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Abstract. Urban aerosol emissions can modify convective precipitation through aerosol-cloud interactions, yet the sensitivity
of convective events to emission strength and its detectability against meteorological variability remain poorly constrained.
We investigate aerosol-cloud-precipitation interactions using the COSMO-DCEP-MUSCAT model system with direct aerosol-
cloud coupling, systematically varying urban emission strengths across a wide scaling range for two differing mid-latitude
convective cases. Lagrangian trajectory analysis tracks air volume transport from urban sources into convective regions, com-
plemented by ensemble simulations to separate emission-induced changes from natural meteorological variability.

Results reveal a strong dependence on meteorological conditions. Under moderate convective instability, high emission
scaling factors trigger ice-phase invigoration through enhanced ice nucleation and latent heat feedback, producing substantial
increases in ice content and precipitation intensity accompanied by spatial expansion and temporal shifts. Emission-response
analysis reveals nonlinear behavior, with low-to-moderate scaling factors producing no systematic response while high scal-
ing factors trigger substantial microphysical modifications. Under stronger convective instability, even the highest emission
scaling factors produce only modest microphysical responses and spatial redistribution rather than intensification, as strong
background dynamics buffer aerosol-induced impacts. Ensemble analysis demonstrates that robust signals emerge only for
selected variables during specific convective stages, with most responses remaining comparable to natural atmospheric vari-
ability.

These results indicate that detectable precipitation responses require strong emission perturbations under favorable meteoro-
logical conditions, with effects manifesting as intensity changes and spatial and temporal redistribution. The convective regime
critically determines the magnitude and detectability of aerosol effects, with implications for understanding urban impacts on

precipitation across different atmospheric environments.

1 Introduction

As cities continue to grow and emission regulations evolve, understanding the response of convective precipitation to locally
emitted aerosol perturbations becomes increasingly important for urban planning and climate adaptation strategies. While pre-
vious studies have established that urban aerosol emissions can modify convective precipitation patterns through changes in

cloud microphysics (Van Den Heever and Cotton, 2007; Han et al., 2012; Sarangi et al., 2018), the quantitative relationship
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between emission strength and precipitation response has received limited systematic investigation, particularly for convective
events over mid-latitude urban areas. Uncertainties arise from the complexity of aerosol-cloud-precipitation interactions. De-
pending on their physicochemical properties, urban aerosol particles can act as cloud condensation nuclei (CCN), modifying
the droplet size distribution of warm clouds, or as ice-nucleating particles (INP), influencing ice formation in mixed-phase and
cold clouds (Pruppacher and Klett, 1997).

The increased CCN concentrations simultaneously affect multiple competing processes: they can delay warm-rain formation
while enhancing latent heat release (Cotton and Walko, 2021), suppress coalescence while invigorating updrafts (Fan et al.,
2025), and modify ice-phase processes in ways that either enhance or suppress precipitation (Rosenfeld et al., 2008). The net
effect depends on which mechanisms dominate under given meteorological conditions. Distinguishing actual aerosol effects
from model noise and identifying potential threshold behaviors therefore requires systematic investigation across a range of
emission scenarios, combined with a understanding of how aerosol perturbations propagate through the cloud system via
microphysical modifications and dynamical feedback.

Several observational and modeling studies have examined urban effects on convective precipitation, though results remain
inconsistent among the studies. Fagunloye and Diem (2025) found evidence for precipitation enhancement downwind of ur-
ban areas, attributing the signal to thermodynamic and aerosol effects and suppression under different synoptic conditions.
Modeling studies have similarly highlighted the regime dependence of these interactions (Zhong et al., 2017; Barthlott and
Hoose, 2018), with aerosol effects on precipitation magnitude and spatial distribution varying substantially between cases
characterized by weak and strong synoptic forcing. Many of these studies compare only two discrete aerosol scenarios, typi-
cally representing clean and polluted conditions, without exploring intermediate loading levels or a broader range of emission
strengths (Xiao et al., 2016; Zheng et al., 2020; Souri et al., 2020). While such binary comparisons provide useful qualitative
insights into the direction of aerosol effects, they cannot resolve the quantitative relationship between aerosol loading and
precipitation response, nor determine whether these effects scale systematically with emission strength. Studies that do vary
aerosol loading more systematically often prescribe spatially uniform CCN concentrations across discrete clean-to-polluted
categories (Barthlott and Hoose, 2018; Lucas et al., 2025) rather than modifying the underlying emission fields, and there-
fore do not capture the spatially heterogeneous aerosol fields characteristic of urban aerosol plumes nor the full aerosol life
cycle from emission through transport and transformation to cloud interaction. Systematic investigations that vary emission
strength across a wide scaling range within a fully coupled aerosol-transport-microphysics framework therefore remain scarce,
particularly for mid-latitude European urban environments.

Keil et al. (2025) recently carried out a regional interactive aerosol-cloud modelling study at convection-resolving scale,
investigating the influence of modest urban emission perturbations on cloud microphysics and precipitation for two differing
meteorological cases. Their results show that the resulting modifications are modest but statistically significant in certain parts
of the cloud fields and highly case-dependent, making general assertions about urban impacts challenging. However, their
focus on small, modest emission perturbations leaves the question open of how these interactions scale across a broader range

of emission strengths and whether the observed effects follow a systematic relationship with emission magnitude.
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Building on these findings, we investigate the sensitivity of precipitating convective events to systematic variations in urban
emission strength, ranging from values representative of current emissions of Leipzig, one of the fastest-growing major cities
in Germany, to scalings several orders of magnitude beyond, to characterize how aerosol effects on convective precipitation
scale with emission strength and to identify where systematic responses emerge above the background of meteorological
variability. We examine two convective cases that interact with the urban aerosol plume of Leipzig, providing well-constrained
conditions for studying urban emission impacts under differing meteorological conditions. Using the online-coupled model
system COSMO-DCEP-MUSCAT (Wolke et al., 2004, 2012; Heinold et al., 2019) with an integrated urban parameterization
and a two-moment bulk microphysics scheme that incorporates MUSCAT-simulated aerosol fields into the activation of cloud
droplets and ice crystals, we systematically scale emission strengths and track polluted air volumes from their sources into
convective regions to quantify how cloud microphysical properties, dynamics, and precipitation respond to varying levels of
urban aerosol loading.

The paper is structured as follows. Section 2 describes the model system, the two convective cases, and the experimen-
tal design. Section 3 presents the results, including microphysical and dynamical responses to varying emission strengths, a
emission-response analysis across all scaling experiments, and an ensemble-based robustness assessment. Section 4 provides
a discussion of the results, addresses limitations of the modeling approach, and draws conclusions from both the emission-

response and ensemble analyses.

