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Abstract

Understanding how aerosols influence extreme precipitation is critical for predicting flood risks, water
availability and management in regions with complex topography. Here we present results from two
parallel model simulations with convection-permitting resolution with different aerosol loadings over
Germany. We find that daily extreme precipitation gives opposite response to aerosol reductions with
elevation height; with cleaner air we find an increase below 150 m of elevation while there is a decrease
in daily extremes above 150 m. German station data show the same pattern where trends in annual
maximum precipitation reverse sign before and after the 1980s peak in anthropogenic aerosol pollution,
with opposite trend directions for stations below and above 150 m. Model results show that the
conditions at higher elevations are more favorable for activating cloud droplets, enhancing droplet
freezing and in turn snow production. This strengthens updrafts more efficiently in polluted conditions,
producing more precipitation from the start of the day, until the afternoon. Despite the contrasting daily
response to aerosol loading with elevation, the effect of aerosol reductions on hourly extremes is similar
across the elevations with shorter, more intense precipitation and potentially greater damage potential.
These findings highlight the importance of accounting for aerosol-cloud interactions and topography
when assessing regional precipitation extremes and flood risk.

1. Introduction

Europe has experienced an increase in extreme precipitation over the recent decades (Fischer and
Knutti, 2016; Myhre et al., 2019; Seneviratne et al., 2021; Sun et al., 2021), with growing impacts on
society. These effects can be particularly severe in mountain regions, where extreme rainfall threatens
freshwater resources and increases the risk of flash floods and landslides (Archer and Fowler, 2018;
Borga et al., 2005; Gaume et al., 2009). A recent example is the July 2021 flooding in western Germany
and Belgium, which resulted in widespread damage and more than 200 fatalities, underscoring the
severe societal impacts of extreme rainfall (Kreienkamp et al., 2021). Although the intensification of
mean and extreme precipitation is primarily driven by large-scale warming, emerging evidence suggests
that aerosols may modulate these changes (Andrews et al., 2010; Samset, 2022). Aerosols affect
precipitation both globally and regionally (Zou et al., 2025). For example, reductions in incoming solar
radiation over global land surfaces from 1960 to 1990 have been reported to cause a deacceleration of
the hydrological cycle (Wild, 2009). Europe experienced rising aerosol concentrations until the mid-
1980s, followed by a rapid decline in subsequent decades (Hoesly et al., 2018). The extent to which
these changes have influenced extreme precipitation, particularly across mountainous and lowland
regions, remains uncertain.

Changes in pollution that cause aerosols acting as Cloud Condensation Nuclei (CCN) affect the
formation and evolution of droplets in clouds, and in turn how precipitation is formed. Higher
concentrations of CCN lead to higher concentrations of cloud droplets competing for the same available
water vapor, resulting in smaller droplets. These smaller droplets also cause cloud brightening with
increased reflection of solar radiation compared to large droplets (Twomey, 1977). Smaller droplets have
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lower collision-coalescence efficiency, which reduces warm rain formation (Albrecht, 1989; Squires,
1958), and thus has the potential for delaying precipitation onset. In mixed-phase clouds, smaller
droplets can persist as supercooled liquid, promoting freezing at higher altitudes and releasing latent
heat aloft, thereby strengthening updrafts, and potentially enhancing precipitation intensity (Altaratz et
al., 2014). Once ice forms, growth of ice crystals at the expense of supercooled droplets through the
Bergeron-Findeisen process and riming can further accelerate precipitation. The strong dependence of
these processes on ambient thermodynamic and microphysical conditions suggests that aerosol effects
on extreme precipitation may vary markedly between lowland and higher-elevation regions.

