also reflected in the dependency of tqr. For

the solid hydrometeors ice and snow, there is an increase, and for graupel a decrease

52



5.2 Effect on ACI

lel2

3.75 +50%
+25%
3.501 —e— REF
325 —o— -25%
—o— -50%
3.00

2.75 T H’H\.\.

N
w
o

total precipitation sum (ltr)

N N
o N
o v
L L

A total precipitation sum (%)

CCN concentration CCN concentration
(a) (b)

Figure 5.17: (a) Percentage deviations of total precipitation sum from the respective
simulation with continental CCN concentration and (b) absolute values of the total precip-
itation sum of the different simulations on 23 June 2021. Different colors indicate different
shear cases.

for increasing CCN concentration. However, the sensitivity of the different shear
cases differs a bit: for tqi, there is the highest sensitivity for the —50%-simulations
on 28 June 2021, for which there was the lowest on 23 June. For tqgs, the differences
between the shear cases are smaller than on 23 June. Hail is least systematic, but

as before, mainly with an increase for increasing CCN concentration.

Deposition systematically increases with increasing CCN concentration. The dif-
ferences between the different shear cases are smaller on that day, and the high-
est sensitivity can be seen for the —50%-simulations. This explains the differences
compared to 23 June mentioned above for tqi and tgs. Riming becomes system-
atically smaller for increasing CCN concentration. The lowest sensitivity of the
—-50%-simulations is also reflected by the lowest sensitivity in tqg. As on the first
simulation day, evaporation decreases with increasing CCN concentration with a
slightly higher CCN sensitivity for the weaker shear simulations. Melting shows
only a weak CCN dependency. The systematic behavior differs in the simulations
(e.g., increase in —50%-simulations, decrease in —25%-simulations, neither increase

nor decrease in +25%-simulations).

Even if hydrometeor variables and process rates show similar behavior on 23 and
28 June 2021, the response of total precipitation is different on 28 June (Fig. 5.19).
As shown before in section 5.1.2, there is more precipitation for smaller shear on
that day. But also the CCN dependency is different compared to 23 June 2021. On
the second simulation day, only the reference and the —25%-simulations show sys-

tematically decreasing precipitation sums with increasing pollution, the latter one
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Figure 5.18: Same as Fig. 5.14, but for 28 June 2021.

with a higher CCN sensitivity. In both of the increased shear simulations, conti-
nental polluted conditions also produce less precipitation than maritime conditions.
In between, however, there is both times no steady decrease. The —50%-simulations
are the only simulations with a systematic increase. Even if the percentage devi-
ations of total precipitation between the different CCN concentrations are smaller
than on 23 June, it is striking that the —25%-simulations and the —50%-simulations
give a completely different response for total precipitation when varying the CCN
concentration. As on 23 June, varying CCN concentration has a weaker impact on

convective precipitation than varying wind shear.
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Figure 5.19: Same as Fig. 5.17, but for 28 June 2021.

The difference between the -50%-simulations and the others is a much earlier onset
of precipitation in the former (section 5.1.2 and also Fig. 5.20a). The earlier precip-
itation is stronger in low CCN concentrations (Fig. 5.20b). As a consequence of this
higher precipitation rate, the mixed-layer CAPE reaches higher values in the cases
with high CCN concentrations in the afternoon (Fig. 5.20d). This holds for several
hours, leading to a higher precipitation rate in the late afternoon and evening for
the continental and continental polluted conditions. Due to these higher precipita-
tion rates in the late hours of the day, the lines of the accumulated precipitation
in Fig. 5.20c intersect around 21 UTC. For a shorter forecast period, also a system-
atic decrease of precipitation amount for increasing CCN concentration would have
been observed for the —50%-simulations. This is an important result as it shows
that the simulation period determines whether precipitation increases or decreases
for increasing CCN concentration. It is similar for the non-steady decrease of the
increased shear simulations where the CCN sensitivity is not completely systematic

before but also different for shorter forecast periods (not shown).

5.2.3 Case of 22 July 2015

On 22 July 2015, the hydrometeor variables give a similar response on changing CCN
concentrations as on the other days (Fig. 5.21a). However, for hail, a clear increase
for increasing CCN concentration exists in the stronger wind shear simulations,
while no CCN sensitivity takes place in the —25%-simulations. For graupel, the CCN
dependency is weaker for stronger shear cases (especially for the +50%-simulations).

