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Abstract. Global climate models (GCMs) face uncertainties in estimating Earth’s radiative budget due to
aerosol-cloud interactions (ACI). Accurate particle number size distributions (PNSDs) are crucial for improv-
ing ACI representation, requiring precise modelling of aerosol sources and sinks. Using a Lagrangian trajectory
framework, we examine how clouds and precipitation influence aerosols during transport, and thereby influ-
ence aerosol—cloud relationships in the boreal forest. Two GCMs, the United Kingdom Earth System Model
(UKESM1) and ECHAMG6.3-HAM2.3-MOZ1.0 with the SALSA2.0 aerosol module (ECHAM-SALSA), are
complemented with model-derived trajectories and evaluated against in-situ observations, which are accompa-
nied by reanalysis trajectories. Overall aerosol-precipitation trends are similar between GCMs and observa-
tions. However, seasonal differences emerge: in summer, UKESM1 exhibits more efficient aerosol removal via
precipitation than ECHAM-SALSA and observations, whereas in winter, the opposite is observed. These dif-
ferences coincide with key variables controlling aerosol activation, such as sub-grid scale updraught velocities
and PNSDs. For example, in winter, removal of total aerosol mass in ECHAM-SALSA was stronger than in
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UKESMI, coinciding with higher activated fractions and larger sub-grid scale updraught velocities in ECHAM-
SALSA. For both GCMs, cloud processing along trajectories increased SO4 mass, mainly in the accumulation
mode, consistent with observations and model parametrizations. Discrepancies arise more from differences in
PNSDs and updraught velocities than from wet removal parametrizations, an example being the underrepresen-
tation of small particles in UKESM1. While our findings are representative of boreal region with predominantly
stratiform precipitation, further work is needed to evaluate their applicability to other regions.

1 Introduction

Atmospheric aerosol particle concentrations are influenced
by their sources and sinks which affect their lifetimes in
the atmosphere, and also play a significant role in our cli-
mate system through different mechanisms. One of the most
important mechanisms are aerosol-cloud interactions (ACI),
which are still causing the largest uncertainties on the effects
of aerosols on Earth’s radiative budget in global climate mod-
els (GCMs, IPCC, 2013; Watson-Parris et al., 2019; Bellouin
et al., 2020; Forster et al., 2021), and therefore partly mask-
ing the warming effect by greenhouse gases (Bauer et al.,
2022; Quaas et al., 2022). It is critical, therefore, that the
microphysical processes influencing ACIs are well under-
stood and accurately modelled. To accurately simulate ACI
in GCMs, the aerosol number size distributions need to be
correctly described (e.g., Mann et al., 2010). Traditionally,
discrepancies in particle size distributions between obser-
vations and models exceed those between modal and sec-
tional approaches, with sectional methods dividing the dis-
tribution into discrete size bins (Mann et al., 2012). How-
ever, larger differences in concentrations may emerge when
chemistry of the aerosols is inspected (Laakso et al., 2022).
On the other hand, to accurately represent the aerosol num-
ber size distributions, GCMs also need to accurately repre-
sent the source and sink processes that act on the aerosol
during its lifetime and transport in the atmosphere. The im-
pact of precipitation on the evolution of the size distribution
is very important (e.g., Browse et al., 2014; Khadir et al.,
2023), but remains a major uncertainty in the GCMs. Of-
ten, when GCM parametrizations are assessed the models are
evaluated against observations or other GCMs by inspecting
differences in averages of variables (or relationships between
multiple variables) over certain time spans (e.g., Blichner et
al., 2024; Glif} et al., 2021; Labe and Barnes, 2022; Maher et
al., 2021; Pathak et al., 2023) in a Eulerian perspective. How-
ever, GCM evaluations in which the evolution of aerosols
and other variables is followed over both time and space in
more detail using GCM Lagrangian trajectory-based evalu-
ation frameworks that have been recently introduced (e.g.,
Kim et al., 2020). Such frameworks pave the way for the
development of more rigorous observational constraints on
uncertain physical and chemical aerosol processes for GCM
evaluation, by including temporal and spatial information as-
sociated with the air-mass history.
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AClIs include scavenging of aerosol particles by precipita-
tion, cloud droplets and ice crystals. Wet scavenging is one
of the most efficient removal routes of particles from the at-
mosphere (e.g., Ohata et al., 2016; Liu et al., 2020a). Wet
scavenging of aerosol particles can be further divided into
in-cloud scavenging and below cloud scavenging. Wet scav-
enging via in-cloud scavenging involves the loss of aerosol
particles when they become activated into cloud droplets or
ice crystals (nucleation scavenging) which can then further
collide with interstitial aerosols in-cloud (e.g., Ohata et al.,
2016; Seinfeld and Pandis, 2016). Below-cloud scavenging
concerns the removal of aerosol by rainfall from the collec-
tion of particles due to collisions with falling raindrops and
snow and ice from precipitation (e.g., Ohata et al., 2016).
Current understanding identifies the contribution of in-cloud
scavenging, followed by removal via precipitation to be, on
average, the most important sink globally for accumulation
mode particles (particle diameter d}, ~ 100-1000 nm). Ultra-
fine (dp, <100nm) and coarse particles (dp > 1 um), on the
other hand, are more efficiently removed by below-cloud
scavenging (e.g., Andronache, 2003; Textor et al., 2006;
Croft et al., 2009; Ohata et al., 2016). In addition to wet scav-
enging, clouds can also alter the particle properties through
aqueous phase oxidation processes. For example, sulfate pro-
duction due to oxidation of gaseous sulfur dioxide inside
clouds is considered as one of the most important mass addi-
tion processes for sulfate (e.g., Ervens, 2015 and references
therein). Production of organics through aqueous phase pro-
cesses has also been reported in some environments (e.g., Er-
vens et al., 2018; Lamkaddam et al., 2021).

Investigation of the effects of precipitation and clouds has
traditionally been Eulerian, in which local estimates of pre-
cipitation are employed (e.g., Wang et al., 2021). Lagrangian
approaches, in which air mass trajectories are exploited to ex-
amine the effects of precipitation on aerosols and their com-
position as the air masses travel to the receptor location, have,
however, increased in popularity during the recent years
(Dadashazar et al., 2021; Heslin-Rees et al., 2024; Isokdidnta
et al., 2022; Kesti et al., 2020; Khadir et al., 2023; Tunved
et al., 2004, 2013; Tunved and Strém, 2019). These types of
studies can provide significantly more detailed insights by
considering the interplay between aerosols, clouds and pre-
cipitation during air mass history, that cannot be achieved us-
ing Eulerian approaches. All these studies investigated how
the total accumulated precipitation experienced along air-
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mass trajectories derived from reanalysis data affects a par-
ticle size distribution measured at a specific receptor site.
Tunved et al. (2013), for example, investigated aerosols in the
Arctic (Zeppelin station, Ny—Alesund, Norway) and observed
strong removal of sub-micron particulate mass up to 10 mm
of accumulated precipitation. They suggested the in-cloud
scavenging (followed by removal via precipitation) is the
dominant removal pathway, as larger particles showed first
a decrease in their concentration as a function of accumu-
lated precipitation during transport, followed by the removal
smaller sizes. Kesti et al. (2020) studied aerosols at the hu-
mid tropical monsoon climate in the Maldives, and observed
more efficient removal of the accumulation mode particles
with increasing accumulated precipitation, when compared
to the smaller particle sizes. Dadashazar et al. (2021) studied
sub-tropical environments in Bermuda and concluded that
PM; 5 mass experienced the strongest sensitivity to accumu-
lated precipitation up to 5 mm whereas precipitation exceed-
ing this limit had no major effects on the particulate mass.
Khadir et al. (2023) further reported that precipitation can, in
some instances, serve as a source of aerosols.

In addition to the effects of precipitation for aerosols, a
previous study by Isokéddntd et al. (2022) used relative hu-
midity (>94 %) as a proxy for in-cloud exposure in bo-
real air masses and found a pronounced increase in sulfate
mass in air masses recently influenced by non-precipitating
clouds, while no significant aqueous-phase production of or-
ganic aerosol was observed — likely due to dominant gas-
phase biogenic sources. This is consistent with findings from
central Sweden (Graham et al., 2020). These earlier results
suggest that sulfate may be more strongly affected by cloud
processing and wet removal than organic aerosol, with re-
moval efficiency likely influenced by factors such as precip-
itation timing, aerosol type, and the stage of the air mass
trajectory. Our study builds on this by exploring these as-
pects across multiple models and observations, employing
the GCM Lagrangian evaluation framework presented by
Kim et al. (2020). With this framework air mass trajecto-
ries can be obtained from global GCM simulations. This
is achieved by co-locating multiple variables (for example,
aerosol size distribution and chemical composition) from the
GCMs to air mass trajectories calculated from the GCM me-
teorological data (Kim et al., 2020). This methodology al-
lows us to transparently evaluate and compare the wet scav-
enging and aqueous-phase processing between the observa-
tions and GCMs within the Lagrangian trajectory framework
in unprecedented detail.

This study compares the effects of wet processing (wet re-
moval and aqueous-phase processing) on modelled aerosol
size distributions with long-term observations from Hyytiéld,
Finland. Observational trajectories are based on ERA-
Interim reanalysis, while model trajectories are calculated us-
ing meteorology data from GCM AMIP-style simulations in
which wind fields were nudged to ERA-Interim. The GCMs
used in this study include UKESM1 (United Kingdom Earth
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System Model, e.g., Sellar et al., 2019) and ECHAM®6.3-
HAM?2.3-MOZ1.0 with sectional aerosol module SALSA2.0
(hereafter ECHAM-SALSA, Stevens et al., 2013; Kokkola
et al., 2018; Tegen et al., 2019). Both GCMs are part of
the Aerosol Comparisons between Observations and Models
(AeroCom) Phase III GCM Trajectory Experiment (GCM-
Traj) in which a comparison between the GCMs against re-
analysis meteorology was conducted for the years between
2009 and 2013. In this study the simulations for UKESM1
and ECHAM-SALSA cover the years from 2005 to 2018
which are also available from the observations. Compar-
ison between modal (UKESMI1) and sectional (ECHAM-
SALSA) approaches for estimating the aerosol microphysics
provides additional insight into the model behaviour via this
Lagrangian evaluation approach. The Hybrid Single-Particle
Lagrangian Integrated Trajectory model (HYSPLIT; Draxler
and Hess, 1998; Stein et al., 2015) is employed to obtain the
backward air mass trajectories. A key difference between our
study and previous work, including Isokédanti et al. (2022),
is our focus on stratiform precipitation rather than total pre-
cipitation. Stratiform precipitation is the dominant type in
mid- and high-latitude regions (30-60° from the equator and
poleward), whereas tropical regions are typically influenced
by convective systems (e.g., Schumacher and Funk, 2023).
Since our study area is primarily the boreal forest region
of northern Europe, stratiform precipitation is most relevant.
The differing impacts of precipitation types on aerosols have
also been highlighted by Khadir et al. (2023), who showed
that recent tropical precipitation — largely convective — can
be linked to downdrafts that transport small particles from
higher altitudes to the boundary layer (see also Franco et al.,
2022; Machado et al., 2021; McCoy et al., 2021; Williamson
et al., 2019).

