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Abstract.

Accurately modeling the cloud condensation nuclei (CCN) budget is a key factor in reducing uncertainty in aerosol–cloud

interactions in Earth system models. et deposition – the removal of particles by precipitation – is a major CCN sink, but rainfall

can also trigger a replenishment phase via the formation and growth of new particles, partially offsetting losses. In this study,

we evaluate how three general circulation models represent the size- and time-resolved effects of precipitation on the particle5

number size distribution (PNSD) and the CCN budget. The evaluation is based on correlations between the PNSD and the

precipitation rates along back trajectories from three long-term measurement stations. To better isolate the role of precipitation

from confounding factors, we also apply a Machine Learning approach (XGBoost), training a separate regression model for

each site and data source using a minimal set of physically relevant predictors. Our results show that at the two high-latitude

stations, the models underestimate CCN replenishment following precipitation, with too weak new particle formation and10

growth. At ATTO, in contrast, two of the models overestimate this effect, simulating an immediate CCN source after rainfall.

Observations also suggest that CCN removal is weaker during colder conditions, a pattern that models struggle to capture –

either overestimating or underestimating the precipitation effect, depending on the model. The XGBoost analysis confirms

the key findings of the correlation analysis while helping to correct for likely confounding influences, showing promise for

disentangling spurious correlations and controlling for unrelated factors in model evaluation.15
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Figure 1. Illustratration of precipitation impact on particle number size distribution (PNSD). Panel a shows an illustration of the main pro-

cesses and their impact on an idealized size distribution: An imagined accumulation mode dominated size distribution before the rain, is then

influenced by in-cloud nucleation and impaction scavenging in addition to below cloud scavenging, reducing in particular the accumulation

and coarse mode particle concentration. This primes the atmosphere for new particle formation (NPF) if precursors become available due to

the low condensation/coagulation sink (indirect NPF from rain), thus creating a growing NPF and Aitken mode. Panel b shows how these

processes would be expected to show up in the correlation analysis where precipitation rates along the back trajectories at different point

back in time ("back time") are correlated with the observed size distribution at the station. Impaction scavenging (both in and below cloud)

shows up strongly for the smallest and largest particles, nucleation scavenging is strongest for particles larger than the activation diameter

(usually between 50–200 nm), indirect NPF shows up for less recent precipitation (40+ hours back in time) and with a potentially growing

mode as back time increases. Finally an observed positive correlation between recent precipitation and accumulation mode particles (bottom

right corner) has been hypothesised to be related to cloud processing. The correlation plot in (b) is from observations in Hyytiälä, during

spring (MAM). The cloud illustration in (a) is inspired by Hoose et al. (2008a).

1 Introduction

Aerosol particles in the atmosphere are vital players in both climate (Forster et al., 2021) and human health (Lelieveld et al.,

2019; Schraufnagel, 2020). The climate impact is dominated by aerosol-cloud interactions, mainly through particles that act as

cloud condensation nuclei (CCN) (Forster et al., 2021) and thus cooling the surface by making clouds more reflective (Twomey,

1959, 1974) and potentially longer-lived (Albrecht, 1989). Capturing the main features of the CCN budget is therefore a major20

concern for any climate or weather model.
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Although a fair amount of attention has been paid to evaluating model performance of the CCN source term, e.g., studying

new particle formation (NPF; see e.g. Svenhag et al., 2024; Olenius and Riipinen, 2017; Roldin et al., 2019) and emissions (see

e.g. Moseid et al., 2020; Blichner et al., 2024), less attention has been paid to directly evaluating the sink term. In parts, this is

likely because source processes are often easier to observe with "nucleation bananas" (e.g. Kulmala et al., 2004) or emission25

sources that are obvious in the measurements. Model evaluations focused on sinks, e.g., via precipitation (wet deposition), on

the other hand, usually report effects on the average concentration, the vertical profiles, and so on (e.g. Holopainen et al., 2020;

Kipling et al., 2016).

The deposition of particles is generally separated into wet deposition and dry deposition, where wet deposition refers to

removal via clouds and precipitation, while dry deposition involves the particles depositing onto the surface without the aid30

of precipitation. For most aerosol species and sizes, wet deposition dominates the removal processes (Textor et al., 2006;

Bourgeois and Bey, 2011; Kipling et al., 2016; Emerson et al., 2018). Wet deposition is divided further into in-cloud and

below-cloud scavenging. In-cloud scavenging refers to the particles taken up into cloud droplets or ice crystals – either via

nucleation (acting as CCN or INP, nucleation scavenging) or via coagulation with cloud droplets or ice crystals (impaction

scavenging) – and these are then lost from the atmosphere if the cloud hydrometeors end up forming precipitation which35

reaches the surface. Below-cloud scavenging refers to the process in which particles are scavenged by falling rain droplets and

snow (below-cloud impaction scavenging).

The size dependence of the different loss processes is illustrated in Fig. 1. Nucleation scavenging is efficient for CCN sized

particles in general (depending on hygroscopicity and supersaturation conditions), while in-cloud and below-cloud impaction

scavenging is more efficient for particles larger or smaller than the accumulation mode: larger particles due to their greater40

inertia, which makes them more likely to collide with rain drops, and smaller particles due to the effect of Brownian motion,

which also increases their collision probability (Greenfield, 1957; Seinfeld and Pandis, 2016).

Models vary in complexity in their treatment of wet deposition. The simplest approach is to prescribe aerosol scavenging

fractions for in-cloud and below-cloud scavenging separately, usually divided into aerosol type (composition and size) (e.g.

Stier et al., 2005; Iversen and Seland, 2002) as well as cloud type (convective versus stratiform) and even temperature (to45

represent cloud phase) (see e.g. discussion in Hoose et al., 2008b). The next step of complexity used for in-cloud scavenging

is to explicitly model interstitial versus cloud-borne particles based on, e.g., activation rates and coagulation and then compute

wet deposition based on the precipitation production rate (see e.g. Croft et al., 2010; Hoose et al., 2008b). This can be done

both diagnostically, where the cloud-born aerosol is diagnosed in each time step based on various factors (e.g. Hoose et al.,

2008a; van Noije et al., 2021), or prognostically, where the cloud-born aerosol is additionally passed between time steps (e.g.50

Hoose et al., 2008a).

As mentioned above, in-cloud scavenging can be separated into nucleation and impaction scavenging. If the model uses

fixed prescribed scavenging ratios, they will usually implicitly combine the two. However, for more advanced treatments,

nucleation scavenging may be connected to the activation rate, and the collection of aerosols by cloud droplets and ice crystals

requires a separate treatment. This can then, for example, be done by using a collection kernel for each aerosol type (mode or55

otherwise) or other parameterizations or look-up table approaches (Hoose et al., 2008a; Croft et al., 2010; Holopainen et al.,
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2020). Separate treatments are usually applied for convective clouds and stratiform clouds (Croft et al., 2010; Browse et al.,

2012), especially because GCMs tend not to represent aerosol effects on cloud microphysics for convective clouds. This means

that convective cloud scavenging is usually much more simplified.

Additionally, choices usually have to be made with respect to how to treat ice clouds versus liquid clouds and precipita-60

tion (e.g. Seland et al., 2008; Stier et al., 2005; Croft et al., 2010; Ryu and Min, 2022; Holopainen et al., 2020). In general,

precipitation formed via ice formation is expected to scavenge less aerosols than liquid precipitation formation. This is because

while liquid precipitation is formed via collision coalescence, thus scavenging CCN from all collected cloud droplets, precip-

itation initiated via ice can be formed via deposition growth of a single ice crystal, sometimes at the expense of surrounding

supercooled cloud droplets which will then rerelease the CCN particles (the Wegener-Bergeron-Findeisen process Bergeron,65

1935; Findeisen, 1938; Wegener, 1911) (see e.g. Browse et al., 2012). However, riming is likely to efficiently scavenge CCN as

a result of the collection of supercooled droplets. To summarize: Warm precipitation effectively scavenges CCN, precipitation

from fully glaciated clouds is likely less efficient, while mixed clouds are a challenge.

Falling rain evaporation is often ignored in GCMs in terms of its impact on aerosol transport (all scavenged aerosols are

often assumed to reach the surface) (e.g. Ryu and Min, 2022; Kipling et al., 2016), but it has been explored, for example,70

in the EC-Earth model (de Bruine et al., 2018) and partially in HadGEM3–UKCA (Kipling et al., 2016). The goal of de

Bruine et al. (2018) was to investigate the effects of the rerelease of aerosols from precipitation evaporation. They showed that

including this rerelease process leads to higher aerosol concentrations in the lower atmosphere, but it was highly region- and

season-dependent. In general, the effect will depend on assumptions concerning the cloud processing of the aerosols, i.e. what

happens to composition and size during the cloud and precipitation formation. Kipling et al. (2016) investigated various factors75

and their effect on the vertical particle profiles in HadGEM3–UKCA including the effect of reevaporation and did not find that

reevaporation had a large impact compared to other factors.

For in-cloud scavenging, research suggests that nucleation scavenging dominates over impaction scavenging for accumu-

lation mode particles (Ohata et al., 2016; Moteki et al., 2012; Taylor et al., 2014; Flossmann et al., 1985; Flossmann and

Wobrock, 2010). Croft et al. (2010) compared different wet deposition representations for in-cloud scavenging in ECHAM5-80

HAM and found that with their diagnostic representation of cloud-borne aerosol, aerosol mass was primarily scavenged by

nucleation, while number was primarily scavenged by impaction (>90 %). They also found large differences in predicted

global mean aerosol mass burdens (20-30%) depending on the in-cloud deposition scheme, and even larger changes in the

accumulation mode number concentration (up to 50%). Differences were found to be particularly large in areas with mixed

phase and ice clouds. Ryu and Min (2022) suggest that below-cloud scavenging may be underestimated (at least in their ver-85

sion of WRF-Chem) based on empirical evidence from Northern China and India. Their updated model decreases the in-cloud

wet scavenging fraction from 88-95% to 34–37% with the associated increase in below-cloud scavenging. Holopainen et al.

