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The impact of wind shear on aerosol-cloud interactions and convective
precipitation is investigated with real-case simulations using the ICOsahedral
Non-hydrostatic (ICON) model over central Europe. Three days with severe
convective storms have been simulated using a double-moment microphysics
scheme on a 1-kmgrid. For each day, twenty simulations with varied initial vertical
wind shear and cloud condensation nuclei (CCN) concentrations were
performed. In these simulations, a higher convective potential is found for
stronger wind shear. However, this is not necessarily reflected in the amount
of precipitation, which shows no systematic dependency on the wind shear for
the days analyzed. Changing the CCN concentration generally has a smaller
impact on the precipitation amount than changing the wind shear. Even if
hydrometeor amounts and microphysical process rates respond similarly to
changing CCN concentrations in the different shear cases, the convective
precipitation shows no systematic CCN dependency. Furthermore, it is shown
that this dependency even changes for a different simulation duration. If the
amount of precipitation is related to its generation processes, a systematic
relationship emerges: the precipitation efficiency always increases with
increasing CCN concentrations, and this increase is greater the higher the
initial wind shear of the simulations is. The findings of the present paper
demonstrate that the impact of wind shear on aerosol-cloud interactions is
complex, and previous results from idealized simulations cannot be transferred to
realistic simulations.
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1 Introduction

The forecast skill of numerical weather prediction (NWP) models has improved greatly
over the past years. Nowadays, much higher computing power is available than a few
decades ago. This makes it possible to runmodel simulations with a higher resolution and to
use more accurate descriptions of radiation, clouds, and other physical processes. Aside
from that, much more data, particularly from remote-sensing instruments, are collected
nowadays, which are assimilated in a better way (Magnusson and Källén, 2013; Bauer et al.,
2015; Brunet et al., 2023). Also, ensemble modeling strategies are often used to estimate
uncertainties of the model forecast (Buizza, 2018). However, accurately forecasting
convective events is still a big challenge, as such events are often small-scale and
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influenced by many different factors. This is a problem since
convective clouds and storms are often associated with severe
weather phenomena like hail, heavy rain, or severe wind gusts.
As a consequence, these events often cause large damage to
buildings, infrastructure, vehicles, and agriculture or even pose a
risk to human health, making accurate forecasts highly important
(e.g., Púčik et al., 2019; Kron et al., 2019; Wilhelm et al., 2021).

The three ingredients necessary for convection are sufficient
low-level moisture, instability of the atmosphere, and a trigger
mechanism (Doswell III, 1987; Houze, 1993). The triggering
mechanisms can be induced by the orography or heterogeneities
of the land surface (Kirshbaum et al., 2018). Also, the synoptic-scale
flow can play an important role in convection initiation (CI) as a
relevant portion of convective cells is triggered by fronts (Pacey et al.,
2023; Kunz et al., 2020). Besides the triggering, the large-scale
synoptic flow influences the thermodynamic conditions of the
atmosphere as well and is therefore to a large extent decisive for
the occurrence of convection (e.g., Wapler and James, 2015; Piper
and Kunz, 2017; Piper et al., 2019).

After CI, the environmental dynamics and the complex
microphysics in the formation of cloud droplets while interacting
with aerosols (aerosol–cloud interactions: ACI) are additional
factors that increase the uncertainty in convection forecasts (e.g.,
Tao et al., 2007; Seifert et al., 2012; Fan et al., 2013). While vertical
wind shear is crucial for the organization and lifetime of convective
cells (Markowski and Richardson, 2010; Wilhelm et al., 2023), ACI
in particular introduces large uncertainties in numerical modeling
(Stier et al., 2024). A higher amount of aerosols that are activated as
cloud condensation nuclei (CCN) leads to more but smaller cloud
droplets in general (Gunn and Phillips, 1957). This has an effect on
the earth’s energy budget as the optical thickness of a cloud is
dependent on the diameter of the droplets (Twomey, 1977). Further,
the lifetime of the cloud is assumed to be longer for higher pollution
due to the lack of efficient collision–coalescence (Albrecht, 1989;
Rosenfeld and Lensky, 1998).

As summarized by Fan et al. (2016), the aerosol effects differ for
the various cloud types. In convective clouds, the so-called cold-
phase invigoration hypothesis (Rosenfeld et al., 2008) states that in
polluted conditions, a higher amount of droplets can reach the
freezing level, resulting in an additional heat release and therefore in
more intense convection with higher precipitation amounts.
Another theory is the warm-phase invigoration, stating that more
condensation can occur during convection in high-pollution
environments, leading to a higher latent energy release (Cotton
and Walko, 2021). This theory was supported by simulations of the
measurement campaign GoAmazon (Fan et al., 2018). However, a
recent study by Öktem et al. (2023) did not confirm this hypothesis
since they found no aerosol impacts on updraft speed and
reflectivities for the same data. As a third theory of invigoration,
a higher humidity of the environment due to stronger moisture
detrainment for higher pollution could also strengthen the large-
scale ascent and therefore the small-scale convective cells (Abbott
and Cronin, 2021).

In all invigoration hypotheses, the convective intensity only
increases up to an optimum CCN concentration and decreases for
higher aerosol loading as the radiative effect is assumed to dominate
then with the consequence that less energy is available at near-
surface layers for convection (Rosenfeld et al., 2008). However,

several studies in the past were not able to find evidence for the
hypothesis of convective invigoration independent of the physical
process behind it (Altaratz et al., 2014). In Barthlott and Hoose
(2018), realistic convection-resolving simulations of weakly- and
strongly-forced events were performed, revealing no systematic
aerosol effect in the weakly forced cases, while in the strongly
forced cases, even a decreasing precipitation amount for
increasing CCN concentration was observed. Therefore, the
aerosol effect is not negligible, but more accurate knowledge
about the environmental conditions is of high importance.

