
1. Introduction
Large explosive volcanic eruptions can influence weather and climate (e.g., Robock, 2000; Timmreck, 2012; von 
Savigny et al., 2020). The erupted volcanic material, consisting mainly of ash, water vapor, SO2, and other gases, 
are dispersed in the atmosphere and form secondary volcanic aerosols (e.g., sulfate) during the development 
of the plume. On long-term climatic time scales, sulfate aerosols modify the radiation by scattering sunlight 
and, thus, cool the Earth's surface (Robock, 2000; Timmreck, 2012). On weather time scales, volcanic ash can 
cause circulation changes by radiative heating (Niemeier et al., 2009, 2021). Furthermore, volcanic aerosols can 
influence the formation of clouds (e.g., Malavelle et al., 2017). The physicochemical properties and atmospheric 
lifetime of these aerosols modulate their interactions with clouds and radiation. For example, aged ash (coated 
with sulfate) differs from fresh ash (noncoated) not only in the optical properties (Muser et al., 2020) but also by 
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Soufrière eruption. We consider ash aging both close to the volcano and during further transport. We found 
that ash aging takes place already close to the volcano and the fraction of aged particles increases with distance 
from the source. During further transport, a layer of aged ash particles forms at the plume top due to interaction 
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affecting the ice and cloud nucleation (Maters et al., 2020; Umo et al., 2021). To improve our understanding of 
the impact volcanic eruptions can have on local and global weather, it is essential to constrain the processes that 
affect the properties and lifetime of volcanic aerosols (e.g., von Savigny et al., 2020).

Aerosols are removed from the atmosphere by wet and dry deposition. The sedimentation of particles depends 
on their shape, size, and density (Seinfeld & Pandis, 2006). Further aerosol dynamic processes include nuclea-
tion and coagulation of aerosol particles, as well as condensation, evaporation, and sublimation of gases on or 
from aerosols. These processes generate new particles and modify the size and composition of existing parti-
cles (particle aging) and, thus, their optical properties and lifetime in the atmosphere (Eriksson et  al.,  2017; 
Riemer et al., 2003; Seinfeld & Pandis, 2006). Kahn and Limbacher (2012), Scollo et al.  (2012), and Flower 
and Kahn  (2020) investigated particle aging by applying the Multiangle Imaging SpectroRadiometer (MISR) 
Research Aerosol (RA) algorithm to the plumes of the 2010 Ejyafjallajökull eruption, Etna plumes between 
the years 2000 and 2008, and three Iceland volcanoes (Eyjafjallajökull 2010; Grímsvötn 2011; and Holuhraun 
2014–2015), respectively. Scollo et al.  (2012) found that particle type parameters from MISR retrievals, such 
as the fraction of nonspherical particles and fine mode particles, well reflect the style of explosive activity, 
i.e., distinguish between ash-dominated and sulfate-dominated or water vapor-dominated plumes. Kahn and 
Limbacher  (2012) further demonstrated that MISR RA is suitable to investigate plume structures and plume 
particle evolution. Flower and Kahn (2020) used downwind changes in retrieved effective particle size, shape, and 
light-absorption to infer processes such as size-selective and size-independent gravitational settling, new particle 
formation, and particle oxidation or hydration.

Several modeling studies have investigated the impact of aerosol dynamics on the formation, properties, and 
lifetime of volcanic sulfate particles (e.g., Timmreck, 2012). Nevertheless, only a few studies have considered 
volcanic ash in their model. Niemeier et al. (2009, 2021) studied the effect of aerosol-radiation interaction on the 
ash and SO2 dispersion assuming externally mixed aerosols. The results of Niemeier et al. (2009) showed that 
additional heating and cooling caused by the radiative effect of fine ash particles modifies the evolution of the 
volcanic cloud. Niemeier et al. (2021) demonstrated that the volcanic emission of very fine ash in the Northern 
Hemisphere changes the wind patterns in the stratosphere by radiation interaction, influencing the burden and 
lifetime of sulfate, and altering the radiative forcing. Muser et  al.  (2020) used the ICON-ART (ICOsahedral 
Nonhydrostatic model with Aerosol and Reactive Trace gases) model in which the volcanic aerosols (ash and 
sulfate) were internally mixed for the first time. Their results revealed that aerosol dynamics led to faster removal 
of volcanic ash from the atmosphere following the Raikoke eruption in June 2019. However, they showed that 
aerosol-radiation interaction can also lift the volcanic plume top even above the maximum height of emissions 
by absorbing shortwave (SW) and longwave (LW) radiation, which is in agreement with observations (Chouza 
et al., 2020). Bruckert et al. (2022) used the same modeling system and additionally found a lofting of the SO2 as 
a consequence of the upper plume heating due to absorption of radiation by ash particles. Stenchikov et al. (2021) 
studied a Pinatubo-size eruption in the equatorial belt by including the radiative effects of SO2, ash, sulfate, 
water vapor, and hydrometeors. Their simulations showed that the volcanic cloud rises by 1  km/day during 
the first week, primarily due to the ash-induced heating and lofting. The results of Abdelkader et  al.  (2023) 
revealed a doubling of the radiative effect in the SW and LW when considering ash aging in climate simulations 
of Pinatubo-size eruptions. Zhu et al. (2020) showed that the ash particles controlled the chemistry and optical 
properties of volcanic clouds in the first days to weeks after the Mt. Kelud eruption in 2014. They concluded that 
persisting volcanic ash particles affected the stratospheric SO2 lifetime and aerosol optical properties. Despite 
significant advancements made by these studies, the near-source evolution of volcanic aerosols and their impact 
on the early stage development of the volcanic clouds are not well understood (Marshall et al., 2022).

In this work, we investigate the evolution of the volcanic plume during the first 4 days after the beginning of 
the eruption and study the distribution of aged ash particles following the 2021 La Soufrière eruption. The La 
Soufrière volcano is located on the Caribbean Island of Saint Vincent (13.33°N, 61.18°E). The latest major 
eruption started on 09 April 2021 and lasted several days. Babu et al. (2022) investigated the long-range trans-
port of the La Soufrière plume using Ozone Monitoring Instrument (OMI) observations. They found that the 
volcanic plume reached the western North Pacific region about 10 days after the eruption. Modeling the 2021 La 
Soufrière eruption is challenging, as it was characterized by not one continuous eruption but by a large number 
of individual pulses (“eruption phases” in the following). Therefore, we use the online approach as in Bruckert 
et al. (2022), in which ICON-ART is coupled to the one-dimensional volcanic plume rise model FPlume to derive 
the eruption source parameters (ESPs) for every individual eruption phase. We aim at addressing the following 
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research questions: (a) What controls the near-source distribution of ash particles? (b) Which processes drive 
particle aging near the volcano and during the further transport? Here, we directly compare simulated ash aging 
and observations for the first time; previous studies have investigated the implications of aerosol aging for particle 
removal and optical properties (e.g., Muser et al., 2020).

