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Abstract.

Our ability to understand and predict future climate scenarios remains limited by significant uncertainties in climate modelling,
particularly those related to aerosol-cloud interactions (ACI). The Holuhraun eruption (2014-2015) provides an ideal
opportunity to investigate ACI, with peak daily sulphur dioxide (SO2) emission rates exceeding that of all anthropogenic
sources in Europe. In this study we perform the first Lagrangian evaluation of aerosol processes associated with an effusive
volcanic perturbation that combines in-situ aerosol particle number size distribution (PNSD) from rural in-situ sites with air
mass back-trajectories to understand differences in general circulation model (GCM) representations. Holuhraun significantly
impacted the observed PNSD at the three sites considered, showing a consistent increase in the accumulation modal diameter
and evidence of sustained growth during transport from new particle formation (NPF) in the plume. ECHAM6.3-HAM?2.3 did
not replicate the observed sustained growth from NPF events, instead the volcanic perturbation was associated with growth of
pre-existing particles, contributing to the mass of aerosol. Contrastingly, UKESM1.0 demonstrated no increase in the modal
diameter during the eruption period. The inclusion of organic-mediated boundary layer nucleation (BLN) into UKESM1.0
(UKESM-BLN), enabled a considerably better representation of PNSD changes. UKESM-BLN replicated the increase in
accumulation mode diameter, as well as sustained NPF events, although it considerably overestimated number concentrations
of Aitken mode particles. Investigating the perturbation in cloud condensation nuclei during the eruption year demonstrated
that UKESM-BLN better replicated the perturbation at the boreal sites, highlighting the importance of BLN processes in

accurate representation of ACI in GCMs.
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1. Introduction

Aerosol-cloud interactions (ACI) remain one of the largest sources of uncertainty in climate modelling. Significant differences
persist in the magnitude in climate model response to aerosol forcing (Ghan et al., 2016). Volcanic eruptions offer opportunistic
natural experiments to investigate ACI (Christensen et al., 2022). In particular, the Holuhraun effusive eruption (64.85°N,
16.83°W) provides an ideal opportunity to investigate ACI, with peak daily SO> emission rates three times that of all
anthropogenic sources in Europe (Schmidt et al., 2015) that affected a relatively pristine environment in the North Atlantic.
The eruption began on the 31 of August 2014 and continued until 28" of February 2015 (Schmidt et al., 2015; Sigmundsson
etal., 2015) and was the largest effusive eruption in Iceland since the 1783-1784 Laki eruption (Ilyinskaya et al., 2017). Several
previous studies have used Holuhraun as an opportunity to investigate ACI (Chen et al., 2022; McCoy and Hartmann, 2015;
Zoégaet al., 2025a, b) and ACI representation by GCMs (e.g. Haghighatnasab et al., 2022; Jordan et al., 2024; 2025; Malavelle
et al., 2017; Peace et al., 2024). Jordan et al. (2025) isolated the aerosol effect from the meteorological variability and found
that GCMs were able to capture the observed cloud microphysical changes associated with the ACI first indirect effect in the
plume over the North Atlantic, but the magnitude of the response varied between models and they found large differences in
the climatological baseline of cloud droplet number concentration (CDNC). The CDNC perturbation associated with the
eruption will be strongly affected by the baseline aerosol state (Carslaw et al., 2013; Marelle et al., 2025), which motivates

accurate characterisation of the particle number size distribution (PNSD) by GCMs.

Many studies have looked at the second indirect effects associated with the Holuhraun eruption. Malavelle et al. (2017) and
Peace et al. (2024) used the Holuhraun eruption to demonstrate that there was little if any impact on the cloud liquid water
path in satellite observations. Chen et al. (2022) used a machine learning approach trained on long-term satellite observations
to demonstrate that the cloud fraction was significantly enhanced during the eruption. Increased liquid water path and cloud
fraction in the Arctic associated with the Holuhraun eruption was found to lead to surface warming through trapping of
longwave radiation (Zoéga et al., 2025a). The majority of climate models were not able to capture the second indirect effects
(e.g. Jordan et al., 2025), although higher resolution modelling studies show better agreement with satellite observations
(Haghighatnasab et al., 2022; Yoshioka et al., 2025). However, previous studies have not interrogated the process scale chain
from emission to ACI, to identify relative importance of aerosol lifecycle processes attributable to differences in GCM response

in cloud condensation nuclei (CCN).

To fully assess GCMs ability to model ACI, it is necessary to examine the full pathway of particle formation and growth,
starting from the oxidation of emitted SOz through to the subsequent growth of aerosol to CCN sizes. SOs4 is produced from
SO: following two distinct pathways: in-cloud and out-of-cloud oxidation. Out-of-cloud oxidation refers to the gas phase in
which SOz oxidation mainly occurs through reactions with hydroxyl radicals (OH), forming sulphuric acid (gas) (Stockwell
and Calvert, 1983). Hygroscopic sulphuric acid can condense onto existing particles (Seinfeld and Pandis, 2006) or can

nucleate to form new particles in volcanic plumes (Boulon et al., 2011; Twigg et al., 2016). Aqueous phase oxidation occurs
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much faster through heterogenous reactions with dissolved ozone and hydrogen peroxide (H20:) in clouds (e.g. Calvert et al.,
1978), with the reaction rates being dependent on pH (Seinfeld and Pandis, 2006, eq. 6.86). Aqueous phase oxidation occurs
on timescales of hours or days, and results in larger particles than gas-phase oxidation, which occurs on timescales of days to
weeks (Faloona, 2009; von Glasow et al., 2009). The oxidation rates and relative contribution of the two phases is uncertain
and can result in significantly different physical and chemical properties of aerosol particles and are important to constrain in

GCMs to accurately represent CCN and therefore ACI (Goto et al., 2011; Jordan et al., 2024).

Studies have investigated the plume characteristics of the Holuhraun eruption using ground-based measurements and trajectory
modelling with reanalysis data to attribute pollution events to the eruption (Schmidt et al., 2015; Twigg et al., 2016) and
estimate the oxidation rates from SO> to SOs (Boichu et al., 2019; Ilyinskaya et al., 2017). Jordan et al. (2024) performed a
model evaluation study, investigating the representation of the evolution of the plume and production of sulphate across 6
numerical models. They found that the derived oxidation rate constants were lower than the observed rate, suggesting the
representation of the oxidation pathways results in too slow conversion in the simulated plumes. Improving understanding of
the drivers of uncertainty in these pathways and their associated impact on the production of sulphate aerosol in GCMs is
important for constraining ACI as sulphate particles have been shown to grow to CCN sizes during the Holuhraun eruption

through new particle formation (NPF) (Twigg et al., 2016).

A Lagrangian framework enables novel evaluation of GCM outputs in which the evolution of aerosols and other variables is
followed over both time and space to facilitate more rigorous observational constraints compared to traditional Eulerian
approaches, to be able to identify the sources of differences in the GCMs. To achieve this, we employ a recently developed
Lagrangian framework (Kim et al., 2020; Talvinen et al., 2025) to investigate the differences in aerosol representation in two
GCMs. This provides additional insight into the representation of the aerosol lifecycle during transport by incorporating GCM
fields with air-mass trajectories driven by GCM output. Using in-situ ground-based measurements from sites in the Arctic and
boreal forest, we evaluate how well the models capture perturbations in aerosol properties during the eruption period. We
perform the analysis during September 2014 when the gaseous SOz emissions were most intense (Carboni et al., 2019),
affecting many surface air quality observation sites across Europe (Boichu et al., 2019; Jordan et al., 2024, 2025; Schmidt et

al., 2015; Twigg et al., 2016).
This work achieves the following, we:-

1. Evaluate the GCM representation of the aerosol perturbation from the Holuhraun plume in both Eulerian and
Lagrangian frames of reference.
2. Investigate the mechanisms leading to sulphate aerosol production and the differences between GCMs.

3. Investigate the potential impact on cloud properties.
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This paper is structured as follows: Sect. 2 describes the datasets and methodology; the results for the Eulerian and Lagrangian

GCM evaluations are presented and discussed in Sect. 3 and Sect. 4 respectively, and the conclusions are reviewed in Sect. 5.
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2. Datasets and Methodology

Several different datatypes are used in this study: in-situ observations, ERA-Interim reanalysis data, GCM outputs and Hybrid
Single Particle Lagrangian Integrated Trajectory (HY SPLIT) model trajectories. In this section we describe the datasets, model

simulations and any processing applied.

2.1 In-situ observations

Rural ground-based measurement sites across Europe were used to obtain aerosol size distribution data from DMPS
(Differential Mobility Particle Sizer) measurements. Sites were selected from the ACTRIS (Aerosol, Clouds and Trace gases
Research InfraStructure) network (Laj et al., 2024) based on three key criteria:

1. Surface station must have experienced the volcanic plume and sample aerosol particle size distribution at least at 3-
hourly resolution during September 2014 to collocate to hourly resolution trajectories in a statistically robust way
and facilitate analysis of the spatial evolution of the aerosol population at a high temporal resolution.

2. A long-term series of measurements is available at the surface stations to provide a climatology for comparison
against which volcanic influences can be compared.

3. Alocation for which transport pathways can be selected to isolate the impact of the volcano, and without significant

local urban pollution.