Several variables influence ACI, explaining deviations from the
idealized concept of convective invigoration. Factors regulating the
dominant microphysical processes as well as the feedback between
microphysics and dynamics are relative humidity (Khain et al., 2008;
Mulholland et al., 2024), convective available potential energy
(CAPE) (Storer et al., 2010), soil moisture (Barthlott et al., 2022a;
Schneider et al., 2019), and vertical wind shear (Fan et al., 2009;
2012; Mulholland et al., 2024). In particular, the wind shear has a
dominant influence on how the ACI impacts convective clouds and
precipitation. For higher wind shear (especially across mid-levels:
1–6 km), Mulholland et al. (2024) found stronger storm-relative
inflows, and therefore, less dilute and stronger updrafts, leading to a
larger hydrometeor mass as well as higher precipitation rates in the
case of supercells. Fan et al. (2009) used idealized cloud-resolving
simulations to systematically assess how aerosols affect isolated
convection in strong and weak wind shear conditions. For cases
with weak wind shear, convective precipitation depends on the CCN
amount as stated in the invigoration hypothesis: an increase is
observed up to an optimum CCN concentration, but a decrease
for higher aerosol loading. However, for strong vertical wind shear,
an increasing CCN amount leads in their simulations to less
convective intensity. The authors stated that in strong shear
environments, the increasing evaporative cooling is always larger
than the increasing condensational heating when increasing the
CCN concentration.

The main objectives of this study are to assess whether this
CCN–precipitation relation for different wind shear can also be seen
in real-case simulations. We want to give new insights into
realistically simulated convective event days where idealized
simulations cannot give the full picture. Many studies, apart from
Fan et al. (2009) in the past, focused on idealized simulations (e.g.,
Altaratz et al., 2008; Storer et al., 2010; Kalina et al., 2014;
Mulholland et al., 2024) since these have the advantage of easily
changeable environmental conditions. Numerous sensitivity runs
are possible at relatively moderate computational costs. However, it
was stressed by Noppel et al. (2010) that the ACI sensitivity in
idealized simulations often differs from that in real-case simulations.
The latter represent a more realistic life cycle, account for a variable
orography and land surface, and enable also the interaction between
different cloud regimes within a large domain (e.g., Barthlott and
Hoose, 2018; Dagan and Stier, 2020; Barthlott et al., 2022b; 2024).

For our purpose, we simulated three convective active days -
23 June 2021, 28 June 2021, and 22 July 2015 (see Section 2.2) - for a
period of 30 h until 0600 UTC of the following day with a 1 km
resolution, in which both vertical wind shear and CCN
concentration are systematically varied. We are interested in the
similarities and differences in the thermodynamic environmental
variables and microphysical process rates of the individual

Frontiers in Environmental Science frontiersin.org02

Tonn et al. 10.3389/fenvs.2025.1566365

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2025.1566365


simulations that explain the results of the precipitation. We also
investigate how the relationship between precipitation generation
and actual precipitation amounts behaves in the individual
simulations.

The model and its general structure are described in Section
2. Additionally, it is explained how wind shear and CCN
concentration were modified in the individual simulations to
investigate the effects of wind shear and aerosol content on
convective precipitation. To get an overview of the three
simulation days, observations are also shown, and the
Swabian MOSES field campaign is introduced, as two of the
three cases occurred during that campaign. In Section 3, the
effects of varying initial wind shear and CCN concentration on
convective precipitation on the three simulation days are shown.
The results for each day are presented individually, followed by
the conclusions that can be learned from the simulations.

2 Methods

2.1 Model description and
simulations overview

To study the impacts of changing vertical wind shear and ACI
on convective precipitation, the model simulations were performed
with the ICOsahedral Non-hydrostatic (ICON) model in version
2.6.5. The horizontal grid of ICON is triangular, resulting from the

projection of an icosahedron onto a sphere (Zängl et al., 2015). The
German Weather Service (Deutscher Wetterdienst, DWD) uses
ICON for operational global and regional NWP. For the forecast
over Germany, the ICON-D2 model has been run since February
2021 with a convection-permitting resolution of 2 km over the
domain depicted in Figure 1. For the black framed model area,
simulations of convective events are performed in the present study
with an even higher resolution of 1 km (R19B08). In the vertical,
100 layers extend up to 22 km above ground level. For that, the
smooth level vertical (SLEVE) coordinate is utilized, enabling a
faster transition from a terrain following to a smoothed signal in the
upper troposphere (Leuenberger et al., 2010).

The three convective active days - 23 June 2021, 28 June 2021,
and 22 July 2015 - which are described in more detail in Section 2.2,
are all simulated for an integration time of 30 h, initialized at
0000 UTC, producing output half-hourly. The original simulation
period of 24 h was extended by 6 h, as not all convective systems had
completely dissipated within that time. An even longer period was
not considered so as not to stray too far from the initial conditions.
For the time integration, a two-time-level predictor-corrector
scheme is used, which is explicit except for the vertical sound-
wave propagation terms (Zängl et al., 2015). For the initialization,
different data are used: in the cases of summer 2021, ICON-EU
operational analysis (R03B08; resolution = 6.5 km) function as
initial and boundary data, and in the case of summer 2015, data
from the Integrated Forecasting System (IFS) of the European
Center for Medium-Range Weather Forecasts (ECMWF). That is

FIGURE 1
Map of the ICON-D2model area with colors indicating the orography. The black framed domain inside indicates the model area for the simulations
with 1 km resolution performed for the present study. The black dashed box displays the DE-domain used for most analysis (Section 3). The red dashed
box shows the location of the Swabian MOSES field campaign (see Section 2.2).
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because an index describing the soil moisture was not available in the
ICON data before 2018. For all 3 days, these initial and boundary
data are mapped onto the 1-km limited-area grid.

In the simulations, the two-moment bulk microphysics
scheme of Seifert and Beheng (2006) is employed to account
for aerosol effects on the microphysics of mixed-phase clouds.
This scheme predicts the mass and number concentrations of
liquid hydrometeors, including cloud droplets and raindrops, as
well as of solid hydrometeors, such as cloud ice, snow, graupel,
and hail. By using this microphysics scheme and the CCN
activation parameterization of Segal and Khain (2006), four
reference simulations (in the following referred to as REF in the
figures) per day were performed with different conditions of
pollution in each run, indicated by the CCN concentration
NCCN. The four conditions are maritime m (NCCN � 100
cm−3), intermediate i (NCCN � 250 cm−3), continental c
(NCCN � 1700 cm−3) and continental polluted p (NCCN � 3200
cm−3) with continental aerosol conditions usually being closest

to reality over a continental simulation area like in the present
work. The other parameters of the microphysics scheme, like the
height dependency of the CCN concentration, are kept constant.
All parameterizations used in the ICON model setup for this
study can be found in Table 1.