(2020) compare the ECHAM-SALSA model with fixed prescribed scavenging coefficients with an updated, size-dependent

scheme for both nucleation and in-cloud impaction scavenging. They find that the new scheme yields higher concentrations of

particles larger than 100 nm and a decrease below, when compared to the fixed scavenging fractions. They explain this with90
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more efficient impaction scavenging and less efficient nucleation scavenging as compared to the original formulation using

prescribed coefficients.

Finally, uptake of particles in cloud droplets will often not result in them raining out, as most cloud droplets evaporate rather

than precipitate. Pruppacher et al. (1998) estimate that an aerosol particle may go through about ten cloud cycles (activation

and subsequent evaporation) during their lifetime. As cloud water acts as a reactive medium, it also has the potential to shape95

the properties of aerosol particles. This means that the properties of an aerosol particle that is activated to form a cloud droplet

are different once the cloud water evaporates. Sulfate formation in cloud water is currently recognized as an important cloud

processing pathway, significantly contributing to the global sulfate aerosol burden and the growth of CCN while also increasing

their hygroscopicity (e.g. Ervens, 2015). The scavenging of interstitial particles can also cause similar effects when the particles

are taken up by cloud water. In terms of cloud processing, most models only represent aqueous phase sulfate production with100

varying choices as to how to distribute this sulfate amongst particles (e.g. Lohmann et al., 2001).

While wet deposition is typically viewed as a sink for aerosols, Khadir et al. (2023) demonstrated that precipitation also has

important indirect effects on the aerosol lifecycle. Using a lagged, trajectory-based correlation method applied to size-resolved

aerosol data, the study showed that rain events act as a reset of the particle number size distribution (PNSD): by removing

existing particles through wet scavenging, precipitation reduces the condensation and coagulation sinks, which creates condi-105

tions for new particle formation (NPF) and early growth. At the same time, the cloud cover associated with rain suppresses

solar radiation and photochemistry, temporarily delaying NPF. The result is a distinct interplay: rain first removes particles,

but then creates post-rain conditions that favor the build-up of a new aerosol population – a “replenishment phase” that often

occurs hours after rainfall. This framework highlights how precipitation influences both removal and re-formation of particles,

offering a process-level interpretation of changes across the aerosol size spectrum.110

NPF and subsequent particle growth remain as major uncertainties in climate models. Model estimates of their influence on

CCN-relevant particle concentrations (e.g., N100) vary widely and depend strongly on how organic aerosol contributions to

growth are represented (see e.g. section V in Stolzenburg et al., 2023). Some models show that NPF increases CCN concen-

trations (Gordon et al., 2017; Merikanto et al., 2009), while others simulate a decrease: more particles form, but fewer grow

large enough (Sullivan et al., 2018; Blichner et al., 2021; Patoulias et al., 2024; Roldin et al., 2019). Observing this growth115

is difficult at a single station due to air mass variability and boundary layer dynamics (e.g. Hakala et al., 2019), which com-

plicates model evaluation. However, the correlation-based approach developed by Khadir et al. (2023), offers a way to assess

these processes systematically. By linking past rainfall to changes in the PNSD, it captures how precipitation resets the aerosol

population and sets the stage for post-rain NPF and growth. The results of that study show a growing NPF mode after rainfall

at the two high-latitude stations where NPF is frequent, Hyytiälä SMEAR-II (boreal forest) and Zeppelin (arctic) during the120

relevant seasons. At the tropical ATTO site, however, the picture is different: NPF is not observed in the boundary layer (Zhu

et al., 2025), but recent precipitation correlates positively with an increase in smaller particles. These likely originate from

higher altitudes, where particle populations are richer in smaller sizes (Curtius et al., 2024; Andreae et al., 2018), and are likely

transported into the boundary layer by downdrafts associated with precipitation (Wang et al., 2016). Another hypothesis is that
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precipitation injects ozone into the boundary layer, leading to increased concentrations of oxidized biogenic volatile organic125

compounds, which might enhance conditions for boundary-layer NPF (Machado et al., 2024).

Khadir et al. (2023) further demonstrated the importance of separating aerosol sizes and the timing of precipitation to obtain

a good understanding of the process. This is illustrated in Fig. 1b which is an adaptation of a figure from Khadir et al. (2023)

and shows the correlation between the PNSD measured at Hyytiälä measurement station (Finland) and the precipitation rate

along the back trajectories from the same station. With full resolution in both aerosol size and timing of precipitation, patterns130

emerge which would be overlooked if we were to for example look at just number, mass or accumulated precipitation.

In this study, we evaluate the time-resolved precipitation impact on the PNSD using the approach developed in Khadir et al.

(2023), in three different general circulation models (GCMs) which can be run as Earth System Models (ESMs). We use nudged

simulations with high temporal resolution output, combined with trajectories derived with HYSPLIT to extract precipitation

rate along the back trajectories in the models. This is then used to compute correlations with PNSD at the three measurement135

stations representing three different environments: Hyytiälä in the boreal forest, Zeppelin in the Arctic and ATTO station in the

Amazon rainforest. To further investigate potential confounding factors influencing particle number size distributions (PNSD),

we complement our relatively simple correlation analysis with a more flexible machine learning approach. Specifically, we

employ eXtreme Gradient Boosting (XGBoost), a powerful and interpretable tree-based ensemble method known for its per-

formance in capturing complex nonlinear relationships and interactions among predictors. By constructing separate XGBoost140

regression models for each data source (model outputs and observations), we aim to assess the contribution of precipitation to

variations in the particle number concentrations, while also accounting for other relevant variables. We incorporate a minimal,

yet representative set of meteorologically and chemically relevant predictors: precipitation rate, air mass trajectory position,

time of day, and day of year. This approach allows us to further isolate and quantify the effect of rain on PNSD in a more

nuanced way, and to evaluate whether modeled and observed systems respond similarly to key environmental drivers.145

2 Methods

2.1 Model descriptions

Table 1 summarizes the treatment of wet deposition in the different models.

2.1.1 ECHAM-SALSA

General description: The global aerosol-climate model ECHAM-SALSA (ECHAM6.3-HAM2.3; Schultz et al., 2018) is150

widely used to simulate the complex interactions between aerosols, clouds, and the broader climate system. ECHAM-SALSA

consists of the general circulation model ECHAM6.3, which captures large-scale atmospheric dynamics by solving equations

for divergence, temperature, surface pressure, and vorticity. ECHAM employs a spectral method for calculating the atmospheric

circulation and we use the T63 spectral truncation for the horizontal grid, with 47 flexible vertical levels.
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NorESM EC-Earth ECHAM-SALSA

Stratiform clouds (strat.

cl.): Nucleation scaveng-

ing

Cloud-borne aerosol calculated based

on droplet activation rate (Abdul-

Razzak and Ghan, 2000) for liquid

clouds and ice nucleation for ice.

Scavenging calculated based on total

cloud-born aerosol.

In-cloud scavenging is described using

prescribed mode-dependent scavenging

fractions (Bourgeois and Bey, 2011).

See Table 2 in van Noije et al. (2021)

Nucleation scavenging is based on acti-

vated fraction. For liquid it is based on

Abdul-Razzak and Ghan (2002), for ice

it is based ice crystal number concentra-

tion and the relative surface area of each

aerosol size class.

Strat. cl.: In-cloud im-

paction scavenging

Cloud-borne aerosol calculated based

coagulation with droplets of assumed

size of 10 µm and only considered for

Aitken mode and BC in the Accumula-

tion mode. No separate treatment for ice

clouds.

Not separate from nucleation scaveng-

ing, see above.

Impaction scavenging coefficients are

calculated following Croft et al. (2010)

and depends on the aerosol particle ra-

dius and the droplet radius. Same for ice

and liquid, though ice is assumed to be

monodisperse (have the same size).

Strat. cl.: Prognostic

cloud-borne particles?

Yes. No. No.

Stratiform clouds: Phase

dependency on in-cloud

scavenging

Yes, nucleation scavenging is different

for ice and liquid, but impaction scav-

enging is the same (see above).

Different scavenging fractions for liquid

(>0 ◦C), mixed-phase (-35–0 ◦C) and

ice (<-35 ◦C) clouds.

Yes, nucleation scavenging is different

for ice and liquid nucleation (see above)

and impaction scavenging for ice clouds

assumes ice crystals are monodisperse.

Below-cloud scavenging Scavenging coefficients per mode. Fol-

lowing Dana and Hales (1976); Balka-

nski et al. (1993) as described in Barth

et al. (2000).

Scavenging coeffients per mode esti-

mated based on Croft et al. (2009). Dif-

ferentiates between scavenging coeffi-

cients for mass and number and there-

fore leads to a change in the mean/me-

dian particle size of the modes.

Scavenging coeffeficients per bin esti-

mated based on Croft et al. (2009), with

each size bin approximated as a log-

normal mode. Separate for stratiform

and convective clouds and for rain and

snow.

Phase dependency for

below-cloud scavenging

No. No Yes, differentiates collection efficiency

of raindrops and snow following Croft

et al. (2009).