Orographic effects on cloud formation and precipitation, and their interaction with aerosols adds further
uncertainty. Typically, orographic lifting enhances condensation and cloud formation (Roe, 2005). This
influence depends on timescale: while orography generally enhances continuous precipitation, it tends to
suppress shorter duration ( < = hour) precipitation associated with convective peaks (Formetta et al.,
2022). Positive precipitation trends due to global warming in the mountains are found to be weaker than
for low elevations by using gridded observational datasets and ERA5 reanalysis (Pepin et al., 2022). How
orographic effects are impacted by aerosols is unclear. Previous studies indicate that increased aerosol
loading may delay precipitation onset and reduce total precipitation in mountainous regions worldwide
(Choudhury et al., 2019; Rosenfeld et al., 2007), including during extreme summer events in the Alps
(Eirund et al., 2022). Results have also shown that the presence of ice phase has a large impact on the
sign of the aerosol effect (Zubler et al., 2011). Napoli et al., (2019) found an orographic enhancement of
observed mean precipitation in the Alps from 1950 up to the 1980s with a decline in the following
decades. The authors propose that the divergent trends in aerosol loading over Europe are the cause,
thus aerosols may affect precipitation differently over the mountains and the lowlands.

Here we test this hypothesis in high resolution, convection-permitting models (< 4 km grid scale), which
better represent the spatial and diurnal patterns of precipitation over the Alps compared to regional
models with parameterized convection (Ban et al., 2021). This has important implications for the
representation of sub-daily orographic precipitation effects (Kendon et al., 2021; Lucas-Picher et al.,
2021; Prein et al., 2017). In this study we investigate the impact of aerosol reductions on extreme
precipitation by running two parallel 20-year simulations with the Weather Research and Forecasting
(WRF) model with a convection-permitting resolution. Simulations are conducted over Germany, with
clean and polluted hygroscopic water friendly aerosols acting as CCN (Thompson and Eidhammer,
2014). We separate the analysis into lowland conditions (elevations < 150 m) and conditions in terrain
with hills and mountain (> 150 m, hereafter referred to as mountain conditions) to isolate and compare
the respective influences of aerosol loading and elevation.

By analyzing the aerosol impact over an extended time-period (20-years) in simulation pairs driven by the
same lateral boundary conditions. The results are based on several extreme events making the results
more robust, compared to analyzing one event. The microphysical difference between clean and polluted
conditions is studied to identify the reasons for the different responses in mountains and in lowlands.
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The next section describes the data, model and methods used in this manuscript, then results are
presented with discussion and conclusion in the end.

2. Data and Methods
2.1 Model

Model simulations on convection permitting scales are performed with the WRF model version 4.3
(Skamarock and Klemp, 2008). The simulations (2001-2020) are run with ERAS5 (Hersbach et al., 2020)
data as initial and boundary conditions, downscaled to an outer 15 km resolution domain and an
innermost convection permitting 3 km domain. The two parallel simulations only differ from each other
in the prescribed aerosol loading, with one representing 1980 levels (polluted) and one representing
2020 levels (clean). Water friendly aerosol number concentrations for the respective years are derived
from OsloCTM3 (Oslo Chemical Transport model) (Lund et al., 2018; Skeie et al., 2020). Non-
hygroscopic, ice-nucleating natural dust aerosols are kept constant between the clean and polluted runs.
Each model year is run separately with a month spin-up (December), which is disregarded. Model
simulations are also described in Alterskjeer et al. (in review), with model validation against observations.

In order to analyze the effect of pollution on extreme precipitation, the aerosol aware microphysics
scheme described in Thompson et al. (2008) and Thompson and Eidhammer (2014) is applied. The
Thompson scheme enables the possibility to explicitly incorporate aerosol tracking in a more cost-
effective manner compared to the fully coupled chemistry version of WRF (Thompson and Eidhammer,
2014). The radiative effective radii of cloud water, cloud ice and snow is included by coupling the
microphysical scheme and the RRTMG (Rapid Radiative Transfer Model Global) (Thompson et al., 2016),
in addition to the direct effect of the aerosol provided by OsloCTM3.

The five-boundary grid-cells in the innermost domain are disregarded, and only land grid cells are
studied. The domain was set up to analyze the effects of aerosol on a continental area with good
observational coverage, therefore northern Germany were chosen. Most of the grid cells are at an
altitude below or equal to 150 m (58%), referenced to lowlands further in the results, while 37% are above
150 m, references as mountains. The remaining grid cells are ocean, see Supplementary Fig. 1.

2.2 Observations

Rx1day (annual maximum one day precipitation) trends for German stations (1313) are studied from the
European Climate Assessment and Dataset (ECA&D) (Klein Tank et al., 2002), differentiated by the same
elevations (above and below 150 m). Only stations with 80% coverage from 1955-2020 are analyzed and
80% of the year needs to be included for the Rx1day to be included. Linear regression trends are
calculated for Rx1day over the years for stations within the two respective elevations.