With the reference simulations described above, it is
possible to study the impact of ACI on convective clouds and
precipitation. To study the importance of vertical wind shear,
the wind profile is modified in sensitivity runs. For the present
work, we decided to only change the wind speed, not the wind
direction, in several layers. Up to a height of 1.15 km in the
ICON-EU initial data (IFS: 1.092 km), the wind speed is kept
constant to avoid strong disturbances of the boundary layer.
Even if the boundary layer is not constant over the day and can
reach higher up in the atmosphere, it was decided to multiply
the wind speed above that constant threshold height with a
factor f that depends on the elevation (Figure 2a). The factor f
increases (decreases) linearly with vertical level up to a height of

TABLE 1 Further model configuration details.

Model aspect Setting

Aerosol effects on microphysics Two-moment bulk microphysics scheme (Seifert and Beheng, 2006)

CCN activation Based on activation scheme by Segal and Khain (2006)

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

Homogeneous ice nucleation Cirrus nucleation scheme (Kärcher and Lohmann, 2002; Kärcher et al., 2006)

Convection parameterization Shallow and deep convection: explicitly resolved

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

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

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

FIGURE 2
(a) Factor f that is multiplied by 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) Exemplary 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 on 23 June 2021, 0000 UTC.
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5.23 km in the ICON-EU data (IFS: 5.18 km). With that, f only
changes within the layer of the lowest 6 km, which is relevant for
the organization and propagation of convective systems (e.g.,
Bunkers et al., 2000; Bunkers et al., 2014). Above 5.23 km
(5.18 km), f remains constant, increasing or decreasing the
wind speed for all layers by 25% and 50%, respectively.
Corresponding to this increase or decrease in the upper
layers, the simulations are referred to as ± 25%- or
± 50%-simulations in the following.

With the chosen approach, large wind speed differences occur in
the upper troposphere, the region of highest wind speed (Figure 2b).
However, wind velocity differences are already obtained in the
storm-inflow layer (1–3 km, according to Markowski and
Richardson (2010)). Also in the lowest 6 km, there are relevant
wind shear variations between the different simulations.
Additionally, it is ensured with the chosen approach that there is
no abrupt increase or decline in wind speed above the
boundary layer.

It should be noted that even if only the wind speed is
changed in the initial conditions, there can be differences in
the wind direction. This is a consequence of the connection
between the wind and the pressure fields. A higher (lower) wind
speed corresponds to a larger (smaller) pressure gradient. Since
the pressure field is also in balance with the temperature field,
any variables affecting thermodynamics in the simulations can
induce changes in the pressure field. This balance impacts again
the wind field with the vectors parallel to the isobars in
geostrophic balance. The above-described effect accounts for
observed differences in the wind direction, for example, on
23 June 2021, 1200 UTC, between the +50%-simulation
featuring southwesterly winds across Germany and
the −50%-simulation characterized by mainly southerly
winds, albeit with a slight easterly component in northern
Germany (Figure 3).

2.2 Case studies

Two of the three simulated thunderstorm days occurred during
the first phase of the Swabian MOSES (Modular Observation
Solutions for Earth System) field campaign in summer 2021
(Kunz et al., 2022). This field campaign was conducted by five
Helmholtz research centers, three universities, and DWD under the
coordination of the Karlsruhe Institute of Technology (KIT) to
capture and explore the whole event chain of hydro-meteorological
extremes like heavy precipitation or hail events in local-scale
thunderstorms. The measuring area was located in southwestern
Germany, including the regions of Neckar Valley and Swabian Jura
(red dashed box in Figure 1), which is a hotspot for intense
convection and hail (e.g., Puskeiler et al., 2016; Junghänel et al.,
2016; Schmidberger, 2018).

According to Kunz et al. (2022), supercells were observed in the
study area on both simulation days, the 23 and 28 June 2021, leading
to widespread damage. Barthlott et al. (2024) showed for 23 June,
how favorable convective conditions lead to a supercell with an
especially long lifetime (7.5 h) and distance (187 km) producing hail
with diameters of up to 4 cm, and hail accumulations on the ground
of around 30 cm (Kunz et al., 2022). On 28 June, slightly smaller hail
of 3 cm occurred, but heavy rainfall caused several flash floods on
that day since the rain hit already high soil moisture.

Looking at these 2 days in the RADOLAN (Radar Online
Adjustment) data of DWD, a precipitation data set created by
combining radar data with rain gauge ground observations
(DWD, 2023), it can be seen that on both days, high
precipitation totals occurred over southwestern Germany within
the Swabian MOSES domain, but also in some other regions. On
23 June, southeastern Germany is also affected by larger
precipitation features, reaching into the Czech Republic
(Figure 4a). On 28 June 2021, some areas in central and
northwestern Germany were also affected by heavy precipitation

FIGURE 3
500 hPa geopotential field and 500 hPa horizontal wind vectors for the ICON simulation domain on 23 June 2021, 1200 UTC in the (a) +50%-
simulation and (b) −50%-simulation.
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FIGURE 4
Accumulated surface precipitation over Germany and some bordering regions with each row indicating 1 day (a, d, g, j) 23 June 2021; (b, e, h, k)
28 June 2021; (c, f, i, l): 22 July 2015). In the first line, the precipitation amounts according to RADOLAN data are displayed (a-c). Each additional row
indicates one shear case (d, e, f)+50%; (g, h, i) reference shear; (j, k, l): −50%). All simulations are performedwith the continental CCN concentration. The
map section shown in each plot corresponds to the DE-domain (see Section 3).
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(Figure 4b). Over southeastern Germany, there is again precipitation
on that day.

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 and
several mesocyclonic features. The most intense convective cells
occurred in southwestern Germany (Figure 4c). A feature with high
precipitation amounts extended over a larger area and was directed
from southwest to northeast in northeastern Germany. Many single
cells also occurred in southern Bavaria along the Austria-
Germany border.

3 Results

For the 3 days, the results for the simulated amount of
convective precipitation are shown in the following. First,
dynamic and thermodynamic variables are used to explain why
changing wind shear results in the depicted different precipitation
amounts. Most explanations refer to the continental CCN
concentrations (c) even if they also hold for the other CCN cases
(m, i, p, see Sect. 2.1). From these different CCN cases, a CCN
dependency of the precipitation is also shown, and how this is
explainable with microphysical process rates. If not further
indicated, all results refer to an area called DE-domain, extending
from 5.8°E to 14.59°E and from 47.3°N to 54.0°N, which is part of
the ICON model area (black dashed box in Figure 1 and map
sections in Figure 4). A view of that larger area enables the focus on
Germany and excludes some of the boundary regions of the model.
In addition, the entire precipitation areas that occur in different
locations in the various simulations are taken into account, and the
results are not influenced by being tailored to a specific area. Besides
the total precipitation amount, shear and CCN concentration
dependency of the precipitation efficiency are also presented at
the end of this section.