This paper is structured as follows: the model system and the observational data are described in Section 2. In 
Section 3, we first validate our simulated emissions (Section 3.1) and investigate the volcanic plume dispersion 
(Section 3.2). Then, we focus on the proximal aging of aerosols in the model and in observations (Section 3.3). 
Subsequently, the far-field aging of aerosols and its dependence on altitude are analyzed (Section 3.4). Finally, 
we discuss and conclude our findings in Section 4.

2. Model and Data Description
2.1. ICON-ART

To study the dispersion and aerosol dynamics following the La Soufrière eruption in April 2021, we used the 
ICON-ART modeling system. ICON solves the nonhydrostatic and compressible Navier-Stokes equations on an 
icosahedral-triangular grid (Zängl et al., 2015) and allows seamless prediction of various processes from global 
down to local scales (Giorgetta et al., 2018; Heinze et al., 2017)

ART is a submodule of ICON that enables the simulation of the emission, transport, physicochemical transfor-
mation, and removal of trace gases and aerosols in the troposphere and stratosphere (Rieger et al., 2015; Schröter 
et al., 2018; Weimer et al., 2017). The latest developments in ART further allow a comprehensive treatment of aero-
sol dynamics and the formation of internally mixed aerosols and their interaction with radiation (Muser et al., 2020).

The volcanic aerosols are organized in seven log-normal distributions considering an Aitken (as soluble), an accumu-
lation (as soluble, insoluble, and mixed), a coarse (as insoluble and mixed), and a giant mode (as insoluble). For the 
Aitken mode, nucleation, condensation, and coagulation are considered, whereas the accumulation mode and coarse 
modes are affected by condensation and coagulation only. Shifting of particles into another mode occurs either when 
the 5% mass threshold of soluble coating on insoluble particles is exceeded (shift from insoluble to mixed mode) or 
the threshold diameter of the soluble mode (sulfate) is exceeded (shift into larger mode) (Muser et al., 2020).

We performed a global ICON-ART simulation with a 13-km horizontal grid spacing and further horizontal 
grid refinements to 6.6-km and 3.3-km grid spacing around the volcano by using two nests. The innermost nest 
resolves convection processes, whereas the global domain and the coarser nest use the Tiedtke-Bechtold scheme 
for parameterized convection (Bechtold et al., 2008; Tiedtke, 1989). Two-way nesting is enabled, which allows an 
update of the fields in the parent domain by the child domain at every time step. The model uses 90 vertical levels 
to resolve the atmosphere up to 75 km. The model time steps are 60, 30, and 15 s in the global domain, first, and 
second nests, respectively. The simulation starts at 12 UTC on 9 April 2021 and the meteorology is initialized by 
analysis data provided by the German weather service (DWD). The experiment further includes aerosol-radiation 
interactions, but neglects the interaction of aerosols and clouds. The emissions of SO2 and ash by the volcanic 
eruption are described in the next section.

2.1.1. Volcanic Emission Scheme

The La Soufrière eruption started on 09 April at 12.41 UTC (Joseph et al., 2022) and was characterized by 43 
individual phases in the first 4 days and 49 phases during the entire eruption period from 09 to 22 April (Horváth 
et  al.,  2022). The detected eruption phases lasted between 10 min and 1 hr, and they reached plume heights 
between 5.7 and 18.3 km above the vent. In ICON-ART, we parameterize volcanic emissions by coupling to 
the one-dimensional plume rise model FPlume (Folch et al., 2016) as demonstrated in Bruckert et al.  (2022) 
for the 2019 Raikoke eruption. This feature resolves multiple eruption phases and, thus, allows a more realistic 
representation of volcanic plume dynamics. FPlume solves the equations of the buoyant plume theory (Morton 
et al., 1956) along the vertical plume axis and considers processes such as ambient air entrainment, plume bend-
ing due to wind, particle wet aggregation, energy supply due to water phase changes, and particle fallout and 
reentrainment of particles (Folch et al., 2016).

As input parameters, FPlume needs estimates of the plume height, the exit temperature, exit velocity, and exit 
volatile fraction. The plume heights were geometrically derived from GOES-17 (Geostationary Operational 
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Environmental Satellite-17) near-limb imagery at daytime and are temperature-derived from GOES-16 at night-
time (Horváth et  al.,  2022). A detailed description of the geometric side view technique is given in Horváth 
et al. (2021). The estimates of the exit temperature, exit velocity, and exit volatile fraction were chosen based on 
Bruckert et al. (2022) for the Raikoke eruption due to a similar composition of the magma: a fixed exit temper-
ature of 1273 K and fixed exit volatile fraction of 3% for all eruption phases; and an exit velocity that is linearly 
increasing with plume height.

The emission of volcanic compounds in ICON-ART is realized as follows (Bruckert et al., 2022): we calculate 
the fraction of very fine ash (particles <32 μm after the definition of Rose and Durant (2009)) relevant for the 
dispersion in the atmosphere with the total Mass Eruption Rate (MER) derived with FPlume and the input plume 
height applied to the equation by Gouhier et al. (2019). Figure 1 summarizes the assumed plume heights and 
the  resulting MER of very fine ash for the 43 individual eruption phases. The emission of very fine ash occurred 
along a Suzuki profile (Marti et al., 2017; Suzuki, 1983), and the mass was evenly distributed as insoluble tracers 
over the accumulation, coarse, and giant modes. These modes were emitted as log-normal distributions with 
median mass diameters of 0.8, 2.98, and 11.35 μm, respectively, and a standard deviation of 1.4 for each mode.

2.1.2. SO2 Emission Estimates

The SO2 mass emitted by the La Soufrière eruption was estimated using data from the TROPOspheric Monitor-
ing Instrument (TROPOMI) aboard the ESA/EU Copernicus Sentinel-5 Precursor (S5P) satellite from 09 to 13 

Figure 1. Prescribed plume height from satellite estimates (a) and online-calculated emission of very fine ash (b) in the first 96 hr of the 2021 La Soufrière eruption. 
The emission of very fine ash is derived from the Mass Eruption Rate (MER) modeled with FPlume and a very fine ash parametrization from Gouhier et al. (2019). The 
bars indicate the timing of the individual eruption phases as well as their length.
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April 2021. The TROPOMI SO2 total vertical column product used in this study assumes an SO2 profile with a 
1-km thick box filled with SO2 and centered at 15 km altitude, in order to represent an explosive volcanic erup-
tion (Theys et al., 2017). A grid was defined with a resolution of 0.1° in both latitude and longitude that spans 
the region between 35°N–30°S and 100°W–30°E. Only SO2 total vertical columns with values <1,000 mol m −2 
and with a solar zenith angle <70° were used (Theys et al., 2021). All vertical columns were multiplied by the 
SO2 molar mass to receive an SO2 mass loading in units of g m −2 before a threshold of 0.05 g m −2 was applied 
to distinguish the volcanic SO2 signal from the background. The data passing these criteria were averaged for 
each grid segment and used to determine the SO2 mass in units of grams for each segment. As some of the orbits 
overlap, we always bundled 14 consecutive orbits to a batch that covers ∼24 hr and averaged each grid segment 
of the batch. Finally, the SO2 mass in all grid segments of a batch were summed up to receive the total SO2 mass 
per batch. The highest SO2 mass per batch was observed on 11 April 2021 and is taken as the best estimate for the 
total SO2 mass emitted by the eruption. The resulting amount of SO2 was 0.4 Tg.