Redistribution of aerosol

due to precipitation

evaporation

Yes, for stratiform in-cloud scavenging. No, not in standard setup. No.

Aerosol transport in con-

vective up- and down-

drafts?

Yes, with a bulk mass-flux scheme fol-

lowing a modified version of Zhang and

McFarlane (1995).

Yes, using a modified version of the bulk

mass flux scheme of Tiedtke (1989) as

applied in IFS cycle 36r4, with a diag-

nostic convective closure dependent on

the convective available potential energy

(Bechtold et al., 2014).

Yes, with mass-flux scheme of Tiedtke

(1989) with modifications by Nordeng

(1994).

Table 1. Comparison of wet deposition and scavenging processes across NorESM, EC-Earth, and ECHAM-SALSA.
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ECHAM is coupled with HAM (Hamburg Aerosol Model), which simulates the atmospheric aerosol life cycle, including155

emissions, formation, growth, and removal (Kokkola et al., 2018; Tegen et al., 2019). The chemical compounds included in

HAM are sulfate (SU), organic aerosol (OA), sea salt (SS), black carbon (BC), and mineral dust (DU). HAM includes detailed

representations of secondary organic aerosol (SOA) formation, aerosol–radiation interactions, and aerosol–cloud interactions.

ECHAM-HAM is further coupled with the Sectional Aerosol module for Large Scale Applications (SALSA; Kokkola et al.,

2018). SALSA provides a size-resolved treatment of aerosol microphysics using a sectional approach. The aerosol size spec-160

trum is divided into 10 size bins ranging from 3 nm to 10 µm, with parallel externally mixed size classes for particles larger

than 50 nm (Kokkola et al., 2018). SALSA simulates key processes such as nucleation, coagulation, condensation/evaporation,

and hydration. Cloud droplet activation is represented using the parameterization by Abdul-Razzak and Ghan (2002), which

calculates the fraction of particles activated within each size bin. The module tracks several chemical species, including sulfate,

organic carbon, black carbon, sea salt, and mineral dust.165

ECHAM-SALSA includes the Volatility Basis Set (VBS) framework to represent SOA formation based on the volatility dis-

tribution of organic compounds. By default, ECHAM-SALSA uses a three volatility bin VBS setup for monoterpene oxidation

products with Csat values of 0, 1, and 10 µm−3 (Mielonen et al., 2018; Irfan et al., 2024).

In the simulations in this study, nudging was applied toward the ERA-Interim reanalysis data from the European Centre

for Medium-Range Weather Forecasts (Berrisford et al., 2011). The relaxation times applied for nudging surface pressure,170

vorticity, and divergence were 24, 6, and 48 hours, respectively.

Wet deposition:

Nucleation scavenging in stratiform clouds: For stratiform clouds ECHAM-SALSA uses size dependent schemes for in-cloud

nucleation scavenging detailed in Holopainen et al. (2020). For liquid phase, the in-cloud nucleation scavenging coefficients

are calculated using the fraction of activated particles in each size class using the parameterization (Abdul-Razzak and Ghan,175

2002). For ice phase, size-dependent scavenging coefficients are calculated based on the surface area of each size class.

In-cloud impaction scavenging in stratiform clouds: The coefficients are based on coagulation rates using wet aerosol particle

size and cloud droplet radii and are thus size dependent. Additionally, separate coefficients are calculated for ice crystals,

assuming these are monodisperse(see Croft et al., 2010; Holopainen et al., 2020).

Convective cloud scavenging: For convective clouds ECHAM-SALSA uses fixed scavenging coefficients (Bergman et al.,180

2012). There is no phase dependency on these parameters.

Below cloud scavenging: For below-cloud scavenging in both convective and stratiform clouds, the method of Croft et al.

(2009) is used, with each size bin approximated as a log-normal mode. The size-dependent collection efficiency is based on

the aerosol and collector drop (raindrops follow the distribution of Marshall and Palmer (1948)) following Croft et al. (2009)

and is calculated separately for stratiform and convective clouds, for rain and snow (Croft et al., 2009; Zhang et al., 2012).185

Resuspension of aerosols when precipitation evaporates: Resuspension of aerosols when precipitation evaporates is treated so

that aerosols from evaporated clouds are released back from the clouds only if the evaporation occurs in the same grid box as

precipitation formation. There is no vertical redistribution of aerosol due to precipitation.
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Phase dependency: In ice clouds, nucleation scavenging in stratiform clouds involves the formation and growth of ice particles,

which can grow to precipitation sizes and be removed. The model accounts for ice nucleation rates and defines the scavenging190

coefficient values based on the surface are of particles in each size class (see Holopainen et al., 2020). Also for below-cloud

scavenging, the model considers the collection efficiency of raindrops and snowflakes differently.

2.1.2 EC-Earth

General description:

In this study, we employ the atmosphere-only AerChem configuration of the Earth system model EC-Earth3.4, which cou-195

ples a general circulation model (GCM) with an atmospheric chemistry transport model (van Noije et al., 2021, 2014). The

GCM component is based on cycle 36r4 of the Integrated Forecasting System (IFS), utilizing a spectral truncation of T255

(approximately 0.7◦ horizontal resolution) on an N128 reduced Gaussian grid, with 91 vertical levels represented on a hybrid

sigma-pressure coordinate system (Döscher et al., 2022). Atmospheric chemistry and aerosol processes are simulated using

version 1.2 of the Tracer Model 5 with massively parallel (TM5-MP), which includes the M7 aerosol microphysics module200

(Vignati et al., 2004; Krol et al., 2005; Williams et al., 2017). TM5-MP operates on a 2 ◦× 3 ◦ (latitude× longitude) horizontal

grid and 34 hybrid sigma-pressure levels, which are derived from the same vertical structure used in IFS.

In the simulations in this study, nudging was applied to the IFS model using a relaxation time of 6 hours to ERA-Interim

(Berrisford et al., 2011) meteorological fields for divergence, vorticity (horizontal winds), and surface pressure.

Wet deposition:205

Precipitation fields for calculating wet deposition in TM5 are received from the IFS model with a coupling time of 6 hours.

In-cloud scavenging: Wet removal of aerosols in EC-Earth is parameterized using prescribed mode-dependent scavenging

fractions following Croft et al. (2010) with coefficients from Stier et al. (2005) for convective clouds and Bourgeois and Bey

(2011) for stratiform in-cloud scavening (see Table 2 in van Noije et al. (2021)). There is also no distinction between in-

cloud activation and impaction scavenging, but rather these are combined in one scavenging fraction. The stratiform in-cloud210

scavenging is phase dependent, with higher removal for liquid clouds than ice (see Table 2 van Noije et al., 2021).

Below cloud scavenging: Below cloud scavenging by stratiform precipitation applies scavenging coefficient for each mode

separately, and for number and mass separately (see Table 3 in van Noije et al. (2021)). These are based on results from Croft

et al. (2009) and calculated for a Marshall-Palmer rain droplet size distribution and precipitation rate of 1 mmh−1. This in

effect shifts the size distribution, with nucleation and Aitken modes to larger sizes and accumulation and coarse to smaller (van215

Noije et al., 2021). For convective clouds, below cloud scavenging is included in the fractions described above.

Resuspension of aerosols when precipitation evaporates: Not treated in this version of the model, but investigated in de Bruine

et al. (2018).

Phase dependency: There is a phase dependency for stratiform in-cloud scavenging (see again Table 2 in van Noije et al.,

2021), with different coefficients for each mode. For below-cloud scavenging there is no phase dependency.220
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2.1.3 NorESM

General description: The Norwegian Earth System model version 2 (NorESM2 Bentsen et al., 2013; Kirkevåg et al., 2013;

Iversen et al., 2013) is based on the Community Earth System Model (CESM Danabasoglu et al., 2020), but features a different

ocean model – the Bergen Layered Ocean Model (BLOM) – along with significant modifications to the atmospheric component,

including a distinct chemistry and aerosol model (Seland et al., 2020). In this study sea surface temperatures and sea ice225

data based on the Hadley Centre Sea Ice and Sea Surface Temperature data set (HADISST, Rayner et al., 2003) as described

in Hurrell et al. (2008) were read from file, so the ocean component is not in use. The atmospheric component used in NorESM,

CAM6-Nor, is heavily based on the Community Atmospheric model version 6 (CAM6, see e.g Bogenschutz et al., 2018) but the

aerosol scheme is replaced by OsloAero6 (described below, see also Kirkevåg et al., 2018) and it also include improvements to

the local dry and moist energy conservation, angular momentum conservation and in the computation of air-sea fluxes and deep230

convection. CAM6-Nor uses the same cloud macrophyiscs scheme as CAM6, namely the Cloud Layers Unified by Binomials

model (CLUBB; Bogenschutz et al., 2018), as well as the same microphysics in shallow convection and stratiform clouds,

which is the two-moment bulk scheme from MG2, Gettelman and Morrison (2015). Finally, the representation of microphysics

in deep convective clouds is based on Zhang and McFarlane (1995). Cloud droplet activation is calculated using the Abdul-

Razzak scheme (Abdul-Razzak and Ghan, 2000). More details on the treatment of clouds in CAM6 and CAM6-Nor can be235

found in Bogenschutz et al. (2018).