For the other simulation days, the dependency was weakest in the —50%-simulations.

The decrease in autoconversion and accretion is very similar to the other simulation

days (Fig. 5.21b), especially to 28 June 2021. Deposition increases again but with
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Figure 5.20: (a) Half-hourly precipitation rate over DE-domain in simulations with con-
tinental CCN concentration; colors indicate different wind shear cases. (b) Half-hourly
precipitation rate, (c¢) accumulated precipitation sum and (d) averaged mixed-layer CAPE
inside the DE-domain. Figure (b-d) depict model output for the —-50%-simulations. Dif-
ferent colors indicate different CCN concentrations, therefore, the legend of subfigure (b)
holds also for (c) and (d).

a clearly higher CCN sensitivity of the +50%-simulations. The variable deposition
consists of positive values for actual deposition and negative values for sublimation
in the model simulations. For the +50%-simulations, deposition is very small, with
slightly negative values for the maritime and intermediate CCN concentrations and
slightly positive values for continental and continental polluted conditions. These
low values lead to large percentage deviations. Riming decreases for larger CCN
amounts. In contrast to 23 June 2021, the sensitivity of the reference and the
+50%-simulations is reduced. This fits with the weaker decrease of tqg and the
stronger increase of tqh. Melting increases with increasing CCN concentration. For
evaporation, there is only weak CCN dependency with increasing, decreasing or

constant behavior dependent on the shear case.
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Figure 5.21: Same as Fig. 5.14 and Fig. 5.18, but for 22 July 2015.

Even if the results for the vertically integrated rainwater are similar to the other
days, the surface precipitation is clearly different (Fig. 5.22). As on 28 June 2021,
more precipitation occurs the smaller the wind shear is (Section 5.1.3). For the CCN
dependency applies: the higher the CCN concentration, the larger the precipitation
amount. This is the exact opposite of 23 June 2021. As on the other days, the aerosol
effect is much smaller than the wind shear effect. The highest CCN dependency
occurs in the +50%-simulations, but there is no systematic way in which the wind
shear affects the CCN sensitivity of the precipitation response. Results to explain

the increase in precipitation are shown in the following for these simulations, even
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Figure 5.22: Same as Fig. 5.17 and Fig. 5.19, but for 22 July 2015.
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Figure 5.23: (a) Half-hourly precipitation rate and (b) averaged mixed-layer CAPE inside
the DE-domain in the +50%-simulations on 22 July 2015. Different colors indicate different
CCN concentrations.

if it is basically the same in the other shear cases (with the exception of the —50%-

simulations).

On 22 July 2015, precipitation starts at the same time in each simulation (Fig. 5.23a).
Therefore, no response can be seen in the maximum of the averaged CAPE (Fig. 5.23b).
Later in the day, the precipitation rate is higher in more polluted conditions, as more
CAPE is consumed in these cases. A larger average CAPE is left in the simulations
with low CCN concentrations. This greater consumption of CAPE corresponds to
what the cold-phase convective invigoration theory by Rosenfeld et al. (2008) pos-

tulates.
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Figure 5.24: Spatiotemporal averages over the DE-domain for the vertical profiles of (a)
rainwater (qr) and (b) rain production rate by melting of all frozen hydrometeors (MELT),
exemplary for the +50%-simulations on 22 July 2015.

The averaged profile of qr has two maxima (Fig. 5.24a). There are various reasons
for this structure: first, the profile is spatially averaged over many grid points, which
have their maximum at different heights. Second, it is temporally averaged over the
whole day during that the height of the maximum qr shifts. Third, there are also
grid points that have this kind of double maximum structure for one specific time
point. On average, clearly less rain is above 4km for the simulations with higher
CCN concentrations on average, resulting in the shown decrease of tqr. Below
4 km, it is the other way round, leading to more surface precipitation the higher the
CCN concentration is. In the altitudes of the upper maximum, warm rain processes
are clearly stronger for the lower CCN concentrations. Therefore, more rainwater
occurs for these conditions at this height. In contrast to the other two simulation
days, the rain production rate by melting of the frozen hydrometeors is increased
for increasing amounts of CCN. This could be connected with the higher altitude of
the 0°C level over several hours in the afternoon (not shown). However, it results
in more rainwater in the lowest layers for higher CCN concentrations. This effect is

even stronger in the MOSES-domain.