The aim of our research can be summarized into two main
objectives (1-2):

1. Do the relationships between aerosols and experienced
precipitation during transport differ between the mea-
surements and GCMs and what are the drivers for the
observed differences?

2. Do the GCMs exhibit similar increase in sulfate mass
due to in-cloud production as the observations and
are the observed effects reasonable when compared to
model parametrizations?

We start our investigation in Sect. 2 by first introducing the
observational datasets, followed by summarising the GCM
simulations along with details on the air mass trajectory cal-
culations and data co-locations employed in this work. The
aerosol properties at the measurement station (Hyytidld, Fin-
land) are given in Sect. 3 as a necessary background for the
following Lagrangian analysis. The relationships between
precipitation and aerosol mass and number in the Lagrangian
framework are presented first (Sect. 4.1-4.3), followed by a
process-chain type evaluation (Sect. 4.4) to understand the
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driving forces in the relationships. Finally, in Sect. 5, the ef-
fects of aqueous-phase processing are presented, followed by
overall conclusions (Sect. 6) and outlook (Sect. 7).

2 Data and methods

2.1 Observations at SMEAR Il

Observational data used in this study include long-term mea-
surements of aerosol number size distributions and par-
ticle chemistry from SMEAR II (Station for Measuring
Ecosystem-Atmosphere Relations in; Hari and Kulmala,
2005) and are described in detail in Isokéénti et al. (2022)
and the references therein. SMEAR 1I station (Hyytiéld, Fin-
land) is classified as a rural environment, surrounded by rel-
atively homogenous Scots pine (Pinus sylvesteris) forest. In
this work particle number size measurements (covering parti-
cle diameters between 3—1000 nm) obtained with a differen-
tial mobility particle sizer (DMPS, e.g., Aalto et al.,2001) are
utilized. Chemical composition (organics, sulfate, and equiv-
alent black carbon) of the particles in the sub-micron range
were derived from an aethalometer (e.g., Drinovec et al.,
2015) and aerosol chemical speciation monitor (ACSM, Ng
et al., 2011). The dataset for particle number size measure-
ments spans 2005-2018, slightly shorter than in Isok&énti et
al. (2022), to match the GCM simulation period. The ASCM
data extends from 2012 to 2018.

2.2 Summaries of the GCMs used in this study
2.2.1 UKESM1

The United Kingdom Earth System Model (UKESM1) con-
figuration used in this study uses the atmospheric and land
components following the protocol set by the Atmospheric
Model Intercomparison Project (AMIP, Eyring et al., 2016).
The atmospheric component of the model is based on the
Global Atmosphere 7.1 (GA7.1) and the Global Land 7.0
(GL7.0) configurations, as described by Walters et al. (2019).
These are part of the Hadley Centre Global Environment
Model version 3 (HadGEM3; Hewitt et al., 2011), which is
coupled to the terrestrial carbon/nitrogen cycles (Sellar et
al., 2019). It includes interactive stratosphere—troposphere
chemistry from the from the UK Chemistry and Aerosol
(UKCA) model (Archibald et al., 2020; Morgenstern et al.,
2009; O’Connor et al., 2014).

Following the AMIP protocol, sea surface temperature and
sea ice are taken from the unmodified dataset of Durack et
al. (2017) and horizontally interpolated to the model resolu-
tion. In this setup, the dynamic vegetation model (Cox, 2001)
is turned off. Instead, prescribed vegetation from a histori-
cal coupled UKESM1 simulation is used to maintain con-
sistent land-use forcing between the coupled and AMIP ex-
periments. In a similar fashion, seawater concentrations of
dimethyl sulfide (DMS) and chlorophyll-a monthly clima-
tologies are taken from the coupled historical experiment and
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are used by the atmosphere model top calculates fluxes of
DMS and primary marine organic aerosol (Mulcahy et al.,
2020).

The simulations were nudged to ERA-Interim reanalysis
(Dee et al., 2011; Telford et al., 2008) u/v (horizontal and
vertical), wind fields and surface pressure following the setup
design for the AeroCom GCMTraj phase III experiment. The
model resolution for these configurations was 1.875° x 1.25°
longitude—latitude, corresponding to a horizontal resolution
of ~ 135km in the midlatitudes. The model has 85 vertical
levels which are divided such that 50 levels are between O
and 18 km and the remaining 35 levels cover heights between
18 and 85 km.

Atmospheric composition within UKESMI1 is imple-
mented as part of the UKCA model. Within UKCA, the
Global Model of Aerosol Processes (GLOMAP; Mann et al.,
2010; Mulcahy et al., 2020) is used. This scheme simulates
multicomponent global aerosols, including, for example, sul-
fate, black carbon, and organic matter. The aerosol particle
size distribution is represented using five log-normal modes,
nucleation soluble, Aitken soluble, accumulation soluble,
coarse soluble and Aitken insoluble visualized in Fig. S1
in the Supplement. More details, including the size ranges
for each aerosol mode, are presented in Sect. S1.1 in the
Supplement. The GLOMAP model also includes various mi-
crophysical processes that affect the evolution of aerosol
properties. Wet scavenging processes in UKESM 1, including
below-cloud (impaction), in-cloud (nucleation) and plume
scavenging are summarized in Sect. S2 and references
therein. As a key difference to ECHAM-SALSA (Sect. 2.2.2)
concerning the aerosol parametrizations, new particle forma-
tion in the boundary layer is not implemented in this version
of UKESM1 (Mulcahy et al., 2020).

For this study the AeroCom GCMTraj UKESM1 simula-
tions (2009-2013) were extended for the period from 2005
to 2018 to facilitate robust statistical comparison with the
aerosol size distributions and composition measurements ob-
tained from SMEAR II. The model output fields were ex-
tracted at high temporal resolution (3-hourly output) for all
model levels (when available, otherwise noted as surface).
The diagnostics fields utilized in this work (see also Ta-
ble S4) are aerosol particle size distribution variables (num-
ber concentrations and dry diameters for each aerosol mode),
chemical components including mass mixing ratios of sul-
fate noted here as SOy (extracted as sulfuric acid HySOq4
and then converted, see Sect. S1.1), organic matter (noted
here as OA) and black carbon (BC), total (including both lig-
uid rain and snow) stratiform and convective precipitation at
the surface, dry air density, sub-grid scale updraught veloc-
ity, number of activated particles, total precipitation at the
surface, relative humidity and cloud fractions. Additionally,
from UKESMI, wet scavenging coefficients (representing
removal within the whole atmospheric column) for the dif-
ferent removal processes (nucleation, impaction and plume)
and species (OA, H>SO4 and BC), SO, concentrations, and
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both vertically resolved and surface liquid stratiform precipi-
tation are inspected. These variables and/or variables derived
from them are co-located to the UKESM1 derived HYSPLIT
back-trajectories as described in Sect. 2.3.

2.2.2 ECHAM-SALSA

ECHAMG6.3-HAM2.3-MOZ1.0 is a global aerosol-
chemistry-climate model consisting of the atmospheric
general circulation model ECHAM (Stevens et al., 2013)
coupled with the Hamburg Aerosol Model HAM (Tegen et
al., 2019) and chemistry model MOZ (Schultz et al., 2018).
For this work, as for UKESM1, simulations follow AMIP
style runs following the AeroCom phase III GCMTraj exper-
iment setup. Therefore, as for UKESM1, the u /v wind fields
and surface pressure were nudged towards ERA-Interim
reanalysis data. In addition, the sea surface temperature
and sea ice cover were prescribed based on monthly mean
climatologies obtained from the AMIP project (Eyring et
al., 2016). The model solves atmospheric circulation with
vertical gridding of 47 layers extending roughly up to 80 km.
Model horizontal resolution for these configurations is
1.875° x 1.875° longitude—latitude.

ECHAMG6.3-HAM2.3-MOZ1.0 is paired with the
sectional aerosol microphysics model SALSA2.0 (ECHAM-
SALSA) in which the size distribution is divided into
3 subranges (dp1 =3-50nm, dy =50-700nm and
dp3 =700nm-10um) including 10 size classes in loga-
rithmical size space. Subranges dp; and dp3 include parallel
size classes for insoluble and soluble aerosol species, making
the total number of size classes 17 (Kokkola et al., 2018),
visualized in Fig. S1. More details of the subranges and their
compositions are given in Sect. S1.2. Additional details of
the aerosol processes calculated in SALSA2.0 can be found
in Kokkola et al. (2018) and Holopainen et al. (2020). Wet
scavenging parametrizations are summarized in Sect. S2 for
below- and in-cloud scavenging.

As for UKESM1, simulations cover the years from 2005
to 2018 for ECHAM-SALSA. Data output is also 3-hourly
and vertically resolved unless the variable is noted as surface
variable. The diagnostics extracted from ECHAM-SALSA
(see also Table S4) include aerosol particle size distribution
variables (number concentrations and dry diameters for each
size class), chemical components including mass mixing ra-
tios of sulfate (SOy4), organics (noted here as OA) and black
carbon (BC), total (including both liquid rain and snow) strat-
iform and convective precipitation at the surface, dry air den-
sity, sub-grid scale updraught velocity, number of activated
particles, total precipitation at the surface, relative humid-
ity and cloud fractions. Similar to UKESM1, these variables
and/or variables calculated from them are co-located to the
ECHAM-SALSA derived HYSPLIT back-trajectories as de-
scribed in Sect. 2.3.
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2.3 Air mass trajectory calculations and data co-location
HYSPLIT

The 4 d (96 h) back trajectories arriving at SMEAR II were
calculated by version 5.1.0 of the HYSPLIT (Stein et al.,
2015) model for the period from January 2005 to Decem-
ber 2018. The 4 d long back trajectories were used to ensure
consistency with the results from Isokéinti et al. (2022). In
addition, this is typically a long enough period for slowly
moving air masses to travel to the boreal environment from
high arctic and marine areas. Arrival height of the trajecto-
ries to the receptor station was set to 100 m above the ground
level. To obtain the GCM derived trajectories, the meteo-
rological fields from the GCMs were first converted into a
consistent netCDF4 format which was then converted into
the ARL packed HYSPLIT4 compatible format (Kim et al.,
2020). The GCM and ERA-Interim (Dee et al., 2011) reanal-
ysis meteorological datasets required for the HYSPLIT4 tra-
jectory calculations were re-gridded to a consistent 1° hor-
izontal resolution. The vertical discretization of the GCM
variables was provided on terrain-following hybrid sigma-
pressure levels. In UKESM1, however, the native output is
on hybrid height levels, which is not supported by HYSPLIT.
Therefore, UKESM1 was output on fixed pressure levels, se-
lected to closely match the ERA-Interim pressure levels.

Trajectories were calculated for every 3rd hour for both
reanalysis data and the GCMs, corresponding to GCM out-
put resolution. This led to 8 trajectories per day, a total of
40896 air mass trajectories between 2005-2018 before ap-
plying any pre-processing and temporal harmonization of the
data (Sect. 2.4). Hereafter, when discussing observational
data coupled with the ERA-Interim back-trajectories, those
are referred as observations unless mentioned otherwise. It
should be noted that reanalysis data is not interchangeable
with observations but is used as a proxy in this study.