OsloAero6 is an aerosol and chemistry model that employs a production-tagging approach to track the origin and transfor-

mation of aerosols throughout their atmospheric lifetime. A key distinguishing feature of this scheme is its division of aerosol

tracers into two categories: "background" tracers and "process" tracers. Background tracers define the initial particle number

and size distribution, which follows log-normal modes. In contrast, process tracers modify this distribution and adjust chemi-240

cal composition based on precomputed look-up tables from the offline AeroTab scheme (Kirkevåg et al., 2018), allowing for

deviations from a strict log-normal shape.

In the simulations in this study, nudging was applied using ERA-Interim (Berrisford et al., 2011) data for horizontal winds

and surface pressure with a 6-hour relaxation time.

Wet deposition:245

Nucleation scavenging in stratiform clouds NorESM keeps track of cloud-borne aerosols (prognostic variable) for stratiform

clouds and uses this to calculate the nucleation scavenging. The nucleation scavenging is thus composition and size dependent

through the activation scheme following Abdul-Razzak and Ghan (2000). The cloud-borne aerosols are then scavenged based

on the precipitation rate.

In-cloud impaction scavenging in stratiform clouds: Additionally, the cloud-borne particles include particles coagulating with250

cloud droplets, which is calculated assuming a fixed cloud droplet size of 10 µm. The total in-cloud wet deposition then depends

on a first-order loss rate calculated from cloud fraction, cloud water, and precipitation production profiles.

Convective clouds scavenging: For convective clouds, both nucleation scavenging and activation scavenging are parameterized

by scavenging coefficients. Cloud-born aerosols are not scavenged by convective precipitation, only interstitial aerosols are.
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Activation scavenging is controlled by an activation fraction coefficient (set to be 0.8) which controls the fraction of aerosols255

assumed to activate and a scavenging fraction (sol_factic, set to be 0.4) which is considered a tuning factor. These factors are

independent of aerosol size and composition.

Below cloud scavenging: This is parameterized following Dana and Hales (1976); Balkanski et al. (1993) Barth et al. (as

described in 2000). It is calculated based on a solubility factor (a tuning factor set to 0.1), multiplied by a scavenging coef-

ficent which varies with mode (see Tab. S1 ) and the precipitation rate. Cloud-borne aerosols are not subject to below-cloud260

scavenging.

Resuspension of aerosols when precipitation evaporates: CAM-Oslo treats this, and in the case of evaporating precipitation the

aerosol is resuspended proportional to the evaporation rate of precipitation from the layer above and the loss of aerosols from

the layer above (if some x percent of the rain evaporates, then x percent of the scavenged aerosol is re-released in the grid box

below (Barth et al., 2000).265

Phase dependency: Wet deposition is not influenced by precipitation phase, neither for -below, nor for in-cloud scavenging.

2.2 Observations

The observational data is identical to that used in Khadir et al. (2023), and details can be found there. For the station data, we

use Scanning or Differential Mobility Particle Sizer (S/DMPS) data from the three stations for the PNSD. The data is originally

in hourly resolution, but is reduced to 3-hourly resolution to be comparable to the model output. The non-refractory aerosol270

composition data for Hyytiälä is from an Aerosol Chemical Speciation Monitor (ACSM) from Heikkinen et al. (2020), while

the eBC concentrations are attained from Aethalometer measurements (Luoma et al., 2019) as described in Ranjan et al. (2025).

2.3 Re-analysis data for precipitation

For Zeppelin and Hyytiälä, we use ERA5 reanalysis data (’total_precipitation’) in 3 hourly time resolution from C3S (2018),

regridded from 0.25× 0.25◦ to 1× 1◦ resolution in order to be more consistent with the models resolution. As in Khadir et al.275

(2023), for ATTO we use the TRMM 3B42 V7 satellite product (0.25◦× 0.25◦, 3-hourly time resolution) (Michot et al., 2018)

due to the limitations of re-analysis data in the tropical region in capturing convective precipitation. For simplicity, we refer to

the re-analysis and satellite product as ’Observations’ below.

2.4 Model data

All models used in this study provided precipitation data at 3-hourly time resolution with full spatial coverage. Aerosol particle280

size distribution data was also output for the model grid cell covering each station in the same time resolution, together

with composition data. All simulations were performed with meteorological nudging to ERA-Interim (Berrisford et al., 2011)

reanalysis data (see Sect. 2.1 for details), which ensures that the large-scale dynamics in the models are constrained by observed

meteorology.
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The composition data from the models used in Fig. 10 include only modes or bins below 1 µm to be comparable to the285

ACSM data. Note also that for EC-Earth, the sulfate only includes Accumulation mode and Nucleation mode, because the

Aitken mode sulfate was unfortunately not output. However, the Accumulation mode dominates the mass signal and should

correlate fairly well with the Aitken mode mass, so the error should be minor.

2.5 Trajectory analysis

We use a trajectory-based approach to investigate the relationship between precipitation and aerosol properties. Back trajecto-290

ries were computed using HYSPLIT with GDAS1 reanalysis data. The precipitation rate from model output, ERA5 reanalysis

data (for Zeppelin and Hyytiälä) and TRMM satellite product (for ATTO) were then co-located to the trajectories with nearest-

neighbour method. The approach is similar to Talvinen et al. (2025), but instead of calculating the back trajectories with the

model output data – which would require internal wind fields – we assume the GDAS1 derived back trajectories have sim-

ilar large-scale dynamics as ERA-Interim, to which the models are nudged. Although the nudging is not done with GDAS1295

directly, previous work (Heslin-Rees et al., 2024; Isokääntä et al., 2022; Talvinen et al., 2025) has indeed shown that back

trajectories computed with GDAS1 and ERA-Interim are comparable. This supports the assumption that air mass paths in the

nudged model simulations are sufficiently close to those derived from GDAS1 to allow direct comparisons. As a result, model

variables can be sampled along the same air mass histories as observations, enabling a consistent and physically meaningful

evaluation. Note also that any uncertainty introduced by using trajectory calculated from re-analysis rather than from the native300

model data is likely comparable to the uncertainty introduced by using re-analysis to analyse the observations – i.e. the "real"

trajectory is likely as far or further away from the re-analysis based one as the "real" model trajectory is. All aerosol size

distribution data, both from observations and models, are taken from the station (observations) or the grid cell that covers the

station (models).

For "observational" precipitation, we apply the same trajectory-based sampling approach using ERA5 reanalysis data for305

Zeppelin and Hyytiälä, and the TRMM 3B42 V7 satellite product for ATTO. The supplement Figs. S9–S15 shows a comparison

between using GDAS precipitation extracted with HYSPLIT versus using the ERA5 data collocated.

To quantify the link between precipitation and particle concentrations, we calculate Spearman’s rank correlation coefficients

between precipitation intensity at each back-trajectory time step and the particle number concentrations in each size bin. This

nonparametric metric captures monotonic relationships, making it suitable for identifying systematic increases or decreases in310

particle number concentration with varying precipitation intensity, even when the relationship is not linear.

2.6 XGBoost model

Correlating precipitation with particle concentrations along the trajectories is a useful diagnostic approach for evaluating model

behavior. It can highlight process-level differences between models and observations, especially when interpreted through the

lens of known atmospheric physics. For instance, Khadir et al. (2023) showed that features in the correlation structure can be315

attributed to known physical processes — such as new particle formation (NPF), particle growth, or wet scavenging — even
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when the correlation is not directly driven by precipitation itself. In this way, our physical understanding helps constrain the

range of plausible drivers and potential confounders in the observed relationships.

However, separating confounders and process relationships can still be difficult, especially when dealing with many sources

of data (multiple models and stations). Using correlations for model evaluation runs poses some risks in terms of interpretations:320

confounding factors may in some cases drive the correlation, and then the process under consideration may not be the one

actually responsible for the observed agreement or disagreement. To complement the correlation-based analysis and account

more systematically for potential confounding factors, we apply an XGBoost regression model (Chen and Guestrin, 2016) to

predict particle concentrations based on a minimal set of meteorologically and chemically relevant predictors. The idea is to

include core factors that may confound the results, like source regions (through trajectory position) and diurnal variability like325

boundary layer dynamics (through time of day).

One model is built for each data source (observations/reanalysis and models), for each station, and for each target variable.

We present results for the target variables N10−30, N50−100, N100 and N200, representing different aerosol size ranges. The

model is thus trained to predict these particle concentrations. The input features include:

– 6-hour average trajectory position, converted to polar coordinates relative to the station and discretized to the nearest330

integer (i.e. r and θ for each 6-hour period).

– 6-hour average precipitation rate

– Time of day at the time of the PNSD measurement

– Day of year at the time of the PNSD measurement

The models are implemented using the Python package XGBoost (Chen and Guestrin, 2016), with squared error as the335

objective function, a tree method set to ’hist’, learning rate of 0.1, maximum depth of 6, and 300 boosting rounds. In Supplement

Sect. S13, we show leave-one-year-out validation results to assess model generalization performance.