2 Methods
2.1 Model

Our simulations employ COSMO (COnsortium for Small scale MOdelling) version 5.05, a non-hydrostatic regional numerical
weather prediction model (Schiittler et al., 2018), which is online-coupled with the chemistry transport model MUSCAT (MUI-
tiScale Chemistry Aerosol Transport) (Wolke et al., 2004, 2012). Within this coupled framework, MUSCAT is driven by the
meteorological fields from COSMO and solves a system of three-dimensional, time-dependent advection—diffusion—reaction
equations to simulate the transport and chemical transformation of both gas-phase species and aerosol populations. The aerosol
representation follows a hybrid bulk—bin approach, which constitutes the standard configuration for air quality applications
(Wolke et al., 2012). This approach encompasses 25 prognostic particle tracers: primary PM2.5 and PM10, primary organic
carbon (POC), elemental carbon (EC), sulfate, nitrate, ammonium, secondary organic aerosol (SOA), six size-resolved classes
for sea-salt and marine organics (0.01 - 10 um), and five size-resolved classes for desert dust (0.2 - 48 pm). An external mixture
assumption is applied to all aerosol species. Online parameterizations describe natural aerosol sources such as desert dust and
sea spray, while a biogenic emission scheme is also incorporated. The model explicitly accounts for secondary organic aerosol
formation and multiphase chemistry, whereas anthropogenic emissions of primary particles and their precursors are specified
using contemporary emission inventories. The representation of transport includes advection, turbulent diffusion, sedimenta-

tion, as well as dry and wet deposition processes. Meteorological fields required by MUSCAT, such as wind components,
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vertical diffusivities, and boundary-layer resistances, are directly supplied by COSMO. The online coupling architecture en-
ables bidirectional feedback, allowing simulated aerosol distributions to affect radiation and cloud processes within COSMO.

To account for the distinct microclimate characteristics of urban environments, we employ the double-canyon urban canopy
parameterization (DCEP) (Schubert et al., 2012). DCEP extends the Building Effect Parameterization (BEP) of Martilli et al.
(2002) by incorporating radiative interactions between two adjacent urban canyons. The parameterization represents urban
canopy structures through three element categories: ground, walls, and roofs, which are arranged in idealized double-street-
canyon segments. During a preprocessing stage, the horizontal distribution of these segments within each model grid cell
is established, and both probabilistic and geometric properties of the canopy elements are derived from a high-resolution
building geometry dataset available for Saxony. During model integration, DCEP computes surface fluxes of momentum, heat,
and turbulent kinetic energy (TKE), while also resolving radiative transfer and thermal balance equations for each canopy
component. This approach provides a physically consistent representation of heat transfer dynamics, radiative exchange, and
airflow patterns within urban street canyons.

Cloud microphysics are represented using the two-moment bulk scheme of Seifert and Beheng (2006b, a), which predicts
mass mixing ratios and number concentrations for six hydrometeor categories: cloud droplets, raindrops, cloud ice, snow,
graupel, and hail. In contrast to the standard scheme, which relies on prescribed CCN and INP concentrations, droplet and
ice particle activation are computed prognostically from MUSCAT-simulated aerosol mass concentrations, enabling a spa-
tially and temporally variable representation of aerosol-cloud coupling. For cloud droplet activation, the parameterization of
Abdul-Razzak and Ghan (2000) is applied, which derives the number of activated particles from the size distribution and hy-
groscopicity of multiple aerosol species, with the maximum supersaturation emerging from the balance between updraft-driven
cooling and the competing uptake of water vapor by the aerosol population. Ice nucleation is treated following Weger et al.

(2018), accounting for the contribution of dust, soot, and organic carbon to heterogeneous ice formation.
2.2 Simulation setup and experiments

Two convective precipitation events in the central-eastern German region near Leipzig (51.34°, N, 12.37°, E) with different
meteorological characteristics, though both characterized by substantial rainfall, were selected. While case I features a small-
scale convective event with northerly winds on 13 July 2019, case II shows a larger event with westerly inflow on 20 July
2019. The differing inflow directions result in distinct background aerosol compositions, with sulfate dominating in case I and
secondary organic aerosols and ammonium sulfate prevailing in case II. These contrasting events allow a robust examination
of urban aerosol effects under varying meteorological conditions. A comprehensive description of the model configuration and
both convective cases is provided by Keil et al. (2025).

Both cases are simulated with a 3-step one-way nesting strategy, where the outer most domain covers Europe (D0) with
14 km resolution and 40 vertical layers up to 22 km altitude (Fig. 1). In this domain, COSMO-MUSCAT employs the single-
moment microphysics scheme, a 15 day chemistry spin-up, and 48 hour meteorological re-initialization cycles. Simulations
are driven by ERAS reanalysis (Hersbach et al., 2020) and initialized with CAMS chemical composition data (Inness et al.,
2019). Anthropogenic emissions come from CAMS-REG (Granier et al., 2019) with CAMS-REG-TEMPO temporal profiles
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Figure 1. (a) Inner model domain D2 showing surface height. The cities Leipzig and Chemnitz are shown as filled areas in grey and light
grey, respectively, to indicate their urban extent. (b) Model domains used in the simulation: DO (14 km grid spacing), D1 (2.3 km), and D2
(1 km).

(Guevara et al., 2021). The inner domain D1 covers Germany at 2.3 km resolution with 50 vertical levels, using COSMO-D2
reanalysis from DWD as meteorological input. Each case runs for 48 hours (24 hour meteorological spin-up plus 24 hour
coupled simulation) with two-moment microphysics. Emissions are based on the GRETA dataset (Schneider et al., 2016). The
innermost domain D2 focuses on Leipzig at 1 km resolution, driven by D1 outputs. It employs the modified two-moment
microphysics scheme, in combination with the urban parametrization DCEP activated for Leipzig. The output is saved at
10-minute intervals.

We conducted nine different experiments on the D2 domain. The first experiment (BASE) represents the reference simulation
without any alterations. In the other experiments the emissions within the urban area of Leipzig were systematically varied (Tab.
1). We scaled the urban emissions by factors ranging from 0 to 5000, while keeping regional background emissions constant.
This isolates the urban aerosol contribution and allows to quantify the precipitation sensitivity to urban emission strength across
a wide range of magnitudes. All surface parameters and the urban parametrization remained unchanged for Leipzig.

For both the BASE and the URBANx500 experiments, a five-member ensemble was constructed by varying the length of the
meteorological spin-up run, with spin-up lengths of 24, 21, 18, 15, and 12 h. The URBANx500 scaling was selected because it
marks the onset of systematic microphysical responses in case I, as shown in the emission-response analysis (Section 3.2.1), and
was applied consistently across both cases to allow direct comparison. To ensure consistent large-scale meteorological forcing,
all ensemble members are driven by the same D1 simulation, allowing the impact of slightly varying initial meteorological

conditions on the results to be assessed.
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Table 1. Overview of numerical experiments with emission scaling factors relative to current Leipzig emissions and ensemble availability.

Experiment Emission scaling  Ensemble
BASE x1 yes
NONURBAN  x0 no
URBANx2 x2 no
URBANx4 x 4 no
URBANx10 x 10 no
URBANx100 x 100 no
URBANXx500 x 500 yes
URBANx1000 x 1000 no
URBANx5000  x 5000 no

2.3 Analysis method
2.3.1 Trajectory analysis

To trace air volumes influenced by urban emissions, we calculated backward trajectories using LAGRANTO (Sprenger and
Wernli, 2015) from D2 meteorological fields (Fig. 2). Trajectories started from a region centered on the area of highest precip-
itation downwind of Leipzig and were traced back six hours for both cases. Backward trajectories for case I were initialized
at 23:00 UTC on 13 July 2019, with a starting region covering approximately 40 x 40 km? horizontally (5 km starting point
spacing) and 1 — 4.5 km vertically (20 levels). For case II, the initialization time was 22:00 UTC on 20 July 2019, using a
starting region spanning roughly 40 x 60 km? at 5 km horizontal spacing between trajectory starting points and 1 — 7.5 km
vertically (50 levels). Only backward trajectories passing below 1 km altitude over the urban area were retained, ensuring that
analyzed air volumes had interacted with urban emissions prior to reaching the precipitation zone (Fig. 2).