2.31

2.3.2 Co-location of GCM data along the air mass
trajectories

The variables from the GCMs described in Sect. 2.2.1 and
2.2.2 were temporally (time), spatially (latitude, longitude)
and vertically (variables which covered different model or
pressure levels) co-located to the GCM derived air mass tra-
jectories. In short, a co-locator tool (Kim et al., 2020) based
off the Community Intercomparison Suite (CIS, Watson-
Parris et al., 2016) was used to co-locate 4-dimensional data
which uses hybrid altitude coordinates. As the default inter-
polator within CIS has often difficulties co-locating to the
near-surface trajectory points (due to surrounding grid-boxes
being at the boundaries of the data domain), the modified co-
locator provided more flexibility for the interpolation of these
near-surface points. This is relevant also in this work, as for
our surface site the trajectories can also travel at low alti-
tudes. In this improved co-locator, when the linear interpola-
tion in the near-surface trajectories would result into a miss-
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ing value, nearest-neighbour interpolation is used instead.
Thus, extrapolation of values can be avoided and information
for trajectory points that are within the data domain retained.
The co-located GCM data from the air mass trajectory arrival
times, i.e., times when the air mass is located at SMEAR 11,
are used to represent the conditions at SMEAR 11, facilitating
direct comparison to observational data obtained at the site.

A difference to Isokédéntid et al. (2022) where the ERA-
Interim precipitation internally processed by HYSPLIT onto
trajectories coordinates was used, is that the raw precipitation
fields from ERA-Interim are employed in this work by co-
locating them to the air mass trajectories in a post-processing
step (as for the variables extracted from GCMs described
above). This approach was chosen to retain the original nu-
merical precision of ERA-Interim (and GCM) precipitation
data, ensuring accurate alignment with co-located GCM vari-
ables (e.g., aerosol size distributions and chemical compo-
sition), which HYSPLIT does not provide. Here, “consis-
tency” refers to numerical accuracy rather than matching data
sources.

2.4 Data harmonization between measurements and
GCMs

2.4.1 Temporal co-location and data pre-processing

The data from the measurements (1-hourly averages) con-
ducted at SMEAR II was temporally co-located with
the ERA-Interim derived back-trajectory arrival times (3-
hourly). Additionally, the GCM derived trajectories (3-
hourly) were only co-located with the times when aerosol
observations were available. By adopting this approach, only
GCM trajectories corresponding to existing data points in ob-
servations were retained and utilized in further analysis. The
importance of temporal co-location for model evaluation is
discussed, for example, in Schutgens et al. (2016). Harmon-
isation of the measured aerosol size distribution and com-
position with the corresponding variables available from the
GCMs are described in Sect. 2.4.2 and 2.4.3.

For consistency with Isokéénti et al. (2022) identical pre-
processing is applied here to the in-situ aerosol observa-
tions before the temporal co-location described above. Thus,
data points for which the measured wind direction was be-
tween 120 and 140° were removed due to possible influ-
ence of strong VOC (volatile organic compound) emissions
from the local sawmill (Heikkinen et al., 2020; Liao et al.,
2011). In addition, trajectories crossing the area of Kola
Peninsula were excluded as in Isokdintd et al. (2022) due
to strong pollution sources within the area (Heikkinen et al.,
2020; Kulmala et al., 2000; Riuttanen et al., 2013). This
led to aerosol size distribution data covering the years be-
tween 2005 and 2018 (number of final data rows/trajecto-
ries: 30688) and aerosol chemical composition for the years
between 2012 and 2018 (number of final data rows/trajecto-
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ries: 6174). Distribution of the data points over the years are
shown in Figs. S2 and S3.

2.4.2 Aerosol particle number size distribution

The DMPS (differential mobility particle sizer, e.g., Aalto et
al., 2001) observations include 51 size bins in the observed
size range (dp = 3-1000nm). For UKESM1, complete log-
normal particle number size distributions (Seinfeld and Pan-
dis, 2016) were calculated by using the modal parameters
(dry diameters, number concentrations and geometric mean
diameters) given by the model. The number size distribution
is discretised into the same size grid as the observations i.e.,
the bin midpoints are identical to the ones available from
the DMPS measurements. This approach was possible as in
SMEAR 1I the size grid DMPS applies stays constant over
the whole investigated period. This harmonization was con-
ducted for each hour along the air mass trajectories using the
co-location approach described in Sect. 2.3.2 as UKESM1
provided all needed modal parameters for calculation of the
full particle number size distributions (PNSD) along the tra-
jectories.

For ECHAM-SALSA, the number concentrations of sol-
uble and insoluble bins (i.e., size classes) were added to-
gether for each size bin. To make the logarithmic number
size distribution comparable to UKESM1 data and DMPS
measurements, the values within each size bin (i) were di-
vided by the logarithm of the maximum size d; max minus the
logarithm of the minimum size d; min i.€., by log10(d; max)-
log10(d; min) for that size bin (see Table S3). Similar to
UKESMLI, this was conducted along the trajectories. For
aerosols, ECHAM-SALSA bins ranging from 3.0 to 1700 nm
in diameter are studied, as by strictly limiting to sub-
micron bins (<700nm), the largest sub-micron particles
(700 nm < dp, < 1000 nm) that do contribute to the total par-
ticle mass, would be lost. Sensitivity analysis was conducted
including only the sub-micron bins, and none of the conclu-
sions changed.

Integrated variables, such as total number and mass con-
centrations (for submicron particles) were calculated from
the particle number size distributions by assuming the par-
ticles are spherical and have a constant density of p =
1.6 gcm™3. This density corresponds to the average density
of particles observed at SMEAR 1I (e.g., Hikkinen et al.,
2012). Again, these quantities were calculated for each hour
(i.e., 96 data points, see Sect. 2.3.1) along every single air
mass trajectory.

2.4.3 Chemical composition

Observational data for organic aerosol (hereafter OA) and
sulfate (hereafter SO4) was obtained using observations from
ACSM (aerosol chemical speciation monitor, Ng et al., 2011)
which is most efficient at measuring particles with ~ 75—
650 nm of vacuum aerodynamic diameter, passing through
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particles up to 1 um (Liu et al., 2007). For UKESM1, Aitken
and accumulation mode are used in this context by sum-
ming the mass mixing ratios (MMR, kg of species per kg
of air) of these modes, including both soluble and insoluble
modes when available. Due to the definition of the modes
in UKESMI, these correspond to particle diameters between
10-500 nm (see Sect. S1.1), thus having large overlap with
the size range most efficiently represented in ACSM. The
MMRs from UKESM1 and ECHAM-SALSA are converted
into mass concentrations by multiplying the MMRs with the
density of the air to facilitate comparisons to chemistry ob-
servations given in the units of pgm™3. Equivalent black
carbon (hereafter BC) was measured with an aethalometer
using a cut off diameter of 10 um (PMjq). Due to most of
the absorbing particles at SMEAR II being at sub-micron
range, the difference in the BC mass between PM; and
PMg is only 10 % (Luoma et al., 2019). Therefore, from
UKESMI1, Aitken and accumulation modes are also used
to estimate the total BC. In addition, to obtain SO4 from
H>S0O4 (sulfuric acid) which is the UKESMI native output,
a conversion factor is used (see Sect. S1.1). From ECHAM-
SALSA, bins with diameters ranging from 19.6 to 700 nm
(see Sect. S1.2) are used to estimate the total sub-micron
OA, SO4 and BC, including again both soluble and insol-
uble bins. Here, for ECHAM-SALSA, the largest bin of
which a portion also consists of aerosols larger than 1 um
(700nm < dp < 1700 nm) is not included to ensure consis-
tency with the ACSM measuring efficiency (which decreases
from ~ 650 nm up to the maximum size of 1 pm).

3 Aerosol properties at SMEAR Il — Eulerian
comparison between observations and GCMs

To set the scene and provide context to GCM development
since these previous studies (see also e.g., Reddington et
al., 2016), a short assessment of the differences and simi-
larities in Eulerian framework between the aerosol observa-
tions, UKESM1 and ECHAM-SALSA at SMEAR Il is given
here. Airmass transport between ERA-Interim and the GCMs
is first assessed (Sect. 3.1), followed by the aerosol particle
number size distributions (Sect. 3.2) and chemical compo-
sition (Sect. 3.3). This provides the necessary background
information to facilitate further comparisons within the La-
grangian evaluation framework used in this work.

3.1 Comparison of air mass transport between
ERA-Interim and the GCMs

To ensure the differences shown in the following sections for
the Eulerian analysis are not driven by diverging transport
pathways between the GCMs and ERA-Interim, the airmass
transport routes were inspected. The airmass transport routes
in Fig. 1 show very similar patterns for ERA-Interim and
the GCMs, i.e., the differences are, on average, very small
— as expected for simulations in which wind fields are con-
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sistently nudged to ERA-Interim reanalysis. Vertical trans-
port differences exist (Fig. S5), which can be attributed to
potential temperature not being nudged, which follows stan-
dard practices (Zhang et al., 2014). For this station, however,
these differences are relatively small, and the largest differ-
ences are in areas with low frequency of trajectories. There-
fore, any observed differences in the analyses presented in
the following sections are unlikely to be dominated by dif-
ferences in the airmass transport.

3.2 Aerosol particle number size distributions

In Fig. 2 particle number size distributions from the GCMs
are compared with observational data at SMEAR II. The fig-
ure reveals that UKESM1 underestimates the number con-
centration of the small (d, < 50 nm) particles, especially dur-
ing summer (Fig. 2b, Table S5). This is, however, expected,
as the new particle formation from boundary layer nucle-
ation was not implemented in UKESM1 (Mulcahy et al.,
2020). ECHAM-SALSA does have a better representation
of the PNSD of the smaller aerosol particles during spring
and summer when compared to observations (Fig. 2¢), Dur-
ing warmer seasons, also the absolute number concentrations
agree well between observations and ECHAM-SALSA (see
nucleation mode from Table S5). This highlights the impor-
tance of NPF from nucleation in the boundary layer, espe-
cially in summer. During winter, however, ECHAM-SALSA
does exhibit some overestimation for Aitken mode aerosols
(Fig. 2e and Aitken mode from Table S5).

During winter, UKESM1 overestimates larger Aitken and
accumulation mode aerosols (dp up to 200 nm) compared to
the observations (Fig. 2b and g), but during spring the num-
ber concentration of the accumulation mode aerosols is very
close to observations (367 cm~> in UKESM1 vs 352 cm ™3
in observations as shown in Table S5). This is somewhat
surprising considering the missing growth of small particles
from NPF into accumulation mode, however, this could in-
dicate that there are other processes that dominate the accu-
mulation mode. During winter (Fig. 2g) the observations ex-
hibit clear bimodal PNSD peaking around 50 and 200 nm but
neither of the GCMs is able to capture this behaviour. Over-
all, both GCMs tend to be shifted towards the larger sizes
in all seasons (Fig. 2d-g), and this effect is slightly more
pronounced in UKESM1. Overall, ECHAM-SALSA better
estimates of the peak values of the PNSD, except in winter
(Fig. 1g), when it overestimates the particle concentrations at
the size range of dp = 50-100 nm.