Three sites were found to match these criteria (Fig. 1). The first site, Véarrio (VAR) SMEAR I station is located 120km north
of the Arctic circle in the Finnish boreal forest (67.767°N, 29.583°E, 390m a.s.l.) (Hari et al., 1994). The site is in a strictly
enforced nature reserve with practically no local pollution at the site, the nearest village (Savukoski) is 100 km away
(Vehkamaki et al., 2004). 250km West of Varrio is Pallas (Sammaltunturi) (PAL) (67°58 N, 24°06 E, 565 m asl.) (Hatakka et
al., 2003), part of the Global Atmosphere Watch programme. For the northernmost site, we use measurements from the
Zeppelin Mountain station (ZEP) (78.906°N, 11.888°E, 472m a.s.l.) in the remote arctic environment on Svalbard (Strom et
al., 2003). The time-period and size ranges used for each station are described in Table 1. Pallas (Matorova, within 12km of
Sammaltunturi) provides sulphur dioxide measurements from Filter-3 pack instruments during the eruption period on a daily
resolution, thus all datasets used for sulphur dioxide concentrations are averaged to daily concentration, using the mean, to
facilitate comparison. The Zeppelin Mountain station was closed due to maintenance mid-July to early October in 2014 so
there were no Filter-3pack measurements for September 2014, however there was a SO2 monitor in nearby Ny-Alesund during

this period which we included to facilitate an estimation of volcanic influence near Zeppelin.
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Figure 1: A map of the selected stations (Virrioé (Finland), Pallas (Finland) and Zeppelin (Norway)) and site of eruption (Holuhraun,

-

Iceland). Map source: Natural Earth.

2.2 In-situ data processing

To ensure consistency across sites and years, a data driven filtering approach was applied, with four additional filters applied
to the ACTRIS DMPS size distribution data after any flagged (EBAS Data Submission Manual, 2025) distributions are
removed, to reject any distributions with significant missing data as well as significant outliers. Considering groups of
consecutive missing data points in each particle number distribution, a distribution is excluded from analysis if the difference
in the logarithm of the distribution bin midpoint diameters (dlogDy) of the consecutive bins exceeds 0.1. Distributions are also
excluded if the percentage of missing values exceeds 10% of the number of bins in the distribution. We also remove any outlier
distributions that exceed a total concentration threshold of 99.5% over the years used in this study (2009-2014 for Vérrié and
Pallas and 2010-2014 for Zeppelin). The largest two bins at the detection limit of the instrument also have a 99.5% outlier
threshold applied. The filtering results are shown in Table S3 to S5.

To maintain consistency across instruments at the sites and ensure comparability with GCM data, a common grid of bin

diameter midpoints is defined. This grid is defined over 1-1000nm which spans over the range for the instruments used for all

6
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stations. Note that the DMPS measurements fall within this range and we do not extrapolate beyond the measurement limits.
Measurements in the sub-10 nm range are subject to very high counting uncertainties due to high particle losses and are often
derived from only a few counts in DMPS measurement systems (Stolzenburg et al., 2023), thus we did not focus on the sub-
10nm range in this study. Therefore, observations of the nucleation mode, defined as 1-10nm in this study, are not included in
the analysis for the observations and we initiate any integration over the size ranges from 10nm for all datasets. We define the
Aitken mode as 10-100nm, the accumulation mode as 100nm to the instrument limit at the site (Table 1) and the total
concentration as 10nm to instrument limit at the site (Table 1). We utilise a dlogD, of 0.015 which results in a resolution of
200 bins. The Piecewise Cubic Hermite Interpolating Polynomial (PCHIP) function (Fritsch and Butland, 1984) from the SciPy
package (Virtanen et al., 2020) is used to interpolate the PNSD to the common grid, the considerations for utilising the PCHIP
algorithm for interpolation of PNSD are discussed in Duncan et al. (2025). This method of interpolation results in negligible
differences of the total concentration where the bin midpoints of the new and original grid do not match (Fig. S1). After
filtering and interpolation, timesteps are then selected to match the three-hour resolution of the GCM output, due to the

importance of temporal collocation for model evaluation, which is discussed, for example, in Schutgens et al. (2016).

2.3 Numerical model simulations

The models used in this study are UKESM1.0, and ECHAM®6.3-HAM2.3 which participated in the AEROCOM II VolcACI
(Jordan et al., 2024, 2025) and GCMTraj experiments (Kim et al., 2020; Talvinen et al., 2025). Simulations are performed in
the atmosphere-only configuration (AMIP-style) and use monthly observational datasets to prescribe sea surface temperature
and sea ice boundary conditions as described in Sellar et al. (2020). The simulations are nudged to ERA-Interim reanalysis
(Dee et al., 2011) of horizontal wind speeds, generally above the boundary layer, at a 6-hourly resolution. The horizontal winds
are not nudged at all model levels; the lowermost levels are excluded to minimise impact from the boundary layer. Nudging
only the horizontal winds, not potential temperature provides a well constrained meteorology, but without strongly perturbing
the mean climate which is important for cloud feedbacks (Zhang et al., 2014). Simulations are conducted in the native
resolutions: 1.25°%1.875° with 85 vertical levels (UKESM1.0) and 1.875°x1.875° with 47 vertical levels (ECHAMG6.3-
HAM2.3).

UKCA (the UK Chemistry and Aerosol model) is the coupled aerosol and chemistry model used to simulate aerosols in
UKESMI1.0, whereas ECHAMG6.3 uses the HAM2.3 model. Both aerosol schemes use a log-normal pseudo-modal scheme and
include the processes of nucleation, condensation, growth, coagulation, wet and dry deposition, and cloud processing
(Spracklen et al., 2005; Stier et al., 2005). UKCA uses a two-moment dynamic approach (the mass and number in each mode)
(Mann et al., 2010). For the UKESM set-up, an insoluble Aitken mode and 4 soluble size modes are used, described in the
supplementary material, Table S6, within which aerosol mass is broken into internally mixed modes for the calculation of
aerosol mass. In UKESM, mineral dust aerosol is simulated independently of the other aerosol species using the CLASSIC

dust scheme (Bellouin et al., 2011; Mulcahy et al., 2020). HAM similarly uses a two-moment dynamic aerosol scheme but
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uses 4 soluble size modes and 3 insoluble (Aitken, accumulation and coarse) as standard (Tegen et al., 2019) (described in

Table S7).

ECHAMG6.3-HAM2.3 includes an organic-mediated scheme for boundary layer nucleation over forest as well as neutral and
charged nucleation of sulphuric acid throughout the troposphere (Zhang et al., 2012) whereas UKESM1.0 as standard only
includes neutral binary homogenous nucleation throughout the troposphere (Mulcahy et al., 2020). In addition to the standard
UKESM1.0 setup, a simulation was conducted including organic-mediated nucleation in the boundary layer using the Metzger
et al. (2010) parameterisation, which has been found in previous studies to give much better agreement with observations
(Ranjithkumar et al., 2021). The boundary layer nucleation (BLN) rate for this parameterisation was reduced by a factor of 10
as this was found to reduce bias in the boundary layer of total aerosol concentration by ~67% (Ranjithkumar et al., 2021).
Simulations for the configuration of UKESM1.0 with boundary layer nucleation (UKESM-BLN), were conducted in an
identical manner to UKESM1.0. These GCM simulations will be referred to by the abbreviations UKESM, UKESM-BLN and
ECHAM hereafter.

The simulations of the eruption at Holuhraun in 2014 use emission altitude and magnitude described by Malavelle et al. (2017),
distributed between the 800m and 3000km in the grid-cell of the fissure. The absolute fraction of SOz emitted as primary SO4
is 0.025, emitted into the soluble Aitken and accumulation modes with a mean radius of 0.0525um. Control runs were also
conducted for 2009-2013 which do not include any volcanic emissions from Holuhraun. Size distributions are calculated from
the modal aerosol outputs linearly interpolated to the latitude, longitude and height of the aerosol measurement “receptor” sites
(described further in Sect. 2.5), on the 1-1000nm grid of the ACTRIS observations (see Sect. 2.2) for consistency using the 3-

hourly model instantaneous outputs.

2.4 Air-mass back trajectories

To investigate the life cycle of aerosol during transport, air-mass back trajectories were calculated using the Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) model (Stein et al. 2015). The HYSPLIT version used in this study
(5.1.0 revision 1639) includes a minor bugfix to improve the velocity interpolation calculation of trajectories passing near the
poles (personal correspondence, Alice Crawford, NOAA). For each in-situ measurement site, 240-hourly backwards
trajectories were initiated at each 3-hourly time point (corresponding to GCM model output resolution). Trajectories were
calculated using 6-hourly (1.0°%x1.0°) ERA-Interim reanalysis data as well as 3-hourly data from UKESM, UKESM-BLN and
ECHAM. ERA-Interim was used as the reanalysis dataset to facilitate comparison to the GCM simulations which were nudged
to ERA-Interim wind fields. The meteorological fields from the GCMs were first re-gridded onto a consistent 1.0°x1.0° grid
netCDF4 format, then converted into the Air Resources Laboratory (ARL) packed HYSPLIT compatible format (Kim et al.,
2020). For ECHAM the output was provided on terrain-following model levels for the vertical grid. In UKESM the native
output is on hybrid height levels, for use with HYSPLIT UKESM data was instead output on fixed pressure levels which



205

https://doi.org/10.5194/egusphere-2026-1043
Preprint. Discussion started: 11 May 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

closely match the vertical coordinates of ERA-Interim (Talvinen et al., 2025). Trajectory release points for each site are
described in Table 1. The trajectories were initialised at a minimum height of 100 m above ground level (a.g.l.), and to account
for the difference between the orography at the site and the orography represented in the dataset an average offset was

approximated for each site (Table S8).