2.3 Methods
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For the WRF simulations, the effect of aerosol on precipitation and extreme precipitation is analyzed by
examining the relative change between the clean and polluted simulations. For mean precipitation and
Rx1day, the change is found in each grid cell and then averaged over the lowlands and mountains given
by the grid cell elevation. In addition, we study a set of increasingly severe precipitation extremes,
defined as events exceeding selected percentile thresholds of daily precipitation. This allows us to
quantify changes in the amount, frequency, and intensity of extreme events across several extremes. For
the percentile analysis, thresholds are determined from the clean simulations for each grid cell; for
example, the 99.7th percentile represents the 21 most extreme events, with the threshold defined by the
least extreme of these events (following Myhre et al., (2019) and Steensen et al., (2025)). Precipitation
amount is defined as the total precipitation accumulated above the clean-simulation threshold and
frequency as the number of events exceeding the same threshold. Intensity is defined as the daily
precipitation of extreme events, calculated using percentile thresholds derived separately for the clean
and polluted simulations so that the same number of events is included in each case. Description of the
metrics used for extreme precipitation in this study is presented in Table 1. Relative changes in these
metrics are then computed by comparing the clean and polluted simulations. All quantities are
calculated in each grid cell and subsequently averaged over grid cells in the lowland and mountain
regions. The Wilcoxon two-sided test is used to check if the results are statistically significant.

Table 1
Metrics used for extreme precipitation for the daily precipitation percentile thresholds and sub-day

analysis.

Metric Description

Rx1day The annual maximum of daily accumulated precipitation

Precipitation Total precipitation amount accumulated above the clean-simulation

amount threshold

Intensity Total precipitation amount accumulated over the same number of events

Frequency Number of events above the clean-simulation threshold

Duration The mean hourly (hours > =1 mm/h) precipitation duration length

Maximum The mean hourly maximum accumulated precipitation

3. Results

Figure 1 Top row shows modelled relative change in precipitation amount (green), intensity (purple) and
frequency (orange) of mean and extreme precipitation between the polluted and clean simulations from
the convective permitting WRF simulations for grid cells below (a) and above 150 m elevation (b).
Hatched bars show statistical significance (p < 0.05) using the two-sided Wilcoxon test. Bottom row
shows observed five-year running mean Rx1day (grey) from 1955-2020, as well as linear trends over the
full period (orange), from 1955-1984 (light green) and from 1991-2020 (pink), for stations below (c) and
above 150 m elevation (d), respectively.
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Figure 1a) and b) shows how mean and daily extreme precipitation respond to aerosol reductions in the
lowlands and the mountains in the WRF model simulations for the convective permitting 3 km domain.
Cleaner air in the lowlands leads to an increase in mean and daily extreme precipitation across all
metrics. In the mountains, however, we find an opposite effect (Fig. 1b); cleaner air causes a reduction in
precipitation on almost all the statistics.

Observations also support an elevation-dependent response of extreme precipitation to aerosols. This is
shown by investigating trends in Rx1day for German observational sites before and after the peak in
pollution in the 1980s. Figure 1c) and d) show that over the 66-year period from 1955 to 2020, Rx1day
shows an overall increasing trend in both elevation ranges, a signal expected from global warming,
though with higher extreme precipitation values in the mountains. However, investigating the first and
last 30 years individually, representing time periods with increasing and decreasing pollution, the trends
are opposite to each other. In the lowlands from 1955 to 1984, German stations show a decreasing trend
with - 0.021 mm/year (Supplementary Table 1), while over the last 30 years the trend is positive with
0.023 mm/year. For the German stations above 150 meters, the trend for the first 30 years is positive
(0.092 mm/year) while over the last 30 years its negative (-0.036 mm/year). In other words, observations
seem to reflect what we find in the model simulations; a tendency that cleaner air is associated with
more extreme daily precipitation in the lowlands, while the relationship is opposite at higher elevations.
In other words, despite their high year-to-year variability, observations seem to reflect what we find in the
model simulations; a tendency that cleaner air is associated with more extreme precipitation in the
lowlands, while the relationship is opposite at higher elevations

The elevation-dependent responses to cleaner air found in both the model simulations and observations
are investigated further using the WRF simulations, focusing primarily on the average of events above
the 99.7 threshold for both the clean and polluted simulations. The 99.7th percentile corresponds
approximately to the most extreme daily precipitation event per year and is therefore analogous to the
commonly used Rx1day metric. This comparison is analogous to the intensity metric as the identical
number of events is considered in both cases.