For analyzing cloud dynamics and microphysics along the trajectories, a moving box analysis was implemented. At each
time step, a rectangular box is centered on the mean urban trajectory point of each ensemble member, and vertical profiles are
extracted by horizontally averaging all grid point values within the box, including grid points with zero values (unconditional
average). Each box is defined in the COSMO rotated geographical coordinate system as a rectangular area with the trajectory
point at its center, extending symmetrically in both horizontal directions (east—-west and north—south) and including the full
vertical column of model layers. The box is repositioned following the trajectory points in chronological order, tracking the
analysis volume from the urban emission region toward the precipitation area. Box sizes were selected to match the spatial
scale of each precipitation system. For case I, an approximately 15 x 15 km? box was chosen to enclose the smaller, localized
precipitation structure (Fig. 2a), which contains a single convective cell dominating the precipitation field throughout the

analyzed time period. For case II, a 35 x 35 km? box was used to capture the broader precipitation area (Fig. 3a), which may
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Figure 2. Trajectories for case I (a) and case II (b) showing every 5th trajectory in gray. Trajectories passing the urban area of Leipzig in
light purple and mean urban trajectory in purple. The filled areas mark the urban regions of Leipzig (dark grey) and Chemnitz (light grey).
Grey boxes denote the rectangular averaging areas used to extract vertical profiles around each trajectory point. The grey arrows indicate the

main flow direction of the trajectories.

contain multiple convective cells at different levels of intensity. Within each box, activated number concentrations of cloud
droplets and ice crystals, mass mixing ratios of all hydrometeor species, and vertical wind components were averaged across
all grid points at each vertical level, generating one vertical profile per experiment every 10 minutes. Layer-thickness-weighted

vertical averaging was additionally applied to analyze the temporal evolution of these quantities.
2.3.2 Emission-response analysis

To systematically investigate the relationship between emission strength and cloud microphysical response, we conducted a
comprehensive emission-response analysis across all emission experiments. This analysis examines how varying urban emis-
sion intensities affect key atmospheric variables and cloud microphysical properties along the trajectories. Using the vertical
profiles obtained every 10 minutes along the trajectories for each experiment, we divided the vertical-temporal space into dis-
tinct regions to separately analyze different altitude ranges and time periods. For case I, we defined four quadrants (two time
periods and two vertical layers), while for case II, the vertical-temporal space was divided into six regions (two time periods
and three vertical layers) to account for the more complex vertical structure of this case. Within each region, we performed

both vertical and temporal averaging of all microphysical variables. By comparing these region-averaged values across emis-
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sion experiments relative to the BASE experiment, we quantified the systematic changes in cloud properties as a function of
emission strength. This approach enables systematic assessment of the emission-response relationship and identification of any

threshold or non-linear behavior.

3 Results

The two convective precipitation events analyzed in this study developed during the evening hours of 13 and 20 July 2019
near Leipzig, Germany. Both cases are described in detail by Keil et al. (2025), including synoptic conditions and the pre-
cipitation and microphysical evolution in the BASE experiment. The two events represent contrasting convective regimes: the
first is characterized by a spatially confined convective event which developed under moderate atmospheric instability, while
the second features a more extensive and organized convective event which developed under stronger initial instability. This
contrast provides a suitable framework for examining how the prevailing meteorological conditions modulates the sensitivity

of convective precipitation to urban aerosol loading across a wide range of emission strengths.
3.1 Precipitation sensitivity
3.1.1 Casel

In this case, the convective events formed east of Leipzig, propagated southward, and passed over the city of Chemnitz. The
simulated precipitation in the BASE experiment forms a compact, localized system, with a well-defined intense core reaching
maximum values of 10 - 12 mm (4 h)~! (Fig. 3b) downwind of Chemnitz, moving at approximately 4 - 6 m s~ . The core is
surrounded by a limited area of moderate precipitation rates (4 - 6 mm (4 h)~!), resulting in a distinct precipitation structure
with steep gradients between the intense center and the surrounding regions.

Comparing the emission-scaled scenarios to BASE reveals systematic differences in both precipitation intensity and spa-
tial extent. The experiments NONURBAN, URBANx2, URBANx4, URBANx10, URBANx100 show reduced maximum val-
ues around 8 - 10 mm (4 h)~! (Fig. 3c.d,e.f). In contrast, the high scaled experiments (URBANx500, URBANx1000, UR-
BANx5000) maintain intense cores compared to BASE with maximum values around 10 - 12 mm (4 h)~!. Additionally, the
spatial extent of the intense core appears slightly larger and shifts a few kilometers further north than in BASE, indicating not
only sustained intensity but also expansion of the most intense precipitation zone and earlier onset of maximum precipitation
(Fig. 3g,h,i). Furthermore, in the URBANx1000 and URBANx5000 experiments, a second maximum with 8 - 9 mm (4 h)~!
forms south of the first maximum, indicating that high emission scalings favor the development of multiple convective intensi-
fication centers.

The areal coverage of moderate precipitation varies across the experiments relative to BASE. This expansion is particularly
evident in the high-scaled experiments, where the moderate precipitation zones extend considerably beyond those in BASE,
broadening the system’s footprint by several kilometers. The NONURBAN scenario and the lower-to-moderate scaling experi-

ments differ from BASE primarily in the intensity distribution rather than in spatial extent. Overall, these modifications do not
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Figure 3. Spatial distribution of accumulated precipitation (19:00 - 23:00 UTC) for case 1. Each panel represents a different emission

experiment (Tab. 1) with BASE shown in panel (b). Grey and light grey outlines denote city boundaries of Leipzig (upper axis) and Chemnitz,

respectively. Note that the boundaries of Chemnitz are hidden by the precipitation field.

scale monotonically with emission strength. The response transitions from weakening (NONURBAN through URBANx100)
to intensification and spatial expansion at URBANx500 and above, indicating that qualitatively different behavior emerges

only at high emission scalings.
3.1.2 Casell

For case 11, the convective event moved diagonal through the upper model domain, starting in the southwest and progressing to
the northeastern corner with approximately 15 - 20 m s~!. The accumulated precipitation intensities in the BASE experiment
reach values around 20 - 24 mm (4 h)~! (Fig. 4b) after the event passed Leipzig. Within the broader precipitation area, three
distinct intensity cores can be identified: a central maximum flanked by northern and southern cores.