To account for the uncertainty of single-particle trajectories, which is thought to be dominated by the underlying meteorology
(e.g. Engstrom & Magnusson, 2009), due to the shorter analysis period associated with the eruption we utilise an ensemble of
trajectories (Stein et al., 2015) for all calculations. The meteorological dataset is perturbed by a fixed grid factor of 1.0 degree
in the horizontal (for both latitude and longitude) and 0.01c units in the vertical, resulting in a 27-member ensemble, initiated

in a 3-dimensional cube centred around the receptor starting point.
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Station Time period | Aerosol size | Aerosol environment | Trajectory release location
distribution bin | description Latitude | Longitude | Height (m
midpoint (decimal) | (decimal) | a.g.l)
diameters Dyp)

range used in this

study
Viérrio September 10-790nm Boreal (rural) (Hari et al., | 67.767 29.583 150
2009-2014 1994)
Pallas September 10-430nm Boreal (rural) (Hatakka et | 67.973 24.116 200
2009-2014 al., 2003)
Zeppelin September 10-630nm Arctic (rural) (Strom et al., | 78.906 11.888 350
2010-2014 2003)

Table 1: The selected receptor sites with the years included in the study, aerosol size distribution bin midpoint diameters (D) range

used in this study, the site description, and the trajectory release locations.

2.5 Collocation

For Lagrangian analysis with the GCMs, we collocate variables along trajectories using linear interpolation. For ECHAM,
variables are on a pressure grid, therefore variables are collocated to the relevant pressure, latitude and longitude of the
trajectory points, whereas UKESM data is output on model levels, therefore the data is interpolated to the height above ground
(and latitude and longitude) of the trajectories. The collocated GCM variables include lognormal aerosol size distribution
modal parameters (Tables S6 and S7), air density and SO2 and SO4mass mixing ratios. Collocation of datasets onto trajectories
is performed for the GCMs using a collocator tool (Kim et al., 2020) based on the Community Intercomparison Suite (CIS,
Watson-Parris et al., 2016). Selected variables are collocated onto trajectories in 4 dimensions (model/ pressure level, latitude,
longitude, and time) using linear interpolation over rectilinear grids provided by the SciPy library (Virtanen et al., 2020). Near
the surface when linear interpolation would result in a missing value, nearest-neighbour interpolation is applied instead,
avoiding extrapolation outside of the data domain (Talvinen et al., 2025). The PNSD for each trajectory timestep is calculated
on the same size grid as the observations (Sect. 2.2) from the collocated log-normal modal parameters. For comparison with
the in-situ observations in the Eulerian analysis (Sect. 3), the median is taken across the collocated ensemble of trajectories at

the first timestep of the backwards trajectories (the starting point at the measurement receptor site location) for the GCM

10
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diagnostic outputs: PNSD (derived from lognormal parameters described in table S6 and S7), SO2 mass mixing ratio and

density of air. The SO2 mass concentration is then calculated from the SO2 mass mixing ratio and density of air.

2.6 Receptor models

Three types of receptor models are used in this study to inform our understanding of the difference between GCM simulated
and observed properties of the aerosol PNSD during the Holuhraun eruption. Each of these receptor models are obtained

consistently using air-mass trajectories derived from both ERA-Interim reanalysis and GCM meteorological driving datasets.

First, transport frequency receptor models are used to investigate the spatial distribution of the airmass history for each site.

This is defined over a grid for longitude i/ and latitude j, with the frequency of transport within a given grid cell defined as:

100
Fij=— L1 vi ¢y
where Fj; is the frequency of visits for a grid cell, 7'is the total number of trajectories, v;;; the number of unique visits by a

trajectory, /, in the grid cell, i, j, and M is the total number of trajectories with endpoints in the i, jth grid cell.

Concentration weighted trajectory (CWT) receptor models are used to investigate the potential dominant sources of aerosols
for each receptor site used in this study. These are defined over the same grid as in Eq. 1, using the definition in Hsu et al.

(2003):

1 M

C:= —
ij M
Zl=1 Tiji =1

where C; is the concentration measured at the ‘receptor’ site associated with trajectory /, 7;;; is the total number of trajectories

endpoints in the grid cell (7, j) associated with the C; sample.

Collocated variable trajectory (CVT) receptor models represent an average of a collocated variable at a point in space during
the transport of the airmass to the measurement site. Similarly to the meteorological weighted trajectory models in Pernov et
al. (2024), this will closely reflect the monthly mean distribution for the collocated values but considers the spatial variability
in meteorological conditions and air mass transport pathways (Pernov et al., 2024). The CVT receptor model is described by

equation 3:

1 M
V.. = —Z ViaTiil (3)
L Z{\’Izl Tijt =1 YLty

11
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where v, ;; is the variable value associated with trajectory point, 7;;;, in the grid cell i, j is the total number of trajectories

endpoints in the grid cell (7, j).

A mask is applied to all the receptor models in this study, using the frequency transport model to mask any grid cells with

fewer than the 10" percentile of trajectory counts.

2.7 Clustering

Trajectories were clustered based on latitude, longitude and height to isolate transport associated with the eruption using
KMeans from the Python SciPy package. Clustering was conducted on the entire trajectory timeseries (September 2009-2014
for Pallas and Vérri6, September 2010-2014 for Zeppelin) for all ensemble ERA-Interim trajectories, thus facilitating a
comparison of the same transport pathways when considering climatology compared to volcano period (see Sect. 3.3). Before
clustering, the latitude, longitude and altitude were converted to the Earth-Centred, Earth-Fixed (ECEF) cartesian coordinate
system, to ensure all variables were on the same scale for clustering. The optimal number of clusters was selected based on
the rate of decrease in within-cluster sum of squares. Five clusters were selected (Sect. S1.5) to represent the 3D transport
pathways to each measurement site (Figs. 2, 3 and 4). These were used to index size distributions for both observations and

GCMs to produce a consistent comparative dataset.

12
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Figure 2: (a-e) Transport frequency receptor models defined relative to the number of trajectories in each cluster, F;; as given by

Eq. 1. (f-j) The median altitude for the trajectories in the cluster with the 25"-75" percentiles indicated by the shaded area. For
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Figure 4: (a-e) Transport frequency receptor models for each cluster, F; as given by Eq. 1. (f-j) The median altitude for the
trajectories in the cluster with the 25%-75% percentiles indicated by the shaded area. For back-trajectories initiated at Zeppelin
(Svalbard) indicated by the red circle. The eruption site at Holuhraun is indicated by the red triangle.

Virri6 and Pallas exhibit very similar transport clusters (Figs. 2 and 3), which is expected due to the proximity of the two sites.
We note that the main source of divergence between the cluster sets, is the altitude, where Pallas exhibits a more distinct ‘peak’
in most clusters close to the site. This is likely associated with airmasses rising and descending again over mountains, to which
Pallas is closer in proximity than Vérri6. The clustering results facilitate isolation of transport influenced by the eruption to
the receptor sites for the Eulerian GCM evaluation. Clusters were selected that contain significant transport from the region of
the eruption and are described in Table 4. These clusters were used to give the percentage of trajectories in volcanically
influenced clusters for the Eulerian SOz (Sect. 3.1) and NMBF (Sect 3.2). The selected clusters were also used in the average

size distribution analysis (Sect. 3.3) where size distributions filtered for transport from the eruption site for both the volcanic

15



295

300

305

310

https://doi.org/10.5194/egusphere-2026-1043
Preprint. Discussion started: 11 May 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

and climatology period. Note that the use of ensemble trajectories (27 for each 3-hourly aerosol measurement timestep) means
that multiple trajectories correspond to the same observation datapoint in time at the measurement sites. Thus, the number of
trajectories associated with the selected clusters acts as weighting for the percentage of transport associated with the eruption

for a datapoint when the median size distribution is calculated.

Station Selected clusters Total number of trajectories in selected clusters
Viérrio 1,2 13848

Pallas 1,2 15103

Zeppelin 1 7069

Table 4: Selected clusters for each site and the total number of trajectories pre-aerosol filtering.

2.8 Normalised mean bias factor

The normalised mean bias factor (NMBF) is a symmetric unbiased metric of model performance defined in Yu et al. (2006).
NMBEF is used in this study to evaluate the performance of the GCMs compared to the observations for the for Aitken,
accumulation and total number concentrations over the corresponding diameters. The NMBF is calculated for each day, to

produce a time series, as well as across the month of September. The NMBEF is defined as:

Y M, i _
2—0—1:5—1, MZO
NMBF = 120 5 (4)
1-22t=1-—, M<0
> M; M

where M indicates the model and O the observation. A positive NMBF indicates that the model prediction is higher than the
observations, and a negative NMBF indicates that the model is lower than the observations. The magnitude of the model bias

is given by 1+|NMBF|, which quantifies the factor by which the model underpredicts or overpredicts the observations.