We distributed the total SO2 amount over the eruption phases by considering the plume height and phase length. 
The emission occurred along the same profile as for the very fine ash emission. Although this is an idealized 
assumption, we used this approach because details on the temporal SO2 emissions during the same eruption 
phases as derived from GOES-17 are missing. Volcanic emissions of SO2 and ash can also occur in separate 
phases (e.g., Thomas & Prata, 2011) or are separated by gravitation in the early stage of the volcanic plume 
(Prata et al., 2017; Schneider et al., 1999). Taylor et al. (2022) investigated the flux and burden of SO2 from the 
La Soufrière 2021 eruption with Infrared Atmospheric Sounding Interferometer (IASI) in more detail. They 
found that the emission flux of SO2 was larger on 09 April, which resulted in an SO2 burden around 0.3 Tg on 11 
April, which slightly decreased on the following day. A peak in the SO2 burden of 0.31 ± 0.09 Tg was reached on 
13 April. The authors stated that this amount might be underestimated due to the effects of volcanic ash and the 
presence of SO2 below the detection threshold of the instrument. Thus, our value of 0.4 Tg for the SO2 burden lies 
at the upper range of the uncertainty of the IASI measurements by Taylor et al. (2022), although our setup does 
not represent the varying emission flux detected by measurements.

2.2. Observational Data

2.2.1. Barbados Cloud Observatory

We compared our simulated data to vertical radar data from the Barbados Cloud Observatory (BCO, MPI-M, 2021, 
downloaded from https://observations.mpimet.mpg.de/repository/entry/show?entryid=656dc652-e02f-43c9-
9378-7307a5143377). The BCO is located on the east coast of the island of Barbados (13.16°N and 59.43°W) 
at Deebles Point. The BCO has been operating since 01 April 2010 to advance the understanding of clouds, 
circulation, and climate sensitivity at the edge of the intertropical convergence zone (Stevens et al., 2016). The La 
Soufrière volcano is ∼150 km west of Barbados. Usually, north-eastern trade winds are prevailing in this region 
(Stevens et al., 2016). However, at the time of the eruption, Barbados was located at the downwind site of the 
volcano, which enables the model validation near the volcano.

The BCO is equipped with standard meteorological instruments for temperature, humidity, pressure, wind, rain 
rate, and solar irradiance measurements, but several remote sensing instruments to study the vertical distribution 
of overpassing clouds are also installed. In this study, we compared our modeled volcanic compounds to equiv-
alent radar reflectivity data from the Ka-Band (35.5 GHz) cloud radar at BCO to validate the emissions. The 
temporal resolution of the radar data is 10 s and the vertical resolution is 32 m. The radar measures at range from 
150 m up to 18.9 km (Ka-Band Cloud Radar, 2022). Klingebiel et al. (2019) used the BCO Ka-Band radar together 
with other remote sensing instruments to investigate the sea salt aerosol distribution. As they were able to detect 
sea salt particles larger than 500 nm, we argue that the Ka-Band radar is able to detect fine mode ash. Thus, we 
do not need to exclude ICON-ART modes, when we compared the simulation with the BCO radar reflectivities.

2.2.2. MISR INteractive eXplorer (MINX) and MISR Research Algorithm (RA)

Plume height and aerosol property data derived from MISR onboard the Terra satellite are compared to ICON-
ART simulations on 10 April 2021 at 14:36 UTC, at the Terra overpass time. MISR is a passive sensor measuring 
upwelling SW radiation in four spectral bands in the visible and near-infrared (446, 558, 672, and 866 nm). MISR 
provides near-simultaneous coverage at multiple viewing angles, which makes it possible to derive the elevation 
of lofted features such as volcanic plumes from the parallax between the views. Therefore, the MISR INteractive 
eXplorer (MINX) software was developed. It is a stand-alone software package used to map volcanic, dust, and 
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wildfire smoke plume elevations from MISR hyperstereo data (Nelson et al., 2008, 2013). The resulting MINX 
elevations give a distribution of heights or vertical extent of the plume, keying on the layer of maximum spatial 
contrast, rather than a value for the absolute plume top height. MISR plume heights are retrieved at the nominal 
horizontal resolution of 1.1 km. The vertical uncertainty is in the range of 250–500 m (Nelson et al., 2013). In 
this study, we compare the spatial coverage of the individual eruption phases and their top heights relative to each 
other in MISR data and simulated ICON-ART data.

The MISR RA algorithm derives constraints on aerosol amount, particle size, shape, and light-absorption prop-
erties from the angular-spectral distribution of the scattered light (Kahn & Limbacher,  2012; Limbacher & 
Kahn, 2014). Thereby modeled radiances are compared with actual radiances measured by the MISR instrument. 
From this retrieval algorithm, we used the derived total aerosol optical depth (AOD), nonspherical fraction, 
and single scattering albedo (SSA) to investigate gradients in the horizontal distribution of the particle amount, 
particle aging, scattering properties, and to infer particle aging processes, within the emitted volcanic plume. The 
high optical depth of the near-source plume offers favorable conditions for the MISR particle-property retrievals. 
The values and gradients of the particle-property retrievals are then compared to the same ICON-ART modeled 
properties at the same plume height as the MINX height.

2.2.3. CALIOP/CALIPSO

The CALIPSO satellite (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation) is a joint mission 
between NASA and the French space agency CNES and was launched on 28 April 2016. The CALIOP 
(Cloud-Aerosol Lidar with Orthogonal Polarization) instrument onboard CALIPSO provides high-resolution 
vertical profiles of aerosols and clouds. The measurements are based on the backscattered signal at two wave-
lengths (532 and 1,064 nm). Two channels receive orthogonally polarized components of the 532 nm backscat-
tered signal, whereas the 1,064 nm backscatter intensity is only received at one channel (Winker et al., 2009).