3.1 Effect of changing wind shear and CCN
concentration on convective precipitation

Compared with the observations (Figure 4a), the spatial
distribution of the precipitation features is similar to the
simulation with reference shear and continental CCN
concentration of 23 June 2021 (Figure 4g). Most of the
precipitation falls over southern Germany. In this area,
precipitation is mostly from longer-lived convection (not directly
shown, but visible from somehow coherent features in this area).
Additionally, short-lived convective cells occur over central western
Germany. Over northern Germany, there is no precipitation.
Overall, only slight deviations from the observations occur, such
as a minor spatial shift of the convective cells. As a consequence,
there is, for example, no precipitation in the simulations over the
southeastern part of Germany (Figure 4g) even if there is some in the
observations (Figure 4a).

Because of the chosen change of wind speed in the different
simulations, the deep-layer shear (DLS), calculated as the
difference in wind velocity between 0 and 6 km, is larger
during the whole course of the day on all three simulation
days the larger the vertical wind shear in the initial conditions is.

It becomes visible for all days that with smaller DLS, the
convection is less organized and characterized by a smaller-
scale structure. On 23 June 2021, precipitation is, therefore,
more concentrated in southern Germany in the −50%-
simulations, as convective cells originally moving northeast
have shorter lifetimes and tend to move more eastward
(Figure 4j). The storm track of the observed supercell in
southwestern Germany is not simulated by the model for this
reduced shear. When DLS is larger, convection is more
organized, resulting in larger areas affected by high amounts
of accumulated precipitation on 23 June 2021 (Figure 4d). As
the convective cells in the +50%-simulation have a stronger
movement towards the north than in the reference run, the
southeast of Germany is less affected than before, but now in
eastern Germany, large amounts of precipitation occur.
Furthermore, the track of the supercell is visible in the
increased amount of precipitation along a strip in
southwestern Germany.

Same as in the RADOLAN observations (Figure 4b), the
simulated precipitation characteristics of 28 June 2021
(Figure 4h) are very different from those on 23 June 2021. The
total precipitation amount in southern Germany decreases
substantially for increasing wind shear on 28 June 2021
(Figure 4e). A large area with continuous high precipitation
amounts is shifted more towards the north. This means that the
precipitation features deviate significantly from the ones of the
reference shear (Figure 4h). For that reference shear,
precipitation occurred with the highest amounts in southwestern
Germany and over central Germany, a bit shifted to the east
compared to the RADOLAN data (Figure 4b). Also over Bavaria
and in northern and northwestern Germany, some less intense
convection takes place. In the −50%-simulation, the convective
cells in the northwestern part of Germany are the most intense,
as well as those in southern Bavaria along the Austria-Germany
border (Figure 4k). As of 23 June 2021, the distribution of convective
cells is characterized by smaller-scale structures for decreased
wind shear.

When examining the precipitation distributions over Germany
in the reference simulations on 22 July 2015, a continuous
precipitation area can be seen stretching from the southwest to
the east (Figure 4i). Additionally, some convective cells develop at
the border region between Germany and Austria. Thus, the
precipitation in the simulations aligns well with the observations
also on this third simulation day (Figure 4c). In the +50%-
simulation, the spatial pattern of the precipitation is similar;
however, significantly lower precipitation amounts are visible
(Figure 4f). In the −50%-simulation, precipitation, with
significantly higher accumulated rainfall at some locations, is
concentrated primarily in the central and southwestern parts of
Germany (Figure 4l).

After accumulating the precipitation amounts of the different
simulations over the entire DE area, a systematic, however,
opposite behavior for wind shear dependency is striking: on
23 June 2021, precipitation sums are larger the stronger the
shear in the initial conditions is (Figure 5a). This is mainly
caused by the precipitation peak in the late evening and during
the night. This effect is stronger in the simulations with larger
initial wind shear (Figure 5b). The maximum rates are similar in
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the +25%- and +50%-simulation. However, in the +50%-
simulation, the precipitation rate is larger earlier on the day,
leading to the highest values in the precipitation amount over
the whole day in this simulation. In contrast, on both other
simulation days, more precipitation occurs the lower the wind
shear is (Figure 5a). Only in the reference simulation of 28 June
2021, there is slightly more precipitation than in the −25%-
simulation. The general decrease with increasing wind shear on
28 June 2021 is mainly caused by an earlier onset of precipitation,
the lower the wind shear is (Figure 5c). In the reference simulation,
the precipitation amount is still relatively high in the last
simulation hours, leading to slightly higher accumulated values
than in the −25%-simulation. On 22 July 2015, the precipitation
rate is higher the lower the wind shear is over almost the whole
simulation period affected by precipitation (Figure 5d).

The CCN dependency of the total precipitation sum is similar
for the different shear cases of a simulation day, but not for the
different days: on 23 June 2021, in all shear cases, the precipitation
sum is smaller for polluted conditions than for maritime ones
(Figure 5a). On 22 July 2015, it is exactly the opposite, with a
larger precipitation sum for polluted than for maritime conditions in
all shear cases. The CCN dependency of 28 June 2021 is similar to
23 June 2021, except for the −50%-simulation in which a higher
CCN concentration leads to more precipitation (Figure 5a). The
magnitude of the precipitation differences between CCN
concentrations remains similar across all shear cases. Overall, the
effect of changed CCN concentration is much lower than the effect
of changed wind shear (Figure A1). To explain the partly opposite
dependencies on wind shear and CCN concentrations in the
different simulations, the environmental conditions are presented
day by day in the following subsections.

3.1.1 23 June 2021
On 23 June 2021, the systematic shear dependency of the

precipitation sum is a consequence of the increased convection
potential with increasing shear. Convection potential is represented by
the mixed-layer CAPE, which is, according to Trapp (2013), calculated as
the vertical integral of the buoyancyB between the level of ffree convection
(LFC) and the equilibrium level (EL), as shown in Equation 1:

CAPE � ∫zEL

zLFC

B dz. (1)

The mixed-layer CAPE considers the buoyancy of an air parcel
of the mixed lower 500 m of the atmosphere. In our simulations, the
spatially averaged mixed-layer CAPE for the higher shear cases
reaches significantly higher values during the day compared to the
lower shear cases (Figure 6a). There is a linear correlation between
CAPE and low-level (lowest 25 hPa) equivalent potential
temperature θe confirmed in a study by Kohler et al. (2010) as
both measures depend on temperature and humidity. Therefore, the
different CAPE for the different shear case simulations can be
explained by different equivalent potential temperatures close to
the ground (Figure 6b). This in turn is because with higher shear,
more radiation reaches the surface (Figure 6c) and a stronger flux of
sensible and latent heat leads to higher ground temperature and
humidity. More radiation is caused by less cloudiness (Figure 6d).