2.9 Condensation sink

To investigate the aerosol processes, particularly NPF, the condensation sink was calculated which provides a measure of how
rapidly condensable vapour molecules and newly formed molecular clusters are removed by the existing aerosol surface area.
The condensation sink refers to the rate at which condensable gases condense onto aerosol particles in the atmosphere, defined

as:
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cs= 21D ) fd;N, (5)
J
where D is the diffusion coefficient, §; is the transition regime correction factor (Fuchs and Sutugin, 1971), d; is the particle

diameter and N; is the particle number concentration for the jth aerosol mode. We calculate the condensation sink utilising

the method employed in Ranjithkumar et al., (2021), which follows the method employed in UKESM1.0. We assume

sulphuric acid as the condensable vapour molecule.
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3 Eulerian GCM evaluation

Firstly, we conducted a Eulerian evaluation of the impact of the volcanic eruption on the surface measurement sites and the
representation of the perturbation in the GCMs, using GCM variables collocated to the trajectory starting points at the

measurement sites.
3.1 SO: timeseries

To investigate the impact of the eruption on the selected measurement sites and the GCMs’ ability to replicate the timing of
the observed peak in SOz, the timeseries of SOz concentrations measured at the eruption site during September 2014 was
analysed (Fig. 5). Note that there were no observations of SOz at Vérri6 during this period, however the proximity of Pallas
means that the timing of experienced SOz peaks was likely similar. We note that the peak in UKESM on the 16™ of September
at Varrio (Fig. 5a) is nearly absent in Pallas (Fig. 5b), indicating some divergence in the airmasses reaching the two sites at

that time.

The percentage of trajectories for each day associated with the clusters defined as transport that would have been volcanically
influenced for each site in Sect. 2.7 indicated by the red bars are mostly consistent between Virrio and Pallas. On the 10" of
September when the SOz concentrations are at a peak at Pallas, we see a change in airmass direction to high percentages of
volcanically influenced transport. Generally, the peaks in SO2 coincide with higher percentages of transport from the region
of the eruption. However, we note that the magnitude of the peaks in SOz does not correspond to the percentage of transport
from the volcano, as this will depend on the conversion to SO4 and loss during transport so is dependent on the time taken
from the eruption as well as the meteorological conditions experienced during transport. There is a break in transport from the
volcano during the third week for all sites, which corresponds to the changes in transport patterns found in Peace et al. (2024),

considering transport over the North Atlantic.

Generally, the timings of the peaks are replicated well by UKESM, however the magnitude is notably lower (Fig. 5). The
concentrations of UKESM-BLN are almost identical to those of UKESM, suggesting that boundary layer nucleation does not
play a role in determining the SO: concentrations reaching the measurement site, which is consistent with results in
Ranjithkumar et al. (2021), finding that the inclusion of BLN does not lead to a change in model performance of SO2
representation in the boundary layer. ECHAM significantly underpredicts the magnitude of SO: at each site compared to the
observations and both UKESM variants. The observation results for Pallas are consistent with Jordan et al. (2024), they did

not include SO2 for Zeppelin during September as they required consistent coverage with SO4 data.
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Figure 5: Timeseries of SO, concentrations during September 2014 at each site in-situ measurement site: (a) Virrio, (b) Pallas and
(c¢) Zeppelin. Observations are shown in black, UKESM1.0 in blue, UKESM1.0-BLN in cyan and ECHAM6.3-HAM2.3 in magenta.
We note that observations of SO, were not available at Varrio during the eruption period. The red bars indicate the percentage of
trajectories per day in the volcanically influenced clusters defined in section 2.7.

355

3.2 Aerosol size distribution during eruption

To investigate the impact and the model representation of the eruption at the sites we next consider the aerosol size distribution
timeseries at Varrio (Fig. 6). Varrio has the most consistent coverage for September 2014 (Fig. 6) compared to the other two

sites (Figs. S3 and S5) and thus is used for as the focus for the analysis throughout.
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Throughout the DMPS size distribution timeseries for September 2014 characteristic ‘banana’ curves (Kerminen and
Kulmala, 2002) associated with NPF are observed (Fig. 6). The subsequent growth for some of these events are particularly
long-lived compared to the standard duration for formation and sustained growth of an event at Vérrio, found to be on
average 17 hours from a machine learning NPF detection method (Su et al., 2022), or typically 6-24hrs considering the time
span (from newly formed mode is observable until no longer distinguishable) at Vérrié (Hussein et al., 2009). There is a
persistent growth event from the 15" of September (Fig. 6a), which persists over several days with growth from less than
10nm to the accumulation size range around 250nm. The clear growth pattern after an NPF event is an indication that it
occurs over a large spatial scale (Tunved et al., 2003), with the spatial scale linking to the time span of the event (Hussein et
al., 2009). The newly formed particles have a chance to grow if the pre-existing aerosol particle number concentrations are
low enough, resulting in low condensation and coagulation sinks (Dal Maso et al., 2007). Rare, sustained growth events
spanning up to 5 days have been previously identified at in-situ boreal sites, for which it takes a long time before the newly
formed aerosol particles are removed by incoming air masses because aerosol particles retain similar physical characteristics
over a large spatial scale (Hussein et al., 2009). Other studies have found have similarly suggested homogenous NPF over a
large area and have suggested key conditions for these phenomena are a low condensation sink, high availability of precursor
gases and stable atmospheric conditions (Trdstl et al., 2016). In this case we have a consistent airmass associated with
transport from the volcano, which will offer high availability of precursor gases, leading to homogenous NPF over a large

area, thus facilitating the long-lived growth events seen in the time series of the size distribution (Fig. 6a).
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Figure 6: Timeseries of size distribution for September 2014 at Viirrio in dN/dlogD,. (a) observations (DMPS), (b) UKESM1.0, (c)
UKESM1.0-BLN and (d) ECHAM6.3HAMZ2.3. Note that the x axis labels and ticks indicate the date at midday.

380 NPF events triggered by gas-phase conversion of SOz to SO4 from Holuhraun have previously been identified for UK in-situ
surface stations in a study by Twigg et al. (2016). NPF in a volcanic plume was first observed during the Eyjafjallajokull
volcano eruption in Spring 2010 at the Puy de Dome atmospheric research station in central France (Boulon et al., 2011), and
it was found that NPF can occur within the lower troposphere at a large distance from the eruptive activity with an unusually
high particle formation rate. Boulon et al. (2011) found that a binary H2SO4 - H20O nucleation scheme underestimated the

385 observed particle formation rate by 7 to 8 orders of magnitude and suggested that it should not be applied in tropospheric
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conditions. There remains little literature on the importance of NPF in volcanic plumes or the modelling of these processes,
despite evidence of the importance of the mechanism for contribution to CCN (Boulon et al., 2011; Rose et al., 2019; Sahyoun
et al., 2019). The impact of the addition of organic-mediated boundary layer nucleation is explored for UKESM1.0, which as
standard only includes neutral binary homogenous nucleation throughout the troposphere. The timings of the observed NPF
events are well replicated by UKESM-BLN, and there is evidence of sustained growth after the NPF events. However, despite
the inclusion of the reduced boundary layer nucleation rate (Ranjithkumar et al., 2021), the concentrations associated with the
NPF events in UKESM-BLN lead to total concentrations (for Dy=10-800nm) that are an average factor of 1.98 too high over
September (Table S9). Some NPF events, for example the 12% of September and 22" of September have NMBF of up to 10,
demonstrating a very high bias for UKESM-BLN (Figs. 7a and 7c).

In general, UKESM and ECHAM underpredict total aecrosol number concentrations (Fig. 7c) by average factors of 1.67 and
1.77 respectively (Table S9). UKESM substantially underpredicts the Aitken mode, with a maximum absolute NMBF of 37.2
(Fig. 7a), but on average overpredicts the accumulation mode (Fig. 7b). Introducing organic-mediated BLN in UKESM-BLN,
results in more accurate representation of the Aitken mode concentrations (Fig. 7a), but increased overprediction of the
accumulation mode concentrations (Fig. 7b), highlighting the contribution of the organic-mediated BLN to all lognormal

aerosol modes in UKESM.

Aitken concentrations are best replicated by ECHAM (Figs. 7a) throughout the eruption period, however, whilst there is
evidence of nucleation particles during the eruption period for ECHAM coinciding with the timing of NPF events in the
observations, there is no continuous growth from the nucleation mode to larger modes (Fig. 6d), as observed (Fig. 6a). NPF
events without subsequent growth have been observed frequently in previous studies and have been classified ‘class I’ (Dal
Maso et al., 2005), ‘apple’ events (Manninen et al., 2010) or type 2 (e.g. Lee et al., 2020). This type of event, where there is a
burst of particle formation but no subsequent growth, is often associated with a high condensation sink or too low
concentrations of precursor gases in observational studies. Modelling studies have found similar lack of growth of aerosols
from NPF events at boreal sites; however, this is often attributable to model artifacts. Svenhag et al. (2025) tested many
different nucleation mechanisms in EC-Earth and found that the GCM was able to replicate the timing of events in the boreal
forest, but not subsequent growth. A study investigating the treatment of BVOC-SOA in GCMs found that for ECHAM the
phenomenon was a model artifact and suggested that it was associated with the size of particles added to the nucleation mode
(Sporre et al., 2020). The size at which the particles are added is important for the transfer of particles into the Aitken mode,
as the addition of newly formed particles to the nucleation mode decreases the median diameter of the mode and thus can
decrease the number of particles transferred to the Aitken mode (Sporre et al., 2020), which could lead to the lack of growth
into larger sizes. The representation of mode merging could also play a role in the lack of sustained growth from NPF events

in ECHAM (Korhola et al., 2014).
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Results are consistent for Pallas with sustained NPF events observed during the eruption period (Fig. S3a, 14-17" of
September), for which the growth into larger sized particles are only represented by UKESM-BLN. ECHAM most accurately
represents the magnitude of the Aitken mode concentrations (Fig. S4a) but demonstrates no growth from NPF events to larger
sizes, as found for at Vérri6. We note that Pallas has more missing PNSD data during the eruption period, reducing the statistics

available to investigate the perturbation as well as Lagrangian analysis.