We here used the total attenuated backscatter at 532 nm from CALIOP L1 data version 4.11 (downloaded from 
https://asdc.larc.nasa.gov/data/CALIPSO/LID__L1-Standard-V4-11/2021/04/) and compared this to our simu-
lated signals. Furthermore, we used the CALIOP depolarization ratio at 532 nm from the ratio of the perpendicu-
lar and parallel attenuated backscatter at 532 nm. This allows an estimation of whether the plume is dominated by 
spherical (i.e., coated particles or droplets) or nonspherical compounds (i.e., uncoated aerosol particles) (Winker 
et al., 2009). In total, 13 CALIPSO overpasses traversed the plume within the first 4 days of the eruption. In 
order to compare the CALIPSO total attenuated backscatter signal with ICON-ART modeled data, we applied 
the forward operator described by Hoshyaripour et al. (2019). According to Hoshyaripour et al. (2019), the total 
attenuated backscatter for the 532-nm wavelength is calculated with the following equation:

𝜖𝜖(𝑧𝑧) = 𝛽𝛽𝑏𝑏(𝑧𝑧)exp

(

−2

𝑧𝑧
∑

𝑖𝑖=1

𝛽𝛽𝑒𝑒(𝑧𝑧𝑖𝑖)Δ𝑧𝑧𝑖𝑖

)

 

with z height in m, βb the volume backscattering coefficient, and βe the volume extinction coefficient in m −1. βb 
and βe are determined by summing over all modes 𝐴𝐴 𝐴𝐴

𝛽𝛽𝑒𝑒 =
∑

𝑙𝑙

𝑘𝑘𝑒𝑒𝑒𝑙𝑙𝜌𝜌𝑎𝑎𝑚𝑚𝑙𝑙 

𝛽𝛽𝑏𝑏 =
∑

𝑙𝑙

𝑘𝑘𝑏𝑏𝑏𝑙𝑙𝜌𝜌𝑎𝑎𝑚𝑚𝑙𝑙 

with ρa the density of air in kg m −3 and 𝐴𝐴 𝐴𝐴𝑙𝑙 mass mixing ratio of mode 𝐴𝐴 𝐴𝐴  in kg kg −1. 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒 and 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒 are the mass 
specific extinction coefficient and mass specific backscattering coefficient for the individual modes in m 2 kg −1. 
For simplification, the values for 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒 and 𝐴𝐴 𝐴𝐴𝑒𝑒𝑒𝑒𝑒 are fixed within each mode and depend only on an average value for 
the radius and composition of mode 𝐴𝐴 𝐴𝐴 .

3. Results
3.1. Vertical Distribution of Ash Near the Volcanic Source

In this section, we first validate the modeled volcanic emission with observed radar reflectivity data from BCO 
∼150 km east of the La Soufrière volcano. Figure 2 shows in the top row the temporal development of equivalent 
radar reflectivity from BCO for all targets in dBZ (decibel relative to the equivalent reflectivity factor Z), and the 
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bottom row shows the temporal development of total ash concentrations in μg m −3 for the ICON-ART experiment 
at the same location, respectively. The left column (a and c) shows raw data, whereas the right column (b and 
d) depicts the radar data gridded onto the ICON-ART vertical grid (Figure 2b) and the simulated data masked 
according to the points of no detected reflectivity in the BCO radar measurements (Figure 2d).

A noticeable difference between model and observations occurs from 48 to 72 hr after the start of the eruption 
between 3 and 8 km. The radar shows no reflection, whereas ICON-ART indicates enhanced ash concentrations. 
The BCO data show increased rain intensity before this period (not shown). This leads to ash removal by wet 
deposition, which is underestimated in the model due to the lack of precipitation. As the rain does not only occurs 
above the BCO site but also upwind of Barbados, this leads to a stronger removal from the atmosphere and less 
ash transport toward Barbados from surface to 8 km altitude.

The radar observations indicate several maxima in the reflectivity data up to 18 km most likely originating from 
reflection by volcanic ash particles from the La Soufrière eruption. Good agreement with the model is especially 
visible when using the radar reflectivity mask onto the simulated ash concentrations (right column). Although 
this is only a qualitative analysis, it confirms that considering the individual phases of the La Soufrière eruption 
is important to correctly represent the development of the volcanic plume in the near-field of the volcano. The 
maximum height of detection for the BCO radar is around 19 km, which explains the discrepancy between model 
and observations at altitude ranges above. Discrepancies at 16–18 km arise from both a lower sensitivity of the 
radar and strong radar attenuation at lower altitudes. Further reasons for the differences between model and obser-
vations are related to both model and measurement uncertainties. The most important model errors are associated 
with the initialization of the volcanic emissions, and problems in the representation of the dispersion and fallout 
of aerosol particles. On the observational side, dense ash or other particles in the atmosphere weaken the penetra-
tion of the radar signal, which underestimates the reflectivity in higher altitudes (above 5 km).

Both the radar observations and the modeled ash concentrations indicate vertically orientated streaks below the 
peaks of the eruption phases. These vertical streaks are not related to fall streaks, but rather originate from a vertical 
wind shear affecting the dispersion of the plume column. The gravitational settling velocity of the emitted particles 
is on the order of up to 5 × 10 −4 m s −1 for the accumulation mode (around 0.8 μm in diameter) to 0.04 m s −1 for the 
giant mode (around 12 μm in diameter), respectively, assuming spherical particles. The distance from the volcano 
is roughly 150 km and the temporally varying horizontal wind profile above Barbados ranges from 0 to 25 m s −1 
(see in Supporting Information S1). Based on these factors, we can calculate a typical settling height change of the 

Figure 2. Top row: BCO equivalent radar reflectivity for all targets in dBZ; bottom row: ICON-ART ash concentration above Barbados in μg m −3. The left column 
shows the original data and the right column shows the data after interpolation onto the ICON-ART vertical grid for the BCO data (top right) and the ICON-ART ash 
concentration with the interpolated BCO mask (bottom right).
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particles between the La Soufrière volcano and Barbados. The gravitational settling is on the order of a few meters 
for the accumulation mode and a few hundred meters for the giant mode during the transport from the volcano to 
Barbados, respectively. Therefore, the vertical streaks in Figure 2 cannot be related to particle fallout. The vertical 
distribution split into the different modes further supports the transport of particles at different wind speeds instead of 
fall streaks, because the vertical streaks are visible for all particle sizes in the model (in Supporting Information S2).

We conclude that the timing of the volcanic emissions in the model are well represented and allow a distinction of 
the individual eruption phases. This confirms that the near-source distribution of very fine ash is mainly affected 
by eruption dynamics and the wind shear rather than aerosol dynamic processes. In the following, we focus on 
the further plume dispersion across the Atlantic Ocean.