From around 0500 to 1500 UTC, a period covering the maximum
insolation, the total cloud cover is lower the higher the initial shear is.
This also applies individually to low-, medium-, and high-level clouds
(not shown). In the late afternoon and evening, the behavior of the
total cloud cover is no longer as systematic as before. The reason for
the systematic behavior in simulated cloud cover during these hours
remains unclear. This behavior occurs even before noon, despite the

FIGURE 5
(a) Grid showing in each box one simulation of a specific date and wind shear case. Colors herein indicate the accumulated precipitation over the
entire DE-domain when simulating with continental CCN concentration. The arrow inside the box indicates whether the precipitation sum is increasing
or decreasing with increasing CCN concentration. For black arrows, the increase or decrease is systematic, while it is not for the gray arrows. Exact values
can be taken from Figure A1 in the appendix. Other plots show the diurnal cycle of the total half-hourly precipitation rate, only for the continental
CCN conditions, but for all different shear cases on (b) 23 June 2021, (c) 28 June 2021, and (d) 22 July 2015.
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precipitation rate being highest at this time in the +50%-simulation.
Since the share of grid points with precipitation follows a similar
pattern to the precipitation rate, there are more non-precipitating
clouds in the simulations withweaker vertical wind shear (not shown).
To a certain extent, this contradicts the assumption that a stronger
wind shear could increase the overlap of clouds and thus cloud cover
(e.g., Di Giuseppe and Tompkins, 2015; Sulak et al., 2020).

For explaining the CCN dependency, hydrometeor contents,
andmicrophysical process rates can be used (Figure 7). In agreement
with previous findings (e.g., Barthlott et al., 2022b), a systematic
increase in total cloud water (tqc) and a systematic decrease in total
rain water (tqr) can be found for increasing CCN concentrations
(Figure 7a). This is explained by a more efficient collision-
coalescence for fewer but larger cloud droplets in the case of low
pollution which fits with the decrease in autoconversion and
accretion1 for increasing CCN concentrations (Figure 7b). This

decrease is stronger for stronger shear cases. In tqr, the decrease,
however, tends to be slightly stronger the smaller the shear is, since
cold rain processes and subsequent phase changes also determine
the rain water amount in the atmosphere. As in Barthlott et al.
(2022b), deposition increases for increasing CCN concentrations
while riming decreases. The latter one is a consequence of a smaller
graupel-drop collision kernel in environments of higher CCN
concentrations (Cui et al., 2011). Both processes, deposition and
riming, tend to be more CCN-dependent in the stronger than in the
weaker shear cases on this simulation day; however, not in a
systematic way. The strongest increase in deposition takes place
in the reference simulation.

The decreasing riming rate and its different CCN sensitivities
for the different shear cases explain the behavior of the total
amount of graupel (tqg). The integrated amount of hail (tqh) is
two magnitudes smaller (tqg: ~ 10−1 kg m−2; tqh: ~ 10−3 kg m−2),
behaves differently compared to graupel and is not as systematic.
More hail tends to occur when the pollution is higher for the
reduced shear cases. For the reference and the increased shear
cases, tqh is similar for maritime and polluted conditions. The
depositional growth of hail is, similarly to the deposition overall,
clearly larger for higher polluted cases (not shown). However,
riming is the more dominant process for creating graupel and hail.

FIGURE 6
(a) Mixed-layer CAPE, (b) 2-m equivalent potential temperature, (c) net radiation on the surface, and (d) total cloud cover averaged over the DE-
domain on 23 June 2021. All simulations were performed with continental CCN concentrations.

1 Even if the term accretion is sometimes used as a synonym for riming, in

the present paper it is used in the same way as in the ICON model code

where it means the warm rain growth process of liquid rain droplets

collecting cloud droplets.
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Riming is decreasing for increasing CCN concentration both for
graupel and for hail (not shown). For hail, the decrease is less
strong in the case of reduced shear, which fits with the increase in
hail content for these shear cases, in contrast to the more constant
tqh in the other shear cases. Because the CCN dependencies can be
seen not only in the vertically integrated hydrometeor contents but
also in the various layers and near the ground, the CCN
dependency of the total precipitation can be explained overall
by the CCN dependency of the rain formation processes riming,
accretion, and autoconversion.

3.1.2 28 June 2021
As mentioned above, the shear dependency on 28 June 2021 is

contrary to 23 June 2021. More precipitation is modeled the lower
the wind shear is (Figure 5a), even if the convection potential is again
larger the larger the wind shear is (Figure 8a). The result in the
averaged CAPE can be explained on the one hand again with the
difference in θe, which, however, is much smaller compared to
23 June 2021 (and almost the same for the +25%- and the +50%-
simulation;). On the other hand, an earlier onset of convection in
the −50%-simulation (Figure 5c) ensures an earlier reduction in
instability, also visible in the lapse rate between 500 and 700 hPa
(Figure 8c). In combination with an increased organization potential
of the convective cells because of the consistently higher DLS for
cases with increased initial shear, the higher convection potential
would lead to the assumption that the development of convection

could be similar to 23 June 2021, and higher rainfall amounts would
occur for a higher initial shear.