For Zeppelin we note that the peak of SO2 concentration at Zeppelin (around the 13" of September) (Fig. 5¢) coincides with
missing data in the PNSD (Fig. S5), as well as much of the dates with transport associated with the volcano (Figs. S5 and S6),
thus there is less data available for the analysis of the eruption at Zeppelin. There is no evidence of sustained NPF growth
events at Zeppelin, contrasting to the boreal sites in the PNSD timeseries (Fig. S5). UKESM again underpredicts Aitken
concentrations, however contrastingly, at Zeppelin UKESM-BLN also underpredicts Aitken mode concentrations. The
Metzger BLN scheme has shown a general lack of nucleation in oceanic regions due to low concentration of organics required
for the oxidation mechanism (Metzger et al., 2010) but was not developed or tested with data from the Arctic, and has been
shown to underestimate nucleation and Aitken mode concentrations during the freeze period (after the end of August) (Price
et al., 2023). ECHAM shows high concentrations of nucleation mode sized particles (Fig. S5d), but due to the instrument limit
for the observations this cannot be evaluated. ECHAM best replicates the Aitken mode concentrations (Fig. S6a) but
underpredicts accumulation mode concentrations more than both UKESM configurations (Fig. S6b). UKESM-BLN
consistently has higher concentrations of accumulation mode particles, suggesting contribution of organic-mediated NPF in
the boundary layer from further afield to the accumulation mode population, leading to improved skill overall (UKESM-BLN
underpredicts the total aerosol number concentrations by a factor of 1.6 compared to 2.24 for UKESM, Table S9).
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Figure 7: Timeseries of normalised mean bias factor (NMBF) (Eq. 4) per day during September 2014 at Viarrio for different size
ranges for each model compared to observations: (a) Aitken mode (10-100nm) (b) accumulation mode (100-790nm) and (c) total (10-
440 790nm). UKESM1.0 is shown in blue, UKESM1.0-BLN in cyan and ECHAM6.3-HAM2.3 in magenta. The period which was found
to be influenced by transport from the volcano from the clustering analysis (Sect. 2.7) is indicated by the red shading of the timeseries.
Under standard conditions, NPF events are frequently observed at Boreal and Arctic measurement sites and have been found
to contribute to the formation of CCN sized particles (Beck et al., 2021; Spracklen et al., 2008; Tunved et al., 2006), thus are
key to ensure accurate representation of ACI in GCMs. Here for the first time, we have compared UKESM configurations and
445 ECHAM representation of NPF events during the Holuhraun eruption through 3-hourly PNSD analysis, highlighting the ability
of UKESM-BLN to capture the timing of events and some growth into the CCN size range. In the next phase of analysis, the

average size distribution is compared to a climatology (September 2009-2013), to further investigate the impact of the eruption

on the physical properties of the aerosol particle number size distribution at the in-situ sites.
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3.3 Perturbation of aerosol size distribution compared to climatology

The average size distributions from the clusters associated with transport from the eruption region were compared between the
eruption period (September 2014) and a climatology (September 2009-2013 for Pallas and Vérrid, and 2010-2013 for Zeppelin)
for each measurement site (Fig. 8). The average size distributions are spatially filtered, using the clusters identified in Sect.
2.7, to remove potential of anthropogenic influence for both the climatology and eruption period averages, focusing on
transport from Iceland over the North Atlantic. The average size distributions for the full time-period, without filtering transport
pathways, are shown in the supplementary material (Fig. S7), where the volcanic perturbation is still evident. We note that all
the GCMs in this study use modal schemes with fixed geometric size distribution (GSD), thus there will be no changes to the

width of the modes. Analysis instead focuses on the changes in number concentration and average modal diameters.

Typically, September at the Finnish sites, particularly Vérrio, has been found to be associated with a weak secondary peak in
NPF after a maximum in the springtime (Asmi et al., 2011; Dal Maso et al., 2008; Komppula et al., 2006; Kyrd et al., 2014),
and on average total, Aitken mode and accumulation mode number concentrations are decreasing in September after a summer
peak (Dal Maso et al., 2008). At Zeppelin aerosol mass and number concentrations are typically at a minimum during
September/ October (Croft et al., 2016; Tunved et al., 2013), and in September the frequency of NPF starts to decrease after a
summer peak in Arctic, with type 2 events contributing a greater role (Lee et al., 2020), likely associated lack of gas phase

precursors (Dall’Osto et al., 2017).

During the eruption in September 2014 there is a distinct trend across all three sites in the observations: an increase in the
modal diameter for the accumulation mode compared to the climatology (Fig. 8a-c). The increase in modal diameter of particles
is further highlighted when considering the surface area of particles (dS/dlogDp) (Fig. S8) which would correspond to an
increase in the condensation sink. Pallas demonstrates a decrease in the Aitken mode diameter (Fig. 8b) which is not evident
at Vérri0, perhaps due to the comparative proximity to the eruption and the time for growth during transport between the sites

(Véénénen et al., 2013).

We note that Zeppelin additionally demonstrates a substantial decrease in Aitken mode concentrations during the eruption
(Fig. 8c), which is not evident at the Boreal sites, which could suggest suppression of NPF and increased coagulation and
condensation from the volcanic perturbation leading to the decreased concentrations, but increased modal diameters for the

Aitken and accumulation modes.

The GCM simulations exhibit very different responses to the perturbation in 2014 (Fig. 8). UKESM does not replicate the
increase in accumulation mode diameter. It instead shows a significant increase in number concentration across the whole size
distribution for Varrié and Pallas (Figs. 8d-¢), but a smaller magnitude response at Zeppelin (Fig. 8f). ECHAM shows an

increase in the diameter of all size modes at all three sites (Figs. 8j-1). UKESM-BLN is most representative of the observed
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perturbation, demonstrating an increase in the accumulation mode diameter at all three sites (Figs. 8g-1). The differences in the
representation of the perturbation suggests distinct processes controlling the aerosol response to the volcanic perturbation in
the observations and GCMs, which will subsequently be explored. We note that the climatology of the average aerosol size
distribution is not well represented by any GCM (Fig. 8), which will further perpetuate discrepancies in cloud properties with
the large perturbation from Holuhraun, as the response of clouds to aerosols is non-linear (Carslaw et al., 2013) and strongly

dependant on the aerosol baseline, as found in Marelle et al. (2025).
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Figure 8: Average size distribution for September at each site. (a-c) Shows observations (DMPS), (d-f) UKESM1.0, (g-i) UKESM1.0-
BLN and (j-) ECHAMG6.3-HAM2.3. Red represents the eruption year (2014) and blue the climatology years (Virrié and Pallas:
2009-2013, Zeppelin: 2010-2013). Median indicated by solid line and 25th-75th percentiles by the shaded region. The size

490 distributions are averaged based on data arriving from the direction of Holuhraun, based on the selected clusters in Sect. 2.7. The
number of trajectories included in each average is indicated in the title of each column for the climatology and eruption period. The
black dotted vertical lines indicate the separation of modes in this study: 1-10nm to represent the nucleation mode, 10-100nm to
represent the Aitken mode and 100-800nm to represent the accumulation mode. The cyan vertical lines indicate the 80nm threshold
used as a proxy for CCN in this study. Note that the y-axis limits are not consistent between sites.
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ECHAM replicates the observed size distributions well during the eruption period, but overestimates the Aitken mode
concentrations for Zeppelin. However, during the climatology period, the mean diameter of the Aitken mode and the number
concentrations for the accumulation mode are significantly underestimated. There is not a distinct accumulation mode,
separated from the Aitken mode by the Hoppel minimum, as in the observations. Therefore, despite reasonable representation
of the size distribution for the eruption year, as the baseline is not well replicated, this could result in a substantial difference
in the radiative forcing associated with the eruption at the sites compared to observations. The growth in accumulation mode
diameter and lack of increase in particle number is suggestive of growth processes such as condensation, coagulation and cloud
processing (Figs. 8j and 8k). In ECHAM there is complete removal of sulfuric acid gas in clouds and no aerosol nucleation
takes place (Kazil et al., 2010; Zhang et al., 2012). Thus, in-cloud oxidation results in a population of particles with larger
mass but not an increase in particle number. Contrastingly, the representation of the aerosol size distribution in ECHAM at
Zeppelin shows a significant increase in the concentration of nucleation mode particles, suggesting a significant contribution

of gas-phase oxidation (Fig. 8I).

In UKESM, the response of increased number rather than increased modal diameter for both Aitken and accumulation modes
suggests gas-phase rather than aqueous-phase oxidation dominates. In UKESM, sulphate produced from aqueous-phase
reactions is used to update the mass of soluble accumulation and coarse modes (Mulcahy et al., 2020), increasing mass and

modal diameters but not increasing particle number (Turnock et al., 2019).