As mentioned above, the effect of melting on the larger precipitation amounts in
more polluted conditions holds for all simulations except for the —~50%-simulations.
In these simulations, precipitation starts a bit earlier for lower CCN concentrations.
As CAPE is then consumed earlier, it becomes on average larger for the simulations
with higher CCN concentrations. This results in a higher precipitation rate later in
the day. Therefore, similar to the —50%-simulations on 28 June 2021 (Fig. 5.20) but
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in a weakened manner, a negative relation exists between precipitation amount and

CCN concentration at first, later a positive one (not shown).

5.2.4 General conclusions

For all three simulation days, the hydrometeor variables show a similar CCN de-
pendency. The amounts of cloud water, hail, ice and snow increase with increasing
CCN concentration, and the amounts of graupel and rainwater decrease. The exact
size of percentage deviations varies from day to day. Which wind shear simulations
are most sensitive to varying CCN concentration differ also for the three simulation
days. The same applies to the microphysical process rates where an increase for
increasing CCN concentration always occurs for the deposition and a decrease for
riming and the warm rain processes accretion and autoconversion. The warm rain
processes show a higher sensitivity to changing CCN concentration for the stronger
shear cases on all three simulation days. Evaporation mainly decreases and melting

increases with increasing CCN amount, but not in each simulation.

The response of total precipitation is different for all three simulation days. While
a decrease with increasing CCN concentration occurs for all simulations on 23 June
2021, there is an increase for all simulations on 22 July 2015. On 28 June 2021, an
increase takes place in the —-50%-simulations, a non-steady decrease for the increased
wind shear simulations and a steady decrease for reference and —25%-simulations.
With that, no general statements for the precipitation response are found from the
simulations of the present work. Likewise, the systematics found by Fan et al.
(2009) with decreasing precipitation amounts for increasing CCN concentrations
in the strong wind shear cases and with an increase up to an optimum value and a
decrease for further aerosol loading in the weak wind shear cases cannot be confirmed

in general due to different reasons mentioned above.

5.3 Precipitation efficiency

Above, it was shown that the three simulation days respond differently to the chang-
ing CCN concentrations for several reasons. However, even if the microphysical
process rates show a systematical behavior, some of them decrease, and some of
them increase with increasing CCN concentration. Also the CCN sensitivity of the
different wind shear cases varies. Therefore, this section deals with the question of
how the precipitation varies in the different simulations in relation to the processes

which generate precipitation particles.

For that, the precipitation efficiency PE calculated after Baur et al. (2022) is used:

P
PE = —. 2
- (52)
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Figure 5.25: Relative change to the respective simulation with continental CCN concen-
tration for precipitation efficiency on the three simulation days (a) 23 June 2021, (b) 28
June 2021 and (c) 22 July 2015. Calculation is done with 24-hourly precipitation and
generation term values. Different colors indicate different shear cases.

In that equation, P describes precipitation and G the generation terms deposition
(including sublimation), riming, autoconversion and accretion. All variables are
used accumulated over the simulation period of 24 hours. As in Baur et al. (2022),
the precipitation efficiency is dependent on the CCN concentration with increasing
values for increasing CCN concentration (Fig. 5.25). This holds for all simulations,
even for them with decreasing precipitation amounts. The CCN sensitivity is mainly

higher the stronger the wind shear is on all three simulation days.

For all three days, three of four generation terms (riming, autoconversion and ac-
cretion) decrease with increasing CCN concentration, only deposition increases. For
most of the simulations, the decrease of the absolute values of the warm rain pro-
cesses autoconversion and accretion already exceeds the increase of the deposition.

An additional decrease of the riming leads to an even larger decrease. As a general
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Figure 5.26: Relative change to the respective simulation with continental CCN concen-
tration for the sum of generation terms (deposition, riming, autoconversion and accretion)
on the three simulation days (a) 23 June 2021, (b) 28 June 2021 and (c) 22 July 2015.

conclusion, it follows from the simulations of all three days that the rain generation

is reduced with increasing CCN concentration.