Overall precipitation intensities remain remarkably consistent across all scenarios regardless of emission scaling. However,
subtle shifts in the internal structure of the precipitation field are evident relative to the BASE case. Across the different
experiments, these three cores shift in their spatial positions and vary in their relative intensities. For example, comparing UR-

BANXx500 to BASE, the central core appears weaker while the northern and southern cores are intensified (Fig. 4g). The magni-
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Figure 4. Spatial distribution of accumulated precipitation (17:00 - 21:00 UTC) for case II. Each panel represents a different emission

experiment (Tab. 1) with BASE shown in panel (b). Grey outlines denote city boundaries of Leipzig.

tude of these variations remains modest, with differences in local precipitation rates typically on the order of 2 - 4 mm (4 h)~!
between scenarios, representing roughly 10 - 20% variability relative to the peak intensities. This indicates that urban emission
perturbations produce a detectable but limited shift in the spatial distribution of precipitation. In contrast, the precipitation
structure to the northwest, which does not interact with the Leipzig urban area, shows no systematic response across emission
scaling factors and remains largely unchanged.

The observed pattern of these shifts does not scale monotonically with emission strength. The spatial configuration and
relative intensities of the three cores in URBANx2 and URBANx4 differ from BASE in a manner similar to the higher scalings
(URBANx100, URBANx1000, URBANx5000). This response indicates that urban aerosol effects on this convective event
remain small across the range of low-to-moderate emission scalings, with the primary impact being a spatial redistribution of

precipitation within the multi-cellular structure rather than a substantial modification of total accumulated amounts.
3.2 Microphysics sensitivity

We systematically analyze microphysical evolution by following air volumes along trajectories from Leipzig to the precipita-

tion regions (Fig. 2). This trajectory-based analysis reveals how varying aerosol concentrations modify cloud processes and

10
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Table 2. List of microphysical variables used in this study. Number concentrations (QNI, QNC) are given in cm™3; mixing ratios (QI, QC,

QR, QG. QH, QS, Qiiq. Qice) are givenin gkg™".

Acronym Longname

QNI Number concentration of activated ice crystals
QNC Number concentration of activated cloud droplets
QI Cloud ice mixing ratio

QC Cloud water mixing ratio

QR Rain water mixing ratio

QG Graupel mixing ratio

QH Hail mixing ratio

QS Snow mixing ratio

Qiiq Liquid hydrometeors (QC + QR)

Qice Ice hydrometeors (QI + QG + QH + QS)

influence precipitation development. In case I, trajectories originate approximately 30 km northwest of Leipzig and traverse
the city diagonally during 17:50 - 18:40 UTC (Fig. 2a), then advance southeastward for 15 - 20 km before convective lifting
elevates them from near-surface to 2 - 4.5 km altitude. The trajectories subsequently undergo southward transport of approxi-
mately 80 km within the developing convective event. In case II, trajectories start 40 - 60 km southwest of Leipzig and advance
northeastward, crossing the city between 18:00 - 19:00 UTC (Fig. 2b). After passing the city, trajectories move eastward along
the urban aerosol plume for approximately 30 minutes before resuming northeastward progression. Convective processes be-
tween 20:00 - 21:00 UTC elevate trajectories vertically by 2 - 4.5 km. In both cases, aerosol modifications occur during the
Leipzig passage, primarily affecting air volumes before their convective ascent. For detailed temporal and vertical analyses,
we focus on representative experiments (BASE, URBANx10, URBANx500, URBANx5000), while the complete emission-
response analysis includes all nine emission scalings. The horizontally box averaged approach employed here yields cloud
droplet number concentrations below typical in-cloud values, as the analysis volumes encompass both cloudy and predomi-

3

nantly cloud-free regions. Horizontally averaged values reach a maximum of approximately 50 cm™", compared to in-cloud

values ranging from 100 to 600 cm ™3, with a mean of around 300 cm™3.
3.2.1 Casel

Temporal microphysical evolution

Figure 5 shows the temporal evolution of horizontally averaged and vertically integrated microphysical properties along tra-
jectories for case I. Activated cloud droplet number concentrations (QNC, Fig. 5a) show varying sensitivity to emission

strength. BASE reaches approximately 50 cm~2 during both peak periods. URBANx5000 shows consistently reduced val-

11
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Figure 5. Horizontally averaged and layer-thickness-weighted vertical averages (0 - 13 km) time series for case I of number concentrations
of (a) activated cloud droplets (QNC) and (b) activated ice crystals (QNI), as well as mass mixing ratios of (c) Qiiq, (d) Qice; panel(e) shows
horizontally averaged rain rates. Line styles correspond to the emission experiments: BASE (solid), URBANx10 (dashed), URBANx500
(dotted), URBANx5000 (dash-dotted).

ues of 35 - 40 cm~3 across both peaks, representing a 20 - 30% decrease. URBANx500 exhibits reduction during the first peak
(20:15 UTC) but recovers to BASE levels during the second peak (21:30 UTC). This behavior suggests enhanced droplet growth
and coalescence at higher aerosol concentrations, with URBANx500 showing intermediate response patterns. In contrast, ac-
tivated ice crystal concentrations (QNI, Fig. 5b) exhibit the opposite behavior. BASE shows peak values around 0.001 cm™3,
while URBANx5000 reaches approximately 0.010 cm—2, corresponding to a tenfold increase. The enhanced ice crystal con-
centrations suggest that higher aerosol loadings promote ice formation through multiple pathways, including heterogeneous
nucleation and immersion freezing of supercooled droplets. URBANx500 displays intermediate values near 0.002 cm 3, UR-
BANXx10 remains nearly indistinguishable from BASE for both QNC and QNI, indicating that moderate emission perturbations
produce only small effects on particle number concentrations.

Total liquid-phase water content (Qy;q, Fig. 5¢) shows modest variations between experiments. URBANx5000 exhibits a
slightly enhanced first peak, while the second peak occurs earlier than in BASE but maintains a similar magnitude. However,
the overall liquid water budget shows only modest changes despite the particle concentration shifts. Detailed analysis reveals
compensating trends where cloud water decreases while rain water increases in URBANx5000, resulting in the net increase
observed (see supplements Fig. S1). URBANx10 and URBANx500 show minimal deviations from BASE. In contrast, ice-

phase hydrometeors (Qjce, Fig. 5d) suggests stronger sensitivity to emission variations.

12
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BASE reaches peak values of 0.105 g kg~!, while URBANx5000 achieves 0.14 g kg !, approximately 40% higher. The
265 temporal evolution in URBANx5000 reveals earlier enhancement between 19:30 - 20:30 UTC, substantially exceeding BASE
throughout this pre-peak period. The subsequent peak forms approximately 30 minutes later than in BASE and exhibits a
considerably broader temporal distribution. URBANx500 exhibits intermediate increases with broader temporal spread and
delayed peak timing, while URBANx10 shows minimal changes in Q;.. Individual ice species analysis shows that graupel and
snow contribute most strongly to the total enhancement, while hail remains below 0.002 g kg—!, despite showing increased

270 processing duration in URBANx5000.

These microphysical modifications translate into measurable precipitation changes. The rain rate (Fig. 5e) increases substan-
tially in the URBANx5000 experiment, reaching peak values of approximately 0.75 mm (10 min)~! compared to 0.65 mm (10 min)~!
in BASE, representing a 15% increase. URBANx5000 also exhibits elevated rain rates over a broader time period surround-
ing the peak compared to BASE, indicating sustained intense precipitation beyond the peak itself. This temporal alignment

275 Dbetween ice-phase enhancement and precipitation intensification, combined with the tenfold increase in ice crystal concentra-
tions, indicates that ice-phase processes play a key role in precipitation changes for this case.