With the introduction of boundary layer nucleation for UKESM-BLN (Figs. 8g-i), there is a significant change in the
representation of the perturbation to the aerosol size distribution. During the eruption there is an increase in the accumulation
mode diameter, but no longer a consistent increase in the concentration of accumulation mode particles across the sites. There
is an increase in the number of nucleation mode particles during the eruption at the Boreal sites, an increase of the accumulation
mode diameter and deepening of the Hoppel minimum. We hypothesise that the growth processes such as coagulation and
condensation of new particles formed through enhanced BLN during the eruption, with enhanced precursor gases, onto pre-
existing particles, is resulting in the growth of the particles to larger diameters. At Zeppelin the response is different: there is
a decrease in concentrations for all modes, but an increase at all modal diameters (Fig. 8i). The decrease in Aitken mode
concentrations during the eruption is consistent with the observational dataset, however, the change in Aitken mode
concentrations is more significant in UKESM-BLN than is observed. This suggests the coagulation and growth from the
volcanic perturbation leading to an increase in the average Aitken and accumulation mode diameters, and a decrease in particle

number concentrations in the Aitken and nucleation modes.

To understand the role of NPF on the CCN concentrations resulting from the Holuhraun eruption and the GCM ability to
replicate the changes in size distribution, it is essential to understand the availability of precursor gases during transport as

well as the condensation sink (Kulmala et al., 2001), which warrants a Lagrangian evaluation of these quantities.
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4 Lagrangian GCM evaluation

To probe the differences in model representation that result in the inaccurate representation of the perturbation from the
eruption, we conducted a GCM Lagrangian analysis which enables investigation of the processes during transport, focusing
on Vérri as this site had the most coverage during the eruption period. 3-hourly resolution Lagrangian analysis provides a
much tighter observational constraint than Eulerian analysis, as receptor models encapsulate both spatial and temporal
information, which allows for more rigorous evaluation, ensuring the representation is due to the correct underlying

mechanisms and not due to compensating errors.
4.1 Transport

To investigate the difference in the aerosol response we employ a Lagrangian evaluation, utilising reanalysis and GCM
meteorology driven trajectories. Firstly, we evaluate the consistency in transport pathways between modelled and reanalysis

trajectories during the eruption period.

The transport frequency receptor models (Fig. 9) are consistent between ERA-Interim, UKESM, UKESM-BLN and ECHAM.
Which confirms that the nudging of the horizontal winds in the simulations produces consistent transport in the horizontal and
that the differences in SOz concentrations and aerosol size distributions are not associated with differences in transport. There
are some differences in the average altitude of trajectories during transport, which is not unexpected and could be due to several
factors: the nudging only being applied to the horizontal winds, a relaxation time of 6 hours, the difference in the application
of the nudging between models, and the resolution. However, for the region of focus for the influence of the Holuhraun

eruption, over the North Atlantic, transport from Iceland is consistently low (Fig. 9).
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545 Figure 9: The transport frequency receptor models (a, ¢, e and g) (Eq. 1) as well as the average height (a.s.l.) (b, d, f and h) for back
trajectories passing through a grid cell, calculated using the CVT receptor model (Eq. 3). For all trajectories initialised at Virrio
during September 2014, for ERA-Interim (a-b), UKESM1.0 (c-d), UKESM1.0-BLN (e-f) and ECHAM6.3-HAM2.3 (g-h).
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4.2 SO2 to SO4 conversion

Collocating the GCM 3-hourly SOz gas and SO4 aerosol fields onto the GCM trajectories enables investigation of the spatial
and temporal evolution of these variables within the plume during transport for the GCMs, utilising the CVT framework (Eq.
3), to isolate the differences that could lead to differences in the aerosol perturbation. Similarly, from the SOz and SOs fields,
the total sulphur (S) is estimated and evaluated in the CVT framework. UKESM and UKESM-BLN are consistent in the mass
concentrations of S and the conversion of SOz to SO4 (Fig. 10a-h). However, there is a clear discrepancy for ECHAM: the
plume of S does not extend as far into the North Atlantic compared to UKESM (Figs. 10a, and 10i). The difference is
highlighted further when considering the separate components of S (Figs. 10j and 10k). For SO> there are only high SOz
concentrations in the vicinity of the vent in ECHAM (Fig. 10j), whereas there is a plume of high concentrations of SO4, from
the eruption site, across the North Atlantic (Fig. 10k), compared to the higher concentrations of SO in the North Atlantic in
UKESM (Fig. 10b) and lower concentrations of SO4 (Fig. 10c). Concentrations of SO4 at the measurement sites are more
consistent in magnitude between both UKESM versions and ECHAM (Figs. 10c, 10g and 10k). However, the conversion

clearly occurs much earlier during transport and therefore close to the vent in ECHAM.

Jordan et al. (2024) used an exponential decay relationship to derive the near-vent SO2-SOs ratio of 25 + 5 using a network of
in-situ measurement sites, which agreed with the ratio derived in Ilyinskaya et al., (2017). Boichu et al. (2019) estimated a
slightly lower ratio of 19.7 using a linear model. Using the CVT receptor model, the UKESM variants reveal SO2-SO4 ratios
in the plume over the North Atlantic between ~10-40, with higher values around the vent (approximately 60) (Figs. 10d and
10h). We find that ECHAM demonstrates considerably lower ratios across the region considered, with a near vent ratio (of
approximately 5) 4-6 times lower than any of these observationally derived estimations (Fig. 101), which is consistent with the
underestimation of SOz at the measurement sites (Fig. 5). Similarly in Jordan et al. (2024), ECHAMG6.3-HAM2.3 was found
to have the lowest near-vent SO2-SO4 ratio compared to the four other GCMs and chemical transport model (CTM), whereas
UKESMI1.0 had one of the most comparable SO2-to-SOx ratios to those observed. The Lagrangian analysis undertaken here
suggests that this is due to the overly efficient conversion of SO2-to-SO4 near the vent in ECHAM.
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Figure 10: The CVT receptor models (Eq. 3) for total S (a, e and i), SO (b, f and j) and SOj (c, g and k) mass concentrations (conc.)
collocated along back trajectories from Virrio. As well as the ratio of SO, to SO4 (d, h and 1). For UKESM1.0 (a-d), UKESM1.0-
BLN10 (e-h) and ECHAM6.3-HAM2.3 (i-).

ECHAM atmospheric oxidants are prescribed by an 8-year climatology (Inness et al., 2013), whereas for UKESM the oxidants
are interactively simulated and depleted by oxidation reactions (Sellar et al., 2019). This could lead to the differences in the
conversion rate between ECHAM and UKESM, because in UKESM oxidation is limited by the available oxidants. The very
high emission rates from the eruption are likely to exacerbate the impacts of oxidant limitation. Previous studies have
highlighted the significant impact oxidant concentrations have on the total indirect effect, with lower oxidative power in the

pre-industrial atmosphere extending the lifetime of precursor gases (Karset et al., 2018).

Cloud pH has been found to be an important factor in determining in-cloud oxidation rates as the preferential pathway for
pH>5.5 is oxidation by ozone, which is highly sensitive to pH, whereas the preferential pathway for pH<5.5 is oxidation by
hydrogen peroxide (Seinfeld and Pandis, 2006). Increasing pH by one unit can increase the oxidation rate by ozone by a factor
of 100 (Kreidenweis et al., 2003). It has been long suggested that underestimation of in-cloud sulphate formation may
contribute to the overestimation of SOz concentration and underestimation of sulphate mass particularly across polluted regions

(Textor et al., 2006). Prior studies have noted the over prediction of SO2 and underprediction of surface SO4 in polluted
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environments for UKESM1.0 (Hardacre et al., 2021), which could be associated with an underestimation of in-cloud sulphate

formation.

We hypothesise that cloud pH is likely to be a significant contributing factor to the difference in oxidation rates between
ECHAM and UKESM, as cloud pH is interactive in ECHAM (Tegen et al., 2019) and fixed at 5 for UKESM (Mulcahy et al.,
2020). Treatment of cloud pH in models has been shown to have large ramifications, altering aerosol size distribution and thus
CCN concentrations and aerosol radiative effects (e.g. Kreidenweis et al., 2003; Roelofs et al., 2006). With a global
composition climate model, demonstrating that for an increase in pH from 5.0 to 6.0 between 1970-2009, the all-sky aerosol

radiative effect over the North Atlantic strengthened to -5.2Wm™ from -1.2Wm (Turnock et al., 2019).

As well as the timing of oxidation during transport, there are many factors which are key in determining the aerosol populations
resulting from the oxidation of SO including the existing aerosol baseline, e.g. the condensation sink, which is discussed in

the subsequent section.
4.3 Mechanisms controlling growth

To investigate the potential role of NPF in the perturbation of aerosol size distribution associated with the volcano, analysis of
the condensation sink, available precursors (SO4) and the nucleation mode (Dp=1-10nm) concentrations in the models during

transport to the measurement site were conducted utilising the CVT receptor model (Fig. 11).

The condensation sink distribution in the CVT framework is generally consistent across the three models (Figs. 11a, 11d and
11g). However, in the plume, ECHAM demonstrates a lower condensation sink (Fig. 11g). Despite the condensation sink
being high in the vicinity of the vent, SO4 levels are high enough to sustain nucleation in UKESM and UKESM-BLN. In
ECHAM, despite higher concentrations of SO4 and a lower condensation sink in the plume, there is no nucleation in the plume
(Figs. 11g-1). However, there are high concentrations of nucleation mode particles at the eruption site, suggesting condensation
and coagulation or growth due to in-cloud oxidation during transport in ECHAM (Fig. 11i). Nucleation mode (1-10 nm)
concentrations are very low in UKESM compared to the other GCMs (Figs. 10c, 10f and 101), with concentrations only found
in the region of the North Atlantic closest to the vent. This is consistent with previous studies that have suggested that the
binary H2SO4-H20 nucleation scheme is not able to replicate the unusually high formation rate of NPF in volcanic plumes
(Boulon et al., 2011). In UKESM-BLN there are high concentrations of nucleation particles close to the vent (Fig. 11f), much
higher than those associated with the binary neutral homogeneous H2SO4-H20 nucleation in UKESM (Fig. 11c).

