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Abstract.

Volcanic eruptions are a rich source of particles, such as sulfate and ash, that can act as cloud condensation nuclei (CCN)

or ice nucleating particles (INPs). They offer a unique opportunity to study the effects of aerosols on clouds because they

create a natural laboratory with high concentrations of aerosols adjacent to an unperturbed environment. In this study, we used

the ICON–ART (ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive Trace gases) modeling5

system to simulate the initial phases of the 2014–2015 Holuhraun and the 2021 La Soufrière eruptions. Our goal was to

improve our understanding of how cloud microphysical processes respond to volcanic aerosols. For the Holuhraun eruption,

which was non-explosive and rich in SO2, we found that the number concentration of cloud droplets increased significantly

due to the presence of volcanic aerosols. Warm rain processes, such as autoconversion and accretion, and consequently rain

decreased. Additionally, we found that volcanic aerosols weakened the riming process and reduced the graupel concentration.10

The La Soufrière eruption provides an opportunity to investigate the competition between homogeneous and heterogeneous ice

nucleation because it emitted both ash and SO2. Our results show that ash particles acting as INPs deplete water vapor. This

reduces the total number of ice crystals by hindering homogeneous ice nucleation.

1 Introduction

Depending on their physicochemical properties, aerosols can act as either cloud condensation nuclei (CCN) or ice nucleating15

particles (INPs). Therefore, changes in aerosol number concentration or chemical composition can affect cloud microphysical

processes. However, the response of clouds to such aerosol perturbations is complex and remains subject to considerable

uncertainty. Despite many observational and numerical studies attempting to quantify the uncertainty in our understanding of

aerosol-cloud interactions (ACI), the impact of aerosols on clouds remains one of the most unresolved questions in climate

science (Andreae et al., 2004; Rosenfeld et al., 2008; Tao et al., 2012; Zhao et al., 2024). Twomey (1974) found that higher20

concentrations of aerosols lead to a higher number of cloud droplets. Consequently, cloud albedo increases due to enhanced

scattering, a phenomenon known as the first indirect aerosol effect. Albrecht (1989) hypothesized that aerosol perturbations

suppress the formation of warm rain by reducing collision and coalescence processes. This results in less drizzle and allows
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shallow clouds to retain liquid water for longer, potentially extending their lifetime, which is referred to as the second indirect

aerosol effect.25

Volcanic eruptions represent a significant source of perturbations in aerosols concentration and composition. Volcanoes

emit sulfur dioxide (SO2), which is oxidized mainly by hydroxyl radicals (OH) to form sulfuric acid (H2SO4). Owing to its

low volatility, sulfuric acid rapidly condenses or nucleates with water vapor to form sulfate aerosols (Seinfeld and Pandis,

1998). On one hand, sulfate particles can act as CCN for cloud droplets and alter the microphysical properties of warm clouds.

On the other hand, they can freeze homogeneously at temperatures below approximately −38◦ (Pruppacher and Klett, 1997;30

Lohmann et al., 2016) and alter the microphysical properties of cold clouds. At temperatures below −38◦C, ice crystals form

homogeneously through the nucleation of ice embryos from supersaturated vapor or supercooled water droplets. As Lohmann

et al. (2016) noted, homogeneous ice nucleation from the vapor phase is negligible under typical atmospheric conditions.

However, ice crystals in in situ cirrus clouds—those that form without a preexisting liquid cloud—can develop at relative

humidities below water saturation. This occurs through homogeneous freezing within liquid aerosol droplets (here sulfate). For35

a liquid droplet to freeze homogeneously, its water molecules must be in motion and come together in a large enough cluster

to initiate ice formation. Dissolved ions in a solution lower the freezing point because higher solute concentrations reduce

the availability of unbound water molecules. This raises the thermodynamic barrier to the liquid-to-solid phase transition and

suppresses homogeneous ice nucleation (Lohmann et al., 2016). Additionally, since homogeneous ice nucleation is stochastic,

the nucleation rate is proportional to the volume of the supercooled solution. This means there is a higher probability that a40

critical ice embryo will form within the larger droplet (Lohmann et al., 2016). Therefore, larger, more dilute liquid droplets

are more likely to freeze than smaller, more concentrated ones (Pruppacher and Klett, 1997; Koop et al., 2000). In addition

to influencing CCN activation and homogeneous ice nucleation by emitting sulfate particles, volcanic eruptions can affect ice

formation in clouds at temperatures higher than −38◦C by emitting ash particles that serve as INPs. In the atmosphere, water

droplets do not immediately freeze at 0◦C and can remain in a supercooled state. Within the temperature range of 0◦C to45

−38◦C it is possible to have water vapor, supercooled liquid droplets, and ice crystals present simultaneously. Clouds that

represent this three-phase colloidal system are called mixed–phase clouds (MPCs) (Korolev et al., 2017). Ice nucleation in

MPCs occurs heterogeneously through four primary mechanisms: deposition nucleation, immersion freezing, condensation

freezing, and contact freezing. The presence of ash influences heterogeneous ice nucleation in mixed-phase and ice clouds by

affecting immersion freezing and deposition ice nucleation processes (Steinke et al., 2011). When ash particles act as INPs,50

they consume water vapor, which reduces the maximum supersaturation with respect to ice and suppresses homogeneous

nucleation, thereby changing the total number of ice crystals.

The link between volcanic eruptions and weather and climate was first proposed in the 18th century (Schmincke, 2004)

and has continued to be explored in recent studies (e.g., Durant et al., 2010; Timmreck, 2012; von Savigny et al., 2020).

These studies highlight strong direct interactions between volcanic aerosols and radiation. According to Timmreck (2012),55

large volcanic eruptions typically lead to surface cooling and stratospheric warming. This is primarily due to the conversion

of volcanic SO2 into sulfate aerosols, which scatter incoming solar radiation and contribute to global cooling. Recently, the

influence of volcanic aerosols on cloud formation and properties has attracted increasing interest from the weather and climate
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science communities. Malavelle et al. (2017) studied the effects of a substantial increase in atmospheric SO2 concentrations

following the eruption of the Holuhraun volcano in Iceland in the fall of 2014. Using satellite data, they found that the presence60

of volcanic sulfate particles significantly decreased the effective radius of cloud droplets, though only minor changes in liquid

water were observed. Haghighatnasab et al. (2022) investigated the effect of aerosols from the Holuhraun eruption on cloud

properties using the ICON (ICOsahedral Nonhydrostatic weather) model (Zängl et al., 2015). While their results showed a

significant increase in cloud droplet number concentration, they found no detectable changes in liquid water path (LWP)

or cloud fraction attributable to the volcanic aerosols. The results of Peace et al. (2024) showed that air mass history and65

background meteorological conditions can strongly influence aerosol-cloud interactions. They observed a shift toward smaller

and more numerous cloud droplets within the volcanic plume during the first two weeks of the Holuhraun eruption, but this

shift was neither observed nor reproduced by models during the third week, when weather conditions were different from the

previous two weeks and humidity was lower. While studies have focused on the effect of sulfate particles on warm clouds, fewer

have examined the impact of volcanic aerosols on mixed-phase and ice clouds. To this end, researchers have studied ash-rich70

volcanic eruptions. For example, Steinke et al. (2011) examined the ice nucleation properties of volcanic ash particles collected

at a distance of 58 km from the Eyjafjallajökull eruption after the April 2010 event using the AIDA (Aerosol Interaction and

Dynamics in the Atmosphere) cloud chamber experiments simulating atmospherically relevant conditions. They observed

both ice nucleation by immersion freezing and deposition nucleation, and found that volcanic ash particles initiate deposition

nucleation more efficiently than Asian and Saharan dust particles. Lin et al. (2025) investigated the impact of volcanic ash75

on cirrus cloud properties using satellite measurements. They found evidence of cirrus modification due to volcanic eruptions

through ice nucleation on volcanic ash, as indicated by sudden changes in cirrus properties following eruptions. The changes

included a significant decrease in the number of ice crystals, an increase in their size, and a higher frequency of cirrus cloud

formation following ash-rich volcanic eruptions. In contrast, no such changes were detected following an ash-poor eruption.