3.3 Chemical composition of the aerosols

Particle chemical composition as a mass concentration for
each chemical species from the composition measurements
and the GCMs at SMEAR 1I (trajectory receptor location)
is illustrated in Fig. 3, and the seasonal patterns are typical
for this location. Largest concentration of organic material is
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Figure 1. ERA-Interim air mass trajectory frequencies for spring (MAM), summer (JJA), autumn (SON) and winter (DJF) are shown in the
top row. Frequencies for UKESM1 (e-h) and ECHAM-SALSA (i-l) are shown as differences to the ERA-Interim. Before calculating the
differences, the GCM hexagonal grid (150 hexagons in the x-direction) were first regridded to match the gridding in ERA-Interim. Red cross

shows the location of SMEAR 1I.

present during summer (JJA) and smallest in winter (DJF).
Both GCMs also have pronounced OA concentration dur-
ing summer compared to the other seasons, and UKESM1
captures the pronounced OA concentrations observed during
summer particularly well (median OA 2.0 and 2.2 ugm™—3 in
UKESMI1 and observations, respectively, Table S6). A por-
tion of the small underestimation of the OA concentrations
of the GCMs during spring and summer could, however, be
influenced by the height of the observations as chemical com-
position measurements are conducted at the surface whereas
the GCM data shown here are at the trajectory arrival point
height at the receptor station (100 ma.g.1.). Scale difference
likely also plays a role, as the point measurements are com-
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pared with the GCM grid box values interpolated to air mass
trajectories. Monthly data (Fig. 3e) shows the second OA
peak for the observations to be in February, as expected based
on Heikkinen et al. (2020), and in ECHAM-SALSA this peak
falls on January. UKESMI1 peaks in February, but the dif-
ference in the concentrations (compared to observations) be-
tween February and January/March is very small. The sea-
sonality of the OA concentrations presented here for both
observations and GCMs also agrees with the results from
Blichner et al. (2024) who presented the same GCMs but for
a different time period. Differences in the monthly peak con-
centration can be observed for BC too, where observations

https://doi.org/10.5194/acp-25-14449-2025



S. Talvinen et al.:

(a) DMPS measurements

Cloud and precipitation impacts on boreal aerosols in GCMs

(b) UKESM1 - DMPS

14457

(c) ECHAM-SALSA - DMPS

1000 1000

500

10041 "w "‘

d, (nm)
dp (nm)

100 150 200 250 300 350

1 50

1000
5007

200 A

155 ilF \' HIIIIJIIIIII»IIHIIIIIIII]I [l IIIM

104

d, (nm)

100 150 200 250 300 350

Day of the year 1 50 100 150 200 250 300 350 150
Day of the year Day of the year
I )
dN/dlogd, (cm ) Difference
102 10" 10 10" 102 10° 280 o0 4800 400 50 0 g0 400 qe00 g0 s
(d) MAM () JUA (f) SON (9) DJF

3500 3500 3500 3500

3000+ 3000+ 3000+ 3000+
Ao & R &

?_ 2500+ > 2500+ > 2500+ > 2500+
€ € 1S €
(] o o (]

= 2000 = 2000 = 2000 = 2000
4 o - 4
i) S <) i)

8 1500+ 8 1500+ 8 1500+ 8 1500
o © © o
~ ~ ~~ ~~

Z 1000 Z 1000 Z 1000 Z 1000
© © © ©

500+ 500 500 500+

04 04 04 0 e
1020 50100 300 1000 1020 50100 300 1000 1020 50100 300 1000 1020 50100 300 1000
d, (nm) d, (nm) d, (nm) d, (nm)

= DMPS measurements

e UKESM1

e ECHAM-SALSA
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and UKESMI1 peak in February, but ECHAM-SALSA ex-
hibits the largest BC concentrations in January (Fig. 3g).

In general, even though a perfect harmonization of the par-
ticle chemical composition data between observations and
GCMs is not achieved (see Sect. 2.4.3), the median con-
centrations between observations and GCMs agree relatively
well when the overall seasonality is inspected (Fig. 3a—d); the
concentrations are dominated by OA in all seasons, followed
by SO4 and BC. Inspection of the monthly median concen-
trations (Fig. 3e—g), however, revealed that differences also
exist.

4 Lagrangian analysis of overall effects of integral
precipitation on aerosols at SMEAR II

In this section we use the Lagrangian framework to investi-
gate the potential wet removal of the aerosols. In Sect. 4.1
we first examine the impact of using vertically resolved lig-
uid precipitation (UKESM1 only), which has not previously
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been done for Lagrangian trajectory analyses. Then we in-
spect the relationship between accumulated precipitation and
aerosols for the two GCMs used in this study: UKESM 1
and ECHAM-SALSA. In Sect. 4.2 we focus on total aerosol
mass and number, and in Sect. 4.3 we focus on the OA,
BC, and SO4 portions of the total mass for submicron-size
aerosols. Then, in Sect. 4.4, the processes controlling the
precipitation-aerosol relationships presented in the previous
sections are investigated, and the differences are discussed
in detail between the GCMs (Sect. 4.4.1) and within each
GCM (Sect. 4.4.2). Supplementary analysis assesses the rep-
resentability of the models employed here amongst larger
group of GCMs (Sect. S4).

4.1 Assessment of surface vs. vertically resolved
precipitation in Lagrangian wet removal

In earlier studies assessing aerosol-precipitation relation-
ships at SMEAR II using the Lagrangian framework (e.g.,
Isokdintd et al., 2022; Khadir et al., 2023; Tunved et al.,

Atmos. Chem. Phys., 25, 14449-14478, 2025
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2013) the vertical position of the trajectories with respect to
the precipitating clouds was not considered. The approach,
therefore, does not allow for separation between in-cloud and
below-cloud precipitation scavenging. Instead, it provides us
with the overall effect of precipitation (hereafter noted as
wet removal), in which the surface precipitation is used as
a proxy for the experienced precipitation by the air mass.
This also means that it could include trajectories that travel
above the precipitation, potentially confounding interpreta-
tion of the results.

For this study, the impact of this simplification was exam-
ined by extracting the vertically resolved liquid precipitation
from UKESM1, which can be compared to the surface pre-
cipitation (see Appendix A). Based on this analysis, it was
possible to conclude (see e.g., Fig. A1) that for this station
the surface precipitation is a relatively good proxy for the ex-
perienced precipitation by the air mass. Therefore, and to be
able to include the effects due to snowfall, which was unfor-
tunately not extracted with high enough vertical resolution
from UKESM1, the surface precipitation is continued to be
used in this study. Vertically resolved precipitation was not
available from ECHAM-SALSA.

Atmos. Chem. Phys., 25, 14449-14478, 2025

4.2 Relationship between precipitation and aerosol
mass and number concentrations

The removal of the normalized masses (dp = 3-1000 nm,
Fig. 4a) by accumulated stratiform precipitation for observa-
tions and both GCMs exhibit exponential decrease reaching
asymptotic behaviour after ~ 10 mm of accumulated precipi-
tation (after 5 mm for UKESM1 during summer). Normaliza-
tion of the median mass/number concentration to the median
value under zero accumulated stratiform precipitation is used
in this study. This approach aims to minimize the influence
of differences in the native particle number size distributions
(e.g., Fig. 1), which affect total mass and number concentra-
tions, and instead highlight the removal attributable to pre-
cipitation.

For the particle number concentration (d, = 3-1000 nm),
there are clear seasonal differences (Fig. 4b). ECHAM-
SALSA and the observations show clear seasonal differences
in particle number removal, with much more efficient re-
moval in winter than in summer. UKESM1, however, does
not display this seasonal contrast — likely because it lacks
boundary layer nucleation, a key source of small particles
during summer, which leads to similar particle number con-
centrations across seasons. Inspection of the seasonality is
relevant, as differences in the relationships could be driven
by different particle size distributions at the station which
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vary by season due to differences in meteorology (e.g., origin
of air-masses, temperature and sunlight) along the air mass
trajectories. Seasonality also impacts to the type of the pre-
cipitation (liquid vs snow and stratiform vs convective, for
example).

Figure 4c shows that the seasonal patterns (e.g., more sam-
ples for smaller precipitation values in summer) in the dis-
tribution of accumulated precipitation are similar for both
models and observations, thus unlikely to be driving differ-
ences in the aerosol-precipitation relationships. The relation-
ships between the aerosol mass, number, and mean strati-
form rainfall rate along the trajectory (Fig. S6a-b) exhibit
similar seasonal differences as the relationships in Fig. 4a-b.
For example, in summer, UKESM1 exhibits the strongest ini-
tial reduction for particle mass (Fig. S7a). Observations and
ECHAM-SALSA exhibit minimal to no reduction or particle
number during summer (Fig. S7b), similar to Fig. 4b. Non-
normalized mass and number concentrations are shown in
Figs. S7 and S8.

4.3 Relationship between precipitation and aerosol
chemical composition

The normalized masses of OA, BC, and SO4 in submicron-
sized particles as a function of accumulated stratiform pre-
cipitation (including both liquid and snow) for the observa-
tions and the GCMs is shown in Fig. 5 (see also Fig. S9
showing the same data but grouped differently for easier
comparison between the species). The division into warmer
and colder months follows the monthly median temperatures
(measured at the site) as in Isokiinti et al. (2022). The sam-
ple sizes in Fig. 5g-h agree well during warmer months be-
tween the GCMs. During colder months (Fig. Sh) more dif-
ferences emerge for the smaller precipitation bins (< 3 mm
of accumulated precipitation).

The general patterns between the observations and GCMs
are similar for all species — exponential decrease is observed
for the mass concentrations, similar to the relationships be-
tween total particle mass and precipitation shown in Fig. 4a.
The seasonal differences for the total particle mass (Fig. 4a)
and the chemical constituents are comparable despite the
different approach used to separate the data into tempera-
ture regimes instead of seasons. During the colder months
(Fig. 5d—f), ECHAM-SALSA exhibits the most efficient re-
duction for all the three species, as expected based on the re-
duction of the total aerosol mass (Fig. 4a). During the warmer
months (Fig. 5¢), UKESM1 tends to show more efficient re-
duction than ECHAM-SALSA, the effect being most pro-
nounced for OA. This is in line with the derived reduction
of total particle mass and number during summer shown in
Sect. 4.1 (Fig. 4a-b), in which ECHAM-SALSA exhibited
stronger reduction during winter and UKESM1 during the
summer.

The observational data presented by Isokdinti et al. (2022)
showed that the reduction of SO4 due to accumulated total
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precipitation in the warmer months was less efficient com-
pared to other species, despite SO4 being highly hygroscopic
and thus relatively easily activated as a cloud droplet. This
is relevant also in this study, as the activation into cloud
droplets followed by precipitation is the dominant reduc-
tion mechanisms also for the mass of the different chem-
ical species (discussed in more detail in Sect. 4.4). Sim-
ilar to Isokdéntda et al. (2022), the derived reduction for
SOy is less efficient (i.e., smaller end concentrations are
reached) compared to OA and BC also here for the ob-
servations and UKESM1 (Fig. S9a-b), though the differ-
ences between species are overall smaller but still statisti-
cally significant (Kruskal-Wallis rank sum test, p < 0.001).
For ECHAM-SALSA, the derived removals between OA and
S04 do not differ (Fig. S9c, Kruskal-Wallis rank sum test,
p=0.2) during warmer months, but BC shows more effi-
cient reduction with the accumulated stratiform precipitation
than OA and SOg. This could be arising from the fact that,
in ECHAM-SALSA, all BC is basically in the soluble parti-
cles (Fig. S10b) but OA and SO4 can reside in the insoluble
particles as well.