3.2. Plume Dispersion

In this section, we focus on the volcanic plume dispersion across the Atlantic Ocean. Figure 3 shows 24-hr-averages 
from 10 April at 12 UTC to 11 April at 11 UTC (a, b, c, d) and from 12 April at 12 UTC to 13 April at 11 UTC 
(e, f, g, h) for total very fine ash (a, e), coated ash (mixed ash, b, f), SO2 (c, g), and sulfate (d, h) column loadings. 
The simulations show a dispersion of the volcanic plume toward the east across the Atlantic Ocean, which reaches 
the African coast after ∼2.5 days. The structure of the total ash, SO2, and sulfate plumes looks similar, indicating 
transport of all compounds at the same altitude with low vertical separation or a small vertical wind shear in the 
altitude of the main mass transport.

On both days, the total ash and SO2 plumes show maximum column loadings east of the volcano spreading 
zonally and decreasing column loadings toward the edges of the plume. In contrast, multiple local maxima occur 
in the coated ash and sulfate plumes. In the case of the sulfate plume, this happens because the sulfate production 
depends on the availability of OH, which is predominately produced during daytime. Coated ash forms by 
condensation of water and/or H2SO4 onto preexisting particles or by coagulation with sulfate particles. Thus, the 
coated ash formation also depends on the diurnal cycle (Supporting Information S3).

To understand the driving processes, in the next sections, we focus on the formation of coated ash and sulfate in 
comparison with observations close to the volcano (Section 3.3) and during the further plume dispersion (Section 3.4).

3.3. Proximal Aging of the Aerosols

3.3.1. Plume Height Validation

Due to the narrow coverage of the MISR instrument (∼380-km wide swath, Kahn & Limbacher, 2012), which 
is especially significant at low latitudes due to its polar orbit, the volcanic plume is only observed on 10 April 
2021 at 14:36 UTC. Fortunately, MISR happened to capture the approximate peak of the eruption event. We first 

Figure 3. Twenty-four-hour averages for (a) total very fine ash, (b) coated ash, (c) SO2, and (d) sulfate column loadings in g m −2 for 10 April 2021 at 12 UTC till 11 
April 2021 at 11 UTC. (e), (f), (g), and (h) same as (a), (b), (c), and (d) but for 12 April 2021 at 12 UTC till 13 April 2021 at 11 UTC. The black triangle indicates the 
location of the La Soufrière volcano.
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discuss the difference between the modeled and observed plume height, and then analyze the aerosol properties 
in ICON-ART and the MISR RA product. We use a threshold of AOD > 0.2, to separate the modeled ash plume 
from background concentrations. This value is similar to the particle-property retrieval threshold of MISR (Kahn 
& Gaitley, 2015; Kahn et al., 2001).

Figure 4 shows simulated and observed plume top heights (a–c, e–g), an MODIS (MODerate-resolution Imag-
ing Spectroradiometer) true color  from the NASA Worldview webpage (d, https://worldview.earthdata.nasa.
gov/?t=2021-04-10-T09%3A12%3A58Z), and the difference between simulated and observed heights (f and g in 
panel h). The first three plots in the top row display the original data (a–c), whereas the data in the bottom row 
is interpolated onto a regular latitude-longitude grid and only shows values where MISR heights are available 
(d–f). ICON-ART ash plume top heights are higher than the MISR heights in large parts of the displayed region 
(Figures 4a and 4c). The MINX stereo algorithm used to derive the MISR heights is sensitive to the contrast 
features in atmospheric aerosol plumes or clouds and Earth's surface over land and water, which might complicate 
a separation of meteorological clouds and ash plumes (Nelson et al., 2008). The NASA Worldview RGB image 
in Figure 4d reveals a thick meteorological cloud north of Barbados. Furthermore, most of the area beneath the 
brownish ash plume is covered by meteorological clouds. Stereo matchers generally track the lower layer in a 
two-layered scene when optical depth of the top layer is relatively small (e.g., Mitra et al., 2021). We therefore 
combined the simulated ash top heights with the cloud top heights from the model. The cloud top heights are 
obtained from the vertical profiles of liquid water and cloud ice mixing ratios at every point in the region of inter-
est (maximum height where profiles are nonzero). Next, we combined the ash plume top height and the maximum 
cloud heights such that if the ash column AOD above the cloud is lower than a prescribed threshold, the cloud 
height is used and otherwise or in the absence of clouds the ash height is used. We achieved the best agreement 
with the observations when using a modeled AOD threshold of 10.0, where clouds are present (elsewhere the 
detection threshold of AOD > 0.2 was applied). The result is given in Figures 4b and 4f.

The ash-cloud combined heights from the model agree better with the MISR heights than the raw ash plume top 
heights. Although the threshold and assumptions used to derive the ash-cloud combined height are iterative, this 
procedure highlights the role of clouds in obtaining the correct ash plume top height from satellite observations, 

Figure 4. (a) ICON-ART ash plume top heights with a detection threshold of AOD > 0.2 at 14:40 UTC on 10 April 2021; (b) ICON-ART combined ash plume top 
heights and cloud top heights; (c) Multiangle Imaging SpectroRadiometer (MISR) plume top height at 14:36 UTC on 10 April 2021; (d) MODIS true color image at 
14:36 UTC on 10 April 2021 from the NASA Worldview webpage (https://worldview.earthdata.nasa.gov/?t=2021-04-10-T09%3A12%3A58Z); (e) and (f) same as 
(a) and (b), but interpolated on a regular latitude-longitude grid and only showing values where MISR data are available; (g) same as (c), but interpolated on a regular 
latitude-longitude grid; (h) difference between ICON-ART ash-cloud combined height and MISR height (f) and (g).
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especially when comparing with model simulations. We further want to note here that volcanic eruptions often 
emit large amounts of water vapor. This water vapor can condense and/or freeze, and coat on ash particles. So, 
the distinction between the ash plume and water or ice clouds in the immediate vicinity of the volcano might be 
ambiguous.

The MISR data cover a smaller region than we modeled with ICON-ART, which gives the impression that ICON-
ART ash and even ash-cloud combined height differ significantly from the MISR observed heights. However, 
when only viewing the region where MISR data are available, there is a good agreement between ICON-ART 
ash-cloud combined and MISR heights with respect to the maximum and minimum plume heights (Figures 4f 
and 4g). Between the volcano and Barbados along 13.1°N, the differences are on the order of ±5% indicating a 
good agreement when the ash plume is thick and less cloud is visible (Figure 4d). Further, it is possible to distin-
guish different eruption phases in the plume height data. However, the eruption phases seem more apparent and 
more confined along the latitude of the eruption in the MISR observations than in the model. In the northern part 
of the plume, there is a positive bias in the ICON-ART heights relative to the MISR heights because our model 
could not reproduce the thick cloud north of Barbados (Figures 4e–4g).