Orographic effects is found to be time scale dependent with more precipitation on daily time-scales
while orography suppress the hourly maximum precipitation associated with convective peaks (Formetta
et al., 2022). Figure 2a) shows the diurnal cycle of hourly precipitation in clean conditions for days above
the 99.7 percentile threshold, for lowlands (blue) and mountains (green). Both elevations show on
average a small peak in the morning with a larger peak in the afternoon. The model simulations again
indicate a positive orographic effect with more extreme precipitation in the mountains, and the
precipitation duration is also longer in the mountains (Fig. 2b). Supporting Formetta et al., (2022), the
maximum hourly precipitation amounts are comparable across both elevation ranges (Fig. 2c), however
slightly higher for the highest percentile in the lowlands.

To isolate the effect of aerosol over the two elevations, the bottom row of Fig. 2 shows differences
between clean and polluted conditions. The clean simulations produce less precipitation in the
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mountains (see below-zero values for the green line in Fig. 2d) from the start of the day until 15:00 in the
afternoon. Later in the afternoon, there is more precipitation under clean conditions. In the lowlands
there is on average more extreme precipitation in the clean simulations with delayed onset of
precipitation in the morning and afternoon, shown as a negative difference in the curve in the hours after
the peaks. The duration of events is shorter in the clean simulations for both elevations and across the
percentiles (Fig. 2e). Since the maximum hourly precipitation is on average occurring in the afternoon
when it precipitates more under clean conditions, the mean maximum precipitation is higher in the clean
simulations over both elevations and across the percentiles shown here (Fig. 2f).

The effect of aerosols on hourly maxima is therefore similar over the elevations, with intensified shorter
duration and higher maximum in the clean simulations. However, the decrease in aerosol affects the
daily accumulated extreme precipitation differently in the mountains.

To disentangle the physical mechanisms that induce differing aerosol-precipitation responses in
lowlands and mountains, we take a closer look at mountain changes in relevant microphysical
parameters averaged over the events above the 99.7 percentile. Figure 3 shows the mixing ratios
averaged over the mountain grid cells for the five hydrometeors in the Thompson scheme; cloud water,
cloud ice, rain, snow and graupel for clean aerosol conditions and how these change when going from
clean to polluted conditions. The mixing ratios for snow and cloud water are higher compared to the
other species, while cloud ice has the lowest mixing ratio (Figs. 3a-d). However, when comparing the
relative change between clean and polluted conditions for the species, the differences are comparable
around 10—-20% over the daily average (Supplementary Fig. 2). The effect of aerosol on cloud water is
equal throughout the day, with a decrease in cloud water with less aerosol. Even though the cloud water
has the highest concentrations below the 0-degree Celsius ling, the largest differences between clean
and polluted are centered around the 0-degree level (mountain 0-degree line is not shown as it overlaps
with the lowland 0-degree line). The impact of aerosol on the snow mixing ratio shows a strong negative
field in the morning (more snow in polluted versus clean conditions), while in the afternoon the clean
simulations have a higher snow mixing ratio. Rain mostly follows the large snow differences below the
freezing line, indicating falling and melting snow that is precipitated out. For graupel in the polluted
simulation in the mountains, the mixing ratio is higher than in the clean simulation earlier in the day (until
around 15:00) compared to the lowlands.

The graupel and snow differences between the lowlands and mountains indicate stronger and more
effective ice formation and growth in the polluted simulations in the mountains compared to the
lowlands. Figure 4 shows the change in the vertical temperature profile between clean and polluted
conditions for the extreme precipitation events, in addition to the number of activated cloud droplets for
the different conditions in the mountains and the lowlands. Results are shown for the lowest 6 km
around the 0-degree level. In the mountains, polluted conditions are generally colder, and the elevation of
the freezing line is slightly reduced. In addition, a higher number of CCN are activated in the mountains
and the number of droplets above the freezing line is increased in polluted conditions, contributing to the
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increase in snow formation. Once ice starts to form, riming and the Bergeron—Findeisen process may
lead to rapid ice crystal growth and accelerate the precipitation processes.