They attribute the changes in the number and size of ice crystals, as well as the frequency of cirrus clouds, to a cirrus formation80

mechanism in which volcanic ash acts as a heterogeneous ice nucleating particle, suppressing homogeneous freezing and

resulting in fewer, but larger, ice crystals.

Although several recent studies, primarily observational, have examined the effects of volcanic eruptions on clouds, most

have focused on the radiative effects associated with changes in cloud droplet number concentration and effective radius. How-

ever, there is a clear lack of research investigating how volcanic aerosols affect cloud microphysical processes, particularly in85

mixed–phase and ice clouds. This study uses numerical simulations to examine how volcanic aerosols impact the microphysi-

cal evolution and properties of warm, mixed–phase and ice clouds. The simulations model the initial phase of the 2014–2015

Holuhraun eruption and the 2021 La Soufrière eruption. We selected these cases because the impact of the Holuhraun eruption

on warm clouds had already been studied. By examining the processes in mixed-phase clouds, we expanded our understanding

of the impact of volcanic aerosols on clouds. We selected the second case, the La Soufrière eruption, because there was previ-90

ous work with ICON-ART (Aerosols and Reactive Trace gases) on plume development and the direct radiative effects of the

eruption.
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2 Case studies

Iceland is home to many active volcanoes. One of these volcanoes is Holuhraun (64.85◦ N, 16.83◦ W), which is one of the

cases studied in this research. The 2014–2015 Holuhraun volcano started erupting on August 31, 2014 and continued for six95

months. During this time, it emitted approximately 11 Tg of SO2 into the troposphere (Ilyinskaya et al., 2017). The plume

rising from the vent was rich in SO2 and contained large amounts of water vapor, but carried very little volcanic ash (Schmidt

et al., 2015). Arason et al. (2015) stated that the maximum plume height close to the eruption site has mainly been in the

range 1-3 km above ground and the middle of the plume few kilometers from the eruption site often about 1 km above ground.

For the purposes of this study, the eruption is considered to begin at midnight on September 1, as the SO2 emission rate on100

August 31 was negligible, according to Carboni et al. (2019). The first six days of the eruption are simulated because the

lava field had developed sufficiently, and significant amounts of SO2 were emitted into the atmosphere during this period, as

reported by Kolzenburg et al. (2017). To evaluate the influence of volcanic aerosol emissions on cloud microphysical processes

and hydrometeors, we conducted a pair of simulations, one with the volcanic plume considered, called VOLCANO, and one

without it, called NO-VOLCANO. These two simulations are identical in all other respects, providing a controlled framework105

for quantifying the pure effect of volcanic aerosols on clouds under the same meteorological conditions. In the VOLCANO

simulation, the source strength of SO2 emitted by the Holuhraun eruption is based on the estimate of previous studies, which

estimated the SO2 emission rate to be up to 120kt/day in early September 2014 (Schmidt et al., 2015; Malavelle et al.,

2017; Carboni et al., 2019). In the NO-VOLCANO simulation, however, the source strength of SO2 was assumed to be zero.

Holuhraun is a lava flow field created by fissure eruptions. A fissure is a linear volcanic crater through which lava erupts110

without explosive activity. In this study, the height of the craters was assumed to be 50 m, based on the estimate in Schmidt

et al. (2015). Simulating the Holuhraun eruption, which is rich in SO2, can improve our understanding of the impacts of CCN

perturbations in both warm and mixed–phase clouds.

The second case we studied was the La Soufrière volcano (13.20◦ N, 61.11◦ W) which is located on the Caribbean island

of Saint Vincent. The 2021 La Soufrière eruption started erupting on April 9, 2021 and lasted several days. Unlike the 2014115

Holuhraun eruption, the La Soufrière eruption was an explosive eruption characterized by 43 individual eruptive pulses in the

first 4 days (Bruckert et al., 2023). This series of eruptions ejected a significant amount of ash and SO2 into the atmosphere,

covering the island of Saint Vincent. Most plumes spread near the tropopause at 16–17 km or penetrated the stratosphere at

18–20 km, with overshooting tops reaching up to 23 km (Horváth et al., 2022). This study simulated the first four days of

the eruption because most of the eruptive pulses occurred during that time. The volcanic emission setup for simulating this120

eruption was provided by Bruckert et al. (2023). The presence of both ash and sulfate particles in this case study provides

an opportunity to study two key processes. First, the investigation of competition between homogeneous and heterogeneous

ice nucleation, Second, the assessment of the behavior of internally mixed aerosols when they act as CCN. The ability of

ash particles to act as INPs and the ability of sulfate particles to freeze homogeneously at low temperatures allows us to

examine the competition between heterogeneous and homogeneous ice nucleation compared to a sulfate-only scenario where125

only homogeneous freezing occurs. To evaluate this, we ran three simulations. The first is the VOLCANO simulation, in which
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the source strength of ash and SO2 is based on the estimate of Bruckert et al. (2023). The second is the VOLCANO-NO-ASH

simulation, in which the source strength of SO2 is the same as in the VOLCANO simulation. However, the source strength of

ash is assumed to be zero, though ash and sulfate particles are given predefined background values of a number concentration of

100 kg−1 per mode for numerical reasons. The third simulation is the NO-VOLCANO simulation, in which the source strength130

of both ash and SO2 is zero, and only the background concentrations are considered for both ash and sulfate. The coexistence of

ash and sulfate can result in the formation of internally mixed aerosols, wherein insoluble ash particles are coated with soluble

sulfate. These aerosols can act as CCN because their outer layer is soluble and hygroscopic. To evaluate the impact of these

aerosols acting as CCN on clouds, we ran an additional simulation called VOLCANO-MIXED. This simulation is identical to

VOLCANO, except that it allows mixed-mode aerosols to act as CCN in addition to the soluble aerosols.135

The name and description of six simulations carried out in this study are outlined in Table 1.

Table 1. Simulations conducted for each eruption and their descriptions.

Eruption Name Simulation Description

Holuhraun
VOLCANO Volcanic aerosols (sulfate) are considered; only soluble mode aerosols act as

CCN.

NO-VOLCANO Volcanic aerosols (sulfate) are not considered; only soluble mode aerosols act

as CCN.

La Soufrière

VOLCANO Volcanic aerosols (sulfate and ash) are considered; only soluble mode aerosols

act as CCN.

NO-VOLCANO Volcanic aerosols (sulfate and ash) are not considered; only soluble mode

aerosols act as CCN.

VOLCANO-NO-ASH Volcanic sulfate is considered but volcanic ash is not; only soluble mode

aerosols act as CCN.

VOLCANO-MIXED Volcanic aerosols (sulfate and ash) are considered; both soluble and mixed-

mode aerosols act as CCN.

3 ICON-ART setup

3.1 General setup

In order to accurately simulate the microphysics of clouds formed in the plume—as used here, the term ‘clouds’ refers to

meteorological clouds, and the term ‘plume’ refers to the volcanic emissions—and those influenced by volcanic particles140

transported over long distances, we need detailed information on the efficiency with which aerosols serve as CCN and INPs

(Hoose and Möhler, 2012; Ullrich et al., 2017). Additionally, an ice nucleation scheme that accounts for the competition

between homogeneous and heterogeneous ice nucleation, INP depletion, and raindrop freezing is essential to evaluate these

processes in different ice and mixed–phase cloud regimes (Bangert, 2012; Paukert and Hoose, 2014; Hande and Hoose, 2017;
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Paukert et al., 2017). The ICON-ART (ICOsahedral Nonhydrostatic weather and climate model with Aerosols and Reactive145

Trace gases) model meets these requirements. It combines high-resolution simulations with a comprehensive double-moment

cloud liquid and ice microphysical scheme (Seifert and Beheng, 2006; Bangert, 2012), along with the aerosol module ART

(Rieger et al., 2015; Donner et al., 2016; Gasch et al., 2017; Weimer et al., 2017; Hoshyaripour et al., 2026). The ART module

simulates prognostic aerosols by considering the evolution of aerosol concentrations based on physical processes such as

emission sources, transport, chemical transformations, and removal processes rather than specifying aerosols as fixed inputs150

(Rieger et al., 2017; Gruber et al., 2019; Werchner et al., 2022; Seifert et al., 2022). The general simulation setup for all six

simulations is summarized in Table 2. As shown there, all simulations were performed on an R2B10 triangular grid with a

horizontal resolution of 2.48 km using the limited-area mode (LAM). The Holuhraun ICON domain extends from 50◦−80◦N

and 40◦W− 20◦E, as depicted in Figure 1. The La Soufrière ICON domain extends from 0◦ − 26◦N and 70◦ − 20◦W, as

shown in Figure 7. Initial results indicated that volcanic emissions were predominantly transported eastward. Consequently,155

both domains were designed to extend farther east than west of the volcanoes.