The south-eastern direction of the dominant ash dispersion in ICON-ART at the plume top in Figures 4a, 4b, 4e, 
and 4f originates from a clockwise rotation of the horizontal winds with height in the model (Supporting Infor-
mation S4). The observations, in contrast, show a largely zonal dispersion. This is a limitation of the model rather 
than a MISR retrieval artifacts. The most likely problem here is the vertical resolution in upper cells of the plume 
(around 20 km altitude), which is on the order of 800 m. In case the prescribed plume height for the emission is 
between two levels, it is assigned to the upper level. Uncertainty in the determination of the emission height is 
on the order of ±500 m and might additionally lead to an imprecise emission profile and, thus, a wrong direction 
of transport in the upper layers of the plume. Considering the large uncertainties in the ESPs, the error in the 
modeled winds is of minor importance here.

3.3.2. Aerosol Properties

The previous section revealed similarities but also differences between the top height from MISR MINX and 
ICON-ART, which are mainly related to the presence of meteorological clouds in the plume region. Therefore, 
we compare the aerosol properties such as AOD, fraction of spherical particles, and SSA at the level of the MISR 
cloud top height. The layer thickness (needed for the AOD) was calculated as the difference between the maxi-
mum and minimum height (from MISR MINX) in a 0.6° × 0.6° box around the individual data point. The box 
size is in the range of the spatial resolution of the MISR MINX (Nelson et al., 2013) and MISR RA (Limbacher 
& Kahn, 2014). The simulated fraction of spherical particles was calculated as the AOD of spherical particles 
(sulfate and coated ash) divided by the total AOD for comparison with MISR RA in this section.

Figure 5 shows the spatial maps of particle-property values from the MISR RA and ICON-ART the plume AOD at 
550 nm, the fraction of spherical particles, and the SSA at 550 nm. The AOD refers to the amount of particles in the 
plume column, assessed at midvisible wavelengths. The fraction of spherical particles gives information about the 
aging of the plume and was derived from the ICON-ART data from the soluble plus the mixed mode AOD divided by 
the total AOD. The SSA indicates the composition of the plume. We only qualitatively compare the two data sets and 
concentrate on the spatial gradients in the plume. The absolute values of the retrieved parameters are highly uncertain 
due to the large amount of meteorological clouds in the region around La Soufrière and the retrieval assumptions.

The AOD values in both MISR RA and ICON-ART indicate a thick plume branch between La Soufrière and a 
half degree north of Barbados (Figures 5a and 5d). The values in the other parts of the plume are strongly reduced. 
However, the spatial reduction of the AOD values in ICON-ART is stronger than in the MISR RA. We note that 
the total AOD has to be treated with caution due to uncertainties in the thickness of the volcanic plume in the 
model simulation and the meteorological clouds that can affect the MISR retrieval, either with cloud contami-
nation, or by hygroscopic particle growth. In particular, the thick cloud band north of Barbados along the main 
direction of the plume dispersion, which is in the true color picture (Figure 4d), is missing in the simulations.

The MISR RA and ICON-ART agree very well in terms of fraction of spherical particles and SSA south of Barba-
dos. Especially the observed pattern and inferred evolution of particle aging along the longitudes below 15.3°N 
are well represented by ICON-ART. With increasing distance from the source, the fraction of spherical particles 
increases due to the formation of sulfate and/or condensation of H2SO4 and/or water on ash. The SSA decreases 
from west to east because the scattering is larger for aged volcanic particles than for fresh ash (Muser et al., 2020).
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North of Barbados, the MISR fraction of spherical particles and SSA shows that the plume is dominated by 
strongly scattering spherical particles, such as sulfate, and/or hydrometeors (Figures 5b and 5c). The true color 
image in Figure 4d shows a thick band of meteorological clouds north of Barbados. Thus, the large fraction of 
spherical particles in the north might be a result of a large abundance of hydrometeors. In ICON-ART, the north-
ern part of the plume mainly consists of nonspherical particles which are only slightly more light scattering than 
south of Barbados. However, ICON-ART is not able to capture the meteorological cloud band north of Barbados. 
Instead, increased SSA values in the model occur because the ash particles in the northern plume are slightly 
smaller on average. A reason might be that the modeled plume heights are closer to the observed height in the 
northern part than in the southern part (Figures 4e and 4g). The ICON-ART aerosol properties in Figures 5d 
and 5f then refer to a higher plume height relative to the actual maximum plume height, and the plume contains 
on average smaller particles due to sedimentation of the larger ones.

The MISR RA fraction of spherical particles appears more noisy, especially in the northern part of the plume 
(Figure 5b). This part is also largely covered by clouds (Figure 4d), which increases the measurement uncertain-
ties. Kahn et al. (2001) report increased confidence in MISR aerosol type retrieval when the component contrib-
utes at least about 20% to the total AOD.

The individual eruption phases of the La Soufrière eruption are especially visible in the ICON-ART AOD and 
manifest as individual arcs of plumes (Figure 5d). In the AOD of the MISR RA, the eruption phases are smoothed 
out, although they can be distinguished in the MISR MINX plume top heights (Figure 4c). The southern part of 
the plume in ICON-ART reveals low AOD values (Figure 5d). We therefore argue that the large plume top heights 
in the southern plume in Figure 4e originate from a thin plume layer rather than indicating a large mass transport 
in the wrong direction.

With the comparison to the MISR aerosol product, we looked at the horizontal distribution of the plume aging 
close to the eruption. In the next section, we investigate differences of the aging at larger distances from the 
volcano.

Figure 5. (a–c) Multiangle Imaging SpectroRadiometer (MISR) plume aerosol optical depth (AOD) at 550 nm, MISR fraction of spherical particle, and MISR single 
scattering albedo (SSA) at 550 nm, respectively; (d), (e), and (f) same as (a), (b), and (e) but for ICON-ART at the altitude range of the MISR volcanic plume as 
detected by MINX. ICON-ART fraction of spherical particles was calculated as the AOD of spherical particles divided by the total AOD.
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3.4. Distal Aging of the Aerosols

In this section, we first validate the far-distance aging of the La Soufrière aerosol particles by comparing ICON-
ART with CALIOP attenuated backscatter and depolarization ratio. Subsequently, we focus on the aging and 
sulfate production at different altitudes and with increasing distance from the source region.