2.7 Definitions and terminology for the analysis

The correlation analysis is performed separately for each season to avoid seasonal influence. The seasons are defined differently

for each station according to their local climate, as presented in Table 2.340

Number concentrations are analyzed and presented both as full size distribution in dN/dlog10(D) and concentrations in size

intervals. For the latter, Nx is used to signify the particle number with diameter greater than x nm, while Nx−y indicates the

particle number with diameter larger than x but smaller than y nm.
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Season Months

Hyytiälä DJF Dec–Feb

MAM Mar–May

JJA Jun–Jul

SON Sep–Nov

Zeppelin Haze Mar–May

Summer Jun-Sep

Slow-build up Oct–Feb

ATTO Wet Feb–May

Wet-to-Dry Jun–Jul

Dry-to-Wet Dec–Jan

Dry Aug–Nov

Table 2. Months corresponding to each season

3 Results and discussion

3.1 Precipitation evaluation345

Figure 2 shows normalized frequency of precipitation rate for the different stations. The leftmost panels shows the number

of absolute zero values versus very low (below 0.05 mmh−1) values. For ATTO, note that the satellite product used for the

observations has fewer instances of low precipitation rate compared to the models, and has more higher values instead. This is

likely because to the input data for the observations at ATTO have a resolution of 0.25 × 0.25 degrees, which is much higher

resolution than the models have (typically more than 1 degree), and this will naturally lead to larger number of extreme values.350

For the 6 and 96 hour accumulated precipitation (see Figs. S2 and S1 ) the models and the observations are fairly comparable,

except that ECHAM-SALSA has lower accumulated precipitation than the others at ATTO.

3.2 New particle formation and early growth

In this section, we focus on seasons where NPF is known to be a relevant process in each station: For Hyytiälä, we focus on

spring (Dada et al., 2017), for Zeppelin we focus on the summer season (Lee et al., 2020), and for ATTO we focus on the wet355

season when nucleation mode particles have been frequently observed to be injected into the boundary layer via downdrafts

(Franco et al., 2022).

Figures 3–5 show the correlations between the PNSD (diameter along the x-axis) and precipitation along the back trajectories

(y-axis) for the stations during the seasons mentioned above (MAM for Hyytiälä, Summer for Zeppelin and Wet season for

ATTO). An example on how to interpret this type of plot is: the negative correlation e.g. for particles larger than 100 nm for360
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Figure 2. Frequency of precipitation rate [mm/h] along all trajectories.

precipitation rate further back in time than 30 hours (i.e. the upper right quadrant in each plot) indicates that precipitation at

that time before arrival at the station is consistently associated with less particles in that size range measured at the station, i.e.

if it rained heavily 40 hours ago, you would expect fewer particles than if it did not.

Hyytiälä: The observations (top left panel in Fig. 3) show a positive correlation with the smallest particles (below 20–

50 nm) at around 30–65 h back in time. There is a further positive correlation with particles within the 50–100 nm size range365

with precipitation that took place at earlier, around 60-96 hours prior to the observation of the particles. We interpret these

positive correlations as originating from NPF indirectly induced by past precipitation. Following this logic, the further into the

past the precipitation occured, the larger the particles originating from this precipitation induced NPF have had time to grow,

hence explaining why a positive correlation emerges between larger particles (50–100 nm) and precipitation that occurred a

long time ago (90–96 h). Very recent precipitation (approximately 0–20 h), on the other hand, is seen to correlate negatively370

with the smallest particles (below 100 nm), which is consistent with NPF being inhibited by reduced photochemistry limiting

oxidant availability to produce NPF precursors (e.g. Jokinen et al., 2017) in addition to a loss of critical NPF precursors such
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as gas phase sulfuric acid and sulfur dioxide via wet and dry deposition. Moreover, a high condensation sink associated with

rainfall and high humidity (swelling particles) may limit NPF during rainfall and we also expect direct scavenging of smaller

particles by precipitation (e.g. Slinn, 1984).375

All models show signs of NPF induced by past precipitation, though the timing differs. In terms of NPF inhibition by recent

precipitation, ECHAM-SALSA and NorESM both have offline oxidant fields (read from file), which means that the effect of

clouds (associated with recent precipitation) will not influence the oxidant availability and precursor production, except via

wet/dry deposition of the precursors (mainly SO2). This may explain why ECHAM-SALSA has no negative correlation with

recent precipitation, and NorESM has a weaker correlation than what is observed. Also, NorESM has no explicit representation380

of nucleation mode particles, which means that the newly formed particles are put directly into the Aitken mode when they

are formed (this can also be observed in the PNSD in Fig. 3). This, combined with wet scavenging of precursors probably also

explains why there is still a weak negative correlation with recent precipitation in NorESM, despite the fact that the oxidants

are the same regardless of precipitation.

EC-Earth, as opposed to the two other models, has online oxidant chemistry and should thus be able to represent the NPF385

inhibition due to cloudiness associated with recent precipitation. This is seen for the very smallest particles, but there is also

a dominant positive correlation for particles larger than 10 nm which is likely unrelated to NPF, but rather related to the

same process driving the positive blob in the bottom right corner in the observations. We discuss this below in Sect. 3.5. The

negative correlation for the sub-10 nm particles in EC-Earth is consistent in timing with the observed NPF inhibition by recent

precipitation, and is replaced by a positive correlation at around 30 hours back in time (again consistent with the observations).390

In terms of the growth to larger sizes, which can be seen in the observations (see also Fig.1), none of the models exhibits

significant positive correlations above 50 nm, with the extreme being EC-Earth which shows no positive correlations beyond 10

nm. This is of considerable importance because it suggests that the models (at least the ones in this study) in fact underestimate

particle growth to CCN sizes. Note that when using the GDAS precipitation data from HYSPLIT, the particle growth is shown

to even larger sizes in the observations (see Fig. S10).395

Zeppelin: At Zeppelin, the observations in Fig. 4 similarly show positive correlations for particles between 10 and 40 nm

and precipitation a bit earlier than 40 h back in time. There are also signs of growth up to above 50 nm at around 80 h back

in time. The models on the other hand exhibit similar patterns to what is seen at Hyytiälä: ECHAM-SALSA shows positive

correlations for the smallest particles even for recent precipitation, NorESM has negative correlations for recent precipitation

across the range (likely again due to a lack of explicit representation of the smallest particles, which may in reality be less400

affected by nucleation scavenging), but positive correlations between the smallest range and precipitation more than 60 hours

before arrival at the station. EC-Earth again has a surprising positive correlation with recent precipitation across the size range

(from the smallest up to 130 nm), and contrary to Hyytiälä, it does not show signs of NPF inhibition for concurrent/very recent

rain fall.

Similarly to Hyytiälä, none of the models reproduce the growth up to 50 nm and larger sizes seen in the observations for405

precipitation further back in time, with EC-Earth again being the weakest, showing essentially no sign of growth for the

particles in the smallest sizes.
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ATTO: As mentioned above, fine-mode particles at ATTO tend to appear in bursts connected to downdrafts, potentially

injecting particles formed in the upper troposphere into the boundary layer (see discussion in the introduction). This is likely

indeed why we see a positive correlation with concurrent/very recent precipitation in the observations in Fig. 5, followed410

by subsequent growth to the 50–100 nm range, and suggested potential growth to above 100 nm (though not significant). In

general, one might not expect ESMs to represent this downdraft transport well, due to the (1) parameterized representation of

convection as well as (2) potentially lacking representation of the nucleation mechanisms important in the upper troposphere

in the regions (Curtius et al., 2024; Shen et al., 2024; Bardakov et al., 2024). However, we do see models showing positive

correlations between very recent precipitation and the smallest particles in ATTO, contrary to what is seen at the other stations.415

It is not, however, entirely clear that the models are getting this right for the right reasons. In fact, the positive correlations

between the smallest particles (sub 20 nm) with precipitation in the models at ATTO station may also be due to unrealistic

boundary layer nucleation – at least EC-Earth and NorESM. Figure S25 shows that these models (NorESM and EC-Earth)

frequently have NPF events at ATTO (judging by the formation rate in NorESM and the high concentration of sub-10 nm

particles in EC-Earth), while ECHAM-SALSA is more realistic in terms of fewer boundary layer NPF events. For these models420

also the positive correlations only start for precipitation slightly back in time, while in the observations they are immediately

connected to the precipitation. ECHAM-SALSA, on the other hand, has too few particles in the sub-50 nm range compared to

the observations. Therefore, even if the downdraft transport were to be responsible for the positive correlations, it is clearly not

strong enough; this could be due to either a lack of particles aloft or insufficient downward transport.

Note that all the models have diurnally oscillating pattern in the correlations at ATTO when going back in time. This425

originates from the diurnal pattern in the precipitation (Fig. S4 together with a diurnal pattern in the number concentrations

(Figs. S5– S7). These are quite inaccurately represented in the models: The observations tend to show a relatively stable particle

concentration for the larger particles (above 50 nm) with slightly lower concentrations during the night, while the models show

the opposite. For the smallest particles (10-30 nm, the observations show a decrease during the day, while the models (except

NorESM, which does not represent this range well), show a flatter pattern. It is beyond the scope of this study to explore the430

reasons for the models’ failure in these regards, but it is likely related to the daytime mixing of the boundary layer with cleaner

free tropospheric air.

To understand the overall effect of precipitation without the impact of the diurnal pattern, we show in Fig. 6 the correlations

calculated using the daily mean in both PNSD and precipitation rate. We see that the features observed in the observational

data and ECHAM-SALSA remain mostly unchanged. However, NorESM and EC-Earth now establish a potential link between435

the smaller particles and precipitation, accompanied with very rapid growth to larger sizes. In NorESM the particles seem to

immediately grow to sizes larger than 50 nm, with some signs of growth to sizes above 100 nm (reduced negative correlation

for precipitation further back in time). EC-Earth also shows signs of rapid growth (positive correlations with the Aitken and

accumulation mode particles with recent precipitation), as well as potential growth with less recent precipitation in time.