Table 2. General configuration for all six simulations.

Horizontal Resolution Vertical Levels Model Top Initial and Boundary Conditions Time Step

2.48 km (R2B10) 75 30 km ECMWF-IFS 20 s

In addition to the processes represented in ICON, such as advection, turbulence, diffusion, and changes due to subgrid-scale

convective transport, the ART module incorporates aerosol-related processes, including sedimentation, washout, coagulation,

condensation from the gas phase, radioactive decay, emissions, chemical reaction rates of gaseous species, aerosol nucle-

ation, and interactions between aerosol particles and other physical parameterizations. The latter include cloud microphysical160

processes, such as CCN activation and INP nucleation. This study employed AERODYN (AEROsol DYNamics), a recently

implemented aerosol dynamics module in ART based on the research of Muser et al. (2020). The AERODYN module repre-

sents aerosol size distributions in Aitken, accumulation, coarse, and giant modes. It also categorizes particles into three mixing

states—soluble, insoluble, and mixed—based on their water solubility. Although the module has the capability to consider

various types of aerosols (Hoshyaripour et al., 2026), this study focuses on sea salt (Na+ and Cl−) as the background aerosol,165

which is calculated prognostically from parameterized emission functions (Monahan et al., 1986; Smith and Harrison, 1998;

Mårtensson et al., 2003), as well as sulfate and volcanic ash as the volcanic aerosol components. Further primary and secondary

sources, such as continental aerosol emissions or gaseous precursors from the oceans, are neglected in order to investigate the

effects of volcanic emissions compared to the dominant natural marine aerosol. Table 3 summarizes the modes and solubility

characteristics of the aerosols used in this study.170

The prognostic aerosols simulated with ART are then passed on to the CCN activation and INP nucleation schemes. The

cloud droplet formation parameterization used in ART is based on the work of Fountoukis and Nenes (2005), which is based on

the original framework of Nenes and Seinfeld (2003). This scheme allows for a log-normal representation of the aerosol size

distribution and includes a size-dependent mass transfer coefficient for water droplet growth to account for the effect of size on
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Table 3. Aerosol components and relevant modes in all simulations. A value of "1" indicates inclusion in the simulations, and a value of "0"

indicates exclusion. "Accum." is short for "accumulation".

Components/Mode Sol-Aitken Sol-Accum. Sol-Coarse Insol-Accum. Insol-Coarse Mixed-Accum. Mixed-Coarse Giant

Sulfate 1 1 0 1 1 1 1 0

Sea Salt 0 1 1 0 0 1 1 0

Ash 0 0 0 1 1 1 1 1

droplet growth rate. In addition to cloud droplet activation, ART also includes a parameterization of ice nucleation processes.175

There are two main processes that govern the ice nucleation process, homogeneous and heterogeneous ice nucleation. The

ice nucleation scheme used here is based on the work of Barahona and Nenes (2008, 2009a, b), and Ullrich et al. (2017).

The Barahona and Nenes (2009b) parametrization provides an analytical solution of the cloud parcel model equations and

accounts for competition between homogeneous and heterogeneous nucleation modes. In this work, for heterogeneous ice

nucleation the scheme of Ullrich et al. (2017), which considers deposition nucleation and immersion freezing, is used. This180

scheme was originally developed for mineral dust, but it is being used here under the assumption that volcanic ash exhibits

similar nucleation behavior. This parameterization uses the aerosol surface area distribution, temperature, and ice saturation

ratio to calculate the number of heterogeneously activated particles. These values are transferred to the Barahona et al. (2010)

scheme in ART, where they are included in the total ice crystal concentration, taking into account the competition between

homogeneous and heterogeneous processes.185

3.2 Model Tuning

To determine the most appropriate setup for the simulations, several test runs were conducted with different configurations

of both the code and the simulation parameters. Analysis of the preliminary results from the VOLCANO simulation of the

Holuhraun case revealed a significant overestimation of the cloud droplet number concentration (Nc) compared to MODIS

(Moderate Resolution Imaging Spectroradiometer) satellite retrievals. Figure A1 shows the relative frequency of the total Nc190

column before (magenta) and after (cyan) tuning the code, as well as the observational results (black) for the area inside the

plume (the area inside and outside the plume is defined in Section 4.1). As can be seen, there is a significant difference between

the initial simulation results and the observations. The simulation results showed a right-skewed distribution with a large tail,

indicating that the simulation produced much larger Nc values. This causes the mean of the Nc distribution in the simulation to

be larger than in the observations. The relative enhancement (RE), as defined in Haghighatnasab et al. (2022), was calculated195

using the mean values of the Nc distributions inside and outside the plume. It is defined as:

RE =
Nc,in −Nc,out

Nc,out

× 100% (1)

RE was calculated for both the VOLCANO simulation and the MODIS data. The SO2 concentrations monitored by the

Ozone Mapping and Profile Suite (OMPS) satellite retrievals were used to define the plume area for the MODIS data. The RE
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value was 6167% for the VOLCANO simulation before tuning, compared to 42% for the MODIS data. To improve the accuracy200

of the simulation results and align them more closely with observations, we examined parameters related to the CCN activation

process. In ICON-ART, the number concentration of activated particles depends on the chemical and physical properties

of the aerosols as well as the updraft velocity, w (Bangert, 2012). Our analysis shows that w significantly contributes to

discrepancies between simulations and observations. Vertical velocity influences the calculation of maximum supersaturation,

a key determinant of the number of activated particles. However, coarse-grid models do not explicitly resolve cloud-scale205

updrafts due to their too low spatial resolution (Morales and Nenes, 2010). Therefore, subgrid-scale parameterizations of

vertical velocity must be employed. Many models, including ICON-ART, account for aerosol activation by integrating these

parameterizations over a given probability density function (PDF) of vertical velocity within each grid box. In this approach,

a Gaussian PDF is typically assumed, with its width determined by turbulent properties such as turbulent kinetic energy

(TKE) (Storelvmo et al., 2006). To improve the representation of subgrid-scale turbulence and better align the simulation with210

observational data, we revised the model to account for the isotropy of turbulence, rather than assuming that all turbulent energy

is confined to the vertical direction. Specifically, we reduced the assumed standard deviation of the vertical velocity used in the

PDF calculations from σw = 2TKE to σw = 2
3 TKE. Furthermore, we refined the parameterization of the droplet nucleation

rate at the cloud base by replacing the turbulent diffusion coefficient with 0.8σw, following the estimate proposed by Peng

et al. (2005). This modification ensures better consistency with the vertical velocity distribution assumed for Nc calculations.215

These adjustments led to results that were more aligned with the observations, reducing the RE from 6167% to 1219% for the

VOLCANO simulation. The same modifications of the CCN activation parameterization were also applied to the La Soufrière

case, although liquid clouds were less prevalent there.