When cloud water transitions to ice, latent heat is released and buoyancy increases. Figure 5 shows how
the vertical updraft is affected by the change in aerosols in the lowlands and in the mountains. The
largest differences are situated from 5 to 10 km, well above the freezing level. Similar to the snow mixing
ratio response to aerosol, the updrafts are strongly affected by aerosol during the first half of the day,
while the clean simulation has higher updrafts in the afternoon (Fig. 5f). The increase in updrafts
contributes to more snow production causing an intensification of precipitation. In the lowlands, the
change in updrafts between clean and polluted conditions is less than over the mountains (Fig. 5b)
indicating a slower ice formation process and thus a lower impact on the precipitation.

The effect of increased updraft is also evident in the RH in the mountains, where the polluted simulation
has higher RH up to 10 km elevation contributing to growth of snow. The results also show a depletion of
available humidity throughout the day in the polluted simulation, and after the time of peak convective
precipitation around 18:00 there is more humidity in the clean simulations. Even though the RH changes
throughout the day, the effect of pollution on temperature is almost constant. The polluted simulations in
the mountains are colder throughout the day below 10 km, and warmer above. In the lowlands the
polluted simulation shows on average more RH throughout the day, and only a small impact on
temperature above 2 km.

4. Discussion and Conclusions

The present study demonstrates the highly non-linear and complex responses of extreme precipitation to
changes in aerosol concentration. Running a regional climate model with convection permitting
resolution, we find contrasting impacts of aerosol on extreme precipitation between the lowlands (below
150 m elevation) and the mountains (above 150 m) in our simulated region in Germany. In the
mountains, daily extreme precipitation is reduced in cleaner conditions. This is also supported by
observations in a period of rapidly increasing aerosol emissions (until the mid-1980s); both mean
precipitation (Napoli et al., 2019) and Rx1day (this study) show stronger increases in the mountains than
in the lowlands. Conversely, from the 1990s as the air got cleaner, we find the opposite response: a
negative Rx1day trend in the mountains and a continued increase in the lowlands.

Analyzing diurnal and sub-daily timescales we find that on average, these events typically last 8-9 hours
in the mountains and 6-7 hours in the lowlands. In the lowlands, cleaner air with less aerosols is
associated with more precipitation accumulated over the day, and the precipitation peak is controlled by
convective activity is reached earlier than in polluted conditions (shown here and in Alterskjeer et al. in
review), suggesting a more efficient precipitation process. Meanwhile, in the mountains, it precipitates
less compared to polluted conditions during the day, until the afternoon. The peak convective activity in
the afternoon is however substantially stronger in cleaner air. This means that although daily
accumulated extreme events are less intense under clean conditions, cleaner air produces more intense,
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shorter-duration sub-daily extreme events than polluted conditions in the mountains. This pattern is
evident across the three highest percentiles examined here (99, 99.7, and 99.9).

Analyzing the effect of increased aerosol for extreme precipitation data above the 99.7 percentile (~ 21
events, corresponding to Rx1day), results at the diurnal and sub-daily timescale reveal that in the
mountains we see a consistent tendency that more aerosols lead to more cloud droplets activated, and
more cloud droplets above the 0-degree line to freeze. Supplementary Fig. 4 shows that although the
mean temperature difference is similar (0.05 degrees) between the mountains and lowlands, the colder
temperature in the mountains lies higher in the atmosphere. This leads to more favorable conditions for
ice and snow production under polluted conditions in the mountains, in turn leading to more updrafts
and even increased snow production depleting access to vapor (compared to clean conditions) in the
afternoon.

Orographic effects also impact precipitation on different timescales. While mountains enchase
continuous precipitation (longer than 1 hour) causing a positive orographic effect, however for hourly
peak convective precipitation mountain suppress the intensity. On hourly time maximum, associated
with convective peaks, cleaner air has the same increasing effect over the elevations. Global warming
has also been shown to cause a higher increase in extreme precipitation at hourly and 10-minute time
scale compared to daily (Hodnebrog et al., 2019). The added effects of increased hourly precipitation
from both cleaner air and global warming increase the risk of flash flooding and landslides, leading to
potential damage downstream (Archer and Fowler, 2018).