3.4.1. Validation Along Satellite Track

The CALIPSO satellite passed over the volcanic plume on 13 April 2021 around 5 UTC. Figure 6a shows the 
modeled ash and sulfate column loading on this day from the ICON-ART experiment in colors together with the 
CALIPSO ground track. The corresponding total attenuated backscatter signals from the CALIOP instrument and 
ICON-ART are given in Figures 6b and 6d, respectively. Figure 6c refers to the CALIOP depolarization ratio and 
Figure 6e is the modeled fraction of spherical particles defined as the mass of spherical particles divided by the 
total mass. The fraction of spherical particles only shows areas where the ICON-ART total attenuated backscatter 
is larger than 2 × 10 −4 km −1 sr −1, in order to clearly separate the modeled plume from background concentrations. 
Eighty-nine hours after the eruption start, the ash plume covers most parts of the tropical and subtropical Atlantic 
Ocean, and North-West Africa (Figure 6a).

Based on the modeled attenuated backscatter signals, the volcanic plume in ICON-ART reaches a top height 
of 20 km between 15°N and 20°N along the satellite path, which agrees well with the uppermost signal in the 
CALIOP data at the same location (Figures 6b and 6d). A stratospheric volcanic plume layer exists between 
10°S and 15°N in an altitude range from 15 to 20 km in both CALIOP measurements and ICON-ART modeled 
data. However, the strength of the signal is larger in ICON-ART. Besides larger particle concentration itself, 
a large source of uncertainty is also the calculation of the attenuated backscatter signal with ICON-ART (see 
Section 2.2.3).

The stratospheric volcanic plume layer consists of mainly spherical particles because the CALIOP depolarization 
ratio is between 0.1 and 0.2 (Figure 6c). ICON-ART spherical particle fraction mainly agrees with this finding, at 
least for the uppermost part of this stratospheric volcanic plume layer (Figure 6e). The upper tropospheric regions 
of the plume in ICON-ART (between 10 and 15 km), where nonspherical particles are dominant, is lacking in 
both the CALIOP total attenuated backscatter and CALIOP depolarization ratio.

In the troposphere, ICON-ART total attenuated backscatter signals are enhanced between 10°S and 18°N and 
5–10 km, which is only partly visible in the total attenuated backscatter signals of CALIOP (Figures 6b and 6d). 
However, the CALIOP depolarization ratio reveals spherical particles (depolarization ratio of about 0.1–0.3) close 
to the locations of increased total attenuated backscatter signals in the troposphere in ICON-ART (Figures 6c 
and 6d). The ICON-ART spherical particle fraction in Figure 6e shows that the plume is dominated by spherical 
particles at this location, which agrees well with the features in the CALIOP depolarization ratio (Figure 6c).

The CALIOP attenuated backscatter data shows two distinct signals around 5°S and 5°N between 12-km and 
16-km altitude, with a depolarization ratio of about 0.4 (Figures 6b and 6c). The attenuated backscatter in ICON-
ART is very low in this area (Figures 6c and 6e). The CALIPSO vertical feature mask reveals that these features 
arise from ice clouds (not shown) as well as the attenuated backscatter signal north of 25° between 8 and 12 km in 
Figure 6b. The weakly depolarizing features below 5-km altitude north of 5°N (Figures 6b and 6c), which are not 
simulated by ICON-ART, are dust and sea salt aerosols according to the CALIPSO aerosol subtypes (not shown).

Besides this time step, the CALIPSO satellite crossed the volcanic plume from the La Soufrière eruption on 12 
additional occasions. The agreement between CALIOP measurements and ICON-ART is similar for these dates 
(in Supporting Information S5–S16).

3.4.2. Temporal Average

Having validated the aging with different types of data sets at fixed locations, we now want to examine whether 
aerosol aging is height-dependent. Figures  7a and  7b show height-longitude cross-sections averaged over all 
model output time steps (hourly global output) along the latitudes 11.08°–15.58°N (±2.5° of the latitude of the 
volcano) for the spherical modes (mixed + soluble) and mixed mode proportions of the total ash and sulfate mass, 
which is related to the particle composition and aging. Figures 7c and 7d show the same but for the accumulation 
and coarse mode proportions of the total ash, i.e., this provides information on particle size. The total ash always 
refers to the sum of accumulation insoluble and mixed, coarse insoluble and mixed, and the insoluble giant mode.
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In large part, the volcanic plume is dominated by uncoated ash particles, as Figure 7a is dominated by values 
close to zero. The fraction of the spherical particle mass is on the same order or larger than the mass of uncoated 
particles at the plume top, the eastern edge of the plume, and directly west of the volcano close to the surface and 
between 10 and 15 km.

The maximum plume height assumed for emissions was 18.3 km and the vent height was about 1.2 km. However, 
the upper plume reached altitudes larger than 20 km. Muser et al. (2020) showed that aerosol-radiation interaction 
can lead to a warming of the plume and a lofting of the plume top. Lofting brought particles to regions of higher 
O3 concentration and thus larger OH concentration, which increases aging and sulfate production. Furthermore, 

Figure 6. (a) Ash and sulfate column loading in g m −2 from the ICON-ART experiment together with the CALIPSO ground track in red on 13 April 2021 around 5 
UTC and the La Soufrière volcano as a black triangle. According, (b) CALIPSO total attenuated backscatter at 532 nm, (c) CALIPSO depolarization ratio at 532 nm, 
(d) ICON-ART total attenuated backscatter at 532 nm for ash and sulfate, and (e) ICON-ART spherical particle fraction defined as the ratio of spherical particle mass 
and total aerosol mass and only areas where the ICON-ART total attenuated backscatter is larger than 2 × 10 −4 km −1 sr −1 are shown. All plots correspond to 5 UTC on 
13 April 2021, which is the approximate time of the CALISPO overpass.
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ash aging increases the scattering properties in the SW range slightly compared to pure ash particles. However, 
the increase in SW radiation extinction for aged particles is larger than for pure ash particles (compare Figure 
2 in Muser et al. (2020)). Thus, aerosol aging increases aerosol-radiation interaction, which might even lead to 
stronger lofting and the formation of a spherical particle-dominated plume top. Although, Muser et al. (2020) 
found a faster removal of aged particles from the atmosphere within the first 4 days due to a stronger increase in 
the particle diameter, we argue that the particle growth in the upper plume is too small to significantly affect the 
sedimentation velocities of coated particles here.

The fraction of spherical particles increases toward the eastern edge of the plume because there is more time for 
sulfate production and particle aging. As the main transport pathway of the plume is eastward, we argue that more 
time was available for sulfate production and particle aging west of the volcano as well.

Coated ash particles make the largest contribution to the spherical particle mass, whereas the contribution of 
sulfate is much lower in most parts of the plume (compare Figures 7a and 7b). This is partly related to the fact 
that the mass of mixed particles is larger than the mass of soluble particles due to the ash core. Nevertheless, an 
exception occurs between 60°W and 40°W up to about 9 km. In this region, the formation of sulfate is enhanced 
due to the large availability of OH and water in the troposphere. With increasing distance from the source, the 
fraction of sulfate diminishes. This is likely due to coagulation with ash particles. The coated particles increase in 
diameter, which leads to faster removal from the atmosphere. We can see this in Figure 7b below 10 km between 
60°W and 15°W because the mixed mode fraction also decreases with increasing distance from the source, but 
more slowly than the fraction of the spherical modes.