In addition to the improvements mentioned above, which significantly reduced the gap between the simulated and observed

cloud droplet number concentration distributions, the high relative enhancement in the simulation can also be attributed to220

biases in aerosol number density inside and outside the plume. Outside the plume, the aerosol number density is likely under-

estimated because only sea salt is considered the background aerosol. In contrast, a substantial amount of aerosols is present

inside the plume due to the prescribed SO2 emissions. As a result, the clean conditions outside the plume, caused by the lack

of other sources of background aerosols, lead to an underestimated Nc, while the elevated aerosol concentrations inside the

plume result in a significantly higher Nc. This stark contrast in Nc contributes to a stronger RE in the simulations compared225

to observations. However, as shown in Figure A1, this discrepancy can be attributed mostly to an overestimation of Nc inside

the plume, while the mean Nc outside the plume only deviates about a factor of 2 from the observations. The concentrations

inside the plume are driven by the strength of the prescribed volcanic emissions, which are associated with a large uncertainty

(Schmidt et al., 2015). To remain consistent with previous studies, we have decided not to tune the source strength. The be-

havior of LWP was also investigated before and after tuning the code. Figure A2 shows the relative frequency of LWP for the230

VOLCANO and NO-VOLCANO simulations inside and outside the plume before and after tuning the code. It can be seen that

the means and medians for both simulations inside the plume converge through the tuning of the CCN activation scheme. The

histograms show that the LWP for NO-VOLCANO (green) is closer to that for VOLCANO (cyan) after adjustment, with a rel-
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ative enhancement of only 118% compared to the 1219% for Nc. These results are consistent with previous studies indicating

that the volcanic plume has a minor impact on LWP.235

4 Results

This section discusses the results of the six simulations summarized in Table 1. First, we analyze the results of the Holuhraun

simulation by examining the microphysical processes and behavior of hydrometeors in warm and mixed–phase clouds. Since

Holuhraun volcanic aerosols had no significant impact on ice and snow, the results for ice clouds are not included. Next, we

analyze the La Soufrière simulation results in the mixed and ice phases, focusing on the competition between homogeneous240

and heterogeneous ice nucleation processes.

4.1 Holuhraun

We analyzed the results of these two simulations, focusing on regions within the clouds. These regions are defined as areas

where the combined mass of cloud water and cloud ice exceeds 10−5 kgkg−1, based on the work of Han et al. (2023).

Sensitivity tests (not shown) with a lower threshold of 10−6 kgkg−1 have given very similar results. Figure 1 displays the245

mass mixing ratios of cloud water (qc) and cloud ice (qi) on 3 September 2014 at 23:00 UTC, at an altitude of 1580 m.

To assess the impact of volcanic aerosols on clouds, we divided the analysis into two areas: inside and outside the volcanic

plume. To determine an appropriate plume boundary, we examined the distribution of total sulfate mass in both the Aitken and

accumulation modes. Based on this distribution, we identified a threshold of SO2−
4 = 10−12 kgkg−1—indicated by the purple

contour in Figure 1—as a reasonable estimate for the plume boundary. We excluded data near the domain boundaries (2.5° in250

each direction) from our analysis.

4.1.1 Warm clouds

Changes in the number concentration of aerosols (Na) directly affect the number concentration of cloud droplets (Nc) and,

consequently, the microphysical processes related to Nc and the resulting hydrometeors, such as raindrops. First, the response

of the Nc to an increase in volcanic aerosols was investigated. Figure 2 shows the horizontal distribution of the total columns255

of Na and Nc in the NO-VOLCANO simulation (a,b), in the VOLCANO (c,d) simulation, and the difference between the two

simulations (e,f). As shown, the presence of volcanic aerosols significantly increases the number of cloud droplets.

Figure 3 shows the spatiotemporal averages of the number concentrations and mass mixing ratios of liquid hydrometeors,

as well as the autoconversion and accretion rates inside and outside of the plume in the VOLCANO and NO-VOLCANO

simulations. These profiles demonstrate the combined impact of volcanic aerosols and meteorological conditions on cloud260

microphysics. Comparing values inside the plume reveals significant differences between the VOLCANO and NO-VOLCANO

simulations. However, values outside the plume remain largely unchanged. These results suggest that the changes observed

within the plume are driven by volcanic aerosols. The differences between the inside and outside of the plume within the

same simulation, however, are due to varying meteorological conditions and aerosol concentrations. The vertical profile of
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Figure 1. Horizontal distribution of the mass mixing ratios of cloud water, qc, and cloud ice, qi, on 3 September 2014 at 23:00 UTC, at an

altitude of 1580 m, the level of maximum aerosol content. The cloud mass is indicated by the blue spectrum, and the purple contour shows

the sulfate mass equal to 10−12 kgkg−1, which defines the boundary between the regions inside and outside of the volcanic plume. Areas

outside the orange box are excluded from the analysis, corresponding to approximately 278 km in the meridional (north–south) direction and

117 km in the zonal (east–west) direction (on average). The magenta triangle marks the location of the Holuhraun volcano.

Nc in Figure 3a supports the findings in Figure 2f, which demonstrate that higher aerosol number concentrations result in265

greater cloud droplet number concentrations. Figure 3a shows that Nc is approximately six times higher inside the plume in the

VOLCANO simulation than in the same region in the NO-VOLCANO simulation. It also indicates that the maximum value of

Nc is shifted to higher levels in the VOLCANO simulation. Notable differences in the VOLCANO simulation are revealed by

comparing Nc inside and outside the plume. By contrast, the NO-VOLCANO simulation shows only a modest difference in

Nc across these regions. Nevertheless, even without volcanic emissions, Nc is higher inside the plume area, possibly due to the270

enhanced presence of sea salt aerosols in those regions or to meteorological factors like differences in humidity and stability

(not shown). An analysis of the cloud water mixing ratio (qc) reveals that it increases by a factor of two within the plume in

the VOLCANO simulation compared to the NO-VOLCANO simulation. In both cases, qc values are higher inside the plume

than outside. Although qc is not directly influenced by the aerosol number concentration (Na), it is indirectly affected through

aerosol impacts on cloud microphysical processes. As shown in Figures 3c and 3f, our results demonstrate that the VOLCANO275

simulation shows a reduction in autoconversion and accretion processes compared to the NO-VOLCANO simulation. In the

VOLCANO simulation, cloud droplets are smaller because available water vapor is distributed among more cloud condensation

nuclei. As a result, these droplets have smaller collision cross sections and lower fall velocities, making them less likely

to collide and grow. This reduction of autoconversion and accretion ultimately leads to reduced raindrop formation in the

VOLCANO simulation, as shown in Figure 3b. In the VOLCANO simulation, the conversion of cloud droplets to raindrops280
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Figure 2. Horizontal distributions of total aerosol number concentration (Na) and cloud droplet number concentration (Nc) for the NO-

VOLCANO (a, b) and VOLCANO (c, d) simulations for Holuhraun, along with their differences (e, f). Both variables are integrated vertically

and averaged over simulation time. The purple contours indicate the time-averaged, vertically integrated sulfate mass of 10−12 kgcm−2,

which is used to define the boundary between regions inside and outside the volcanic plume.

decreases, resulting in more cloud water remaining. This leads to a higher cloud water mass (qc) and a lower rainwater (qr)

mass in the VOLCANO simulation compared to the NO-VOLCANO simulation as shown in Figures 3d and 3e.

In addition to the effects of volcanic aerosols on cloud hydrometeors, our results reveal clear differences in the behavior

of cloud and rain water inside and outside the plume. While Nc and qc are higher inside the plume—even in the absence of

volcanic aerosols (NO-VOLCANO simulation)—both Nr and qr are significantly higher outside the plume. This indicates that285

the conversion of cloud droplets into raindrops is more efficient outside the plume, consistent with the higher autoconversion

and accretion rates observed there (Figures 3c and 3f). The efficiency of these processes depends on the mass concentration of

the cloud and raindrops, as well as the mean particle size, which is defined as the mass divided by the number of droplets. Our
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Figure 3. Spatiotemporally averaged profiles—calculated over cloudy pixels from 00:00 on September 1, 2014, to 00:00 on September 7—of

the number concentration of cloud water (Nc, a) and cloud rain (Nr , b), the autoconversion rate (c), the mass mixing ratio of cloud water

(qc, d) and cloud rain (qr , e), and the accretion rate (f) for the VOLCANO (red) and NO-VOLCANO (blue) simulations for Holuhraun.

results show that outside the plume, where cloud droplet numbers are relatively low but droplet sizes are large, autoconversion

and accretion remain active in both VOLCANO and NO-VOLCANO simulations. By contrast, inside the plume, where cloud290

droplets are more numerous but smaller, these processes are suppressed. Consequently, raindrop formation is enhanced outside

the plume compared to inside (Figure 3b).