Isokidnti et al. (2022) hypothesized that the low derived
removal efficiency of SO4 during warmer months could be
caused by the species being distributed to different sizes de-
pending on the season. Inspection of the size resolved chem-
ical composition from the GCMs (Fig. S10), however, is not
able to fully explain the observed seasonal differences: SO4
in the GCMs is almost completely distributed to the solu-
ble accumulation mode, and the seasonal differences are only
minor. In ECHAM-SALSA, small contribution of insoluble
SOy in the accumulation mode is present, but the difference
between the seasons is small (Fig. S10b). Other possible ex-
planations could include, for example (but not limited to),
mixing state (internal/external) of the particles and produc-
tion of SO4 through cloud processing, which could compen-
sate for the reduction by stratiform precipitation.

4.4 Process-chain evaluation for understanding the
relationship between precipitation and aerosols

To understand the differences between GCMs and observa-
tions in Figs. 4 and 5, we assess the relative importance of
wet removal pathways. Prior studies (Isokéénta et al., 2022;
Tunved et al., 2013; Wang et al., 2021), suggests that in-
cloud scavenging, particle activation followed by rainout, is
the dominant removal mechanism for submicron particles
in this region. For UKESM1 the relative contributions of
the removal types (below-cloud impaction, nucleation fol-
lowed by rainout, and plume scavenging) were quantified
using median scavenging coefficients along the trajectories
(see Sect. S2). These scavenging coefficients represent the
removal within the total atmospheric column, median val-
ues along complete trajectories being 0.040 (JJA) and 0.028
(DJF) moles s~ ! for impaction, 0.700 (JJA) and 0.191 (DJF)
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moles s~ for nucleation followed by rainout and 0.001 (JJA)
and 0.000 (DJF) moles s~ for plume scavenging.

As shown in Fig. 6 for organic aerosol (OA), which dom-
inates the particle mass in SMEAR 1I, e.g., Heikkinen et
al. (2020), nucleation followed by rainout dominates re-
moval. Similar patterns are seen for SO4 (H>SO4) and BC
(Fig. S11), supporting that in-cloud removal is the main pro-
cess in this region, consistent with Isokdinti et al. (2022).

As noted above, nucleation followed by precipitation-
driven removal explains the patterns in Figs. 4 and 5. To un-
derstand differences in this process across models, we com-
pare key variables along air mass trajectories related to in-
cloud removal. Previous studies (Dusek et al., 2006; Ohata
et al., 2016; Partridge et al., 2012; Reutter et al., 2009) have
emphasized the role of sub-grid processes and variables in-
fluencing droplet activation, such as particle size and vertical
air motion. We therefore examine how model representations
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of activation — affected by sub-grid vertical velocities and
aerosol size distributions — influence removal.

Key variables controlling the aerosol activation into cloud
droplets (presented in Fig. 7a—j shows the number of parti-
cles with diameter > 80nm (Ngp) and sub-grid scale verti-
cal velocities (referred as updraught velocities), which con-
trol droplet formation. The accumulation mode particles
are likely to activate to cloud droplets (Croft et al., 2010;
Partridge et al., 2012), and updraught velocities drive su-
persaturation needed for activation. The activated fraction
(Nact/ Niot) is shown in Fig. 7Tk—o, and the rainfall rates (at the
surface) are presented in Fig. S12. In addition, total number
(Niot) and total mass of the particles (M) at the submicron
range, a air mass heights and number of activated particles
(Nacy) are presented in Fig. S13. Chemical composition, rel-
evant for hygroscopicity and droplet formation, is shown in
Fig. S15.
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Figure 5. Normalized mass concentration for submicron OA, SO4 and BC at SMEAR II as a function of accumulated stratiform surface
precipitation along the 96 h long air mass trajectories for observations (chemistry measurements paired with ERA-Interim trajectories) and
the GCMs for warm (7' > 10 °C, (a—c)) and cold (T < 10 °C, (d—f)) months. The coloured points show the normalized median values for each
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Figure 6. Relative contributions of the different removal pathways in UKESM1 for OA in (a) summer/JJA and (b) winter as a function
of time from SMEAR II. Impaction refers to the below-cloud impaction scavenging, nucleation + rainout describes the activation process
followed by removal of the particles via the formed raindrops, and plume scavenging is the removal due to convective clouds.

Together, these factors determine whether the regime is seasonal characteristics within each GCM, followed by a
the aerosol- or updraught limited (Reutter et al., 2009). Fig- model-observation comparison in Sect. 4.3.2.
ure 4 and Figure 5 showed strong seasonal contrasts, and
seasonal differences in N80, updraughts, and activation are 441
also evident during transport (Fig. 7). Section 4.3.1 discusses

Seasonal differences within each GCM

In UKESM1, the derived removal for the particle mass dur-
ing summer is clearly stronger, especially up to ~ 10 mm
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Figure 7. The evolution of the main drivers for the wet removal (nucleation followed by rainout) along the trajectories. The first row from the
top displays the Ngo (number of particles for which dp > 80 nm), the second row shows the sub-grid scale updraught velocities (m s~1), third

row displays the activated fraction of particles, and the bottom row

shows the corresponding trajectory frequencies. For the maps, means

are calculated for each hexagonal gridbox (grid resolution being 150 in the x-direction) that the trajectory crosses, and for the rightmost
panels, means have been calculated for each hour along the trajectory. For the updraught velocities and activated fractions, only values when

trajectory is in-cloud are shown.

of accumulated precipitation, compared to winter (Fig. 4a).
For the particle number, the differences between summer
and winter are less pronounced, and similar concentrations
at the receptor station are reached (Fig. 4b) with high accu-
mulated precipitation. A seasonal difference in the absolute
values of Ngg can be observed, the number concentration
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being approximately 100 particlescm ™ larger during win-
ter compared to summer (Fig. 7e). This difference, winter-
time values being larger, is also seen in Ny (Fig. S13e).
As stated in Sect. 2.2.1, the boundary layer nucleation is
absent in UKESMI - a process being especially frequent
around SMEAR II during spring and summer (Nieminen et

https://doi.org/10.5194/acp-25-14449-2025
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al., 2014). This is likely the cause for the observed differ-
ences in Ny as the model lacks large portion of the smaller
particles during summer. For the mass, however, the sum-
mertime My is larger (Fig. S13j). This could imply that
UKESMI1 has more numerous medium-sized particles dur-
ing summer, or, that on average, the particles in summer are
larger compared to winter, thus having larger contribution to
particle mass. Figure 2 supports the latter scenario, show-
ing the average PNSD at SMEAR II peaking at larger parti-
cle sizes in summer compared (~ 200 nm, Fig. 2g) to winter
(~ 100 nm, Fig. 2i).

The seasonal differences between the updraught veloci-
ties in UKESM1 are small, until about 48 hs before arrival
(Fig. 7j). After that, the summertime updraught velocities
exhibit little to no change, but wintertime updraught veloc-
ities decrease as the air mass travels closer to SMEAR II.
These differences relatively close to the receptor station can
be attributed to the geographical distribution of the updraught
velocities: close to SMEAR 1I (across Finland, Sweden and
Norway, for example), the values are larger in summertime
(Fig. 7f) compared to wintertime (Fig. 7h). These regions co-
incide with areas of high trajectory frequency, meaning most
air masses pass through them. As a result, the elevated up-
draught velocities in these regions strongly influence the av-
erages shown in Fig. 7j. Activated fractions differ markedly
between seasons (Fig. 70), with nearly half of aerosols ac-
tivating in summer compared to about one fifth in winter.
These seasonal differences align with the spatial patterns of
activated fractions and trajectory frequencies (Fig. 7k, p),
showing particularly high values over northern Norway and
extending into the Arctic Ocean. During winter, the activated
fractions in this area are much lower (Fig. 7m). The Ny, on
the other hand, displays minor differences between the sea-
sons in UKESMI1 but is slightly larger in winter. However,
considering the fact that Ny, in UKESM1 is much higher in
winter (Fig. S13e) as mentioned earlier, the larger activated
fraction (derived as Nyct/ Niot) in Summer is reasonable.

The chemical composition of particles during their travel
in UKESMI1 (Fig. S14a) reveals that overall, during summer,
the mass concentration is completely dominated by soluble
modes, whereas in winter, a portion of insoluble OA in the
Aitken mode is also present. Soluble SO4 in the accumu-
lation mode contributes more in winter, but this is greatly
compensated by soluble OA in both Aitken and accumula-
tion modes during summer. If the higher solubility of OA
in summer compensates for the lower SOy levels, this could
further enhance the particle activation potential in UKESM1
during summer compared to winter. Figure 8 shows the re-
lationship between mean activated fraction and mean up-
draught velocity that the air mass experienced before arriving
at SMEAR 1II for the summer and winter. For UKESM1, the
relationship between these two variables is clearly stronger
in summer (slope of 2.12, Fig. 8a) compared to winter (slope
0.62, Fig. 8b). Therefore, during summer, even a very small
increase in updraught could cause a very large increase in

https://doi.org/10.5194/acp-25-14449-2025

14463

the activated fraction. Due to this, the slightly higher up-
draught velocities during summer, when the air masses ap-
proach SMEAR 1I (Fig. 7j), could play a major role, even-
tually also leading to the larger activated fractions during
summer. This, together with the points discussed above, such
as the availability of cloud condensation nuclei (CCN), N
and particle chemistry along the trajectories, likely causes
the seasonal differences observed in the reduction of particle
mass in Fig. 4a. When also considering the missing bound-
ary layer nucleation in UKESM1 as mentioned earlier, lack
of seasonality in the derived removal of total particle number
in UKESM1 (Fig. 4b) can also be explained.

ECHAM-SALSA exhibits stronger reduction (i.e., lower
concentrations are reached with increasing accumulated pre-
cipitation) during winter than in summer for both particle
mass (Fig. 4a) and number (Fig. 4b). The number of particles
for which 80 nm < dp < 1000nm (Ngo) is relatively similar
between summer and winter, exhibiting increase from ~ 300
up to ~ 650 particlescm ™ as the air mass reaches SMEAR
II. During summer, the Ny in ECHAM-SALSA is clearly
larger compared to winter (Fig. S13e). This is expected due
to the strong contribution of small aerosols during summer
(e.g., Fig. 2c). The total mass (M), however, is relatively
alike between the seasons (Fig. S13j), which is reasonable
due to the similar contribution of Ngp in both seasons, as
these particles mostly contribute to particle mass.

The updraught velocities in ECHAM-SALSA exhibit
large location-dependent seasonal differences (Fig. 7g versus
1), especially over the oceans, where the updraught velocities
are larger during winter (Fig. 7i) than in summer (Fig. 7g).
However, overall, the average experienced updraught veloc-
ities during the transport are rather similar in magnitude be-
tween the two seasons (Fig. 7j). This overall similarity oc-
curs because the frequency of trajectories passing over the
oceans is quite low (Fig. 7s) and they therefore do not con-
tribute to the average over all transport directions much. On
average, the updraught velocities increase from ~ 0.4 ms™!
up to~0.7ms~! as the air masses approach SMEAR II.
Slightly before arrival to SMEAR II (12-36 h before arrival),
difference can be observed in the updraught behaviour: win-
ter updraught starts decreasing around 36 h before arrival be-
fore increasing again at the 12 h mark. During summer, the
updraught increases all the way up ~ 18 h, after which it
steeply decreases and increases again at the same 12 h mark
as the wintertime updraught. As these differences are taking
place relatively close to SMEAR I, it is likely that they are
driven by the seasonal differences in the transport and local
conditions very close to SMEAR II.