The negative correlations in between the Aitken and accumulation mode can likely be attributed to the modal structure of the440

model, where particles are moved to a larger mode once the inital mode grows large enough in median diameter. This very rapid

growth is consistent with the findings of Blichner et al. (2024) in the ATTO environment: NorESM and EC-Earth overestimate
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the amount of secondary organic aerosol in the ATTO environment. In addition, Blichner et al. (2024) also show that ECHAM-

SALSA is more consistent with the observations in terms of organic aerosol at ATTO. However, the weak positive correlation

in this model is rather due to the lack of particles than a lack of growth: since the model hardly has particles in the sub-50 nm445

range, it cannot not present a positive correlation.

Overall, with the analysis presented above, we cannot rule out that the models adequately represent the bursts of small

particles associated with rainfall at ATTO. However, we can clearly show that in NorESM and EC-Earth, the growth to larger

sizes is strongly overestimated, and for ECHAM-SALSA, the source is likely underrated.

Figure 3. Correlation between precipitation rate and PNSD, MAM, Hyytiälä. The yellow lines show the shape of the PNSD during the same

time period. Hatched areas indicate regions where the correlations are not statistically significant (p > 0.05).

3.3 Scavenging of particles450

3.3.1 Nucleation and small Aitken mode

For the smallest particles, the scavenging is likely to be apparent only for very recent precipitation due to the short lifetime

and indirect precipitation source of particles via NPF discussed above. Additionally, whatever relationship is observed, we see

will be a combination of NPF inhibition by reduced photochemistry associated with cloudy conditions and wet scavenging
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Figure 4. Correlation precipitation rate rainfall and PNSD, Summer, Zeppelin. The yellow lines show the shape of the PNSD during the

same time period. Hatched areas indicate regions where the correlations are not statistically significant (p > 0.05).

of NPF precursor gases and finally direct scavenging of the particles. As mentioned, NorESM and ECHAM-SALSA have455

offline oxidant chemistry, meaning that the oxidant concentration is read from monthly mean files with an imposed diurnal

variability on top of it. This means that the cloud cover has no impact on the photochemistry in these models and they could

therefore produce NPF even during cloudy conditions. This is likely the reason why these models in general have a too weak

negative correlation for recent precipitation (see Figs. 3–5 and Figs. S9b,S11b,S12b,S13b,S14b, S15b). On the other hand, all

the models represent the wet removal of NPF precursor gases (sulfur dioxide, gas phase sulfuric acid, organics, etc.), which460

is effective if the grid box is in the cloud or affected by precipitation. To separate the impact of NPF inhibition from impact

of scavenging of the smallest particles, one approach is to investigate the impact of precipitation during night time, as NPF

is very rare during night, especially with subsequent growth. This is shown in Fig. 7 which has N10−30 binned by recent (6

h) accumulated precipitation and separated into night time (defined as between 21:00 and 03:00) and all data. The night-time

conditions additionally have a requirement that 6 h accumulated radiation is below 30Wm−2.465

At Zeppelin, the reduction in N10−30 with increased 6 h accumulated precipitation is weaker for night-time than for for all

values. This may be expected because during the day, we expect both the NPF inhibition and the direct wet deposition loss
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Figure 5. Correlation between precipitation rate and PNSD, Wet season, ATTO. The yellow lines show the shape of the PNSD during the

same time period. Hatched areas indicate regions where the correlations are not statistically significant (p > 0.05).

processes to be at play, while during night, NPF inhibition is expected to be minimal, because anyway there is little to no NPF.

ECHAM-SALSA seems to do better during night, where we see a reduction in N10−30, rather than the slight increase observed

when sunlit hours were included. NorESM on the other hand, remains unchanged, indicating – in consistence with Fig. 4 –470

that there is little influence of NPF here. EC-Earth has increasing N10−30 with increasing recent precipitation independent of

whether it’s night or all data – again, consistent with the unrealistic positive correlations for recent precipitation in Fig. 4.

For Hyytiälä, the reduction in N10−30 is similar between night and all data in the observations, though a little stronger

during night. This is somewhat surprising given that, as mentioned above, during the day, both NPF inhibition and direct wet

deposition are expected to reduce N10−30 with increased precipitation. Therefore, we would have expected the signal to be475

stronger for all data than for night only. NorESM is clearly closer to the observations for the night-time values, indicating that

NPF plays a role in the weak negative correlation in Fig. 3 between recent precipitation and N10−30 particles in NorESM.

However, for both ECHAM-SALSA and EC-Earth the pattern is opposite, with night time values showing a more positive

relationship with increased 6 h accumulated precipitation. These are thus likely not NPF related, but rather related to the

overall positive correlations for mass and number discussed below in Sect. 3.5.480
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Figure 6. Correlation between precipitation rate and PNSD using daily mean values form both the PNSD and the precipitation, Wet season,

ATTO. The yellow lines show the shape of the PNSD during the same time period.

Lastly, for ATTO, we do not necessarily expect a change between night and day if the appearance of the smallest particles is

not related to photochemically induced NPF, but rather to downdrafts. However, convection typically happens during the late

afternoon and evening (Machado et al., 2024), and one might then expect less of it during night. This is in fact what we see,

with decreases for the first 4 bins of accumulated precip during night, and then an increase for the highest precipitation bins

(potentially indicating convective precipitation). For the full dataset, however, we see an increase in N10−30 with increasing485

precipitation. ECHAM-SALSA and NorESM both have positive relationships for the night-time values. NorESM has more

of a zero influence for the full dataset, while ECHAM-SALSA has a very high relative increase with increasing accumulated

precipitation (likely related to very low particle number concentration). EC-Earth has very weak impact of precipitation on

N10−30 at ATTO independent of the time of day.

It is hard to draw conclusions about model skill from these findings, though at least for EC-Earth, it seems like direct scav-490

enging is not strong enough at any of the stations. From the ATTO results, they seem to indicate that the positive relationships

between N10−30 and recent rainfall in NorESM and EC-Earth are not in fact highly related to local NPF, because if they were

there would be a clearer difference between night and all values.
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Figure 7. N10−30 binned by recent (6 h) accumulated precipitation. The dataset is divided into all data and only night time values (defined

as between 21:00 and 03:00 plus accumulated radiation below 30 Wm−2).

3.3.2 Accumulation mode and large Aitken mode particles

Figures 8a and 8b show the correlations between N100 and N200 and precipitation along the back trajectories (see also e.g.495

Fig. 3,5 and S22,S21, S9b, S11b, S12b). Overall, one can here see that the observations seem to follow a similar pattern for all

seasons at the same station and even somewhat between the stations, the models behave less consistently. For example, at the

same station, the models exhibit quite different correlations depending on the seasons.
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For Hyytiälä, the models mostly seem to agree well with the observations (Fig. 8a and 8b), with all of them showing a

less negative or even positive correlation for recent precipitation (see discussion below in Sect. 3.5) and a strongly negative500

correlation for less recent precipitation (older than 24 h).

For Zeppelin, two seasons (Slow-build up and Haze) show zero or even somewhat positive correlations with precipitation

between 24 and 72 h back in time. These positive correlations do not show up when using precipitation output from the GDAS

reanalysis dataset via HYSPLIT (see Khadir et al. (2023) or Figs. S14a and S15a), and therefore care should be taken in

interpreting them. However, also when using precipitation from GDAS, the correlations are only weakly negative for these505

particular months (see Fig. S14 and S15). For these same seasons, EC-Earth has positive correlations for the whole size range

(Slow build-up and Haze, see Fig. S14b and S15b ) and NorESM has a very weak negative correlation for Slow build-up. It

is noteworthy that these weak and positive correlations only occur during the cold months and in the Arctic. This could be

related to the wet deposition efficiency of snow versus rain, though it could of course also simply be due to lower quality in the

re-analysis products during this time. See discussion on the impact of temperature below in Sect. 3.4.510

For ATTO, the observations show negative correlations for all the seasons – in particular in the Wet and the Wet-to-Dry

season have strong negative correlations (bottom two lines in Figs. 8a and 8b). ECHAM-SALSA does best amongst the models

here, when compared to observations, with only a slightly too strong negative correlation with precipitation. EC-Earth and

NorESM have very strong oscillations in their patterns, likely caused by the diurnal pattern in their particle concentrations

(discussed above, see Fig. S7 and S8 ). For NorESM, the correlation is highly season dependent here, with a highly negative515

correlation during the Wet season (see also Figs. 6 and 5) and the Dry-to-Wet seaons (see Fig. S22), but a positive correlation

for the two other seasons. The pattern that appears when displaying the correlations for the full PNSD and precipitation (Figs.

S20 and S21) is consistent with the main mode shifting in size to larger sizes in response to rain (negative correlations for

smaller particles, positive for larger). This may happen when a reduction in number of larger particles and thus condensation

sink, leads to increased growth of the remaining particles in the model and is likely what we see in NorESM here. The way that520

NorESM is set-up, this could happen instantaneously because the condensate is redistributed on the PNSD in each time step

(no memory of where it was in the previous time step) (Kirkevåg et al., 2018). For EC-Earth, it is likely a similar phenomena

with decreasing particle number leading to increased growth of the remaining particles (though in this model the condensate

is not redistributed in each time step, so some time lag is expected). This is especially true for the Dry-to-Wet season, where

there are only negative correlations for particles in the 10-50 nm range, but still positive correlations for the 50-200 nm range525

(Figs. S22). The fact that ECHAM-SALSA does not have these unrealistic (compared to the observations) positive correlations

for larger particles at ATTO points to this being an issue with the modal structure of the aerosol parameterization in NorESM

and EC-Earth, which ECHAM-SALSA, being a sectional scheme, does not suffer from.