4.1.2 Mixed–phase clouds

The Holuhraun eruption did not emit ash particles. As a result, ice crystals formed primarily through the homogeneous freezing

of cloud droplets and liquid aerosols (sulfate particles), along with the heterogeneous freezing driven by background INPs.295

Our results indicate that the contribution of heterogeneous freezing was negligible, and that homogeneous freezing of sulfate

aerosols had only a limited effect on ice formation. As shown in Figure A3, the mass mixing ratio and number concentration of

ice particles differ only slightly between the VOLCANO and NO-VOLCANO simulations. However, further analysis revealed

that mixed–phase cloud processes are influenced by variations in volcanic aerosols (Figure 4). Since frozen hydrometeors show

only slight changes in the VOLCANO simulation compared to the NO-VOLCANO simulation, the changes in mixed–phase300

clouds can be attributed to changes in liquid hydrometeors.
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Figure 4. Similar to Fig. 3, but for the rate of riming (a) and the mass mixing ratio of graupel (b).

To study the development of microphysical processes in mixed-phase clouds, we examined the total riming rate—the process

by which supercooled droplets collide with ice or snow particles—and the formation of graupel, which forms through riming.

The efficiency of collisions between liquid and frozen hydrometeors depends strongly on droplet size; larger droplets rime

more efficiently than smaller ones. Figure 4 shows the vertical profiles of the riming rate and graupel mass mixing ratio (qg).305

As shown, the riming rate and qg are approximately 1.5 to 2 times lower in the VOLCANO simulation than in the NO-

VOLCANO simulation. These results align with previous studies (e.g., Borys et al., 2000). In addition to riming, graupel can

also form from the freezing of raindrops. Our analysis (not shown) revealed that this process occurs more frequently inside the

plume because outside the plume raindrops are smaller and freeze less. Nevertheless, our results indicate that raindrops freezing

contribute much less to graupel formation than riming does (not shown). A comparison of the results inside and outside the310

plume revealed that the mass of graupel, as well as the riming process, is greater outside the plume. These results are consistent

with our previous findings regarding the behavior of hydrometeors and processes in warm clouds (Figure 3). As previously

mentioned, frozen hydrometeors do not change with volcanic aerosol loading. However, they are more abundant outside the

plume (Figure A3). Therefore, because the hydrometeors involved in riming and graupel formation are more abundant outside

the plume, both riming and graupel production are also enhanced outside the plume.315

The reduction of the riming process means that more liquid droplets remain in the mixed–phase cloud in the VOLCANO

simulation compared to the NO-VOLCANO simulation. This was confirmed by analyzing the binary liquid fraction in mixed–

phase clouds. Following the method of Han et al. (2023), we calculated the liquid cloud pixel fractions. A cloudy pixel was

classified as a liquid pixel if its liquid mass fraction exceeded 0.5; otherwise, it was classified as an ice pixel. The liquid

cloud pixel fraction was calculated as the ratio of the number of liquid cloud pixels to the sum of all cloudy pixels. As can320

be seen in Figure 5, liquid cloud pixel fractions are more abundant in the VOLCANO simulation than in the NO-VOLCANO
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Figure 5. Liquid cloud pixel fraction as a function of temperature in the VOLCANO and NO-VOLCANO simulations for Holuhraun.

simulation, and they are more abundant inside the plume than outside. This is in line with the riming rate results and indicates

that, compared to NO-VOLCANO, more liquid water remained in the mixed phase in VOLCANO and did not rime.

4.1.3 Statistical test

Our results show differences in the processes and hydrometeors in the warm and mixed phase clouds in the VOLCANO and325

NO-VOLCANO simulations. We used the Mann-Whitney U test (Mann and Whitney, 1947) to calculate the p-value. Based

on this approach, relative differences are considered significant if the p-value is below 0.05. Due to the large number of

grid points, the data were first averaged spatially over the vertical and horizontal dimensions, with the analysis restricted to

cloudy grid points within the plume region. This produced time series of domain-averaged values, with one sample per time

step. The Mann–Whitney U test was then applied to these time series. Additionally, the direction of change was assessed by330

calculating the relative difference between their mean values. Figure 6 shows the resulting relative differences, with colors

indicating the sign of the change and p-values below 0.05 highlighted by black frames around the boxes, for the mass mixing

ratios and number concentrations of all hydrometeors over six days of simulation. The relative differences indicate that Nc,

qc, and qs are larger in the VOLCANO simulations (red boxes), whereas Nr, qr, Ng , and qg are larger in the NO-VOLCANO

simulations (blue boxes). These results are consistent with the findings shown in Figure 3 and Figure 4. On the first day,335

significant differences were only observed for cloud droplet number concentration (Nc), indicating an early aerosol impact

on this variable. As the volcanic plume evolves, statistically significant differences emerge for cloud water (both Nc and qc),

cloud rain (Nr and qr), and graupel (Ng and qg) between the VOLCANO and NO-VOLCANO simulations. Conversely, no

statistically significant changes were found for cloud ice (Ni and qi) and snow (Ns and qs), suggesting these hydrometeors are

less sensitive to volcanic aerosol perturbations under the simulated conditions.340
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Figure 6. Relative differences (VOLCANO minus NO-VOLCANO divided by NO-VOLCANO) and statistical significance of daily changes

between the VOLCANO and NO-VOLCANO simulations for Holuhraun inside the plume. Colors indicate the relative difference, while

black boxes denote statistically significant differences (p< 0.05) in cloud hydrometeors for each day (y-axis).

4.2 La Soufrière

As described in Section 2, simulating this eruption provided us with the opportunity to assess the ice-related processes. Similar

to the simulations of the Holuhraun eruption, we examined the effect of volcanic aerosols on clouds inside and outside the

plume. However, cloudy pixels are defined as areas where the combined mass of cloud water and ice exceeds 10−6 kgkg−1,

based on the work of Dedekind et al. (2021). As this eruption ejected both SO2 and ash, the total mass of sulfate and ash was345

used to calculate the threshold between the inside and outside of the plume. Accordingly, the inside of the plume is defined as

the areas with a total mass greater than 10−11 kgkg−1, and all other areas are considered outside of the plume. Figure 7 shows

the total mass mixing ratios of cloud water (qc) and cloud ice (qi) on April 11 at 23:00 UTC at an altitude of 15000 m. The

purple contour in the figure indicates the boundary between inside and outside of the plume. The La Soufrière volcano is ∼150

km west of Barbados (Bruckert et al., 2023). The Barbados Cloud Observatory (BCO) has been operating since 01 April 2010350

to advance the understanding of clouds, circulation, and climate sensitivity at the edge of the intertropical convergence zone

(Stevens et al., 2016). Stevens et al., 2016 noted that north-easterly trade winds usually prevail in this region; however, at the

time of the eruption, Barbados was located downwind of the volcano (Bruckert et al., 2023).

4.2.1 Warm and mixed–phase clouds

Since we had already investigated the effects of volcanic aerosols on warm cloud processes by analyzing the results of the355

Holuhraun eruption, here we were interested in investigating the activation of mixed-mode aerosols as CCN in addition to

soluble mode particles (i.e., comparing VOLCANO and VOLCANO-MIXED rather than comparing the results of VOLCANO

and NO-VOLCANO simulations). However, our results show only a slight changes in the number concentration of cloud

droplets between VOLCANO and VOLCANO-MIXED (not shown). In general, we found that volcanic aerosols from the La
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Figure 7. Horizontal distribution of mass mixing ratio of cloud water (qc) and cloud ice (qi) on 11 April 2021 at 23:00 UTC, at an altitude of

15000 m, the level of maximum aerosol content. The cloud area is indicated by the blue spectrum, and the purple contour shows the sulfate

plus ash mass equal to 10−11 kgkg−1, which defines the boundary between the regions inside and outside of the volcanic plume. Areas

outside the orange box are excluded from the analysis, corresponding to approximately 278 km in the meridional (north–south) direction and

270 km in the zonal (east–west) direction (on average). The magenta triangle marks the location of the La Soufrière volcano.