Activated fractions in ECHAM-SALSA display similar
trends along their transport, increasing towards SMEAR 1I,
but the seasonal difference in the magnitude is approximately
0.1, wintertime values being larger (Fig. 70). This difference
stays nearly constant along the transport. Again, clear sea-
sonal differences within the trajectory transport areas (Fig. 71
and n) can be observed, and as the high activated fractions
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during winter (Fig. 7n) do occur in high trajectory frequency
areas (Fig. 7s), they are more clearly reflected in the values
when averaged over all transport directions (Fig. 70). As the
seasonal differences Ngp in ECHAM-SALSA are negligible,
it is unlikely that the number of potential CCN is driving the
seasonal differences in activated fractions and in the aerosol
mass-precipitation relationships in Fig. 4a. When the N, is
inspected (Fig. S13t), however, somewhat larger number of
particles have activated in winter compared to summer. Thus,
when considering the large difference in the total number of
particles (Fig. S13e), the displayed differences in the acti-
vated fractions (= Nt/ Niot) are reasonable.

In addition to size, the chemical composition of the poten-
tial CCN also has an impact to their activation. The composi-
tion of Aitken and accumulation mode aerosols in ECHAM-
SALSA (Fig. S14b) does reveal, that the particles have rel-
atively similar soluble accumulation mode SO4 contribution
in both seasons. The contribution of soluble OA in the ac-
cumulation mode is slightly larger in summer, but during
winter, the smaller contribution from OA (in accumulation
mode) seems to be compensated by larger contribution from
soluble BC in the accumulation mode. Thus, the contribution
from soluble modes altogether is relatively similar between
the seasons and unlikely causes large differences in the par-
ticle hygroscopicity which could impact activation.

In order to investigate whether the seasonal differences
in the activated fractions could also be due to slight differ-
ences in the sensitivity of activation to updraught velocities,
we inspected the relationships between activated fractions
and updraught velocities similar to UKESM 1. For ECHAM-
SALSA, the slope for summer is smaller (slope of 0.18,
Fig. 8c) compared to winter (slope 0.36, Fig. 8b). Thus, dur-
ing winter, when the updraught increases, the activated frac-
tion can increase two times as much compared to summer.
Therefore, despite the similar number of potential CCN in
both seasons (Ngp, Fig. 7e), larger portion of those activate
during winter, resulting to larger Ny (Fig. S13t) and acti-
vated fractions (Fig. 70). All these findings discussed above
are consistent with the stronger reduction for particle mass
observed for ECHAM-SALSA in winter (compared to sum-
mer) in Fig. 4a. During summer, very little to no reduction
is observed for the particle number for ECHAM-SALSA in
Fig. 4b. The particle number concentration, however, is dom-
inated by the small aerosols which are unlikely to activate
(see also Figs. S13e and 2c). Therefore, even with high ac-
cumulated precipitation, no clear reduction is observed in
Fig. 4b during summer.

4.4.2 Differences between GCMs and observations

Comparing the two GCMs in Fig. 4 it is obvious that the
seasonality in the aerosol-precipitation relationships is re-
versed: UKESM 1 exhibits stronger reduction during summer
but ECHAM-SALSA in winter. This is unlikely arising from
the differences between the intensity of the precipitation dur-
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ing the travel of the air masses, as those are very similar be-
tween the GCMs (Fig. S12a—e) within each season. How-
ever, some of the winter differences may also be attributed to
variations in the number of trajectories with specific amounts
of accumulated precipitation (Fig. 4c). Observations show a
higher frequency of trajectories with low accumulated pre-
cipitation (<2 mm), whereas the models produce slightly
more trajectories with larger precipitation totals.

During summer, UKESMI1 has less potential CCN (Ngo,
see Fig. 7e) compared to ECHAM-SALSA, and also the up-
draught velocities are smaller in UKESM during summer,
eventually leading to smaller number of cloud droplets too
(Nact, Fig. S13t). Comparison of the contribution of differ-
ent chemical species in the accumulation (as these sizes have
larger contribution to the particle mass) mode (Fig. S14, top
row), however, reveals that UKESM1 has much larger con-
tribution of the soluble particles. This indicates, that during
summer, the particles in UKESM1 have larger hygroscopic-
ity, and could potentially activate more easily compared to
ECHAM-SALSA. However, as the resulting N (Fig. S13t)
in UKESMI is smaller than in ECHAM-SALSA, the po-
tentially larger hygroscopicity in UKESM1 particles do not
seem to have significant impact on the droplet formation.
When we consider the changes in the PNSD, however, where
UKESMI has significantly less particles but with larger av-
erage size compared to ECHAM-SALSA (which has more
particles but smaller average size) as shown in Figs. 2g and
S13e, it is sensible that larger activated fractions are observed
for UKESM 1 during summer as shown in Fig. 7o. The differ-
ence in the activated fraction between the GCMs, however,
is somewhat larger than what could be expected based on the
differences in Niot and Nt alone. Thus, also the relation-
ships between updraught velocities and activated fractions
were inspected to gain further insight. This reveals (Fig. 8a
and c), that indeed during summer, the slope between acti-
vated fractions and updraught velocities in UKESM1 is sig-
nificantly larger (slope 2.12, Fig. 8a) compared to ECHAM-
SALSA (slope 0.18, Fig. 8c) — difference being over 10-fold.
This implies that even a small perturbation in updraught ve-
locity in UKESMI1 could increase the activated fraction dras-
tically, resulting in the very high activated fractions observed
in Fig. 70, despite UKESM1 having smaller updraught ve-
locities in general. This could indicate a shift in UKESM1
cloud droplet formation from the updraught-limited regime
to the transitional regime (e.g., Reutter et al., 2009). These
findings align with the stronger reduction of particle mass in
UKESMI as shown in Fig. 4a. The reduction of the observed
particle mass in summer lies in-between of the two GCMs,
initial reduction (up to 5mm of accumulated precipitation)
being more accurately represented by UKESM1.

The differences in the summertime reduction of particle
number (Fig. 4b) likely arise from the lack of boundary layer
nucleation in UKESMI, thus affecting the number concen-
tration of the smallest aerosol particles (see e.g., Fig. 2g).
As already discussed in Sect. 4.4.1, in SMEAR II, NPF is
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Figure 8. Average experienced activated fraction as a function of average experienced updraught velocity along the trajectories. Distribution
of the values are shown with the histograms. JJA denotes summer (June—July—August) and DJF winter (December—January—February).
Each coloured point denotes a median value determined from a single trajectory. The black lines show the regression line from orthogonal
regression applied to the data shown and the legend show the slope, intercept and Pearson correlation (R) between the fit and the data. Note
that the black regression lines extend over the whole plot area only due to visualization purposes.

an important source of aerosols and the frequency of the
NPF events has significant seasonal variation (Nieminen et
al., 2014), summer and spring being most pronounced. Thus,
the reduction of particle number in UKESM1 during sum-
mer (Fig. 4b) is similar to the reduction of particle mass
(Fig. 4a), as both are dominated by relatively large aerosols.
The summertime reduction of particle number in ECHAM-
SALSA coincides with observations, which is to be expected
as the Aitken and nucleation mode aerosol concentrations
in ECHAM-SALSA are much closer to observed data than
UKESM1 (Fig. 2g and Table S5).

During winter, ECHAM-SALSA exhibits stronger reduc-
tion of particle mass compared to UKESM1 after ~ 5 mm of
accumulated precipitation (Fig. 4a). The Ngo (Fig. 7a—e) is
relatively similar between the GCMs, but updraught veloci-
ties (Fig. 7j) have large difference: UKESM1 updraught ve-
locities range 0.2-0.4m s~ !, whereas ECHAM-SALSA has
values ranging approximately between 0.5-0.7ms~!. The
higher updraught velocities in ECHAM-SALSA likely lead
to the larger Ny (Fig. S14t), thus eventually leading to the
larger activated fractions for ECHAM-SALSA along most
of the transport (Fig. 70) due to Ny being relatively similar
between the GCMs (Fig. S13e) during winter. It should be
noted, that the difference in activated fractions (Fig. 70) far
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away from SMEAR 1I is negligible. However, this difference
drastically increases when air masses travel to SMEAR II:
activated fraction in ECHAM-SALSA continues to increase
while UKESMI1 fractions stay nearly constant. Thus, it is
unlikely that the similar activated fractions far away from
SMEAR 1I significantly impact the reduction observed in
Fig. 4a.

Comparison of the particle chemistry in the accumula-
tion mode in winter reveals that the GCMs have (Fig. S14,
bottom row) relatively similar fractions of soluble material.
UKESMI1 tends to have more SO4, but ECHAM-SALSA
more soluble OA and BC. In ECHAM-SALSA, however, the
insoluble modes are not strictly insoluble but rather less in-
soluble compared to soluble modes (Sect. S2.3) and can thus
also activate. This could lead to larger Ny (Fig. S130) and
thus larger activated fraction (Fig. 70), considering that the
difference in Ny (Fig. S13e) between the GCMs is clearly
smaller in winter than what it was in summer. The differ-
ences in the relationships between activated fractions and up-
draught velocities for the GCMs (Fig. 8) are more subtle in
winter (UKESM1 slope 0.62, ECHAM-SALSA slope 0.36)
compared to the values in summertime discussed earlier. Ac-
tivated fraction in UKESM1 does exhibit higher “sensitivity”
for updraught velocities, however, due to the much larger
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updraught velocities in ECHAM-SALSA, this is likely not
enough to increase the activated fraction to the same level,
thus leading to less efficient reduction. These assessments
align with the particle mass reductions in winter shown in
Fig. 4a, where particles at ECHAM-SALSA reach slightly
lower end concentrations with high accumulated precipita-
tion compared to UKESM1.

The differences in the wintertime reduction of particle
number (Fig. 4b) are less pronounced compared to those in
particle mass (Fig. 4a). Initial reduction seems to be more
effective on UKESM1, however, after ~5 mm of accumu-
lated precipitation, the reduction in ECHAM-SALSA be-
comes stronger These differences between the GCMs, how-
ever, were not statistically significant (Kruskal-Wallis rank
sum test, p > 0.01). The observational data exhibits stronger
reduction than the GCMs during winter for the particle num-
ber (Fig. 4b) up to ~ 10mm of accumulated precipitation.
After that, the observations overlap with ECHAM-SALSA.
These inconsistencies could also arise from the fact that both
GCMs have difficulties representing the bimodal particle
number size distribution correctly during the winter months
(Fig. 2i).