The ash plume consists mainly of particles in the accumulation mode at the plume top and particles in the coarse 
mode closer to the surface (Figures 7c and 7d). As coarse mode particles are larger and heavier than particles in 
the accumulation mode, they sediment faster and increase the fraction of larger particles from plume top toward 
the surface. When comparing Figures 7c and 7d, the fraction values between 55°W and 60°W and from surface  to 
15 km are closer to 0.5 for the coarse mode fraction than for the accumulation mode fraction. At this distance 
from the volcano, the plume still contains a considerable amount of particles in the giant mode. Everywhere else 
the colors seem to be switched, meaning the ash plume only consists of particles in the accumulation and coarse 
modes.

Figure 7. Height-longitude cross-section of temporal averages over all 96 hr for the latitudes ±2.5° around the latitude of the volcano (13.33°N) for the (a) spherical 
particle mass (mixed mode + soluble mode) fraction of the total ash and sulfate mass, (b) mixed mode fraction of the total ash and sulfate mass, (c) accumulation mode 
fraction of the total ash mass, and the (d) coarse mode fraction of the total ash mass. The contour lines indicate the number of hours where ash is detected at the location 
and the blue dashed line refers to the longitude of the La Soufrière eruption.
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The highest fraction of coated particles in the troposphere below 13 km (Figure 7b) is collocated with the high-
est fraction of accumulation mode particle in the troposphere (Figure 7c). This results from the larger available 
surface area of accumulation mode particles compared to coarse mode particles, which increases the condensa-
tion of H2SO4 onto ash particles. Furthermore, the shift from the insoluble mode into the mixed mode occurs 
faster because the threshold of 5% soluble mass on insoluble ash is reached earlier.

4. Discussion and Conclusion
In this paper, we performed an ICON-ART simulation including aerosol dynamic processes such as nucleation, 
condensation, and coagulation to investigate aerosol aging during the first 4 days after the La Soufrière eruption 
in April 2021. In our model setup, ash and SO2 are emitted for each individual eruption phase separately by 
coupling ICON-ART to the volcanic plume rise model FPlume. This setup also allows a comparison between 
model and observations close the volcano, where the individual eruption phases are still separated from each 
other. The main direction of the volcanic ash and SO2 volcanic plume dispersion in the model is across the trop-
ical and subtropical Atlantic Ocean, similar to the findings by Babu et al. (2022).

We compared our results with different products from remote sensing instruments, i.e., total attenuated backscat-
ter from CALIOP onboard CALIPSO, plume heights, AOD, fraction of spherical particles, and SSA from MISR 
onboard Terra, and equivalent radar reflectivity from BCO. This enables us to answer the research questions 
raised in Section 1.

The near-source distribution of ash particles is strongly driven by the emissions, and the consideration of the indi-
vidual eruption phases is important for modeling the 2021 La Soufrière eruption. Our results show that volcanic 
aerosol aging begins already close to the volcano. It is especially visible in the plume part south of Barbados 
in both the model and observations. A comparison in the northern part is only possible to a limited extent due 
to the complicating presence of meteorological clouds in the MISR data. Muser et al. (2020) found that aerosol 
dynamics have a huge impact on the lifetime and the vertical distribution of volcanic ash in the atmosphere in the 
first 4 days after the Raikoke 2019 eruption. However, close to the volcano, the effect of ash aging has a minor 
effect on the distribution of the ash plume because the time for particle growth is short (a few hours) as revealed 
by our results.

The rate of aging is faster in the troposphere than above the tropopause. We argue that the lower abundance of 
OH in the stratosphere reduces sulfate particles nucleation and the condensation of H2SO4 onto existing particles. 
Furthermore, lower relative humidity in the stratosphere reduces the condensation of water onto the aerosols. As 
a consequence, the coagulation of ash particles with sulfate is also reduced in the stratosphere. However, spher-
ical particles dominate the plume top across all longitudes. Muser et al. (2020) found a lofting of the volcanic 
plume top due to aerosol-radiation interaction. Bruckert et al. (2022) showed that warming of ash in volcanic 
plumes also leads to a rise of the SO2 plume top. In addition to the previous findings from Muser et al. (2020) and 
Bruckert et al. (2022), we argue that lofting by aerosol-radiation interaction might be stronger for coated ash than 
for pure ash (at least as long as particle growth is small). Together with faster SO2 oxidation rates, this leads to a 
formation of a plume top dominated by spherical particles.

Section 3.4 revealed large differences in the plume heights and aerosol properties in some regions of the plume 
between model results and MISR observations. These regions were also largely covered by clouds which 
hampered a comparison of model and observations. It is possible that volcanic sulfate and ash aerosols acted as 
cloud condensation nuclei and ice nucleating particles, respectively. This might have formed cloud droplets and 
ice-coated ash particles, which appear as clouds in true color images. In the model, the interaction between  aero-
sols and clouds was not considered and is the topic of ongoing work.

Despite the efforts to precisely represent the eruption dynamics (Bruckert et al., 2022), input parameters (e.g., 
the start and end time of individual eruption phases, plume heights, and exit conditions) are still major sources 
of uncertainty in our simulations. FPlume needs input parameters for the plume height, exit temperature, exit 
velocity, and exit volatile fraction. Due to the lack of direct measurements for specific eruptions, we rely on the 
available data and estimations based on eruptions with similar conditions (tectonic setting, explosively index, 
and magma composition). Based on offline analysis, we estimate the uncertainties in the MER due to errors 
in the input parameters to be in a range of ±20%, which will not significantly change our results. Furthermore, 
we assume that uncertainties in the input SO2 emission are of minor relevance to the outcomes of this work, 
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especially because Figures 7a and 7b show that the availability of water vapor and OH is the main limiting factors 
for particle aging and sulfate production. The optical properties of volcanic aerosols in the model are derived 
assuming spherical particles and an averaged size distribution, composition, and mixing state of the individual 
modes (Muser et al., 2020). These assumptions can lead to further uncertainties that are discussed by Muser 
et al. (2020).

This study provides the first direct comparison of measured and simulated aerosol aging in volcanic eruption 
plumes. It confirms that the aging modulates both the size and the composition of volcanic aerosols, which has 
major implications for the impacts of volcanism on weather and climate.

Data Availability Statement
The output data from the ICON-ART simulations performed for this study are available at RADAR4KIT via 
https://doi.org/10.35097/878 with “CC BY-NC-ND 4.0” (Bruckert, 2023). The used ICON-ART code is license 
protected and can be accessed by request to the corresponding author.
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