Soufrière eruption had limited impact on warm and mixed-phase clouds. One possible reason for this is the plume height.360

Horváth et al. (2022) stated that most of the plumes either spread near the tropopause at 16–17km altitude or penetrated the

stratosphere at 18–20 km altitude. This causes the volcanic aerosols to be more dominant where there is less water vapor than

at lower altitudes, where warm and mixed–phase processes occur. Additionally, investigating the distribution of mass mixing

ratios and number concentrations of cloud hydrometeors inside and outside the plume in these four simulations revealed that

ice clouds, rather than warm and mixed-phase clouds, were the dominant cloud type in the simulation domain and throughout365

the simulation period. Figure 8 shows the distributions of ice and snow; however, the results for cloud droplets, raindrops,

and graupel are not shown. The distributions of ice are relatively symmetric, with close proximity between the mean and

median values and minimal skewness. In contrast, the distributions of cloud water, rain, graupel (not shown) and snow exhibit

pronounced skewness, characterized by a large difference between their mean and median values. These results suggest that

warm and mixed–phase clouds with higher concentrations of cloud droplets, raindrops, graupel and snow were less frequent in370

the simulation domain, while grid points with very low values (near zero) were dominant, indicating that these clouds rarely

covered the sky during the simulation. Conversely, the distribution of ice, with close median and mean values, shows that

ice clouds are more evenly and widely distributed across the domain. This is consistent with the dominance of ice clouds

throughout the simulation.
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Figure 8. Distribution of the number concentration (a, b) and the mass mixing ratio (c, d) of cloud ice (a, c) and snow (b, d) inside and

outside (hatched box) the plume in four simulations for La Soufrière. The orange horizontal lines indicate the median of each distribution

and the green dots show the mean. Each box spans the interquartile range (Q1 to Q3), and whiskers extend to three times the interquartile

range (3 IQR).

Analyzing the liquid fractions as a function of temperature confirms the claim that ice clouds dominated the simulation375

domain during the simulation period. Using a similar approach to that described for defining cloud water and ice pixels in the

Holuhraun simulations, we identified these pixels in the four La Soufrière simulations and plotted the liquid fraction against

temperature, as shown in Figure 9. Since the VOLCANO simulation includes two types of volcanic aerosols, it was compared

with others to determine if changes in aerosol concentrations and CCN activation settings impact the redistribution of liquid

and ice pixels. First, the results of the VOLCANO and NO-VOLCANO simulations (Figure 9a) were examined. Different380

from the Holuhraun case, no notable changes were observed between the results of these simulations inside the plume, and the

results were close inside and outside the plume for both simulations. This indicates that neither the emission loading of aerosols

nor the meteorological conditions impact the redistribution of the frequency of clouds and ice in mixed–phase clouds. Similar

results were found when investigating the results of VOLCANO and VOLCANO-NO-ASH (Figure 9b) and VOLCANO and

VOLCANO-MIXED (Figure 9c). These results confirm that mixed–phase processes are unaffected by volcanic aerosols and385

show that ice pixels dominate. For example, at a temperature of −7◦C, the liquid fraction is 0.2, whereas it was 0.6 in the

Holuhraun case at the same temperature. This again confirms that ice clouds dominated during these simulations.
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Figure 9. Liquid cloud pixel fraction as a function of temperature in the VOLCANO and NO-VOLCANO simulations (a), in the VOLCANO

and VOLCANO-NO-ASH simulations (b), and the VOLCANO and VOLCANO-MIXED simulations (c) for La Soufrière. The plotted data

is for the entire simulation time.

4.2.2 Cold clouds

Figure 8 shows that the VOLCANO-MIXED simulation did not affect the mass mixing ratio or number concentration of ice

and snow compared to the VOLCANO simulation. Therefore, we excluded the results of the VOLCANO-MIXED simulation390

from the analysis in this section.

To analyze the effects of volcanic ash on heterogeneous ice nucleation and the redistribution of available water vapor, we

examined the spatiotemporal profiles of ice nucleation-related variables in the ART simulations for the VOLCANO, NO-

VOLCANO, and VOLCANO-NO-ASH scenarios. Figure 10 illustrates these variables within the plume. Figure 10a shows the

vertical profile of ash particle number concentration. Although the VOLCANO-NO-ASH and NO-VOLCANO simulations do395

not consider volcanic ash, small predefined background values are considered. Since these values are much lower (1×106 m−3)

compared to the volcanic ash concentrations in the VOLCANO simulation (1.5× 108 m−3), they appear negligible or close to

zero.

Figure 10b shows the concentration of ice crystals formed heterogeneously. As can be seen, there appear to be no such crys-

tals in the VOLCANO-NO-ASH and NO-VOLCANO simulations because the ash concentration is low in these simulations.400

However, the VOLCANO simulation shows three peaks: one between 10 and 12 km, and two between 14 and 18 km. Our

analysis showed that supersaturation with respect to water is greater than 1 between 10 and 12 km. Therefore, we can conclude

that the ice crystals formed at this altitude are the result of immersion freezing, while those formed at higher altitudes are the

result of deposition nucleation.

Figure 10c illustrates the vertical profile of Smaxice in the three simulations. We observed a reduction in Smaxice at the405

altitude at which ice crystals form heterogeneously. When ash particles are activated as INPs, they consume water vapor,

reducing the maximum supersaturation with respect to ice. The depletion of water vapor through INP activation redistributes

the available water vapor between homogeneously and heterogeneously frozen crystals, thereby affecting the total number of

ice crystals. Aqueous sulfate droplets require high supersaturation with respect to ice in order to freeze homogeneously. This is

because the droplets must dilute to increase water activity and overcome the energy barrier of the phase transition from liquid410
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to ice. Without sufficient water vapor, the droplets may lose moisture to the surrounding air, becoming highly concentrated and

preventing homogeneous ice nucleation. Our results show that, when activated as INPs, ash particles reduce the available water

vapor and lower the supersaturation over ice. Consequently, homogeneous freezing occurs less frequently in the VOLCANO

simulation, resulting in a smaller total number of ice crystals than in scenarios without ash activation.

In addition to sufficient water vapor, the concentration of liquid aerosol particles is an important factor in homogeneous ice415

nucleation. Figure 10d shows the vertical profile of sulfate particle number concentration. As can be seen, sulfate particles

are more abundant in the VOLCANO-NO-ASH simulation than in the VOLCANO simulation. This is due to coagulation

processes, whereby ash and sulfate particles stick together. The result is particles that are categorized as insoluble modes or

forms of internally mixed aerosols, which occur when the 5% mass threshold of soluble coatings on insoluble particles is

exceeded. Consequently, despite having identical SO2 source strengths, the number of soluble particles (i.e., sulfate aerosols)420

differs between the two simulations. Since the concentration of liquid aerosols is lower in the VOLCANO simulation, the

number of ice crystals formed through homogeneous ice nucleation is reduced relative to the VOLCANO-NO-ASH simulation.

In the NO-VOLCANO simulation, sulfate concentrations are much lower than in the other two cases because only small

predefined background values were applied.

Figure 10e shows the diameter of liquid aerosols in the three simulations. Below an altitude of 13 km, sulfate particles425

are larger in the NO-VOLCANO simulation. At higher altitudes, however, sulfate particles are larger in the VOLCANO and

VOLCANO-NO-ASH simulations than in the NO-VOLCANO simulation. This affects the total number of ice crystals, as

shown in Figure 10f.