Interestingly, the distribution of nucleation particles not associated with the eruption is very distinct in UKESM-BLN (Fig.
11f) compared to ECHAM (Fig. 11i). High concentrations of nucleation mode particles are associated with transport over
Europe and the UK for UKESM-BLN, likely associated with anthropogenic emissions (e.g. Alam et al., 2003; Bousiotis et al.,

2021) in combination with organic mediated BLN over these forested regions. However, in ECHAM nucleation mode particles
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are associated with transport over the Arctic, likely associated with charged nucleation of sulphuric acid and water which has
been found to contribute most significantly (up to 70%) to concentrations of ultrafine aerosol in the BL over high latitude
oceans due to cold temperatures and high ionisation rates in these regions (Kazil et al., 2010). These distinct nucleation source
620 regions will result in different aerosol base states for the Holuhraun perturbation, particularly due to the difference in distance

of nucleation particle formation from the measurement site, and thus the time for evolution and growth.
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Figure 11: The mean per grid cell of condensation sink (a, d and g), SOs mass concentrations (b, e and h) and nucleation mode (1-
10nm) concentrations (c. f and i) collocated along back trajectories from Virrid, i.e. collocated trajectory receptor model (CVT) (Eq.
625  3). For UKESM1.0 (a-c), UKESM1.0-BLN10 (d-f) and ECHAM6.3-HAM2.3 (g-i)
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4.4 Differences in the spatial distribution of modal concentrations

Utilising the CWT framework (Eq. 2), we investigate the mechanisms that control the differences in the aerosol particle size
distribution in comparison to the observations, utilising CWT receptor models of the modal concentrations, which highlight
potential source regions. Unfortunately, due to the measurement limits of the instrument (DMPS) we cannot validate against

observed nucleation mode concentrations.

First considering observations combined with ERA-Interim trajectories (Figs. 12a-d). Airmasses originating from the clean
regions of North Atlantic and Arctic are associated with NPF at Boreal in-situ measurement sites (Dal Maso et al., 2007,
Sogacheva et al., 2005). As discussed in Sect. 2.2 we cannot evaluate against observations for the nucleation mode
concentrations. We instead investigate the observational Aitken mode particle concentrations, which show evidence of high
concentrations associated with transport from these typically clean regions (Fig. 12b), which could be associated with growth
of particles formed in NPF events. High accumulation mode concentrations are associated with transport from the volcano,
with a defined plume evident in the CWT receptor framework (Fig. 12¢), as well as high concentrations associated with

transport from Eastern Europe and Russia (Fig. 12c¢).

We must note the ability of the models to successfully replicate the spatial distribution of the plume in the accumulation mode
with variations in the representation of the magnitude (Figs. 12¢, 12g, 12k and 120). Thus, using this novel framework we can
transparently reveal that the GCMs can reproduce increased concentrations of accumulation mode particles at the ground-

based measurement site associated with transport from the eruption site.

Considering the representation of other aerosol modes, allows us to explore the GCM representation of the aerosol lifecycle
during transport. UKESM demonstrates consistently low nucleation mode concentrations associated with transport from all
directions, all of which will be associated with transport over the boreal forest. Thus, low nucleation mode concentrations are
likely due to the lack of an organic-mediated BLN parameterisation (Fig. 12e). UKESM replicates the location of potential
source regions compared to the observations in the CWT receptor model for the Aitken mode (Fig. 12f) associated with
transport from the Arctic and Baltic seas, and underestimates concentrations of Aitken mode concentrations associated with
the plume (Fig. 12f). High accumulation mode concentrations are associated with transport from the region of the Holuhraun
plume, Eastern Europe and the Baltic Sea (Fig. 12g). High nucleation mode concentrations at the Holuhraun site evident in the
CVT receptor model (Fig. 11c¢), are not seen in the CWT framework (Fig. 12e). As CVT receptor models show the average
evolution of the concentration during transport, this also incorporates the impact of vertical transport. Over Iceland in the
average trajectory heights are around 1000m a.g.l (Fig. S9), which could suggest that there is transport from the free
troposphere, where nucleation preferentially takes places in the Vehkamiki et al. (2002) scheme used in UKESM1.0. This
could suggest why there is nucleation in the CVT maps for UKESM but not the CWT maps. Instead in the CWT receptor

model the transport pathway in the plume is associated with high accumulation mode concentrations, suggesting that the
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nucleation particles formed at the volcano site coagulate and grow into accumulation mode sizes during transport to the

measurement site.

Contrastingly, UKESM-BLN demonstrates high concentrations associated with transport in the plume for all modes,
highlighting the contribution of NPF at different stages of transport, not just at the vent. High concentrations of Aitken mode
particles associated with transport from the Arctic and North Atlantic correlate with high concentrations of nucleation mode
particles (Figs. 12i-12j), which are the regions associated with NPF at Boreal in-situ measurement sites (Dal Maso et al., 2005),
however the magnitude is considerably overestimated compared to observations (Fig. 12¢). Comparing the CWT receptor
model to the CVT model for nucleation mode particles in UKESM-BLN, the distribution is substantially different (Figs. 12i
and 11f). The high nucleation mode concentrations associated with transport from the Arctic and North Atlantic in the CWT
model (Fig. 11f) are not replicated by the CVT model which instead shows high concentrations up to the coastline for transport
from North and West (Fig. 12i). This highlights the difference between the two receptor models — the CWT framework
demonstrates the measurements at the site are associated with this transport corridor, however the CVT model suggests that
this is due to NPF in the forest around the site rather than transport from further afield. The CVT model also highlights high
nucleation mode concentrations over Europe and the UK in UKESM-BLN (Fig. 11f), compared to the CWT model (Fig. 121)
for which these regions are associated with accumulation mode concentrations, which suggests the evolution of the aerosol
during transport. For UKESM-BLN modal concentrations are consistently too high compared to observations, particularly for
the Aitken mode (Fig. 12j). However, the condensation sink over Eastern Europe and Russia (Fig. 121) is lower than the
observations (Fig. 12d), suggesting an underprediction of the size of aerosol formed from the anthropogenic sources in these

regions.
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Figure 12: The mean per grid cell of concentration of nucleation mode (1-10nm) (a, e, i and m), Aitken mode (10-100nm) (b, f, j and
n) and accumulation mode (100-790nm) (¢, g, k and o) particles and condensation sink (d, h, 1 and p) with back-trajectories starting
680 from Virrio, using the CWT receptor model (Eq. 2). For observations with ERA-Interim trajectories (a-d), UKESM1.0 (e-h),
UKESM1.0-BLN10 (i-1) and ECHAM6.3-HAM2.3 (m-p) during September 2014. Note that due to lack of consistent measurements
for Dp=1-10nm the nucleation mode CWT is not included for the observations.
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4.5 Potential impact on cloud microphysics

After evaluating the impact on aerosol size distributions, we now consider the potential impacts that the differences found in
the mechanisms and climatologies between GCMs and observations will have on the changes in CCN, which informs changes

in cloud properties and radiative forcing.

We utilise the CWT framework with N80 (aerosol concentration for particles D,>80nm) as a proxy for CCN (e.g. Asmi et al.,
2011; Kerminen et al., 2012). This highlights the potential source regions of N80 and can be used to compare the differences
between concentrations and potential sources between observations and GCMs (Fig. 13). To examine the sensitivity of N80
as a proxy for CCN, N100 was tested (Fig. S4). From this analysis we found consistent qualitative results between N80 and
N100, in both the spatial distribution of potential source of CCN and the relative magnitudes between GCMs and observations.
We note there are small changes in magnitude of concentrations as more bin diameters are included in the integration over the

size distribution (Fig. S4).

Firstly, considering the climatology, highest concentration of N80 at the measurement site are associated with transport from
Eastern Europe and Russia (Fig. 13). These regions are consistent across the observations and the three GCM simulations,
however, the magnitude varies significantly (Figs. 13a, 13d, 13f and 13j), thus there is a difference in the baseline from which

the models are representing the volcanic perturbation (Fig. S12), as previously found in the Eulerian framework (Sect. 3.3).

There are two key regions associated with large concentrations of N80 during the eruption period: eastern and central Europe
and Russia, likely associated with anthropogenic pollution, and a clear North Atlantic plume from Iceland (Figs. 13b, 13e, 13h
and 13k). The concentrations of N80 from the North Atlantic are significantly overestimated in UKESM, particularly in a
region of high concentrations associated with transport south of Iceland, which is not present in the observations (Figs. 13b
and 13e). In UKESM-BLN the spatial distribution is very consistent with UKESM, however the N80 concentrations are much
higher (Figs. 13e and 13h). For ECHAM the concentrations of N80 are consistently lower over the region considered than for
the observations (Figs. 13b and 13k). There is a ‘plume’ of high potential N80 concentrations in the same region over the

North Atlantic compared to UKESM and the observations, but it is much less distinct (Fig. 13k).