The results presented here show that trends in mean or extreme precipitation under global warming may
depend on elevation in regions with changing aerosol loading. Aerosol influences can differ between
lowlands and mountains, which may help explain the stronger increases in lowland precipitation trends
compared with mountain regions found in Pepin et al. (2022). The effects may also be different in other
regions of the world. Separating the lowlands from mountains is therefore necessary to understand the
change in precipitation with global warming in areas with aerosol changes. More studies are needed to
explore aerosol impacts on extreme precipitation using regional high-resolution models with complex
orography (and perhaps stronger contrasts in orography than included in this study) to capture elevation-
dependent aerosol-precipitation processes. Current regional climate models, such as those in CORDEX
(the Coordinated Regional Downscaling Experiment)(Gutowski Jr. et al., 2016), generally do not include
aerosol trends, which limits their ability to reproduce observed temperature and precipitation changes
(Schumacher et al., 2024; Steensen et al., 2025; Vautard et al., 2021). The next generation of CORDEX
simulations will however include aerosol changes (Katragkou et al., 2024), which is promising. Applying
high-resolution, aerosol-aware regional models will be essential for understanding precipitation extremes
in complex terrain and improving regional climate projections.
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Figure 1

Top row shows modelled relative change in precipitation amount (green), intensity (purple) and
frequency (orange) of mean and extreme precipitation between the polluted and clean simulations from

the convective permitting WRF simulations for grid cells below (a) and above 150 m elevation (b).
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Hatched bars show statistical significance (p<0.05) using the two-sided Wilcoxon test. Bottom row
shows observed five-year running mean Rx1day (grey) from 1955-2020, as well as linear trends over the
full period (orange), from 1955-1984 (light green) and from 1991-2020 (pink), for stations below (c) and

above 150 m elevation (d), respectively.
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Above, the diurnal hourly precipitation a) averaged for the days over the 99.7 percentile threshold in the
clean simulation, b) the duration of precipitation (hours >= T mm/h) for the 99, 99.7 and 99.9 percentile
and c¢) the maximum hourly precipitation during the days above the thresholds for the same three
percentiles, for grid cells below 150 m (blue) and above 150 m (green). Below, the difference between
clean and polluted for the same statistics as above, where positive values indicate an increase with
cleaner air. Vertical line markers in d) show where the difference between clean and polluted simulations

is statistically significant (p<0.05) with the two-sided Wilcoxon test
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Top: The average diurnal mixing ratio (g kg-1) in clean conditions over the grid cells above 150 m
elevation for the hydrometeors included in the Thompson scheme averaged for days over the 99.7
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percentile threshold. Bottom: The change in mixing ratio of the same hydrometeors between clean and
polluted conditions. Notice the logarithmic increments in the color bars. The red line represents the

temperature level of 0-degrees C in the clean simulations
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For the lowest 6 km daily averag for the days over the 99.7 percentile, a) temperature profile difference
between clean and polluted simulations. b) and c¢) the number of activated cloud drops (CDN) for the
clean and polluted simulations respectively in the lowlands (<= 150 m) in blue, and mountains (> 150 m)
in green. Shading represents the mean standard deviation between the events over the grid cells. Dashed
lines in b) and c) show the elevation of the daily mean 0-degree Celsius line for the different simulations,
linearly interpolated from model levels to the closest 0.25 degree providing a resolution of <5 m
accuracy
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Figure 5

Diurnal variation in updraft and relative humidity for the days with precipitation above the 99.7 percentile.
Lowlands above and mountain grid cells below. The updraft is shown for clean conditions (a, €) and its
change between clean and polluted conditions (b, f). The line of 0-degree Celsius is shown in red for
clean conditions. RH with temperature in black contours in Celsius (with negative values in dashed) in
clean conditions for lowlands (c) and in the mountains (g), the difference in RH and temperature in black
contours (with negative values in dashed) between clean and polluted conditions for lowlands (d) and
mountains (h)
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