However, the combination of CAPE and convective inhibition
(CIN) - an energy barrier that must be overcome before releasing
the CAPE in convective energy - is different compared to 23 June
2021. When looking at the number of gridpoints exceeding a
specific CAPE threshold (> 600 J kg−1) and going below a
specific CIN threshold (< 5 J kg−1) at the same time, on 23 June
2021, clearly more gridpoints fullfilled this criterion for stronger
wind shear (not shown) leading to the same conclusion as only
looking at the CAPE: the higher the wind shear, the higher the
possibility of convection. In contrast, we find that more grid points
fulfill these criteria when the wind shear is lower on 28 June 2021,
considering the reference and the increased shear cases
(Figure 8d). If fewer grid points meet the conditions, this
indicates that convection can be triggered at fewer locations,
even when higher CAPE suggests a larger potential for it.
However, for the reduced shear cases, the maximum is not
larger than in the other cases, but there is a significantly earlier
rainfall caused by local uplift mechanisms in the southwestern
model domain. This earlier rainfall is sufficient for the largest
precipitation amounts in the reduced shear cases since the
precipitation rate is not as high as in the other cases during the
evening and the beginning of the night (Figure 5c). In the last
simulation hours, the precipitation rates in the reduced and
reference shear cases do not drop as strongly as in the

FIGURE 7
Percentage deviations from continental CCN concentration of spatio-temporal averages of (a) total cloud water (tqc), rain water (tqr), graupel (tqg),
and hail (tqh), and of (b) the vertically integrated microphysical process rates accretion (ACC) and autoconversion (AC) together, where the latter one is
the smaller contributor, riming (RIM), and deposition (DEP). Different colors indicate the different wind shear cases. All simulations were averaged over the
DE-domain on 23 June 2021.
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increased shear cases. This contributes as well to the shear
dependency of the total precipitation shown in Figure 5a. Note
that also other less strict thresholds were tested by the authors
(CAPE > 400 J kg−1; CIN(<10 J kg−1, CIN(<20 J kg−1) showing the
same systematic behavior that more grid points fulfilling the
criteria the lower the wind shear is.

Considering the vertically integratedmicrophysical process rates
and hydrometeor contents alone (Figure 9), a similar CCN
dependency as on 23 June 2021 would be assumed. The warm
rain formation processes of autoconversion and accretion decrease
with increasing CCN concentrations (stronger the stronger the wind
shear is), as does riming (weaker for the reduced shear cases), and
deposition increases (smallest for reference shear, but similar for all
other cases). The behavior of the process rates again leads to a
decrease of tqr and tqg with increasing CCN load, while tqc
increases. The only weak decrease in tqg fits with the weak
decrease in riming. For tqh, the CCN dependency of the several
shear cases is very different: for the reference case and the +25%-
simulation, there is a clear decrease from maritime to continental
conditions, however, then an increase to polluted conditions. In the
+50%-simulation, there is a slight decrease, while in the −25%-

simulation, the smallest tqh amount takes place in intermediate
conditions. For further aerosol loading, more tqh can be observed in
the simulations. For the −50%-simulation, there is generally an
increase with CCN concentration, however, with the maximum
value at continental conditions.

Despite the decrease of the spatio-temporal averages of the more
dominant hydrometeor variables tqr and tqg in all simulations, it is
visible from Figure 5b; Figure A1B that not for all shear cases the
amount of precipitation is monotonically decreasing when the CCN
concentration is increased. The most significant deviation occurs in
the −50%-simulation, where even an increase is observed. It is also
worth noting that the two simulations with reduced initial shear
(−50% and −25%) are quite different in their CCN dependency on
28 June. Similar to 23 June 2021, the CCN dependency of the
simulations is weaker than the shear dependency in most cases. Only
the reference shear simulation has almost the same precipitation
sum as the −25%-simulation for continental conditions, but changes
a lot over the different CCN concentrations.

The reason for the different CCN dependency in the −50%-
simulation compared to the other shear cases can be found in the
earlier onset of precipitation, which is even earlier the lower the

FIGURE 8
(a) 2-m equivalent potential temperature, (b) mixed-layer CAPE, (c) lapse-rate between 500 and 700 hPa averaged over the DE-domain, and (d)
share of grid points with a mixed-layer CAPE larger than 600 J kg−1 and a mixed-layer CIN smaller than 5 J kg−1 in the DE-domain on 28 June 2021. All
simulations are done with continental CCN concentrations.
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CCN concentration is (Figure 10a). Therefore, the mixed-layer
CAPE is higher in the stronger polluted cases between 1,000 and
1600 UTC (not shown). This results in a higher precipitation rate in
the late afternoon and evening in these simulations. For this reason,
the lines in Figure 10b, indicating the accumulated precipitation
sums in the simulations with different CCN concentrations,
intersect slightly at about 1900 UTC for the continental
conditions and at about 2100 UTC for the polluted conditions.
The precipitation amount in the continental cases stays highest since
the rate is similar to the one in polluted conditions later in the day.
Thus, this simulation serves as an important case study,
demonstrating that the precipitation dependency on different
CCN concentrations can vary with the simulation period. When
examining the CCN dependency at 18 h, it is almost inversely related
to that at 24 h or also 30 h for this case of −50% initial wind shear.

3.1.3 22 July 2015
Given the environmental conditions averaged over the

whole of Germany (not shown), a result contrary to the
actual one for precipitation totals on 22 July 2015 would
have been expected: higher convective potential and also a
higher share of grid points with low CIN values at the same
time in the higher shear cases would lead to the assumption of
more precipitation. However, the opposite is the case, and less
precipitation occurs in these simulations. This is explainable by
regional differences in the decisive variables CAPE and CIN.
Most convective cells in all shear cases are formed in or close to

the MOSES domain before they move toward other regions.
Inside this area, the mixed-layer CAPE and also the share of grid
points exceeding the CAPE and CIN thresholds are larger when
the wind shear is smaller (Figure 11). This explains why more
intense convective cells are initiated in these cases, leading to
higher precipitation rates over the day (Figure 5d). This is then
reflected in the higher precipitation sums (Figure 5a).
Additionally, still relatively high precipitation rates in the
last simulation hours further increase the precipitation sums
of the decreased shear cases. However, this precipitation is no
longer from distinct convective cells, but from stratiform
precipitation areas.

Microphysical process rates and spatio-temporal averages of
vertically integrated hydrometeors rain and graupel again show the
same CCN dependency as on the other days (not shown). However,
on this day, all shear cases show increasing precipitation amounts
for higher CCN concentrations (as on the other days, not
systematically dependent on the initial wind shear). The increase
is not large in most cases, largest in the +50%-simulations. For this
initial shear, a signal like that stated in the convective invigoration
hypothesis proposed by Rosenfeld et al. (2008) can be observed.
Even if very similar averaged maximum CAPE values take place,
clearly higher precipitation rates occur for more pollution, and
CAPE therefore goes down earlier (Figure 8). For the other shear
cases, this effect is only faintly visible or not visible at all. In case of
the −50%-simulation, the slight increase is more caused by an effect
like described for 28 June 2021: For higher concentrations, a slightly

FIGURE 9
Percentage deviations from continental CCN concentration of spatio-temporal averages of (a) total cloud water (tqc), rain water (tqr), graupel (tqg),
and hail (tqh), and of (b) the vertically integrated microphysical process rates accretion (ACC) and autoconversion (AC) together, where the latter one is
the smaller contributor, riming (RIM), and deposition (DEP). Different colors indicate the different wind shear cases. All simulations were averaged over the
DE-domain on 28 June 2021.
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earlier start of precipitation and higher rates lead to a stronger
consumption of CAPE. In contrast, the simulations with lower
concentrations have some more CAPE left later in the day, which
can lead to higher convective precipitation rates. Thus, an
intersection of the lines of the precipitation sums appears (not
shown, but in a weakened form similar to Figure 8 on 28 June 2021).