Figure 10f illustrates the total number of ice crystals formed through a combination of homogeneous and heterogeneous ice

nucleation. Taking into account the activation of ash particles as INPs, the resulting depletion of water vapor, and the varying430

concentrations and sizes of liquid aerosols—all of which play a significant role in the competition between homogeneous

and heterogeneous nucleation—we ultimately found that the total number of ice crystals formed in VOLCANO is lower

than in VOLCANO-NO-ASH and NO-VOLCANO at altitudes below 14 km. For instance, at 13 km, the ice crystal number

concentrations are approximately 5× 105 m−3 in VOLCANO, 7.5× 105 m−3 in VOLCANO-NO-ASH, and 1× 106 m−3

in NO-VOLCANO. However, at altitudes above 14 km, the VOLCANO simulation produces more ice crystals than NO-435

VOLCANO but fewer than VOLCANO-NO-ASH. For example, at 17 km, the concentrations are approximately 1× 107 m−3

in NO-VOLCANO, 2.8× 107 m−3 in VOLCANO, and 6× 107 m−3 in VOLCANO-NO-ASH. At altitudes between 10 and

12 km, there is a local maximum in the profile of the VOLCANO simulation that was previously observed in Figure 10b. This

small peak indicates immersion freezing. As even the reduction of Smaxice cannot diminish its effect, at these altitudes, the

VOLCANO simulation has a slightly larger number concentration of ice crystals than the other experiments. Since the values440

in this figure are widely dispersed, Figure 10f employs a logarithmic scale.

Figure 10g illustrates specific humidity (qv) which is used as a mass conservation check in the ICON-ART model. After a

check for a water mass conservation to ensure that the newly nucleated particles predicted by the ice nucleation scheme after

Barahona and Nenes (2009b) are consistent with the actually available water vapor, the number of ice crystals formed in the

upper troposphere above 14 km is reduced to the values shown in Figure 10h.445
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Ultimately, considering homogeneous and heterogeneous ice nucleation, as well as mass conservation, Figure 10h shows the

total number of ice crystals produced in the ART model in the three simulations. As can be seen, the large number of ice crystals

at altitudes above 14 km disappeared after applying the mass conservation check, and the difference between the simulation

results is clearer at lower altitudes. According to the results shown in Figure 10h, the total number of ice crystals is lower in

the VOLCANO simulation, in which ash particles act as INPs, than in the VOLCANO-NO-ASH simulation, in which volcanic450

ash is not considered. However, the total number of ice crystals in these two simulations is lower than in the NO-VOLCANO

simulation due to the presence of smaller liquid aerosols in those simulations compared to the NO-VOLCANO simulation.

Figure 10. Spatiotemporally averaged profiles—calculated from 12:00 on April 9, 2021 to 23:00 on April 13—of the number concentration

of ash particles (a), the number concentration of heterogeneously formed ice crystals (b), maximum supersaturation over ice (c), the number

concentration of sulfate (liquid aerosols) (d), the diameter of sulfate particles (e), the number concentration of produced ice crystals before

applying the mass conservation check (f), specific humidity (g), and number concentration of produced ice crystals after applying the mass

conservation check (h) in the VOLCANO simulation (red), VOLCANO-NO-ASH simulation (green), and NO-VOLCANO simulation (blue)

for La Soufrière. The results shown here are for inside the plume. Nice shows the number concentration of ice crystals produced directly after

the ice nucleation scheme.

Figure 11 shows the number concentration and mass mixing ratio of ice crystals simulated with ICON-ART. After ice crystals

form both through homogeneous and heterogeneous nucleation (see Fig. 10h) and through rain or cloud droplet freezing, they

grow (or shrink) through the deposition of water vapor and subsequently undergo transport by sedimentation, advection and455

diffusion. The vapor deposition directly influences the mass mixing ratio of the ice crystals. Although the simulations show

a notable difference in ice number concentration, the difference in mass mixing ratio between the VOLCANO-NO-ASH and

NO-VOLCANO simulations is minimal. This can be attributed to the effect of the deposition rate on ice crystal growth. In the
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Figure 11. Spatiotemporally averaged profiles—calculated from 12:00 on April 9, 2021 to 23:00 on April 13—of the number concentration

(a) and mass mixing ratio (b) of ice particles in the VOLCANO (red), VOLCANO-NO-ASH simulation (green), and NO-VOLCANO simu-

lation (blue) for La Soufrière. The results shown here are for inside the plume. Ni represents the resulting ice crystal number concentration

after all relevant microphysical and transport processes have been applied.

VOLCANO simulation, ash particles act as INPs. They consume available water vapor and reduces the deposition rate. This

limits the growth—and thus the mass mixing ratio—of ice crystals. Consequently, the deposition rate is higher in the former460

two cases. The small difference in the mass mixing ratio between the VOLCANO-NO-ASH and NO-VOLCANO simulations

may be due to the difference in size of the liquid aerosols, which are larger in the NO-VOLCANO simulation. This promotes

more efficient freezing, resulting in a greater total mass conversion to ice.

Snow particles form through the aggregation of ice crystals. Figure 12 illustrates the number concentration and mass mixing

ratio of snow particles, as well as the number and mass aggregation rates in the simulations. The plots in the top row show465

the number (a) and mass (b) aggregation rates. As expected, the VOLCANO simulation has the fewest aggregated ice crystals,

corresponding to the smaller quantity of ice crystals present in that scenario. Consequently, the lowest snow number concen-

tration was observed in the VOLCANO simulation. In our simulations, the number concentration of snow particles behaves

similarly to the number concentration of ice particles. This shows that more ice particles lead to more aggregation and, con-

sequently, more snow particles. However, the mass mixing ratio of snow remains largely unchanged among the simulations.470

Since there are fewer snow particles in the VOLCANO simulation than in the other two simulations and the mass does not

change significantly, the snow particles must be larger in the VOLCANO simulation.

4.2.3 Statistical test

As in the case of Holuhraun, we used the Mann-Whitney U test to calculate p-values and evaluate the statistical significance

of the differences in hydrometeor properties across the simulations. Additionally, the direction of changes were assessed by475

calculating the relative difference between their mean values. Four simulations were conducted for the La Soufrière eruption.
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Figure 12. Spatiotemporally averaged profiles—calculated from 12:00 on April 9, 2021 to 23:00 on April 13—of the rate of aggregation

number (a) and mass (b) as well as the number concentration (c) and mass mixing ratio (d) of snow particles in the VOLCANO (red),

VOLCANO-NO-ASH simulation (green), and NO-VOLCANO simulation (blue) for La Soufrière. The results shown here are for inside the

plume.

As previously discussed, we observed no notable differences between the VOLCANO and VOLCANO-MIXED simulations.

The calculated p-values confirmed this observation, indicating no statistically significant differences between these two cases.

Figure 13 shows the resulting relative differences, with colors indicating the sign of the change and p-values below 0.05

highlighted by black frames around the boxes, for the mass mixing ratio and number concentration of all hydrometeors over480

the four-day simulation period. Since no significant differences were found between the VOLCANO and VOLCANO-MIXED

simulations, their respective p-values were excluded from the figure. The figure shows the comparison between VOLCANO

and NO-VOLCANO (top panel) and VOLCANO and VOLCANO-NO-ASH (bottom panel). In the VOLCANO simulation,

the presence of sulfate particles results in a higher concentration of cloud droplets compared to NO-VOLCANO. As the top

panel of Figure 13 shows, the difference in the number of cloud droplets between the two simulations is statistically significant485

for the last three days of the simulation. However, the cloud droplet mass mixing ratio shows a significant change on the last
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Figure 13. Relative difference and statistical significance of daily changes in VOLCANO and NO-VOLCANO simulations (top) and VOL-

CANO and VOLCANO-NO-ASH simulations for La Soufrière inside the plume. Colors indicate the relative difference, while black boxes

denote statistically significant differences (p< 0.05) in cloud hydrometeors for each day (y-axis).

two days. An examination of the cloud vertical profiles (not shown) revealed scattered clouds at lower atmospheric levels.