On the first simulation day, 23 June 2021, there is a strong decrease of generation
terms for increasing CCN concentration. This high sensitivity is necessary to invert
the decrease of precipitation sum in an increase of precipitation efficiency. The
absolute values of generation terms are clearly higher the greater the wind shear is,
as all four generation terms show this shear sensitivity (not shown), leading to the
larger precipitation sums found in section 5.2.1. The decrease of generation terms for
increasing CCN concentration is also clearly stronger for the strong wind shear cases
and becomes visible in the relative changes (Fig. 5.26a) despite the larger absolute
values. This systematic stronger decrease of the generation terms is a consequence
of the stronger decrease of the riming rate and the warm rain processes, and explains

the systematic behavior in the precipitation efficiency with a stronger increase for

62



5.3 Precipitation efficiency

greater wind shear (Fig. 5.25a).

On 28 June 2021, the generation terms are slightly larger for weaker wind shear,
however, with only much smaller differences compared to 23 June 2021. Only the
~50%-simulations do not fit with this systematic behavior: the decrease for increas-
ing CCN concentration is only weak, resulting in lowest values of G for low CCN
concentrations and highest values of G for high CCN concentrations compared to
the other shear cases. This weak decrease for increasing CCN concentration in the
-50%-simulations is partly a result of a weaker decrease in the warm rain processes
but mainly a result of the clearly weaker CCN sensitivity of riming (Fig. 5.18b).
However, as the precipitation sum increases with increasing CCN concentration for
this shear case, an increase in precipitation efficiency is the consequence. In the
other four shear cases, a slightly stronger decrease for increasing CCN concentration
occurs the greater the wind shear is (Fig. 5.26b) as a consequence of the stronger
decrease in the warm rain processes. This systematic behavior in turn results in the
stronger increase of precipitation efficiency with increasing CCN concentration for
greater wind shear (Fig. 5.25b).

On 22 July 2015, the reason for the systematic response in precipitation efficiency
is slightly different. The decrease in the generation terms for increasing CCN con-
centration is weaker than on the other days. However, in combination with the
increasing precipitation sums for increasing CCN concentrations, increasing precip-
itation efficiency is again the result on this day. The wind shear sensitivity in the
generation terms is not as systematic as on the other days (Fig. 5.26¢). For the
+50%-simulations, there is no steady decrease as the generation terms are larger
in the continental polluted than in the continental conditions. Note here, that the
decrease in these simulations is only that strong between maritime and continental
conditions as a consequence of much lower absolute values in G. However, as the
precipitation sum increase is strongest for these simulations, the strongest increase
in precipitation efficiency results for the +50%-simulations. Also for the other shear
cases, a combination of CCN sensitivity in precipitation and generation term re-
sponse explains the systematic behavior of the precipitation efficiency for varying

wind shear.
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6. Conclusion and discussion

Clouds and precipitation are influenced to a large extent by ACI, which arise from
many different microphysical and thermodynamical processes. In the past years,
the vertical wind shear was found to have a large impact on how aerosols affect
precipitation. From idealized simulations in Fan et al. (2009), it followed that in-
creasing aerosol concentration lead to weaker convection with less precipitation in
environments of strong wind shear. Under weak wind shear, greater aerosol loading
invigorates convection leading to larger amounts of precipitation up to an optimum
CCN concentration. For further increased aerosol loading, the convection becomes

weaker also in the weak wind shear environment.

Therefore, the aim of this study was to investigate the impact of wind shear on ACI
and convective precipitation using real-case simulations. The simulations were done
with a 1-km ICON grid for two days with convective activity of the Swabian MOSES
field campaign, 23 June 2021 and 28 June 2021, and one day with supercells over
Germany from the data set of Tonn et al. (2023), 22 July 2015. For each simulation
day, twenty simulations were performed. The first four simulations were done with
four different CCN concentrations (maritime, intermediate, continental, continental
polluted) and reference wind shear. Afterwards, the wind shear of the initial data was
increased and decreased in two ways, and simulations with the four different CCN
concentrations were repeated for each case of wind shear. The model output over
Germany and some bordering regions was analyzed in two steps: first, the impact
of wind shear on convective precipitation was studied, while CCN dependency was
excluded by working only with the simulations with continental CCN concentration.
In the second step, it was also analyzed how thermodynamics and microphysical
process rates develop for varying CCN concentrations in the different wind shear

cases.