These results reveal marked differences in sensitivity across the emission scaling range. Moderate perturbations (UR-
BANXx10) produce minimal effects across all variables, while high scalings trigger substantial changes primarily in ice-phase
processes and precipitation. The responses in URBANx500, showing intermediate behavior between BASE and URBANx5000,

280 further underscore complex non-linear dynamics rather than simple proportional scaling with emission strength.
Vertical-temporal structure

The temporal evolution analysis demonstrates substantial ice-phase enhancement in URBANx5000, but does not reveal the

vertical distribution of these changes within the convective system. We therefore examine the vertical-temporal distribution of

hydrometeor mass mixing ratios in more detail (Fig. 6). BASE exhibits two distinct maxima for liquid-phase hydrometeors,

285 the first between 19:30 - 20:40 UTC and the second between 20:40 and 22:00 UTC, both reaching approximately 0.6 g kg~*.

For the ice-phase hydrometeors (Fig. 6a,e), BASE shows a single concentrated maximum at 3 - 5 km altitude between 20:40 -

21:40 UTC, with peak values around 0.6 g kg~!. URBANx10 produces only modest structural changes, while high scaling
factors substantially reorganize the vertical-temporal distribution.

Liquid-phase hydrometeors (Qj;q) show complex redistribution patterns under high aerosol loading. URBANx5000 (Fig. 6d)

290 produces enhancements at 1 - 3 km altitude alongside localized reductions, reflecting the compensating QC - QR changes

described earlier. This redistribution results from enhanced ice production and strengthened vertical transport modifying the

liquid-phase partitioning, with ice formation at higher altitudes subsequently melting to rain while cloud water is converted into

ice hydrometeors. URBANx500 (Fig. 6¢) shows weaker changes, but a similar pattern as in URBANx5000 before 21:00 UTC.

Ice-phase hydrometeors (Q;..) demonstrate considerably stronger sensitivity to emission variations. URBANx5000 (Fig. 6h)

-1

295 produces substantial increases exceeding 0.4 g kg=" at 3 - 5 km altitude. The temporal distribution extends far beyond the

concentrated maximum in BASE, with enhanced ice production persisting over a longer time period. This indicates sustained
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Figure 6. Horizontally averaged vertical-temporal distribution of Qiiq (upper row) and Qjce (bottom row) for case I. Panel (a) and (e)
show BASE experiment absolute values. Panels (b-d) and (f-h) display differences relative to BASE for URBANx10, URBANx500, and
URBANX5000, respectively.

ice-phase convection driven by enhanced ice nucleation and strengthened vertical transport. URBANx500 (Fig. 6g) shows

intermediate enhancements up to 0.2 g kg ~*

with similarly extended temporal distributions.

These vertical structures reveal that strong aerosol perturbations extend the duration of active ice production, substantially
modifying the convective structure in this case. The enhancement in peak ice-phase water content reaches approximately
40% in URBANx5000 relative to BASE, demonstrating remarkable intensification of ice-phase processes under high aerosol
loading.

These observed ice-phase enhancements suggest potential modifications in vertical motion within the convective system.
We therefore examine vertical velocity profiles to assess updraft and downdraft strengths (Fig. 7). BASE (Fig. 7a,e) shows
updrafts reaching maximum values around 1.0 m s=! at 2 - 5 km altitude during the time period from 19:00 to 21:00 UTC,
with downdrafts of approximately -0.4 m s—!. URBANx10 (Fig. 7b,f) produces minimal changes in vertical velocity structure,
consistent with the modest microphysical responses. URBANx5000 shows clear enhancement in both updrafts and downdrafts.
URBANX5000 (Fig. 7d,h) exhibits stronger updrafts, increases up to 0.5 m s~ ! at 2 - 5 km altitude during the time period 19:30 -
21:00 UTC, coinciding temporally with the period of enhanced ice production. The enhanced magnitude relative to BASE align
with the enhanced ice-phase observed in the vertical-temporal analysis. Downdrafts are increased up to -0.15m s~ ! at 1 - 3 km
altitude. URBANx500 (Fig. 7c,g) shows weaker enhancements compared to URBANx5000 but with similar spatial patterns
for both up and downdraft.
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Figure 7. Horizontally averaged vertical-temporal distribution of positive (w pos; upper row) and negative (w neg; lower row) vertical
velocities for case 1. Panel (a) and (e) show BASE experiment absolute values. Panels (b-d) and (f-h) display differences relative to BASE

for URBANx10, URBANx500, and URBANx5000, respectively. Note that the color scale for w neg is reversed, as values are negative.

The strengthened updrafts support enhanced ice nucleation by transporting more liquid water above the freezing level (=
2.8 km). This increased ice production releases additional latent heat through freezing, which further intensifies the updrafts,
creating a positive feedback loop between microphysical and dynamical processes. The subsequent downdraft enhancement
reflects increased precipitation loading from the enhanced ice-phase water content in the aerosol-perturbed cases. These vertical
structures demonstrate that high aerosol loading drives a substantial modification of the dynamical and microphysical structure

of the convective system.
Emission-response relationships

To systematically quantify the relationship between emission strength and microphysical response, we analyze spatially and
temporally averaged values within four quadrants of the vertical-temporal domain (Fig. 8), defined by the selected altitude
range and time window. For the early time period (18:00 - 20:40 UTC) at lower altitudes (Fig. 8a), emission scalings up to
URBANXx100 produce minimal changes. Above URBANx100, liquid-phase hydrometeors exhibit modest increases of approx-
imately 20% for QC and 30% for QR in URBANx5000. QG shows more substantial enhancement, reaching an increase of
about 120% in URBANx5000.

At higher altitudes during this period (Fig. 8b), responses become more pronounced. Below URBANx100, differences

remain small, but above this threshold, ice-phase hydrometeors increase considerably. In URBANx5000, QNI increases by a
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Figure 8. Emission-response relationships for case I showing all microphysical variables as a function of emission scaling factor, displayed
as relative change from BASE. Each panel represents one quadrant of the vertical-temporal domain: (a) period 1/ lower altitudes (18:00 -
20:40 UTC, O - 2.8 km), (b) period 1/ upper altitudes (20:40 - 23:00 UTC, 2.8 - 10 km), (c) period 2/ lower altitudes (18:00 - 20:40 UTC,
0 - 2.8 km), and (d) period 2/ upper altitudes (20:40 - 23:00 UTC, 2.8 - 10 km).