To summarize, ECHAM-SALSA may be said to do the best in general, with the exception of recent precipitation at Zeppelin,

which shows an unrealistic upturn in correlation. In general, NorESM can be said to more sensitive to season and station than530

what the observations suggest and has a particularly unphysical response to rainfall in ATTO due to the modal structure and

the growth treatment. EC-Earth does well at Hyytiälä, but has a strong oscillation pattern at both ATTO and somewhat at
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Hyytiälä. It also stands out with a significant positive correlations for the cold seasons at Zeppelin for the whole size range (see

discussion below in Sect. 3.4).

(a) N100 (b) N200

Figure 8. Spearman correlations between precipitation rate and (a) N100 and (b) N200 for observations (top left) and models. Each line

represents a season at a station.

3.4 Impact of temperature: indications for cloud phase535

As shown in the section above, for Zeppelin, EC-Earth shows a surprising positive correlation between almost all particle

size ranges and precipitation, and the only negative correlation is found during summer. Calculating separate correlations for

cold (below -5 ◦C) and warm (above 0 ◦C) conditions at the stations, shown in Fig. 9, gives indications that cold conditions,

and thus likely solid precipitation, are responsible for this positive correlation. Also, when separating the data into cold and

warm periods, it becomes clear that the models agree with observations much better in the warm periods, with quite consistent540

negative correlations for recent precipitation at Zeppelin, and for not so recent precipitation in Hyytiälä. However, for the cold

periods, the observations at Zeppelin do not show significant correlations, EC-Earth shows a positive correlation and NorESM

displays fairly chaotic behaviour. ECHAM-SALSA is, on the other hand, exactly the same in the cold and the warm period,

suggesting precipitation phase has of little importance in this model.

For EC-Earth the difference in the correlations between cold and warm aligns well with a very low in-cloud scavenging545

for ice and mixed phase clouds (see Tab. 1) compared to liquid clouds. When separating to cold and warm periods, EC-Earth

actually turns out to be among the best-performing models for N100.

24

https://doi.org/10.5194/egusphere-2025-2559
Preprint. Discussion started: 1 July 2025
c© Author(s) 2025. CC BY 4.0 License.



(a) Cold conditions: Temperature below -5 ◦C. (b) Warm conditions: Temperature above 0 ◦C.

Figure 9. Same as Fig. 8b but for N100 and for cold versus warm conditions at the station separately.

3.5 Cloud processing at Hyytiälä?

In Hyytiälä, the observations show that the negative correlation between precipitation and accumulation mode particles tends

to have a maximum in negative correlation 20-40 hours back in time followed by a positive correlation for recent precipitation550

(Observations in DJF, MAM, JJA and almost in SON, see Figs. 3, S9b, S11b, S12b). This is partially reproduced in the models:

EC-Earth has a positive correlation in DJF, MAM and SON, NorESM only almost has one in MAM but with an almost zero

correlation in JJA, ECHAM-SALSA only has a weakened negative correlation for MAM, JJA and SON). Khadir et al. (2023)

suggest that this positive signal may be due to cloud processing.

However, when analysing the observed composition of the particles and how this correlates with precipitation at Hyytiälä555

(see Fig. 10), it seems that most compounds have a positive correlation with recent precipitation. Typical cloud processing

products like sulfate do not stand out in this regard, but rather look similar to eBC, organics and NO3. The models tend to

produce a similar pattern: the correlation moves to less negative or even positive for recent precipitation for all species except

for sea salt (SS), which does the opposite. Overall, this suggests that both models and observations may be capturing some

spurious correlation between source regions and precipitation, since the pattern shows up both for species that may indicate560

cloud processing and ones that are unlikely to be positively influenced by cloud processing (for example BC). It also does not

show up for SS, which is non-anthropogenic in origin.

Furthermore, dividing the trajectories into ones with both low recent precipitation (last 18 hours before the airmass arrival

at the station) and low N200 (defined as below the mean) and high recent precipitation and high N200 (defined as above the

mean) reveals a distinct spatial pattern (Fig. S26) where the first group comes from the north-west and the second comes from565
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Figure 10. Correlations between precipitation rate and aerosol mass for observation (ACSM data) and models.

the south-east. This adds evidence to the spurious correlation claim. Restricting the data to the "polluted sector" (-175 to 5

degrees centered at the station) does also remove the positive correlation (see Fig. S29), however it is still there when restricted

to the "clean sector" (see Fig. S30). This points to some difficulty when interpreting especially recent precipitation influence,

because the impact of local sources is naturally higher. In the end, the evidence above is not completely conclusive as to what

causes this positive correlation, but does suggest that it cannot be explained solely by a classic cloud processing in the sense of570

in-cloud sulfate production and droplet collision coalescence.

3.6 A second perspective: Using machine learning (XGBoost)

Finally, we also investigated the relationship between precipitation and the PNSD using a machine learning algorithm XGBoost

(see methods in Sect. 2.6). This gives a valuable second perspective as the XGBoost regression we built also takes the trajectory

positions, time of day and day of year as input. All these variables may be confounding factors for the relationships we observe.575

Furthermore, in the best case scenario, the XGBoost regression for each model will make it possible to exclude other potential

errors the model might have from the analysis (they would be accounted for by other features) and focus on the process under

investigation (here precipitation impact).

In Sect. S13 in the supplement, we present evaluations of the XGBoost model trained on the years up to 2018, and tested

on year 2018. It reveals essentially that overall XGBoost captures the main features, but that the smallest particles are the580

hardest to predict. This applies especially for ATTO where XGBoost struggles to reproduce both models (except NorESM) and

observations for N10−30, and that Zeppelin is in general hard to predict with the input parameters chosen here. Section S12
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(a) N10−30 (b) N50−100

Figure 11. XGBoost predicted N10−30 and N50−100 ratio between the using the actual rain along the back trajectories and the prediction

when the rain was set to zero at each 6 hour interval back in time separately. Each line represents a season at each station.

(a) N100 (b) N200

Figure 12. XGBoost predicted N100 and N200 ratio between the using the actual rain along the back trajectories and the prediction when the

rain was set to zero at each 6 hour interval back in time separately. Each line represents a season at each station.

also presents SHAP (SHapley Additive exPlanations) values for the XGBoost regression models (Shapley, 1953; Lundberg and

Lee, 2017). SHAP values are a method from game theory used to explain the output of machine learning models. Essentially,

these values explain how much each feature (i.e. our input parameters) contributed to a particular prediction.585

27

https://doi.org/10.5194/egusphere-2025-2559
Preprint. Discussion started: 1 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 11a shows the XGboost predicted precipitation impact on N10−30 as indicated by the ratio of predicted N10−30 with

the actual precipitation in the model/re-analysis divided by the XGBoost prediction if precipitation was set to zero for each

period back in time, individially. In other words, it shows a positive signal if the "real precipitation" caused an increase in

N10−30 according to XGBoost, and a negative signal if it caused a decrease. The mean difference is calculated excluding cases

where the precipitation is less than 0.05 mm/h. This plot shows that for recent precipitation, XGBoost predicts a large decrease590

for Hyytiälä and Zeppelin in N10−30 due to precipitation, while predicting a small increase for ATTO, thus aligning with the

relationships shown in Figs. 3–5 for the smallest particles. The models, in general, do not manage to reproduce this, except

that they all agree about the small increase at ATTO. This is again consistent with models not reproducing NPF inhibition by

clouds and precipitation, but could also indicate a too weak below-cloud scavenging of these particles. SHAP values for recent

precipitation rates in Fig. S57, S58 and 13 show that 1) ATTO stands out in that XGBoost predicts higher N10−30 for high595

precipitation rates for all data sources and 2) that there seems to be a pattern of more moderate precipitation rates causing

a decrease in N10−30 followed by an increase for strong precipitation. Note however that the XGBoost does quite poorly in

predicting N10−30 at ATTO for all data sources except NorESM. These results should therefore be interpreted with some

caution. If we assume that XGBoost is here picking up real features, however, then it adds to the evidence that models are in

fact reproducing a downdraft transport of smaller particles associated with strong convective rainfall, in consistence with the600

the correlation results above (e.g. Fig. 5).

Figure 13. ATTO: Scatter plots showing the SHAP values for of the first 6h average precipitation rate prior to the airmass reaching the station

for predicting N10−30. The color indicated the day of the year.

EC-Earth stands out in all size ranges as having a very weak impact of precipitation on particle number in the XGBoost

analysis. This is in spite of EC-Earth apparently being the easiest data source for XGBoost to replicate judging by the r-

values in Fig. S68. The EC-Earth number concentration seems to be very predictable mainly by source region (see Sect.

S12. From the correlation analysis, EC-Earth stands out as having strongly oscillating correlations at ATTO and positive605

correlations between precipitation and particle concentrations in the cold season in Zeppelin (see e.g. 8a). Also, somewhat
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weaker negative correlations for EC-Earth than the other models can be seen for Hyytiälä for N100 and N200 (see Fig. 8a and

8b). Thus, combining these together, it is not completely unplausible that EC-Earth has a weaker impact of precipitation on

aerosol number than the other models or what is observed. It is also the only one among the models that uses fixed scavenging

coefficients for nucleation and impaction scavenging even in liquid clouds, which could explain why it behave differently from610

the other models.