The following conclusions can be drawn from the analyses of the model output of

the ICON real-case simulations:

e The three convective active days do not provide a consistent result on how
the precipitation amounts depend on vertical wind shear. The precipitation
response is systematic in general, however, with increasing amounts on 23 June
2021 and decreasing amounts on 28 June 2021 and 22 July 2015 for increasing

wind shear.

e The potential for convection (expressed by averaged mixed-layer CAPE) is al-
ways higher the stronger the wind shear is. The differences are largest on 23
June 2021, where the different potential is also reflected in the precipitation

amount. On the other days, a larger energy barrier (expressed by averaged
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CIN) in the convective relevant areas is responsible for the fact that the con-

vection potential can not be used.

e The vertically integrated hydrometeor variables behave similarly for varying
CCN concentrations on the three simulation days. The amounts of cloud water,
cloud ice, snow and hail increase for increasing CCN concentration, and the
amounts of graupel and rainwater decrease. Which wind shear case has the

largest CCN sensitivity is different for the three days.

e The vertically integrated microphysical process rates also behave similarly for
varying CCN concentrations on the three simulation days. The warm rain
processes accretion and autoconversion decrease for increasing CCN concentra-
tion as well as riming. Deposition increases for increasing CCN concentration.
Evaporation mainly increases and melting mainly decreases, however, not in
each simulation. For accretion and autoconversion, a lower CCN sensitivity
for weaker wind shear cases occurs. The same is the case for riming on 23 June
2021 and 28 June 2021.

e As for the dependency of precipitation on the wind shear, no consistent result
for the CCN dependency of convective precipitation follows from the three
simulation days. On 23 June 2021, precipitation amounts decrease, and on
22 July 2015, they increase for increasing CCN concentration. On 28 June
2021, the results are different for the different wind shear cases. However, on
this day, simulations show a similar behavior as on 23 June 2021 for the first
roughly 20 hours of the day. For a longer forecast period, the CCN dependency

reverses.

e On all three simulation days, there is no systematic behavior of how vertical

wind shear influences the CCN sensitivity of the precipitation response.

e The precipitation amounts clearly vary stronger for varying wind shear than

for varying CCN concentration on all three simulation days.

e A clear systematic behavior is found for the precipitation efficiency. For all
three simulation days, the precipitation efficiency increases with increasing
CCN concentration as in Baur et al. (2022). This effect is stronger the greater
the vertical wind shear is, which is a consequence of a stronger sensitivity in
the generation terms on 23 and 28 June 2021. On 22 July 2015, a combination
of precipitation and generation terms response leads to the same behavior of

precipitation efficiency as on the other days.

There are differences in the methodology of the ICON real-case simulations and
the idealized simulations of Fan et al. (2009) leading to the different precipitation

responses. Only four different CCN concentrations are used in the present thesis.
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This makes it difficult to resolve a potential maximum for weak wind shear cases
when the precipitation amounts decrease with increasing CCN concentration, as it
occurs in the cited study. The forecast period also plays a role. In Fan et al. (2009),
simulations were run for only 3 hours, whereas in this thesis, convective days are
simulated for the full 24 hours of the day. It was shown above that the simulation
period is highly important for the CCN sensitivity as the results sometimes reverse

in the last hours of the day.

The output of the real-case simulations in this work makes it possible to explain the
evolution of atmospheric conditions as a whole, leading to the different responses in
precipitation. With that, it becomes clear that the initiation of convection is more
individual from day to day than expected from the idealized simulations by Fan
et al. (2009). Therefore, and as the forecast of such convective events is of great
importance, a study with further real-case simulations of convective active days is
recommended for future research. For that, data from the Swabian MOSES follow-
up campaign of the summer of 2023 could be used. It might be beneficial to better
resolve the range between clean and polluted CCN concentrations in that further
simulations. Also, it might be valuable to look at more individual cell development
in smaller areas and smaller time frames, even if this has proved difficult in the
process of the present work, after the cells are created at somewhat different times
and in somewhat different places. In a further study, it might also be interesting
to investigate how the results for the simulation days of this work change when not

only the wind speed but also the wind direction of the initial data is changed.
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