The fact that tqr decreases with increasing CCN concentration,
even if the rainfall at the surface increases, can be explained by a
double maximum structure in the vertical profile of the rain water
(not shown). Above 5 km, more rain water is in the simulations with
low CCN concentrations. However, below this level, the trend tends
to reverse because, in the case of high CCN concentrations, the
invigorated convection has produced more ice hydrometeors.

Consequently, a slightly higher 0°C level for several hours in the
afternoon increases melting, resulting in more rain water in the
lowest layers of the atmosphere for higher pollution. Only for
maritime conditions, the rain water amount is still the largest at
a height of 2 km but decreases strongly in the surface-near layers.
The melting level height is generally clearly different on the third
simulation day compared to the other two (not shown): On the first
2 days, there is a diurnal cycle in the melting level, on the third day,
the melting level is in the early simulation hours very high and is
lowering over the course of the day. The melting level, however, is
the whole time clearly higher than on the other days. This may be
influenced by a different general synoptic situation, causing an
opposite result in CCN dependency.

FIGURE 10
(a) Half-hourly precipitation rate and (b) accumulated precipitation sum inside the DE-domain on 28 June 2021, both figures for the −50%-
simulations. Different colors indicate different CCN concentrations.

FIGURE 11
(a)Mixed-layer CAPE and (b) share of grid points with a mixed-layer CAPE larger than 600 J kg−1 and a mixed-layer CIN smaller than 5 J kg−1 in the
MOSES-domain on 22 July 2015. All simulations are performed with continental CCN concentrations.
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3.1.4 Concluding remarks
The goal of the three real-case simulation days presented above

was to investigate if the influence of wind shear and aerosols on
convective precipitation is similar to that found in idealized
simulations (e.g., Fan et al., 2009). However, the present study
shows that the impact of wind shear on ACI and convective
precipitation is case-dependent, different from those suggested by
idealized simulations.

All simulations show that the convection potential increases
with increasing shear. However, this does not lead to a systematic
dependency of convective precipitation on the vertical wind shear, as
it was shown that CIN or regional variations in the convection-
relevant variables CAPE and CIN also play an important role.

The vertically integrated hydrometeor contents and
microphysical process rates show a similar response to changing
CCN concentrations. The warm rain processes of accretion and
autoconversion and the cold rain process of riming decrease for
increasing CCN concentrations on all simulation days, whereas
depositional growth increases. The decrease in the warm rain
processes and riming and the increase in deposition tend to be
stronger the stronger the wind shear is. The hydrometeor process
rates lead to decreasing amounts of tqg and tqr while tqc increases,
and tqh is very case-dependent. However, similar behavior in
microphysical process rates and hydrometeor contents on
changing CCN concentrations does not result in a systematic
dependency of the convective precipitation on the CCN
concentration. In some simulations, the accumulated
precipitation sum increases with increasing CCN concentrations;
in others, it decreases. The magnitude of this decrease or increase for
the changed CCN amount is not systematically dependent on the
vertical wind shear. Important to note is that the CCN sensitivity
was shown to be simulation period-dependent in some cases, which
makes it difficult to make generally valid statements about the
influence of CCN concentration on convective precipitation from
the present results. In general, the vertical wind shear has a larger
impact on the convective precipitation than the CCN concentration.

3.2 Effect of changing wind shear and CCN
concentration on precipitation efficiency

Above, it was shown that the dependency of the precipitation
generation processes autoconversion, accretion, deposition, and
riming on the CCN concentration is similar on each of the three
simulation days. Only the depositional growth increases with
increasing CCN concentrations, and the others decrease. If the
terms are summed up to a generation term G, a decrease in
precipitation generation for increasing pollution is the
consequence (Figures 13b,d,f).

The CCN sensitivity of precipitation was shown in the previous
section, as well as a clear CCN dependency in the generation of
precipitation particles. Therefore, the question arises as to how the
precipitation varies in the different simulations in relation to the
processes that generate the precipitation particles. For this purpose,
the precipitation efficiency PE after Baur et al. (2022) is considered,
as illustrated in Equation 2.

PE � P

G
. (2)

It describes the relation between the precipitation amount P and the
generation of the hydrometeor mass G. All variables used for the
computation are accumulated over the whole DE-domain and a
simulation period of 30 h.

On the first simulation day, 23 June 2021, the actual values of G
(not shown) are larger the higher the wind shear is. This goes along
with the higher precipitation amounts shown in Figure 5a for that
day. There is a strong reduction in the generation terms with
increasing CCN concentrations for all shear cases, especially for
the ones with a higher initial shear. However, the reference shear
cases show a fairly similar behavior as the +50% cases. Generally, the
CCN dependency is the same for the precipitation (Figure 5a), but
the decrease is larger for the generation terms. Therefore, the CCN
dependency of precipitation efficiency is reversed compared to
precipitation and its generation, and it increases with higher

FIGURE 12
(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.
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pollution. The increase of precipitation efficiency is larger for
the simulations with stronger initial wind shear (Figure 13a).
The reason for that is the stronger decrease of the riming rate as
well as the warm rain formation processes for increasing CCN
concentrations in these increased shear simulations. Note that
the decrease of these process rates is stronger in the reference
simulations than in the +25%-simulations, leading to the strong
increase in precipitation efficiency for the gray curve in
Figure 13a. Overall, the CCN sensitivity of the precipitation

efficiency is thus almost systematically dependent on the initial
wind shear, which was not found for precipitation alone.