There are no significant differences in the number concentration or mass mixing ratio of rain between these two simulations,

indicating that the warm rain process is largely unaffected by changes in aerosol number concentration. Although the number

of cloud droplets increases in the VOLCANO simulation, the mass remains relatively unchanged because there is no substantial490

conversion of cloud water into rainwater—the water remains within the cloud category. Examining all two plots and making

pairwise comparisons reveals no significant changes in the mass mixing ratio or number concentration of graupel, which may

be due to the absence of mixed–phase clouds during the simulations. However, the results indicate that volcanic aerosols

significantly affect the number and mass of ice particles in all simulations. Figure 11 illustrates that ash and sulfate both affect

the number concentration and mass mixing ratio of ice. P-values demonstrate that the differences between the simulations are495

significant. We also observed a significant difference in snow number concentration. However, the snow mass mixing ratio

behaved differently, and no notable differences were observed between the simulations.
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Figure 14. Schematic of the main causal chains identified for aerosol-cloud interactions in the Holuhraun and La Soufrière simulations. LF

stands for liquid fraction.

5 Conclusions

This study investigated the effect of volcanic aerosols on clouds. To accomplish this, we simulated two volcanic eruptions that

differed in location and emitted substances with the ICON-ART model. The proposed main causal chains for the aerosol-cloud500

interactions in these simulations are summarized in Fig. 14.

The first case we simulated was the first 6 days of the September 2014 Holuhraun eruption. This volcanic eruption emitted

a large quantity of SO2 into the atmosphere, but carried very little volcanic ash. We performed two simulations: one with

volcanic emissions (VOLCANO) and one without (NO-VOLCANO). The CCN activation scheme had to be tuned because

preliminary simulation results showed a strong difference in cloud droplet number concentration compared to MODIS re-505

trievals. In particular, we adjusted the model to account for the isotropy of turbulence rather than assuming that all turbulent

energy was confined to vertical motion. This reduced the standard deviation of the vertical velocity used in calculating the

PDF of vertical velocity for CCN activation. These modifications reduced the discrepancy between the simulation results and

observations. Analysis of the results of the simulations in cloudy pixels, as well as inside and outside the plume, showed that

there were no notable differences between the VOLCANO and NO-VOLCANO simulations outside of the plume because the510

meteorological conditions and aerosol distributions were similar. Meanwhile, inside the plume, the number concentration of

24



cloud droplets significantly increased in the VOLCANO simulation. Conversely, processes dependent on cloud droplet size,

such as autoconversion and accretion, were reduced. This, in turn, reduced the number concentration and mass mixing ratio

of raindrops. We observed no notable effects of volcanic aerosols on cloud ice and snow. However, our results showed that

the mass mixing ratio and number concentration of graupel decreased in the VOLCANO simulation. Since the cloud droplets515

are smaller in the VOLCANO simulation, they are less likely to collide with ice crystals, resulting in a lower riming rate and

thus less graupel production. Outside the plume, there are fewer but larger cloud droplets. This increases the collision and co-

alescence processes, enhancing raindrop formation. The Mann-Whitney U test revealed that the differences observed between

VOLCANO and NO-VOLCANO are statistically significant.

The second case we simulated was the 2021 eruption of La Soufrière. Unlike the Holuhraun eruption, this one was explosive.520

In addition to SO2, it emitted a large quantity of ash particles. First, the competition between heterogeneous and homogeneous

ice nucleation was investigated by comparing a sulfate-only scenario, in which only homogeneous freezing occurs, to a sce-

nario in which ash particles act as INPs and sulfate particles freeze homogeneously at low temperatures. To evaluate this, we

ran three simulations. The first is the VOLCANO simulation with both ash and SO2 emission, the second simulation is termed

VOLCANO-NO-ASH with the same SO2 source strength but zero ash emissions, and a NO-VOLCANO simulation with zero525

source strength for both ash and SO2. Second, to evaluate the impact of internally mixed sulfate-ash aerosols acting as CCN

on clouds, an additional simulation called VOLCANO-MIXED was run. This simulation is identical to the VOLCANO sim-

ulation, except it allows mixed-mode aerosols to act as CCN. Comparing the results of VOLCANO and VOLCANO-MIXED

shows no notable effect of activating mixed-mode aerosols as CCN on cloud hydrometeors. Further analysis showed that ice

clouds dominated during our simulations. Thus, the lack of notable effects of mixed-mode aerosols on clouds may be due to the530

absence of warm and mixed–phase clouds during the simulation period and over the simulation domain. To investigate the ice

phase processes, we compared the results of VOLCANO, VOLCANO-MIXED, and NO-VOLCANO simulations. Heteroge-

neous ice nucleation occurs first because it happens at warmer temperatures. The ash particles in the VOLCANO simulation act

as INPs and form ice crystals, depleting the water vapor. Our results showed that maximum supersaturation over ice decreased

in the VOLCANO simulations. This can affect homogeneous ice nucleation because sulfate particles need high supersatura-535

tions to overcome the energy barrier of phase transition. Our results showed that the total number of ice crystals decreased in

the VOLCANO simulation due to the inhibition of homogeneous ice nucleation. Additionally, the number and size of liquid

aerosols are important for homogeneous ice nucleation. Our results showed that the total number of ice crystals was higher

in the NO-VOLCANO simulation, in which the sulfate particles were larger, than in the VOLCANO-NO-ASH simulation,

which had a similar supersaturation over ice. We also found significant differences in the number of snow particles, with fewer540

snow particles in VOLCANO than in VOLCANO-NO-ASH than in NO-VOLCANO. Snow number concentrations follow the

behaviour of the aggregation rate. However, we did not observe a significant difference in the mass mixing ratio of snow in

these simulations. The Mann-Whitney U test showed that the differences we observed in the number concentrations of cloud

droplets, ice, and snow were significant, but we did not see this for the mass of variables.

In this study, we used numerical simulations to extend the understanding of volcanic aerosol effects on cloud microphysical545

properties and hydrometeors, which have previously been investigated primarily in warm clouds (e.g., Malavelle et al., 2017;
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Haghighatnasab et al., 2022). Here, we examined their influence on warm, ice, and mixed-phase clouds. Our results indicate

that the effects of volcanic plumes on clouds are highly case-specific, depending on the prevailing weather system (see also

Peace et al., 2024) as well as on the cloud type over the studied region and the plume height. For instance, in the Holuhraun case

we found a significant impact of volcanic aerosols on warm and mixed-phase clouds, whereas in the La Soufrière case, despite550

the large SO2 emissions, no significant effect on rain or graupel was observed. This lack of impact can likely be attributed

to the absence of warm and mixed-phase clouds during the simulation period. For ice clouds, our results show a reduction in

ice concentration in the presence of the volcanic ash, consistent with previous studies (e.g., Lin et al., 2025). However, this

contrasts with Breen et al. (2020), who reported increased ice crystal concentrations at cirrus levels when ash particles were

included in the ice nucleation process. Overall, these findings suggest that the effects of volcanic aerosols on clouds are not555

generalizable but instead strongly case-dependent.
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Appendix A

Figure A1. Relative frequency of total column Nc inside (a) and outside (b) the plume in the VOLCANO simulation before adjustment

(magenta), after adjustment (cyan) and MODIS data (black). The SO2 > 1DU criterion is used for the observations, while the SO4 > 10−12

kgkg−1 threshold is used for the simulations to define the boundary between the inside and outside of the plume.

Figure A2. Relative frequency of LWP inside (a) and outside (b) the plume in the VOLCANO and NO-VOLCANO simulation before and

after adjustment. For each case, the mean and median are shown in the figure legend. For the simulations, the threshold of SO4 > 10−12

kgkg−1 is used to define the boundary between the inside and outside of the plume.
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Figure A3. Distribution of the number concentration (a, b) and the mass mixing ratio (c, d) of cloud ice (a, c) and snow (b, d) inside and

outside (hatched box) the plume in two simulations for Holuhraun. The orange horizontal lines indicate the median of each distribution and

the green dots show the mean. Each box spans the interquartile range (Q1 to Q3), and whiskers extend to three times the interquartile range

(3 IQR).
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