Considering the difference between the climatology and eruption year (AN80) we see that all GCMs replicate an increase and
demonstrate a clear plume associated with transport from the eruption site. There is generally an overestimation of the
perturbation for CCN in UKESM (Fig. 13f) and ECHAM (Fig. 131) compared to the observations (Fig. 13¢). UKESM-BLN
demonstrates the most consistent change in N80 in the CWT framework associated with the eruption for this study (Figs. 131
and 14b), as previously also found for the change in CDNC (Jordan et al., 2025). Considering the regression fit of the CWT
frameworks for AN8O (Fig. 14), it is clear UKESM and ECHAM generally overestimate the change in N80, whereas UKESM-
BLN demonstrates a much better fit to the observationally derived results (Fig. 14b), with a gradient of 0.8.
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715  Figure 13: The mean per grid cell for the concentration of particles above 80nm for the climatology (a, d, g and j), volcanic period
(b, e, h and k) and the difference (volcanic period minus climatology) in concentration (c, f, i and 1), utilising the concentration
weighted trajectory (CWT) model (Eq. 2). For DMPS with ERA-Interim (a-c), UKESM1.0 (d-f), UKESM1.0-BLN10 (g-i) and
ECHAMG6.3-HAM2.3 (j-1). Note the difference in colour scale between subfigures.
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Comparing to the other sites, we find consistent results for Pallas in the spatial distribution of the plume (Fig. S11). However,
we note that for Pallas the size limit to include in the CCN approximation, is much lower (430nm) compared to the other sites.
UKESM-BLN best replicates the spatial distribution of the AN80 of the plume but overestimates the AN80 (Figs. S11c and
S11i). At Zeppelin all GCMs demonstrate a clear plume in the CWT receptor models, however the magnitude of the AN§0
plume is substantially overestimated compared to observations (Fig. S12). All models demonstrate distinct plumes of high
N80 concentration and AN80 associated with the eruption (Fig. S12). In the observations the influence of the eruption plume
on N80 is dwarfed by transport from Norway, Sweden, Finland and Russia (Fig. S12¢), however in the AN8O0 the influence of
the plume is clear over the North Atlantic. There is a decrease in N80 associated with transport over Norway, Sweden, Finland
and Russia in the observations, which is replicated by both UKESM configurations at varying magnitudes. In ECHAM there
is not sufficient transport from that region to facilitate comparison, however, in general we see an underprediction of N80
concentrations compared to the observations (Fig. S12j). The decrease in N80 is too negative in UKESM-BLN for transport
from the South-East, which is associated with overprediction of N80 in the climatology and underprediction in 2014, for the
organic-mediated BLN.

We find that for the boreal sites UKESM-BLN demonstrates the most consistent AN80 compared to observations and through
Lagrangian analysis suggest that condensation and coagulation of new particles formed through enhanced BLN during the
eruption, is resulting in the growth of the particles to larger diameters rather than increased concentrations. This is consistent
with Jordan et al. (2025) which found that there was lower change in CDNC at cloud top for UKESM-BLN compared to
UKESM across the North Atlantic, and supports their hypothesis that clouds in the UKESM-BLN simulations were less
susceptible to increases in aerosol, due to the competition for condensable vapour from the newly nucleated particles. These
results highlight the importance of the representation of nucleation processes to accurately represent changes to aerosol
populations, and thus to constrain radiative forcing associated with ACI. However, the change in effective radius of the cloud
droplets was found to be more accurate in UKESM1.0, despite the aerosol changes not being representative of observations.
Thus, further investigation into the ACI processes is key to untangle the differences in cloud response. This demonstrates the

importance of evaluation of the lifecycle to evaluate the representation of aerosol perturbations.
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Figure 14: The mean per grid cell for the difference (volcanic period minus climatology) in concentration, utilising the concentration
weighted trajectory (CWT) model (Eq. 2, Fig. 13) for DMPS with ERA-Interim compared to UKESM1.0 (a), UKESM1.0-BLN10 (b)
and ECHAM6.3-HAMZ2.3 (c). The solid red line indicates a 1:1 match and the dashed red line gives the regression between the two
datasets. Note the difference in y-axis limits between subfigures, but consistent within subfigures.

5 Conclusions

Volcanic plumes are routinely modelled in Lagrangian frameworks in operational dispersion models (e.g. Webster et al., 2012),
and in this study Lagrangian methods have been used to evaluate deficiencies in bulk aerosol-related properties such as the
initial vertical distribution of ash and SO: injection rates of explosive volcanic eruptions (De Leeuw et al., 2021). However,
such frameworks have not been used in climate models to evaluate their performance and identify deficiencies in representation
of complex microphysical processes. We have performed the first Lagrangian multi-model evaluation of the aerosol processes

associated with an effusive volcanic perturbation.

Holuhraun had significant impact at the sites considered, demonstrating a consistent increase in the accumulation mode modal
diameter across all three sites. The GCMs demonstrated substantial differences in their response. UKESM1.0 showed
consistent increases in particle concentration, but not in modal diameter, which suggests gas-phase oxidation dominated, rather
than aqueous phase oxidation, which would have only increased particle mass of the accumulation mode rather than the number
for both modes. Additionally, the conversion from SOz to SO4 was substantially slower for UKESM compared to ECHAM,
where UKESM was closer to observations, which we suggest is associated with differences in the representation of oxidants

and cloud pH.

The frequency of NPF events evident in the observational datasets and knowledge that nucleation is an important mediator of
aerosol properties, motivated the inclusion of boundary layer nucleation into UKESM1.0, which had a significant impact on

the response to the volcanic perturbation at the sites. With the inclusion of organic-mediated boundary layer nucleation,
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UKESM-BLN was able to replicate the increase in accumulation mode diameter. However, total aerosol number
concentrations were found to be on average a factor of 1.7 across the sites too high compared to observations. Despite
concentrations of N80 for both the climatology and volcanic period being too high for UKESM-BLN, the perturbation (AN80)
was best represented by this model for the boreal sites. ECHAM demonstrated the most accurate replication of the size
distribution during the eruption period, however, the lack of accumulation mode particles in the climatology resulted in a too
high perturbation, particularly associated with transport from Eastern Europe and Russia (Fig. 13j). The lack of nucleation and
Aitken mode particles associated with transport from the eruption for ECHAM, highlights that the perturbation was associated
with growth processes such as condensation and cloud processing, contributing to the mass of aerosol, rather than formation
of new particles through gas phase oxidation. From observations at the boreal sites, there was evidence of sustained growth
from NPF in the plume, which was not replicated by ECHAM, despite a lower condensation sink compared to the observations
and UKESM variants, likely associated with the size of the particles when added to the nucleation mode limiting the number

of particles transferred to the Aitken mode (Sporre et al., 2020).

PNSD measurements in the sub-10 nm range are subject to high counting uncertainties due to particle losses in DMPS
measurement systems (Stolzenburg et al., 2023), thus we did not include analysis of the observations below 10nm. To further
investigate the role of NPF in volcanic plumes, measurements of the nucleation mode particles are needed on the scale of a
few nanometres. This would facilitate investigations studying NPF events and how these differ in an effusive eruption plume
compared to the climatology, in particular through changes in particle formation and growth rates, as there have been few prior
studies on NPF in volcanic plumes. Future work could also further investigate the evolution of the size distribution in GCMs
through the Lagrangian framework by using a multiple in-situ measurement sites in a transport corridor, for example Abisko,

Pallas and Viérri6 (Vainanen et al., 2013).

As noted in previous studies (e.g. Carslaw et al., 2013) the constraint on a baseline is key to be able to constrain the impact of
a perturbation in ACI. In this study we have highlighted that the climatology aerosol size distribution is not well represented
at the sites considered by the GCMs and thus represents a key avenue for constraining the impact of aerosol population.
perturbations on cloud properties. Additionally, the ability to represent natural aerosol processes is crucial as feedbacks

enhance natural aerosol processes, such as organic-mediated NPF, in warmer climates (Paasonen et al., 2013).

In this study we have investigated the perturbation in aerosol from the Holuhraun eruption to understand the change in potential
CCN, however, to fully understand the impact on cloud properties, the sub-grid updraft would also be an important factor to
consider, to obtain the impact of dynamics on CDNC. In an updraft limited regime, the activation of aerosol to cloud droplets
depends on updraft velocity rather than aerosol number concentrations and has been found to vary significantly between GCMs
(Reutter et al., 2009; Talvinen et al., 2025; Virtanen et al., 2025). This could be investigated in a Lagrangian framework in
future work, to contribute further to understanding of the differences in cloud properties between GCMs.
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In conclusion, our results have shown that GCMs differ greatly in their representation of the perturbation in aerosol size
distribution resulting from an effusive volcanic eruption which have important implications for the representation of ACI. This
opportunistic experiment highlights the importance of better understanding and improved model representations of natural
aerosol processes to constrain the radiative forcing from aerosol cloud interactions, and the importance of performing a detailed
assessment of the evolution of the aerosol particle size distribution to understand drivers of model differences. In particular,
we have highlighted the critical role that BLN parameterisations play in modelling aerosol perturbations in the Arctic and

Boreal regions, and further work remains to improve the representation of these processes across GCMs.
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Data availability
Field data (particle number size distributions) are freely available from the EBAS database at http://ebas.nilu.no/ (last access:

20 February 2022; NILU, 2022), full citations are described in Table S1. Details of SO data are described in Table S2.

The trajectories along with the collocated variables used in this study will be made available upon publication.

Code availability

Python scripts used for the analysis and plotting will be made available upon publication. Python scripts for the data conversion
(GCM output into ARL) and collocation of the GCM and reanalysis data variables to the trajectories can be obtained from
DGP.
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