4.4.3 Additional reasons for inter-model differences

Aside from differences driven by aerosol activation, it is im-
portant to note that during both summer and winter, addi-
tional factors can also contribute to the observed differences
in the reductions (Fig. 4). For example, the differences in the
reduction of the particle mass (Fig. 4b) could be influenced
by the plume scavenging scheme, a feature only present in
UKESMI (see Sect. S2.4). In this process, aerosol activate
into cloud droplets within the convective updraught and fall
out via the main precipitation shaft of the cumulonimbus
(Kipling et al., 2013; Mulcahy et al., 2020). Note that even
though the particle mass is shown as a function of accumu-
lated stratiform precipitation (Fig. 4), the air mass trajecto-
ries have experienced convective precipitation too. Thus, re-
moval via nucleation (which is more efficient for larger par-
ticles) followed by rainout in the convective plume, could
also contribute. Inspection of the contribution of the precip-
itation types reveals that the contribution from the convec-
tive precipitation during summer is indeed slightly larger in
UKESMI1 compared to ECHAM-SALSA (Fig. S15). This
difference could be reflected in more effective summertime
reduction in the particle mass in UKESM1. Another expla-
nation for the more effective reduction of the aerosols during
summertime in UKESM1 could be arising from the differ-
ences in the parametrizations of the re-evaporation of the
falling droplets. In UKESMI, this process is not consid-
ered (see Sect. S2.3 and Mulcahy et al., 2020) whereas in
ECHAM-SALSA evaporation of the droplets can occur and
thus release the aerosols back to the atmosphere (e.g., Stier
et al., 2005). During summertime, this re-evaporation could
be enhanced due to higher temperatures, leading to less ef-
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fective observed reduction of aerosols in ECHAM-SALSA
compared to UKESM 1. However, there can also be other ex-
plaining factors, such as location of the precipitation during
travel, emissions and dry deposition, which could also indi-
rectly cause differences between the models. Quantifying the
exact processes from model parametrizations causing the dif-
ferences between the observed relationships between aerosol
mass and integral precipitation likely requires specific model
sensitivity simulations to investigate this, thus being out of
the scope of this study.

5 Lagrangian analysis on the effects of aqueous
phase processing on aerosol chemical
composition

In the analysis presented in this section, the relationship be-
tween the chemical processing occurring within clouds and
fogs in the aqueous-phase is investigated. A special interest is
in aqueous-phase SO4 formation due to its high occurrence
in the atmosphere (e.g., Ervens, 2015; Huang et al., 2019;
Liu et al., 2020b). We employ a cloud proxy based on rela-
tive humidity (RH) along the trajectories similar to Isokéinta
et al. (2022). To this end, the history of the air mass is inves-
tigated, and if the RH exceeds 94 %, we assume the air mass
is in cloud. Further, the air masses were then separated into
“clear sky” in which they had no experience of clouds or pre-
cipitation during the last 24 h, and “in-cloud” when the RH
exceeded 94 % at least at one trajectory point but no precip-
itation events occurred during the last 24 h (Table S7). Only
the last 24 h of the air mass history were considered, as with
longer air mass histories (i.e., longer investigated time) the
number of strictly in-cloud trajectories decreases due to in-
creasing possibility for precipitation events. Sensitivity tests
were conducted by adjusting both the RH limit (from 90 %
to 98 %) and trajectory length (from 12 to 60 h), but they did
not affect our conclusions. It was found that the trajectory
length adjustment has large effect on the statistical reliabil-
ity of the results, hence the investigation is limited to the last
24 h and thus also stayed consistent with the previous inves-
tigation in Isokiintd et al. (2022). This approach is applied
for ERA-Interim reanalysis and for the GCM trajectories in
similar manner.

Reader should also note that UKESM1, ECHAM-SALSA
and ERA-Interim do not necessarily have identical defini-
tions for RH which could impact the results. To acknowledge
this, we also investigated how well the RH along the trajecto-
ries actually describes the in-cloud cases by comparing this
RH-based proxy to the co-located cloud fraction data from
GCMs. This analysis is presented in Sect. S6, and overall,
the cloud events (number of the events and their locations at
the trajectories) from both approaches were similar, leading
to similar conclusions as presented in Sect. 5.1 and 5.2 be-
low. The precipitation used in the classifications here is the
total precipitation (including both stratiform and convective
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precipitation), as aqueous-phase processes are taking place
no matter the cloud type. Relative humidity data is from the
HYSPLIT output instead of using raw GCM/ERA-Interim
outputs with manual co-location. This is because UKESM1
was extracted on pressure levels instead of model levels,
and the latter were used in this work for the manual co-
location allowing consistency between other variables. The
seasonal division applied here is based on the temperature,
as in Sect. 4.2. To see whether transport directions and con-
sequently the precursor emissions matter, data is divided into
more clean and more polluted air masses (trajectories vis-
iting latitudes below 60° North assigned to polluted sector
as in Isokdintd et al., 2022). Trajectory frequency maps for
these sectors are shown in Fig. S16.

In this section, the variation in the total submicron mass
of different chemical species depending on the experienced
conditions is first examined and discussed for the GCMs
(Sect. 5.1) and reflected to observations. Then, in the next
section (Sect. 5.2), a size-resolved analysis is conducted to
determine whether additional insight into in-cloud process-
ing in GCMs could be provided.

5.1 Effects of in-cloud processing for total submicron
aerosol mass

Both observations and GCMs show higher SO4 mass con-
centrations for cloud-processed air masses within the “cold
and polluted” (CP) sector (Fig. 9), consistent with findings
from Isokéénti et al. (2022). This pattern holds despite the
reduced observational dataset due to temporal harmonization
with the GCMs (see Sect. 2.4). Other air mass sectors are
shown in the supplementary material (Fig. S18).

Across all air mass sectors, both GCMs agree well with
observations, considering expected differences in the to-
tal mass concentrations. Statistically significant increases in
SO4 mass for in-cloud versus clear-sky air masses were
found in both observations and models (p < 0.001, Kruskal-
Wallis test; Table S8), except for the warm and clean sec-
tor (Fig. S17g—f), where no clear difference was observed.
As in Isokédanti et al. (2022), this may reflect limited SO,
availability for aqueous-phase oxidation in cleaner, warmer
air masses. Supporting this, UKESM1 shows the lowest SO»
levels in clean sectors (CC and WC; Fig. S18e), while higher
SO, in polluted sectors (CP and WP) coincide with greater
SOy differences. Recent findings from the Holuhraun erup-
tion (Jordan et al., 2024) also suggest aqueous-phase oxi-
dation dominates SO,-to-SO4 conversion in GCMs. While
future increases volcanic activity (Chim et al., 2023), could
enhance SO, levels and boost in-cloud SO4 production, on-
going emission controls may reduce anthropogenic SO», po-
tentially counteracting this effect and influencing aerosol size
and composition.

The observations shown here do not exhibit statistically
significant differences for OA between the clear sky and in-
cloud air masses in any of the sectors. The median mass of
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OA in ECHAM-SALSA is larger for the in-cloud air masses
for the cold and polluted sector (Fig. 9c and Table S8), but
no other sectors exhibit statistically significant differences.
However, this difference in the OA mass in the cold and
polluted sector is unlikely due to formation of agSOA, as
the simulations employed in this study here did not explic-
itly model the formation of SOA. UKESM1 displays larger
differences in the OA mass, in which most are also statisti-
cally different. However, the same applies as for ECHAM-
SALSA, i.e., the model simulations do not include the for-
mation of SOA, and thus the differences must arise from
other affecting factors. Both GCMs employ CMIP6 emis-
sion datasets as noted in the model setup for AeroCom Phase
IIT GCM Trajectory Experiment, and thus the differences
observed here unlikely arise from varying emissions. One
should also keep in mind that the representations of OA in
the GCMs might differ, and especially their relationship with
temperature, relevant driver for SOA formation in general,
has been shown to exhibit large structural uncertainties be-
tween the GCMs (Blichner et al., 2024).

Isokiinti et al. (2022) did not observe significant aqueous-
phase SOA (hereafter, agSOA) formation from the obser-
vations and this has also been noted previously (Graham
et al., 2020) for similar boreal environment. Formation of
SOA from gaseous precursors dominates this boreal region
(see e.g., Petidji et al., 2022), and thus distinguishing agSOA
from the total formed SOA with our methodology is chal-
lenging. For isoprene-dominated environments, the forma-
tion of agSOA is a significant source for total SOA burden
(e.g., Lamkaddam et al., 2021). Also biomass burning emis-
sions have been identified as a potential source for agSOA
(Gilardoni et al., 2016; Wang et al., 2024).

It was reported earlier that the observations also suggested
increase in the mass fraction of SO4 when the air masses had
been exposed to in-cloud conditions long enough (Isokdinta
et al., 2022). To investigate whether similar behaviour could
be observed for the GCMs, we calculated the total time
spent under the influence of non-precipitation clouds from
the 96 h long trajectories. Figure 10 demonstrates slight in-
creases in the mass fraction of SO4 with increasing time
spent in non-precipitating clouds for both GCMs. This, how-
ever, is somewhat affected by the data size. If inspecting the
GCM data which is temporally harmonised to the observa-
tions (Fig. 10a—b), the conclusion is not as obvious compared
to the case were inspecting all available GCM data (Fig. 10c—
d). This highlights the importance of long enough GCM sim-
ulations needed in this type of Lagrangian analysis utilizing
single particle air mass trajectories unless ensemble trajecto-
ries are utilised.

5.2 Effects of in-cloud processing for size-resolved
aerosol mass

To see whether the observed in-cloud formed SO4 mass in
the GCMs (Fig. 9b—c) is contributing to same particle sizes
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mass fractions derived from median concentrations for each 1h bin.

as in the observations reported in Isokdédntd et al. (2022),
the analysis was repeated here for the GCMs. The obser-
vations indicated SO4 mass originating from aqueous-phase
processes is mostly contributing to particles with diameters
of 200-1000 nm. Figure 11 shows the particle mass concen-
trations for various size classes derived from the PNSDs from
the GCMs for the clear sky and cloud processed air masses
for the cold and polluted sector. The three other sectors are
shown in Fig. S19, and Table S9 shows the results for the
GCMs from the statistical significance testing between the
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clear sky and in-cloud groups within each size class. Com-
pared to observations, UKESM1 data (Figs. 11a and S19)
implies the mass increase seems to be mostly distributed to
bins with dj, = 100-350nm and up to 600nm in the cold
and polluted and cold and clean sectors. This is likely due to
UKESM1 having large concentrations of particles in general
within this size range (see e.g., Fig. 2d). Like the observa-
tions, UKESM1 does not exhibit any mass increases for any
of the size bins in the warm and clean sector (Fig. S19¢), be-
ing in line with no observed increase in the SO4 mass in the
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same sector (WC) between the clear sky and cloud processed
air masses (Fig. S17h).

ECHAM-SALSA (Figs. 11b and S19), exhibits increased
mass concentrations for sizes starting from d;, = 50 nm (only
in cold and polluted sector) up to 1700 nm, depending on
the sector. The largest bin here in ECHAM-SALSA might
also be influenced by dp = 1-1.7 um particles, which are nei-
ther considered in UKESMI1 nor in the observations when
inspecting the chemical components (see Sect. 2.4.2). Like
UKESM1, ECHAM-SALSA also does not exhibit mass in-
creases for any of the size bins for the warm and clean sector
(Fig. S211).

An advantage of the GCMs used in this study is their
provision of size-resolved chemical composition, shown as
mass fractions in Fig. S20. For UKESMI, increase in the
soluble SO4 in the accumulation mode can be observed
(Fig. S20a). Due to the model structure, however, the accu-
mulation mode itself consist of a large spread of particle sizes
(dp = 100-1000 nm), i.e., internally mixed aerosols with ex-
ternal size modes, thus not providing additional information
to our PNSD based analysis. For ECHAM-SALSA, the orig-
inal sectional bins can be inspected (Fig. S20c) thus corre-
sponding to the PNSD bins presented in Fig. 11b. All size
bins that exhibited mass increases in Fig. 11b also exhibit
higher mass fraction for SO4 in Fig. S20c.