On 28 June 2021, the actual values of G are more similar across
all shear cases. In the relative changes of G, the decrease for
increasing CCN concentration tends to be stronger the stronger
the wind shear is (Figure 13d). Only the reference simulations do not
fit in this systematic behavior, having the overall largest decrease
frommaritime to polluted conditions. This is a result of the stronger
decrease in riming and the weaker increase in deposition for that

FIGURE 13
Relative change to the respective simulation with continental CCN concentration for precipitation efficiency (a,c,e) and generation terms (b,d,f) on
the three simulation days (a and b) 23 June 2021 (c,d) 28 June 2021, and (e,f) 22 July 2015. The calculation is performedwith 30-h precipitation totals and
generation term values. Different colors indicate different shear cases. Note the different ranges on the y-axis.
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shear case. However, generally, for the warm rain processes and
the riming (except for the reference simulations), a clear shear
dependency of the decreases could be seen (Figure 9b), which is
then reflected in G (Figure 13d). For the precipitation efficiency,
also on this day, there tends to be an increase with increasing
CCN concentration (Figure 13c). Despite the somewhat
different dependencies of generation terms and precipitation
on the CCN concentration on 23 and 28 June 2021, the
precipitation efficiency looks quite similar. An increase for
increased pollution is simulated for all shear cases, being
higher the higher the initial shear is.

On 22 July 2015, the actual values of G are higher the lower the
shear is, as was shown to be the case also for the precipitation in
Figure 5a. For all shear cases, there is a decrease of G with increasing
CCN concentrations (Figure 13f). In combination with the
increasing precipitation sums for increasing CCN concentrations
in all shear cases, this leads to an increase in the precipitation
efficiency for higher pollution. As on the other days, this increase is
systematically dependent on the initial wind shear, with a stronger
increase the higher the initial shear is (Figure 13e).

A monotonous increase with CCN concentration in
precipitation efficiency was also shown in Baur et al. (2022). In
the present study, it was observed across all simulated days that the
greater the initial vertical wind shear is, the greater this increase
tends to be. This is particularly interesting since the sensitivity of
precipitation to changing aerosol loading was not systematically
dependent on the wind shear.

4 Summary and conclusion

The goal of the present work was to study the impact of wind
shear on aerosol-cloud interactions and convective precipitation.
Therefore, 3 days with widespread convective activity were
simulated with the ICON model at a horizontal resolution of
1 km. Simulations for each day were performed with four
different CCN concentrations (maritime, intermediate,
continental, and continental polluted) and five different wind
shear cases (−50%, −25%, reference, +25%, +50%). From the
output of these simulations, the following conclusions can be drawn.

• The averaged convective potential (expressed by the mixed-
layer CAPE) is always larger the stronger the wind shear is.
However, this is not necessarily reflected in the amount of
precipitation since larger amounts of CAPE do not always lead
to larger precipitation sums.

• The dependency of precipitation amounts on the vertical wind
shear is not consistent across the 3 days. The dependency is
systematic on all days; however, with increasing amounts on
1 day and decreasing amounts on the other 2 days, the
stronger the vertical wind shear is.

• The vertically integrated microphysical process rates respond
similarly to changing CCN concentrations over the 3 days.
Riming, accretion, and autoconversion decrease while
deposition increases with increasing CCN concentrations.
For the warm rain processes accretion and autoconversion,
as well as riming, the decrease, and for deposition, the increase
tend to be stronger for the higher shear cases.

• The vertically integrated hydrometeor variables also respond
similarly to varying CCN concentrations on the three
simulation days. The amount of cloud water increases while
the amount of graupel and rain water decreases. For hail, it is
very case-dependent. There is no systematic result as to which
wind shear case has the largest CCN sensitivity across
the 3 days.

• Even if microphysical process rates and hydrometeors are
similar on all 3 days, no consistent result for the CCN
dependency of the precipitation amount is observed. On
1 day, less precipitation and on another day, more
precipitation occurs for a higher aerosol loading. On the
other day, this is dependent on the initial wind shear. The
CCN dependency of the precipitation can be dependent on the
simulation period. In general, the amount of precipitation is
more dependent on the chosen initial wind shear than on the
CCN concentration.

• An almost systematic behavior is found for the generation
terms as a whole and the precipitation efficiency. The
generation terms decrease while the precipitation efficiency
increases with increasing CCN concentration. This
dependency tends to be stronger the stronger the vertical
wind shear is in the simulations.

The results of our real-case simulations are contrasted with
idealized simulations such as those by Fan et al. (2009). Of course,
there are differences between the present study and the study by Fan
et al. (2009). Only four CCN concentrations are used in our study,
which makes it hard to resolve a potential maximum in convective
precipitation for weak wind shear cases, as it occurs in the cited study.
In Fan et al. (2009), simulations were run for 3 h only. In contrast,
convective days are simulated for 30 h in the present work. Since
organized convective cells can last for more than 3 hours, and it was
demonstrated in this study that the simulation period can impact the
precipitation sensitivity to different CCN concentrations (by changes
in precipitation intensities late in the day), this is an important
difference in the methodology. However, our methodology also has
a weakness in that we do not focus on individual convective cells and
their development. Since individual cells develop in completely
different areas over 30 h when initial conditions change, our
results are mainly based on accumulations and averages over
large domains.

The output of the real-case simulations in this study gives an
overview of the overall atmospheric conditions, leading to variations
in precipitation amounts. From the present work, it becomes clear
that the impact of wind shear on ACI and convective precipitation is
more individual than suggested from the idealized simulations in
Fan et al. (2009). This makes it difficult to transfer the results to
other days. There are patterns of the atmospheric conditions that
occur on all 3 days and can be transferred. This is true for the
uniform CCN dependencies of most hydrometeorological variables
and microphysical process rates described above, which are also
consistent with previous studies (e.g., Barthlott et al., 2022b). In
addition, the convection potential is always greater when stronger
shear occurs. However, these consistent results do not allow us to
make a general statement about precipitation. The situation is
different for precipitation efficiency: the increase in precipitation
efficiency with increasing aerosol concentration already shown in
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Baur et al. (2022) was confirmed. A new result is that this increase in
precipitation efficiency is larger the stronger the wind shear. This
seems to be generally valid, but one must bear in mind that only
3 days were simulated, and the results could also be regionally and
seasonally dependent. Overall, the findings of the present work
demonstrate that the impact of wind shear on aerosol–cloud
interactions and convective precipitation is complex, and
previous results from idealized simulations cannot be transferred
to realistic simulations.
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Appendix A

FIGURE A1
Total precipitation sum over the entire DE-domain on (a) 23 June 2021, (b) 28 June 2021, and (c) 22 July 2015 for different initial wind shear
(indicated by different colors) and different CCN concentrations.
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