factor of 18 relative to BASE, QI increases by 140%, QS by 190%, and QG by 125%. Concurrently, liquid-phase hydrometeors
decrease markedly in URBANx5000 (QC by 75%, QR by 50%, QNC by 65%), indicating efficient conversion to the ice-phase.
The second time period (20:40 - 23:00 UTC) shows different sensitivities. At lower altitudes (Fig. 8c), QG shows increases
beginning at URBANXx10, reaching approximately 50% in URBANx5000, while QR and QH exhibit enhanced values in UR-
BANx5000 (+25% and +75%, respectively), with notable changes emerging above URBANx100. At higher altitudes (Fig. 8d),
responses are strongest. QNI increases by ~200% relative to BASE, QI shows increases beginning above URBANx100, reach-
ing 60% in URBANx5000, while QS and QG exhibit approximately 60% enhancement in URBANx5000, with substantial
changes above URBANX500. QR shows decreases beginning at URBANx10, reaching 50% reduction in URBANx5000.
These results demonstrate threshold behavior rather than linear scaling with emission strength. Moderate perturbations
produce minimal effects across all quadrants, while major changes emerge above a scaling factor of 100 to 500 depending on

altitude and time period. The strongest responses occur at higher altitudes, where the inverse relationship between liquid and
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Figure 9. Ensemble variability assessment for case I showing all microphysical variables relative to BASE. Each panel represents one
quadrant of the vertical-temporal domain: (a) period 1/ lower altitudes (18:00 - 20:40 UTC, O - 2.8 km), (b) period 1/ upper altitudes (20:40 -
23:00 UTC, 2.8 - 10 km), (c) period 2/ lower altitudes (18:00 - 20:40 UTC, O - 2.8 km), and (d) period 2/ upper altitudes (20:40 - 23:00 UTC,
2.8 - 10 km). Circles indicate the URBANx500 ensemble mean and error bars represent the minimum to maximum range across ensemble

members.

ice-phase species and the strong QNI enhancement reflect efficient ice-dominated microphysical processes consistent with the

ice-phase invigoration mechanism documented in the temporal evolution and vertical structure analyses.
Ensemble variability assessment

We examine whether emission-induced changes exceed natural meteorological variability by focusing on URBANx500, which
represents a threshold region where substantial microphysical changes start to emerge. Given computational constraints, en-
semble simulations were performed for BASE and URBANx500 only. We compare the meteorological ensemble URBANx500
relative to the BASE ensemble (Fig. 9). The meteorological ensemble resembles the range of natural variability arising from
slightly different meteorological initial conditions, providing context for evaluating which emission-induced signals are robust
against background atmospheric variability.

At uppermost altitudes during the first time period (Fig. 9b), several species show robust emission signals. QNI exhibits the

strongest response, with mean values doubling compared to BASE and all ensemble members above baseline. QS is increased
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by 60% and QR reduced by approximately 30%, with ranges predominantly above and below baseline respectively. QG, QI, and
QH show elevated means with four out of five ensemble members above baseline, indicating a consistent but not fully robust
signal. QNC and QC remain close to BASE with substantial variability ranges. During the second time period at higher altitudes
(Fig. 9d), QR maintains a robust signal, while QNI and QI show enhancement with four out of five ensemble members above
baseline. QS, QG, and QH show increased variability with ranges overlapping BASE. QNC and QC remain close to BASE
during both periods. At lower altitudes, QH and QG show enhancement during period 1, while all other variables exhibit ranges
overlapping BASE during both periods.

The analysis reveals that while emission effects exist across all scaling factors, their systematic detectability above meteoro-
logical variability depends on emission strength and time period. At URBANx500, ice-phase species show particularly robust
signals during period 1 at upper altitudes, with QNI, QS, QG, QI, and QH all showing consistent responses across ensemble
members. During period 2, QR and QNI and QI maintain robust signals, while other variables show increased variability as
the convective event matures. These results indicate that urban aerosol effects on ice-phase microphysics are detectable above
natural variability under favorable emission and meteorological conditions, though detectability decreases as the convective

event develops.
3.22 Casell
Temporal microphysical evolution

Case I demonstrates substantial aerosol sensitivity through ice-phase invigoration under weak synoptic forcing. To assess
how meteorological conditions modulate these responses, we examine case I, which features stronger synoptic forcing and a
different thermodynamic profile. Figure 10 presents the temporal evolution of horizontally averaged and vertically integrated
microphysical properties along trajectories for this contrasting case.

Activated cloud droplet number concentrations (QNC, Fig. 10a) show minimal sensitivity to emission variations. BASE
reaches approximately 50 cm~2 during maximum cloud development around 20:00 UTC, while URBANx5000 exhibits only
modest reduction to 46 cm~3, representing an 8% decrease. URBANx500 and URBANXx 10 remain nearly indistinguishable
from BASE. This weak response contrasts sharply with that of case I, suggesting that droplet growth and coalescence processes
are substantially less sensitive to aerosol perturbations under the meteorological conditions of case II. QNI concentrations
(Fig. 10b) show BASE values around 0.025 cm—2. URBANx5000 exhibits temporary increases of approximately 0.01 cm ™3
between 19:00 - 19:30 UTC, but shows reductions afterwards compared to BASE. URBANx500 and URBANx10 show mini-
mal deviations throughout the period.

-1

Total liquid-phase water content (Qiiq, Fig. 10c) reaches approximately 0.30 g kg™ at the most developed stage. UR-

BANx5000 and URBANx500 exhibit slight enhancement before the peak is reached but maintain similar maximum values.
Detailed analysis reveals modest compensating trends where cloud water (QC) decreases by approximately 0.02 g kg=! in
URBANx5000 while rain water (QR) increases correspondingly (see supplements Fig. S2). Ice-phase hydrometeors (Qjce,

Fig. 10d) reach peak values of approximately 1.7 g kg~! in BASE. URBANx5000 exhibits only modest increases in maximum
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Figure 10. Horizontally averaged and layer-thickness-weighted vertical averages (0 - 13 km) time series for case II of number concentrations
of (a) activated cloud droplets (QNC) and (b) activated ice crystals (QNI),as well as mass mixing ratios of (c) Qiiq (QC+ QR), (d) Qjce
(QI+ QG+ QS+ QH); panel(e) shows horizontally averaged rain rate. Line styles correspond to the emission experiments: BASE (solid),
URBANx10 (dashed), URBANX500 (dotted), URBANx5000 (dash-dotted).

values (10% increase), with total ice content is dominated by graupel. Snow (QS) shows the strongest sensitivity with increases
of approximately 0.05 g kg~!. URBANx500 and URBANx 10 remain close to BASE. Precipitation rates (Fig. 10e) reach max-
imum values of approximately 2.6 mm (10 min) ~! around 20:00 UTC. All emission experiments produce nearly identical rain
rates, with only slight reductions in the high emission experiments before 20:00 UTC.

These results demonstrate fundamentally different aerosol sensitivity compared to case I. While URBANx5000 shows mod-
erate cloud water reduction and weak snow enhancement, horizontally averaged ice-phase enhancements (10%) and precipi-
tation changes remain modest compared to the 40% and 15% increases observed in case 1. The weaker integrated responses

suggest that the meteorological conditions in case Il reduce the system’s overall susceptibility to aerosol-induced modifications.

Vertical-temporal structure

While the horizontally averaged analysis reveals limited overall responses, examining the vertical-temporal distribution pro-
vides insight into whether emission perturbations produce localized structural modifications within the convective event (Fig. 11).
The BASE simulation (Fig. 11a,e) exhibits liquid-phase hydrometeors concentrated between 1 - 5 km altitude during 19:00 -
20:30 UTC, reaching peak values of about 0.8 g kg~ !. Ice-phase hydrometeors dominate the upper troposphere at 7 - 12 km

altitude during the same time period, with maximum values reaching 4 g kg 1.
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Figure 11. Horizontally averaged vertical-temporal distribution of Qiiq (upper row) and Qjc. (bottom row) for case II. Panel (a) and (e)
show BASE experiment absolute values. Panels (b-d) and (f-h) display differences relative to BASE for URBANx10, URBANx500, and
URBANX5000, respectively.