The observed changes in particle number size distribu-
tions (Fig. 11) reflect the actual model parameterizations. In
UKESM1, SO4 produced via aqueous-phase chemistry is al-
located to the soluble accumulation mode (dp > 100 nm) and
coarse mode (dp > 500 nm) (Mann et al., 2010), with the re-
sults here showing increases in the 100-600 nm range. In
ECHAM-SALSA, aqueous-phase SOy is distributed across
soluble size bins spanning 50-10000nm (2a bins; see
Table S3, Bergman et al., 2012), with sector-dependent
mass increases observed between 50—-1700 nm. In terms of
aqueous-phase oxidation of SO, both GCMs have simi-
lar parametrizations, and for example, oxidation of SO, by
ozone (O3) and hydrogen peroxide (H,O2) is considered in
both (Bergman et al., 2012; Hardacre et al., 2021).

6 Conclusions

In this study we investigated the effects of stratiform pre-
cipitation (wet removal) and clouds (aqueous-phase oxida-
tion) on submicron aerosols along air mass trajectories. Two
global climate models — UKESM1 and ECHAM-SALSA —
were analysed using a Lagrangian framework consistent with
Isokidnti et al. (2022), now being seamlessly applicable to
GCMs (Kim et al., 2020). Our geographical focus was the
SMEAR II station in Hyytiédld, Finland, and the surround-
ings, representative of the boreal environment.

Our first objective was to investigate whether the
trajectory-based relationships between aerosols mass, num-
ber and precipitation vary between the observations and the
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GCMs. For aerosol mass, the derived removal for observa-
tions generally fell between those simulated by ECHAM-
SALSA and UKESMI across seasons. This indicates that
both models captured the observed mass—precipitation rela-
tionship for total aerosol and individual species (OA, SO4,
BC). In contrast, aecrosol number revealed clear model biases
that varied by season. In summer, UKESM1 exhibited a pro-
nounced loss of particle number via precipitation compared
to both observations and ECHAM-SALSA. This bias likely
stems from the absence of boundary layer nucleation, which
produces fewer small particles and leaves a larger fraction of
particles susceptible to wet removal.

Key variables influencing the wet removal processes, such
as number of potential cloud condensation nuclei (Ngg) and
updraught velocities, were also examined to evaluate the ob-
served removals. In UKESMI, a strong summer correlation
between activated fraction and updraught velocity (Fig. 8)
may further increase particle number removal. However,
analogous study examining droplet number/CCN versus up-
draught (Virtanen et al., 2025) show substantial variability
across models, highlighting that the relationship. In winter,
both models overpredicted particle number removal relative
to observations. This overprediction may in part reflect dif-
ferences in precipitation statistics, with models simulating
fewer low-precipitation trajectories (<2 mm) than observed
(Fig. 4c). However, other factors such as particle size dis-
tributions, activation efficiencies, and limitations in the rep-
resentation of subgrid-scale meteorology are also likely to
contribute. Overall, our results emphasize the need for better
representation of particle number size distributions (PNSDs)
in GCMs.

Earlier work has indicated that aerosol activation into
cloud droplets followed by rainout is the dominant wet
removal process. Our results support this, with UKESMI1
showing nucleation followed by rainout as the largest con-
tributor. Supplementary analysis comparing a wider ensem-
ble of GCMs indicated that these two models were broadly
representative, with their aerosol—precipitation relationships
generally falling near the middle of the inter-model spread.
Overall, our method using normalized submicron mass and
number as a function of accumulated precipitation proved to
be effective in comparing removal across models, though it
lacks details on particle size evolution — an important topic
for future work.

Earlier studies (Isokddnti et al., 2022; Khadir et al., 2023)
have noted that surface precipitation data, commonly used in
trajectory analyses, may not accurately reflect precipitation
experienced by air masses at trajectory height. Here, we used
vertically resolved precipitation from UKESM1 and found
that surface precipitation serves as a good proxy in this envi-
ronment, where trajectories largely remain within the mixed
layer and stratiform precipitation dominates. However, this
analysis only considered liquid precipitation and may not ap-
ply to regions where convective precipitation is more preva-
lent. In such environments, the vertical distribution, intensity,
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and frequency of precipitation could differ substantially, po-
tentially altering the accumulated wet removal along trajecto-
ries. Therefore, while our results are representative of boreal
regions with stratiform precipitation, further work is needed
to assess how applicable they are to regions with different
precipitation regimes.

Our second objective was to investigate whether the GCMs
exhibit similar increase in sulfate mass due to in-cloud pro-
duction as the observational data. Both GCMs exhibited sta-
tistically significant difference in the SO4 mass when air
masses with only clear sky experience were compared to in-
cloud processes air masses. The SO4 mass was larger for
the cloud processed air masses for all other air mass sec-
tors (based on temperature and direction) except the warm
and clean air masses, where GCMs showed no significant
difference between clear sky and in-cloud air masses. These
results were consistent with earlier work (Isokdinti et al.,
2022). Availability of the SO, to be oxidised is likely de-
termining whether we see in-cloud production of SO4, and
from UKESM1 this was further supported by theSO, con-
centrations and their seasonality. The size-resolved analysis
reflected the model parametrizations, the aqueous-phase SO4
being mostly distributed in the larger aerosol sizes.

As expected based on Isokdintd et al. (2022), we did not
observe significant aqueous-phase SOA formation. This is
likely due to the studied environment (boreal forest), and has
also been noted previously (Graham et al., 2020) for sim-
ilar boreal forest environment. However, some increases in
OA mass were seen in the GCMs despite the fact that ag-
SOA formation was not explicitly modeled, possibly reflect-
ing other processes or model inconsistencies. A recent study
from Blichner et al. (2024) also pointed out the large differ-
ences between GCMs concerning their OA-temperature re-
lationships, which could also contribute to the discrepancies
observed here.

Atmos. Chem. Phys., 25, 14449-14478, 2025

Overall, both GCMs reproduced the observed exponen-
tial decrease in aerosol mass with increasing precipitation
and showed similar cloud-processing behaviour for SOjy.
Yet key seasonal differences remain, especially in aerosol—
precipitation relationships and their underlying drivers. A
primary model bias identified in this study is the difference
in aerosol number size distributions compared to observa-
tions, particularly the underrepresentation of small particles
in UKESMI1. Our results suggest that discrepancies arise
more from differences in aerosol size distributions and up-
draught velocities than from the wet removal parametriza-
tions themselves. These variables also affect activated frac-
tions and cloud interactions, and they are shaped by pro-
cesses beyond the 4 d analysis window.

7 Outlook

While our results show encouraging agreement between ob-
servations and GCMs in overall aerosol-precipitation rela-
tionships, key differences — especially related to seasonality
and aerosol number — highlight the need for further work. Fu-
ture studies should investigate the evolution of aerosol size
distributions along air mass trajectories in more detail and
better disentangle gas-phase and aqueous-phase sulfate for-
mation. Expanding analyses to regions with dominant con-
vective precipitation is also important, as the findings here
are limited to stratiform, liquid-phase conditions typical of
boreal environments. Including a wider range of GCMs,
despite the computational demands, would help clarify the
structural causes behind the differences observed. Together,
these efforts are essential for improving the representation of
aerosol—cloud—precipitation interactions in climate models.
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Appendix A

The lack of vertical resolution in the precipitation data from
ERA-Interim reanalysis or Global Data Assimilation System
(GDAS, (http://ready.arl.noaa.gov/archives.php, last access:
3 February 2024) in studies using Lagrangian approaches is
now being recognised (Dadashazar et al., 2021; Isokiénti et
al., 2022; Khadir et al., 2023). Unfortunately, vertically re-
solved precipitation data from reanalysis datasets or GCMs,
with high enough time resolution to be useful for trajec-
tory models, is not a commonly provided diagnostic. For
UKESMLI, this diagnostic can be extracted. Here, we con-
ducted a comparison between the vertically resolved and sur-
face precipitation data along the air mass trajectories to in-
vestigate how well the surface precipitation describes the ac-
tual experienced precipitation by the air mass. Only liquid
(stratiform) precipitation is inspected, as vertically resolved
snowfall was not included in the variable extraction with high
enough vertical resolution for this model run.

m JJA:UKESM1-2D @ JJA: UKESM1-3D

Cloud and precipitation impacts on boreal aerosols in GCMs
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We first inspected the relationship between the normal-
ized particle mass and number with the accumulated strati-
form precipitation, similar to Fig. 4. This assessed whether
aerosol—precipitation relationships differ between surface
and vertically resolved precipitation. Displayed in Fig. Al,
the results indicate the effects of stratiform precipitation at
the height of the air mass are similar to the effects of strati-
form precipitation at the surface. This is likely related to the
average altitude of the air masses, as for SMEAR II they tend
to travel well below the top of boundary layer.

To investigate whether the height of the air mass plays a
role, as speculated in Isokdintd et al. (2022), the air mass
trajectory altitudes were clustered with Kmeans (e.g., Harti-
gan and Wong, 1979) and 3 clusters with distinct height pro-
files were selected for further analysis. Clustering each sea-
son separately provided similar height profiles as clustering
of the whole data, and thus the latter approach is presented.
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Figure A2 shows the median altitudes of the clusters and
the corresponding mean stratiform rainfall rates. Overall,
the mean rainfall rates show similar values despite the pre-
cipitation diagnostic. In the low-altitude cluster (Fig. A2d),
overall highest rainfall rates (mean over all trajectories and
hours for surface precipitation, ~0.033mm h~!) are ob-
served. In the mid-altitude cluster, rainfall rates are smaller
(~0.016mmh~!) compared to the low-altitude cluster, and
in the high-altitude cluster, the rainfall rates are the small-
est (~0.010mmh~"). In the high-altitude cluster (Fig. A2f)
more differences emerge between the two precipitation
types, especially afar from SMEAR II.

Each cluster was then further separated by season. The
median altitudes, if inspected separately for each season, are
nearly identical between the seasons within each cluster, and
thus not shown here. Figure S21 shows the differences be-
tween the mean liquid rainfall rates between surface and ver-
tically resolves stratiform precipitation (positive difference
indicating the rainfall rates at the surface are higher) for each
cluster and each season.

.. Cloud and precipitation impacts on boreal aerosols in GCMs

During autumn (SON) the two approaches for the precipi-
tation exhibit observable differences only in the high-altitude
cluster, where the surface precipitation shows some overes-
timation of the actual experienced precipitation by the air
mass with increasing trend when moving farther away from
SMEAR II. This could imply that the air mass has spent
some time above or inside the precipitating cloud, as also the
air mass altitude increases when moving away from the sta-
tion (Fig. A2a—c). During summer (JJA), all clusters mostly
show precipitation at the air mass height being larger than
the surface precipitation, expect in the high-altitude cluster
(Fig. S21c) 72 to 96 h before arrival to SMEAR II. As the
temperatures during summer are higher than in other seasons,
this could be indication of evaporation as the surface precip-
itation in UKESMI includes only precipitation that reaches
the surface i.e., it is not column integrated. During spring
(MAM) and winter (DJF) the surface precipitation shows
small overestimation at some points along the trajectories,
and the differences are largest at the high-altitude cluster —
where, however, the rainfall rates are very small overall (see
Fig. A2f) for both precipitation types.
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