The correlation analysis indicated that all the models underestimate the impact or growth of newly formed particles to sizes

larger than 50 and 100 nm (except for NorESM and EC-Earth at ATTO, see Figs. 3– 6).The XGBoost analysis largely confirms

this. For observations, recent precipitation (less than 24 h) at Zeppelin and Hyytiälä has negative impact on N10−30, turning

to a weakly positive impact for precipitation more than 24 hours back in time, while in ATTO it is weakly positive (Fig. 11a)615

from the very recent precipitaton. For N50−100 XGBoost indicates a net zero or weakly positive impact of precipitation around

48 h back in time for ATTO and Hyytiälä, but for Zeppelin it approaches zero around 80 h back in time (again consistent with

e.g. Fig. 4. For N100 (Fig 12a) the negative impact of precipitation persists for longer (around 72–8 h). The models on the

other hand, do not show signs of growing NPF particles in the same way for Hyytiälä and Zeppelin: both ECHAM-SALSA

and NorESM have the impact of precipitation on N50−100 (Fig. 11b) consistently negative back in time, not returning to net620

zero for older precipitation as seen in the observations. EC-Earth has weak impact all over. At ATTO, as seen in the correlation

plots, NorESM shows positive impact of precipitation on N50−100 for precipitation between 0 and 72 h back in time, while for

ECHAM-SALSA it only approches net zero around 38 h back in time. NorESM has a negative impact of precipitation on N100

for all stations that is fairly constant with back time, which is likely because the particles cannot grow larger in the aerosol

scheme in NorESM (see e.g. Blichner et al., 2021). An exception is a slight positive impact for 6 h at ATTO. For N50−100625

at ATTO station, NorESM also with this approach shows a increase in N50−100 with precipitation almost immidiately. This

indicates that the model has both too fast and too slow growth: As shown in Blichner et al. (2024), NorESM has too much high

production of biogenic SOA in the ATTO region, consistent with too fast growth to sizes above 50 nm. However, the aerosol

scheme in NorESM does not represent growth out of the Aitken mode, meaning that growth can only shift the whole mode to

larger sizes, thus efficiently constraining growth to larger sizes (see e.g. discussion in Blichner et al., 2021).630

For Zeppelin, EC-Earth has positive correlations between precipitation and N50−100 and N100 (Figs. 11b and 12a), which

XGBoost does not predict (see also SHAP values for recent precipitation in Figs. S59 and S62). For Hyytiälä, EC-Earth actually

seems to correspond quite well with the observed for N100 (which it also did for the correlations), while for N50−100 it is almost

always close to zero.

Overall, one could argue that ECHAM-SALSA is the most accurate for N50−100 and N100, with signs of a return to zero for635

both N50−100 and N100 with older precipitation at Hyytiälä – although too weak – and an even positive impact at ATTO. The

correlation plots show positive values between recent (less than 6 h) precipitation and N100 or N200 (see Figs. 8a and 8b) for

models and the observations at Hyytiälä. The XGBoost results does not suggest a positive here (see Figs. 12a and 12b) for any

of the models or the observations. Instead XGBoost likely attributes the positive correlation to source region. This gives further

evidence that it is indeed a spurious correlation between precipitation and source region, rather than a real process related to640

cloud processing.
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4 Conclusions

In this study, the timing-resolved impact of precipitation on PNSD is investigated in models versus observations – in other

words, what is the impact of precipitation at different times in the past on particles in different parts of the size range (Khadir

et al., 2023). This is done for three stations: Zeppelin in the Arctic, Hyytiälä in the boreal forest, and ATTO in the Amazon rain645

forest.

The objective of this is to evaluate the impact of precipitation on the CCN budget, which again impacts cloud properties

and local temperature and climate. We have evaluated three GCMs, NorESM, EC-Earth and ECHAM-SALSA, using primarily

the methodology developed by Khadir et al. (2023), where the correlation between precipitation rates along back trajectories

and observed (or modeled) PNSD at the stations are utilized. We supplement this analysis by using an XGBoost regression650

model for each data source (models and observations) trained to predict particle concentrations based on a minimal set of

meteorologically and chemically relevant predictors, including precipitation rate, trajectory position, time of day, and day of

year. We then examine the impact of precipitation predicted by the XGBoost model for each data source in order to be able to

account for potentially confounding factors.

A key goal was to investigate to what extent the models could represent the indirect source of NPF induced by precipitation655

identified in (Khadir et al., 2023), that is, there is a positive correlation in the observations between precipitation several days

back in time and particles of the smallest sizes, likely originating from growing particles formed by NPF. The mechanism

that causes this is hypothesized to be lower condensation and coagulation sink due to precipitation, priming the atmosphere

for NPF. We see that models tend to represent the positive correlation between precipitation in the past and smaller particles.

However, for Zeppelin and Hyytiälä, the positive correlation is less strong than in the observations and also does not extend to660

as large sizes as in the observations. This indicates that the growth of the newly formed particles is too slow in the models or

that the number of particles formed is not enough to induce a positive correlation for particles in CCN sizes (above 50 nm).

ATTO stands out from the other two stations with respect to NPF, because the correlation between rainfall and small particles

is immediate, i.e. there is a positive correlation even for rainfall just before arriving at the station (recent rainfall). This has been

hypothesized to be driven by downdraft transport of particles during strong convection (Wang et al., 2016) or by injection of665

ozone by downdrafts (Machado et al., 2024). Our initial hypothesis was that the models would not be able to represent this, due

to their coarse resolution and the simplified representation of downdrafts. However, the models do show an almost immediate

positive correlation between recent precipitation and small Aitken/nucleation mode particles. The question remains if they

have it right for the right reasons: Both EC-Earth and NorESM have local nucleation at ATTO, which has been believed to not

occur (see e.g. Wang et al., 2016), so they may instead represent positive correlations due to these. On the other hand, both670

models clearly respond differently to recent precipitation at ATTO compared to at Zeppelin and Hyytiälä: at the former there is

a positive correlation with recent precipitation, and the latter the positive correlation is only for precipitation a day or more in

the past. This is also supported by the XGBoost analysis. Furthermore, if the appearance of the smallest particlethe NPF after

rain is driven by ozone injection with downdraft (Machado et al., 2024), then NorESM and ECHAM-SALSA certainly cannot

represent these injections and must be representing the positive association for a different reason.675

30

https://doi.org/10.5194/egusphere-2025-2559
Preprint. Discussion started: 1 July 2025
c© Author(s) 2025. CC BY 4.0 License.



Overall, this seems to suggest that models and observations agree that rain correlates with the appearance of smaller particles

at ATTO, and this should be further investigated both in terms of whether the models are right for the right reasons and in terms

of what the models can tell us about the real mechanism behind the appearance of these particles at ATTO.

Both EC-Earth and NorESM show positive correlations with recent precipitation for very large particles at ATTO. This

suggests a much too fast growth of newly formed particles in these models, consistent with the overestimation of organic680

aerosol found in these models in (Blichner et al., 2024). It also may suggest challenges with these models’ modal structure,

giving increases in much too large large particles due to the limited resolution in size and highly parameterized growth.

In terms of particle scavenging, the results were inconclusive for the smallest particles (10–30 nm), although the models did

seem to consistently underestimate the scavenging at Hyytiälä, which was also shown in the XGBoost results. For accumula-

tion mode particles (N100 and N200) models mostly agree well with observations for Hyytiälä. For ATTO, ECHAM-SALSA685

performs fairly well, but the two other models struggle due to highly unrealistic growth of the newly formed particles (see

above) and therefore have positive correlation even for N100 and N200.

For Zeppelin, there are considerable discrepancies in the cold seasons. Note that using different re-analysis datasets for the

precipitation (GDAS versus ERA5) here also made a larger difference than in the other stations, and caution should therefore

be advised in interpreting the results. This is perhaps not surprising, given the wide discrepancies in cloud properties among690

reanalysis datasets in the Arctic in general (Yeo et al., 2022). However, it is clear that when the data are separated into times with

temperatures below -5 ◦C and above 0 ◦C, the models do much better when temperatures are above 0 degrees, indicating that

the discrepancies originate from cold clouds and the treatment of mixed and glaciated clouds. Note that even the observations

do not show a significant negative correlation between N100 and recent precipitation at Zeppelin. ECHAM-SALSA shows

similar results for cold and warm periods, which is actually inconsistent with the observations at Zeppelin, which show much695

stronger negative correlations when temperatures are higher.

Finally, the XGBoost results mainly align with the correlation analysis, thus strengthening our confidence in the conclusions.

In particular, the correlation plots show positive correlations between recent precipitation and N100 and N200 at Hyytiälä,

something that was hypothesised in Khadir et al. (2023) to be due to cloud processing. The XGBoost results, on the other hand,

do not attribute this to precipitation but rather source region. This demonstrates how using machine learning used like this in700

model evaluation can serve as a powerful tool for uncovering potential spurious correlations and to control for factors unrelated

to the process under investigation.

Code and data availability. The analysis code will be made available via Github+Zenodo before final publication, but can currently be

found here: https://github.com/sarambl/PRCP2SZDST.git. The particle number size distribution and trajectory data used in this study are

available to download at https://doi.org/10.5281/ZENODO.7907473 (Khadir, 2023), which also includes the precipitation data from TRMM705

3B42 V7 satellite product (Michot et al., 2018) used for ATTO. The temperature timeseries can be downloaded from ACTRIS for Zeppelin

(Aas, 2015, 2016, 2021b, a, 2022) and Hyytiälä (Kulmala and Petäjä, 2024). The aerosol particle composition data from the ACSM and the

eBC data from Aethalometer measurements for Hyytiälä is available from the EBAS database at ebas-data.nilu.no. ERA5 data is available
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for download from https://doi.org/10.24381/CDS.ADBB2D47 (C3S, 2018). The full dataset for the analysis is available to download from

https://doi.org/10.5281/zenodo.15528150 (Blichner, 2025).710
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