Emission perturbations produce distinct vertical patterns for the liquid and ice-phases. Liquid-phase hydrometeors (Q;q)
exhibit negative anomalies that intensify with emission strength. URBANx500 (Fig. 11c) shows reductions at 4 - 8 km altitude
before 20:00 UTC, while URBANx5000 (Fig. 11d) produces more pronounced decreases reaching approximately -0.1 g kg—!
in the same region. This mid-level liquid water depletion likely reflects enhanced conversion to ice-phase or more efficient
precipitation formation processes.

Ice-phase hydrometeors (Q;..) demonstrate systematic enhancements. URBANx10 produces modest positive anomalies after
20:00 UTC, while URBANx500 (Fig. 11g) shows positive anomalies before 20:00 UTC. URBANx5000 (Fig. 11h) exhibits
the strongest response, with enhancements reaching 0.4 g kg—! distributed across the 7 - 12 km layer. The vertical extent and
timing of these anomalies suggest that emission perturbations enhance ice production at upper levels through strengthened
vertical transport of supercooled droplets or enhanced heterogeneous ice nucleation.

The vertical analysis reveals a characteristic pattern in case II, with emission perturbations primarily enhancing upper-level
ice-phase content (7 - 12 km) by up to 0.4 g kg=! (10% of BASE peak values) while depleting mid-level liquid water (4 -
8 km) by approximately 0.1 g kg~! (12% of BASE). This vertical decoupling indicates that aerosol effects concentrate where
ice formation processes dominate. However, the moderate magnitude of these changes suggests that the overall convective

response remains limited despite localized structural modifications.
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Figure 12. Horizontally averaged vertical-temporal distribution of positive (w pos; upper row) and negative (w neg; lower row) vertical
velocities for case II. Panel (a) and (e) show BASE experiment absolute values. Panels (b-d) and (f-h) display differences relative to BASE

for URBANx10, URBANx500, and URBANx5000, respectively. Note that the color scale for w neg is reversed, as values are negative.

The upper-level ice-phase enhancements indicate possible changes in vertical velocity structure within the convective event.
We therefore evaluate vertical velocity profiles to assess updraft and downdraft strength (Fig. 12). BASE exhibits substantially
stronger convective dynamics than case I, with updrafts reaching maximum values around 5 m s~! at 5 - 7.5 km altitude
during the period from 19:00 to 19:30 UTC and downdrafts of approximately -1.5 m s~! at 2 - 12 km altitude during 19:30 to
20:30 UTC, reflecting the more extensive and organized nature of this convective event.

Emission perturbations produce spatially variable responses in vertical motion. URBANx10 and URBANx500 show mixed
positive and negative anomalies of approximately 4-0.5 m s~! for updrafts, without clear systematic patterns. URBANx5000
(Fig. 12d) demonstrates more coherent positive anomalies above 7 km, consistent with the enhanced ice production observed
at these upper levels. Downdrafts exhibit enhanced negative anomalies above 7 km around 20:00 UTC in URBANx500 and
URBANX5000 (Fig. 12g,h), suggesting strengthened descending motion associated with increased precipitation loading.

Despite the positive updraft anomalies at upper levels in URBANx5000, overall vertical velocity responses remain modest
relative to the strong background forcing characterizing this system. Updraft modifications reach approximately 10% indi-
cating that while aerosol perturbations affect upper-level dynamics and ice processes the convective response remains largely

controlled by the meteorological environment rather than microphysical interactions.
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Figure 13. Emission-response relationships for case II showing all microphysical variables as a function of emission scaling factor, displayed
as relative change from BASE. Each panel represents one region of the vertical-temporal domain: (a) period 1/lower altitudes (18:00 -
20:00 UTC, 0 - 3.5 km), (b) period 1/mid altitudes (18:00 - 20:00 UTC, 3.5 - 8 km),(c) period 1/upper altitudes (18:00 - 20:00 UTC,
8 - 15 km), (d) period 2/lower altitudes (20:00 - 22:00 UTC, O - 3.5 km), (e) period 2/mid altitudes (20:00 - 22:00 UTC, 3.5 - 8 km), and (f)

Period 1

EGUsphere\

Period 2

(c) | 8.0-15.0 km

(f) | 8.0-15.0 km

— g —3 &.&M
\‘\'l__’_\‘ - —

(b) | 3.5-8.0 km (e) | 3.5-8.0 km
> |

(a) | <3.5 km

————— o

(d) | <3.5 km

e ————8—e——— 9

0x 1x 2x 4x 10x 100x 500x 1000x5000x
(base)
emission factor
qnc qc —e— qr —*— gni

period 2/upper altitudes (20:00 - 22:00 UTC, 8 - 15 km).

Emission-response relationships

To assess the full emission-response relationship, we analyze microphysical properties across all nine emission experiments
within six regions of the vertical-temporal domain (Fig. 13). During the first time period (18:00 - 20:00 UTC, Fig. 13a,b,c),
the strongest responses occur at mid-level altitudes. Starting with URBANx100, QNI increases by 100 % and QI by 40 % in

22

0x 1x 2x 4x 10x 100x 500x 1000x5000x
(base)
emission factor
—*— g —— g —— qg gh




430

435

440

445

450

455

460

https://doi.org/10.5194/egusphere-2026-2934
Preprint. Discussion started: 19 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

URBANXx5000, while QS shows 20 % enhancement. Concurrently, QNC and QC decline by 10 - 15 % and QR reduces by
25 %, indicating efficient liquid-to-ice conversion at these altitudes. QG remains largely unchanged, while QH shows slight
reductions. At higher altitudes inverse behavior is visible, with QNI and QI decreasing by 10 % while QS and QG increase
slightly, suggesting redistribution of ice formation from upper to mid-levels. At lower altitudes minimal changes across all
variables appear. During the second time period (20:00 - 22:00 UTC, Fig. 13d,e,f), all responses weaken substantially. Mid-
level QNI and QI increase by only 20% in URBANx5000, with QR decreasing by 20 %. Upper altitudes maintain inverse
patterns, while lower altitudes remain unresponsive. This temporal weakening likely reflects the maturation of the convective
event, where increasingly strong background dynamics progressively dominate over aerosol-induced perturbations.

The emission-response analysis reveals a threshold behavior above URBANx100, but with substantially weaker responses
than case I. The strongest sensitivity at mid-levels during the first period, where QNI doubling coincides with 15 - 25 % liquid
water reductions, demonstrating active aerosol-microphysics coupling. However, the inverse upper-level responses indicate ver-
tical redistribution rather than net system-wide enhancement. The complex spatial patterns and period-dependent weakening,
reflect the buffering effect of stronger meteorological forcing in case II, ultimately limiting the impact of aerosol perturbations

on precipitation formation.
Ensemble variability assessment

To assess whether emission-induced changes in case II exceed natural meteorological variability, we compare the URBANx500
meteorological ensemble relative to the BASE ensemble (Fig. 14). At higher altitudes during period 1, QNI shows a robust
decrease with four out of five ensemble members below the BASE results. At mid-level altitudes during period 1, QNI shows
clear enhancement with all ensemble members above the BASE results, and QI shows consistent increase with four out of
five ensemble members above BASE results. All other variables show ranges that overlap or intersect BASE values across
both periods and altitude levels, indicating that emission effects at URBANx500 scaling do not emerge robustly above natural
atmospheric variability for most species.

The ensemble analysis highlights the dominant influence of meteorological variability versus an aerosol impact. Case I
showed robust signals across multiple variables and altitude levels during period 1, while case II exhibits robust signals only
for QNI and QI at specific altitude levels, with the opposing response of QNI at upper versus mid-levels reflecting the vertical
redistribution pattern identified in the emission-response analysis. Stronger background dynamics in case II substantially reduce

the number and magnitude of detectable aerosol-induced modifications.

4 Discussion and conclusion

This study investigates the sensitivity of two convective precipitation events near Leipzig to systematic variations in urban
emission strength, using the coupled model system COSMO-DCEP-MUSCAT with direct aerosol-cloud coupling. Both events
developed during the evening hours of 13 and 20 July 2019, respectively, and passed through the urban aerosol plume of

Leipzig under contrasting convective instability conditions. Urban emission strengths were scaled across nine factors spanning
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Figure 14. Ensemble variability assessment for case Il showing all microphysical variables relative to BASE. Each panel represents one

region of the vertical-temporal domain: (a) period 1/lower altitudes (18:00 - 20:00 UTC, O - 3.5 km), (b) period 1/mid altitudes (18:00 -
20:00 UTC, 3.5 - 8 km),(c) period 1/upper altitudes (18:00 - 20:00 UTC, 8 - 15 km), (d) period 2/lower altitudes (20:00 - 22:00 UTC,
0 - 3.5 km), (e) period 2/mid altitudes (20:00 - 22:00 UTC, 3.5 - 8 km), and (f) period 2/upper altitudes (20:00 - 22:00 UTC, 8 - 15 km).

Circles indicate the URBANx500 ensemble mean and error bars represent the minimum to maximum range across ensemble members.

from zero to 5000 times the current day Leipzig emissions. In order to gain an impression on the sensitivity to slight meteo-

rological variations ensemble simulations were conducted by varying the meteorological spin-up length for the BASE and the

URBANX500 experiments. For the distinct evaluation Lagrangian backward trajectory analysis was used to follow the urban

465 air volumes into the convective regions.

24



470

475

480

485

490

495

500

https://doi.org/10.5194/egusphere-2026-2934
Preprint. Discussion started: 19 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The two cases reveal different sensitivities to urban aerosol loading, consistent with previous studies demonstrating that
the meteorological conditions modulates aerosol-cloud-precipitation interactions (Khain et al., 2008; Keil et al., 2025). Under
moderate convective instability, high emission scalings trigger ice-phase invigoration through enhanced ice nucleation, latent
heat release, and strengthened updraft feedback, producing increases in ice content of up to 40% and precipitation intensity of
up to 15%, accompanied by spatial expansion of the precipitation field and temporal shifts in maximum precipitation. Under
higher convective instability, spatial redistribution of precipitation rather than intensification dominates the response, with
even the highest emission scalings producing only modest microphysical modifications, as strong background dynamics limit
updraft enhancement and confine aerosol-induced changes to vertical redistribution of hydrometeors rather than system-wide
intensification. The stronger background dynamics effectively buffer aerosol-induced impact, a behavior in line with Barthlott
and Hoose (2018) and Schneider et al. (2019), who found aerosol sensitivities over central Europe to be substantially reduced
under stronger large-scale forcing.

The emission-response analysis reveals non-monotonic behavior and transitions between qualitatively different response
regimes that emerge only at high emission scalings, beyond what low-to-moderate perturbations alone would indicate. Among
the few studies that have explicitly varied emission or CCN strength, Kawecki et al. (2016) scaled urban emissions from Kansas
City by factors of 0.5, 1.0, and 2.0, finding only modest convective responses within this low-to-moderate range. Lucas et al.
(2025) and Barthlott and Hoose (2018) prescribed discrete CCN categories ranging from maritime to polluted continental con-
ditions, revealing systematic shifts in microphysical pathways with increasing aerosol loading, yet these approaches prescribe
CCN directly rather than modifying emission fields and do not extend beyond observed concentration ranges. The present study
extends the scaling range substantially further, enabling the identification of threshold-like transitions and non-monotonic be-
havior that characterize sensitivity of convective events to urban aerosol loading. This systematic approach reveals response
regimes that clean-versus-polluted comparisons or narrow scaling ranges cannot resolve. The extension to high scaling fac-
tors provides a first indication of whether the aerosol effect begins to saturate, though a definitive assessment would require
additional scaling factors beyond those investigated here.

The ensemble analysis at URBANx500 reveals that robust emission signals are confined to specific variables and time peri-
ods, and are more pronounced in case I than in case II. In case I, ice-phase species show the most consistent responses across
ensemble members during the first period, while most variables do not emerge clearly above ensemble spread during the second
period and at lower altitudes. In case II, stronger background dynamics substantially reduce the number of robustly detectable
signals, with opposing responses at different altitude levels reflecting vertical redistribution rather than systematic enhance-
ment. These results indicate that even where a systematic emission-response behavior begins to emerge, the detectability of
urban aerosol effects depends strongly on prevailing meteorological conditions, the time period considered, and the variable
examined, consistent with the finding of Keil et al. (2025) that ensemble approaches are essential for separating urban aerosol
signals from natural meteorological variability.

The methodological approach applied here addresses several recommendations proposed by Varble et al. (2023) and Fan
et al. (2025). It includes ensemble simulations to mitigate biases from single-run conclusions, prognostic aerosol represen-

tation to allow case-dependent evaluation of mixed-phase convection, and trajectory-based sampling to isolate microphysical
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modifications within individual convective clouds from background variability. This provides a more physically consistent basis
for attributing aerosol-induced changes to the urban aerosol plume than grid-based analyses that average over large domains.

This study is based on two convective cases only, and while they represent contrasting meteorological situations, the iden-
tified emission-response relationships may not generalize to the full range of convective environments typical for mid-latitude
urban settings. The emission scaling approach assumes proportional scaling of all emission species, which may not represent
realistic emission compositions. In addition, this would effect nonlinear chemical transformations and secondary aerosol for-
mation processes. The CCN and INP activation parameterizations involve assumptions about aerosol size distributions and
hygroscopicity that may not fully capture the complexity of real urban aerosol populations. Additionally, the microphysical
setup applies saturation adjustment, which may lead to an underestimation of aerosol effects on convective intensity compared
to fully explicit supersaturation schemes (Lebo et al., 2012; Zhang et al., 2021), an effect that may be more pronounced at the
higher emission scalings examined here.

Despite these limitations, this study provides a systematic characterization of the sensitivity of convective precipitation to ur-
ban aerosol loading across a wide range of emission conditions, revealing threshold behaviors and regime-dependent responses
that binary comparisons cannot resolve. The contrasting case responses highlight the critical role of the prevailing meteorolog-

ical situation in determining both the magnitude and detectability of urban aerosol effects on convective precipitation.
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